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P-glycoprotein, encoded by the multidrug resistance
(MDR)-1 gene, expels various drugs from cells resulting in mul-
tidrug resistance. We found previously that interleukin-2, a
lymphocyte-activation cytokine, induces P-glycoprotein
expression on lymphocytes. Lymphocyte activation involves
adhesion with the extracellular matrix, such as hyaluronan,
through adhesion molecules on lymphocytes. We investigated
the transcriptional regulation of MDR-1 in lymphocytes by frag-
mented hyaluronan. Fragmented hyaluronan (especially the
6.9-kDa form), not native high molecular hyaluronan, induced
translocation of YB-1, a specific transcriptional factor for
MDR-1, from the cytoplasm into the nucleus and resulted in the
transcription of MDR-1 and the expression of P-glycoprotein on
lymphocytes in a dose-dependent manner. Transfection of YB-1
antisense oligonucleotides inhibited P-glycoprotein expression
induced by fragmented hyaluronan. The fragmented hyaluro-
nan induced significant P-glycoprotein expression on only acti-
vated CD4+ T cells, which highly expressed CD69, and resulted
in excretion of intracellular dexamethasone added in vitro.
Cyclosporin A, a competitive P-glycoprotein inhibitor, restored
intracellular dexamethasone levels in CD4+ T cells. Anti-CD44
monoclonal antibody (Hermes-1) inhibited fragmented hyalu-
ronan-induced YB-1 activation and P-glycoprotein expression
in CD4+ T cells. We provide the first evidence that binding of
fragmented hyaluronan to CD44 induces YB-1 activation fol-
lowed by P-glycoprotein expression in accordance with activa-
tion of CD4+ T cells. Our findings imply that CD4+ T cell acti-
vation by fragmented hyaluronan, induced by characteristic
extracellular matrix changes in inflammation, tumors, and
other conditions, results in P-glycoprotein-mediated multidrug
resistance.

The successful pharmacotherapy of various diseases, includ-
ing tumors and autoimmune diseases, is often limited by mui-
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tidrug resistance (1-3). Among the multiple mechanisms of
multidrug resistance, overexpression of P-glycoprotein, a 170-
kDa product of the multidrug resistance (MDR)*-1 gene, has
emerged as the major molecule involved in multidrug resist-
ance during chemotherapy for various malignancies (1-6).
Resistance to chemotherapy induced by P-glycoprotein is
closely associated with the prognosis of human malignancies
{1). P-glycoprotein is a member of the ATP-binding cassette
transporter superfamily of genes and functions as an energy-
dependent transmembrane efflux pump (7). Overexpression of
P-glycoprotein results in a reduction of intracellular concentra-
tions of xenobiotics, drugs, and poisons, such as vinca alkaloids,
anthracyclines, verapamil, colchicines, antimalarials, and corti-
costeroids (2, 3, 8). P-glycoprotein is expressed on not only
various types of tumor cells but also normal cells such as epi-
thelial cells (9-11), CD34+ hematopoietic stem cells (12), and
lymphocytes (13).

In various tumor cell lines, we and others have reported that
transcription of MDR-1 is directly regulated by the human Y
box-binding protein-1 (YB-1), an MDR-1 transcription factor,
and that activation of YB-1 is induced in response to genotoxic
stresses including multiple drugs (14, 15). In lymphocytes, our
group reported previously that the transcription of MDR-1
gene and expression of P-glycoprotein are induced by soluble
factors including lymphocyte-activation cytokines such as
interleukin (IL)-2, resulting in the activation of YB-1 and induc-
tion of its binding to DNA (13).

In addition to soluble factors, intercellular adhesion or adhe-
sion to the extracellular matrix transduces signals via functional
molecules on lymphocytes and these processes are involved in
the regulation of immunological reactions (16, 17). Hyaluro-
nan, a representative component of extracellular matrix, is a
nonsulfated glycosaminoglycan bearing linear repeats of disac-
charide-B-p-glucuronyl-B8-p-N-acetylglucosamine (18).

The principal known receptor of hyaluronan is CD44 (19).
CD44 is a 90-kDa transmembrane glycoprotein widely distrib-
uted on T lymphocytes, granulocytes, monocytes, fibroblasts,
keratinocytes, and epithelial cells (20). Stimulation of CD44
with hyaluronan plays a role in various physiological functions,
such as cell-cell adhesion, cell-substrate interactions, and lym-
phocyte recruitment, as well as pathological processes such as

2The abbreviations used are: MDR, multidrug resistance; Y8-1, Y box-binding
protein 1; IL, interleukin; PBMC, peripheral blood mononuclear cell; mAb,
monoclonal antibody; FACS, fluorescence-activated cell sorter; CMV, cyto-
megalovirus; TBS, Tris-buffered saline; RA, rheumatoid arthritis.
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chronic inflammation and metastasis of malignant cells (19).
Hyaluronan is usually generated as a high molecular weight
polymer, a native hyaluronan (18), but a fragmented hyaluro-
nan, a digested low molecular weight oligomer, is detected in
certain pathological conditions, such as inflammation and
tumors (21, 22). Several studies have reported that the biologi-
cal activities of fragmented hyaluronan markedly differ from
native hyaluronan in endothelial cell, various malignant cells,
and macrophages (23-26).

Although MDR-1 transcription in lymphocytes is induced by
various activation stimuli such as cytokines, there is little infor-
mation on whether stimulation with hyaluronan induces acti-
vation and MDR-1 transcription in resting CD4+ T cells. Fur-
thermore, it is also not clear at present whether the effect of
fragmented hyaluronan on activation and regulation of MDR1
are different from native hyaluronanin CD4+ T cells. The pres-
ent study was designed to determine the effects of fragmented
hyaluronan on CD4+ T cell activation and its role in P-glyco-
protein-mediated multidrug resistance, particularly in frag-
mented hyaluronan-rich microenvironments such as areas of
chronic inflammation or tumors.

EXPERIMENTAL PROCEDURES

Isolation of Peripheral Blood Mononuclear Cells from
Healthy Donors—We isolated peripheral blood mononuclear
cells (PBMCs) from healthy donors by density gradient centrif-
ugation using Lymphocyte Separation Medium 50494 (GE
Healthcare) as described previously (27, 28). We confirmed that
purified PBMCs contained more than 90% of lymphocytes
(CD4, CD8, or CD20 positive cells) and less than 10% of CD14
positive monocytes by immunostaining. The study was
approved by the Human Subject Research Committee of the
University of Occupational and Environmental Health, School
of Medicine, and informed consent was obtained from all
donors who enrolled in the study.

CD4+ T Cells Isolation from PBMCs—CD4+ T cells were
purified by negative selection using magnetic beads according
to the recommended procedure supplied by the manufacturer
(CD4 negative isolation kit; Dynal Biotech, Japan). The purity of
the CD4+ T cell subset was determined by flow cytometry to be
greater than 90%.

Reagents and mAbs—Fragmented (1.7, 6.9, and 40 kDa) and
native (950 kDa) hyaluronan were kindly donated by the Tokyo
Research Institute of Seikagaku (Tokyo, Japan). The following
monoclonal antibodies (mAbs) were used as purified Igin prep-
aration of staining and analysis of cell surface or cytoplasmic
molecules, blocking of CD44, and Western blotting analysis.
MRK16 (a specific mAb against P-glycoprotein; Kyowa Medex,
Tokyo), a specific antibody against YB-1 (a binding protein to
the Y box and CCAAT box, which is critical for the cis-regula-
tory element that regulates drug-induced MDR-1 gene expres-
sion (14)}, CyChrome-conjugated CD4 mAb, CyChrome-con-
jugated CD8 mAb, phycoerythrin-conjugated CD69 mAb,
fluorescein isothiocyanate-conjugated goat anti-mouse IgG
Ab, fluorescein isothiocyanate-conjugated anti-rabbit IgG Ab
(BD Biosciences), Hermes-1 (anti-human CD44 purified
monoclonal antibody; Endogen), purified rat IgG,, (anti-KLH,
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a control mAb for Hermes-1; BD Biosciences), and F4 (mono-
clonal anti-P-glycoprotein antibody; Sigma).

Flow Cytometric Analysis—Staining and flow cytometric
analysis of PBMCs or CD4+ T cells were conducted by stand-
ard procedures as described previously using a FACScan (BD
Biosciences) (27, 28). Briefly, PBMCs or CD4+ cells (2 X 10°
cells/well) were initially incubated with polyclonal y-globulin
(10 pg/ml, Yoshitomi Pharmaceutical Co.) for blocking of Fc
receptors and then incubated with MRK-16, followed by fluo-
rescein isothiocyanate-conjugated anti-mouse IgG Ab in FACS
medium consisting of phosphate-buffered saline, 0.5% human
serum albumin, and 0.2% NaN; (Sigma). For the two-color
analysis, we incubated PBMCs with CyChrome-conjugated
CD4 mAD, CD8 mAb, or CD4+ cells with phycoerythrin-con-
jugated CD69 mAD after blocking of free anti-mouse IgG-bind-
ing sites with irrelevant antibodies. Monoclonal antibody two-
color-stained cells were detected by electronic gating based on
their CD4, CD8, or CD69 expression using a FACScan. Ampli-
fication of mAb binding was provided by a three-decade loga-
rithmic amplifier. Quantification of the cell surface antigen: on
one cell was performed using QIFIKIT beads (Dakc '.vo*o,
Japan) as reported previously (27-29). The data wer:
construct the calibration curve of mean fluorescence :. : 5.ty
versus antibody binding capacity. The cell specimen wss .-
lyzed on the FACScan and the antibody binding capacity calcu-
lated by interpolation on the calibration curve. When the green
fluorescence laser detection was set at 500 nm in the FACScan,
the antibody binding capacity was equal to (202.98 X exp
(0.0092 X mean fluorescence intensity), (R*> = 0.9995)). Subse-
quently, the specific antibody binding capacity was obtained
after correcting for the background, and apparent antibody
binding capacity of the negative control anti-mouse IgG Ab.
The specific antibody binding capacity is the mean number of
accessible antigenic sites per cell, referred to as antigen density
and expressed in sites/cell.

Immunostaining and Confocal Microscopy Analysis—
PBMCs or CD4+ T cells were plated onto a 12-well culture dish
(2 X 10° cells/well) and incubated for 60 min at 37 °C in the
presence or absence of 50 pg/ml 6.9-kDa fragmented hyaluro-
nan in RPMI 1640 containing 5% fetal calf serum. The cell= vizre
then treated with 4% formaldehyde (Sigma) in FACS
for 15 min and then with 0.1% saponin (Sigma) :
medium. The obtained cells were incubated with a spec:.
body against YB-1 for 30 min at 4 °C. Subsequently, the cells
were incubated with fluorescein isothiocyanate-conjugated
anti-rabbit IgG Ab at saturating concentrations in FACS
medium. We performed confocal analysis of YB-1 using a LSM
5-pascal inverted laser scan microscope (Carl Zeiss Microscope
Systems, Germany).

Gel Shift Assay—Nuclear extracts from PBMCs were pre-
pared as described previously (11) and then incubated with or
without 50 pg/ml 6.9-kDa fragmented hyaluronan. In the next
step, 4 ug of nuclear protein were preincubated for 20 min at
room temperature in 15 pl of buffer (10 mm Tris-HCl, pH 7.5, 1
mM EDTA, 1 mm 2-mercaptoethanol, 4% glycerol, and 40 mm
NaCl) containing 0.5 ug of poly(d!l-dC) (GE Healthcare) and a
32p_end-labeled double-stranded oligonucleotide containing
the YB-1 consensus binding site (5'-GGGCAGTTTTAGCCA-
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GCTCCTCCCTA-3', 5'-GGGGTAGGGAGGAGCTGGCT-
AAAACT-3’") as described previously (30). The reaction mix-
tures were electrophoresed on 4% polyacrylamide gels in 0.25%
TAE buffer.

Transfection of Antisense Oligonucleotides of YB-1 in PBMCs—
YB-1 antisense expression plasmid (PRC/CMV AS) was con-
structed as described previously (31). We transfected 2 pg of
PRC/CMYV AS or control vacant vector into 2 X 10° PBMCs in
a 6-well culture dish using a cationic liposome-mediated trans-
fection method, with cationic lipid reagents (DMRIE-CTM,
Invitrogen) according to the instructions provided by the man-
ufacturer (32-34). Forty-eight h after transfection, the cells
were incubated for 6 h at 37 °C in the presence or absence of 5
pg/ml 6.9-kDa fragmented hyaluronan.

Reverse Transcription-Polymerase Chain Reaction—After 6 h
of incubation with or without 50 ug/ml of 6.9-kDa fragmented
hyaluronan in RPMI 1640 (Nissui, Tokyo) containing 5% fetal
calf serum (Bio-Pro, Karlsruhe, Germany), total cellular RNA
from CD4+ T cells was isolated by a single step isolation pro-
cedure with ISOGEN (Wako, Osaka, Japan) and stored the
purified total RNA at —80 °C. Total RNA (500 ng) was reverse
transcribed at 42 °C for 30 min. Amplification with specific
primers for MDR-1 and B-actin was performed in an iCycler
(Bio-Rad) for 30 cycles of 45 s at 94 °C for denaturing, 45 s at
55 °C for annealing, and 90 s at 72 °C for extension. The primer
sequences were as follows: human B-actin forward, 5'-TGAA-
CCCCAAGGCCAACCGC-3/, reverse, 5'-TTGTGCTGGGT-
GCCAGGGCA-3'; human MDR-1 forward, 5'-CCCATCATT-
GCAATAGCAGG-3', reverse, 5'-GTTCAAACTTCTGCTC-
CTGA-3". Amplified products were electrophoresed with
Marker 4 (Nippon Gene, Tokyo) on 3% agarose gels.

Dexamethasone Accumulation—['*C]1-Butanol (Toho Bio-
chemical, Tokyo; 1.61 mCi/mmol) was diluted with unlabeled
butanol (Sigma) at a concentration of 0.5 MBq/ml. [*H]Dexa-
methasone (PerkinElmer Life Sciences; 40.0 Ci/mmol) was dis-
solved in dimethyl sulfoxide (Me,SO; Nacalai tesque, Tokyo)
and then diluted with phosphate-buffered saline (final concen-
tration of Me,SO = 0.1%). CD4+ T cells, which were incubated
with or without 50 ug/ml 6.9-kDa fragmented hyaluronan for
6 h at 37 °C, were suspended in phosphate-buffered saline with
7 mM dextrose for ATP supply, which is dispensable in this
assay (35), at a density of 5 X 10° cells/ml. The CD4+ T cells
were then incubated with 5.0 X 107° m [**C]1-butanol and
3.0 X 10™% M [*H]dexamethasone for 20 min at 37 °C.

For competitive studies with cyclosporin A, CD4+ T cells
were incubated with 100 ng/ml cyclosporin A (Novartis Phar-
maceutical, Japan Co., Tokyo) for 15 min and then incubated
with [**C]1-butanol and [*H]dexamethasone. Cyclosporin A
was dissolved in Me,SO before diluting with phosphate-buff-
ered saline (final concentration of Me,SO was 0.03%). After
incubation with fragmented hyaluronan and cyclosporin A, 100
pg/ml aliquots were layered on 80 ul of the mixture of lauryl
bromide and silicon oil {mixture ratio 2:1, Nacalai tesque,
Tokyo) in an Eppendorf tube (Assist, Tokyo). After centrifuga-
tion at 10,000 X g for 2 min, the aliquots were rapidly frozen in
liquid nitrogen, and the frozen tube was cut at the medium-
mixture bound-arias, thereby obtaining the upper layer as the
medium fraction and the lower layer as the cell fraction.
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The obtained cell fractions were melted with soluene-350
and 10 ml of HIONIC-FLUOR (PerkinElmer) was added. The
medium fractions were mixed with 10 ml of mixtures of toluene
(Wako, Osaka, Japan), methanol (Wako), ethyleneglycol mono-
ethyl ether (Nacalai tesque), and PERMAFLUOR (Packard;
mixture ratio 200:50:50:12). The radioactivity of each fraction
was counted with a scintillation counter. The cell to medium
ratio (C/M ratio), which is an index of intracellular and extra-
cellular dexamethasone concentration ratio, was computed
using the following formula: C/M ratio = [(*H in cell fraction/
1*C in cell fraction)/(*H in medium fraction/**C in medium
fraction)].

CD44 Blocking Analysis—CD4+ cells were incubated with
10 pg/ml Hermes-1 or rat IgG,, as control mAb for 30 min at
37 °C prior to incubation with or without 50 pg/ml 6.9-kDa
fragmented hyaluronan, the cells were used for the following
experiments.

Western Blot Analysis— After incubation with or without 50
pg/ml 6.9-kDa fragmented hyaluronan, 2 X 10° of CD4+ T
cells were homogenized in the presence of a hypotonic buffer
(10 mm HEPES, pH 7.9, 10 mm KCl, 0.1 mm EDTA, 0.1 mm
EGTA, 0.5 mMm phenylmethylsulfonyl fluoride, and 1 mm dithi-
othreitol). The cells were allowed to swell on ice for 15 min,
after which 0.5% (v/v) Nonidet P-40 was added and vortexed.
The homogenate was centrifuged at 20,000 X g to obtain pellet
containing membrane. The pellet containing equal amounts of
proteins prepared from 2 X 10° of CD4+ T cells were subjected
to SDS-PAGE. The separated proteins were transferred onto
the nitrocellulose membrane (Schleicher & Schuell). After
blocking with TBST-milk (10 mm Tris-HCl, pH 8.0, 150 mm
NaCl, 0.5% (v/v) Tween 20, and 5% nonfat dry milk), the mem-
brane was incubated overnight with 10 pg/ml F4 at 4 °C. The
membrane was then washed with TBST and incubated with
horseradish peroxidase-conjugated anti-mouse mAb (1:1000
dilution in TBST) for 30 min at room temperature. After three
washes in TBST, proteins were detected using a chemilumines-
cence reagent (Detection Reagent, Amersham Biosciences) fol-
lowing the procedure recommended by the manufacturer.

Statistical Analysis—Values are expressed as mean * S.D.
Student’s £ test was used to compare data between two groups.
One-way analysis of variance and Bonferroni correction were
used to compare data between three or more groups. p < 0.05
was considered statistically significant.

RESULTS

Fragmented Hyaluronan Up-regulates MDR-1 Gene Expres-
sion on PBMCs—We first assessed the effect of hyaluronan on
P-glycoprotein expression in PBMCs. Expression of P-glyco-
protein, as recognized by MRK16, was significantly induced by
the addition of the 6.9-kDa fragmented hyaluronan during the
observation periods (0—6 h), particularly at 6 h after incuba-
tion. In contrast, native hyaluronan (950 kDa) failed to induce
P-glycoprotein expression on PBMCs (Fig. 14). Therefore, we
evaluated the expression of P-glycoprotein after a 6-h incuba-
tion with 6.9-kDa fragmented hyaluronan in the following stud-
ies. We observed that expression of P-glycoprotein was aug-
mented in a dose-dependent manner up to 50 pg/ml 6.9-kDa
fragmented hyaluronan (Fig. 1, Band C).
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FIGURE 1. Fragmented hyaluronan induces cell surface P-glycoprotein
expression on PBMCs. A, flow cytometric analysis showed P-glycoprotein
expressionon 1 X 10° of PBMCs after 0- 6 h incubation with or without 10
pg/ml native (HA) or fragmented hyaluronan (Fr. HA). The molecular
masses of fragmented hyaluronan were 1.7, 6.9, and 40 kDa. B and C, flow
cytometric analysis showed P-glycoprotein expression on PBMCs after a
6-h incubation with different concentrations of 6.9-kDa fragmented hya-
luronan. Each value represents the number of molecules expressed per
cell, calculated using standard QIFIKIT beads. Data represent mean = 5.D.
of 10 independent experiments. Statistical analysis was performed using
the paired ttest. *, p < 0.05; **, p < 0.01.

Fragmented Hyaluronan Induces Nuclear Translocation of
YB-1 in PBMCs—MDR-1 gene expression is initiated by activa-
tion and nuclear translocation of YB-1 in human lymphocytes
(12). We examined the intracellular distribution of the tran-
scriptional factor YB-1 in PBMCs by immunostaining using
anti-YB-1 monoclonal antibody. Confocal microscopic analysis
showed localization of YB-1 in the cytoplasm of PBMCs at basal
conditions and its translocation into the nucleus within 60 min
of incubation with 6.9-kDa fragmented hyaluronan (Fig. 24).
We confirmed the induction of the DNA binding activity of
YB-1 by 6.9-kDa fragmented hyaluronan by electrophoretic
mobility shift assay. Subsequently, we prepared nuclear
extracts from PBMCs at basal conditions and after incuba-
tion with 6.9-kDa fragmented hyaluronan, and incubated
them with a 3?P-labeled oligonucleotide containing YB-1
consensus binding sites. We observed dense bands in the
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FIGURE 2. Fragmented hyaluronan induces activation and nuclear trans-
location of YB-1 in PBMCs. A, immunostaining and confocal microscopy
analysis of YB-1in 1 X 10° of PBMCs. YB-1 was expressed in the cytoplasm of
all PBMCs without stimulation (No stimulation). In contrast, nuclear transioca-
tion of YB-1 was induced in 30% or more of PBMCs incubated with 50 ug/ml
6.9-kDa fragmented hyaluronan for 60 min at 37 °C (Fr. HA). Magnifica®’ "~
X600. B, the YB-1 DNA binding activity was examined by electropt
mobility shift assay. Stimulation (60 min) with 50 pg/ml 6.9-kDa frag:
hyaluronan induced YB-1 DNA binding activity (black arrow indis
complex of YB-1/DNA).

mixture of oligonucleotides and nuclear extracts d:rived
from PBMCs stimulated with 6.9-kDa fragmented hyaluro-
nan (Fig. 2B). These results imply that incubation of PBMCs
with 6.9-kDa fragmented hyaluronan resulted in a sequence
of events including activation of cytoplasmic nuclear factor
YB-1, its nuclear translocation, and finally the binding of
activated YB-1 to the promoter region of the MDR-1 gene.
These results were consistent with those observed in the
expression of P-glycoprotein in immunostaining.

YB-1 Antisense Inhibits P-glycoprotein Expression on
Lymphocytes—To determine whether YB-1 is directly coupled
with fragmented hyaluronan-induced MDR-1 gene activation,
we assessed the expression of P-glycoprotein on PBMCs trans-
fected with YB-1 antisense expression plasmid (PRC/CMYV AS)
or control vacant vector and compared the levels of P-glveopro-
tein expression on PBMCs incubated with or without .~ 22
fragmented hyaluronan. In comparison with the vecte .1z,
introduction of YB-I antisense significantly reduce« ~=
expression of P-glycoprotein on PBMCs. Fragmented hyaluzo-
nan stimulation significantly increased the expression of P-gly-
coprotein on control cells, but such induction was abolished by
transfection of YB-1 antisense (Fig. 3).

Fragmented Hyaluronan Up-regulation of P-glycoprotein
Expression on CD4+ T Cells—To investigate the expression of
P-glycoprotein on lymphocytes in more detail, we next per-
formed two-color analysis using anti-CD4 and -CD8 antibodies
and examined P-glycoprotein expression on each subset of lym-
phocytes. Flow cytometric analysis showed that P-glycoprotein
expression was significantly augmented by 6.9-kDa fragmented
hyaluronan on CD4+ but not CD8+ cells in PBMCs (Fig. 44).
Therefore, in further studies, we analyzed purified CD4+ T
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FIGURE 3. YB-1 antisense inhibits fragmented hyaluronan-induced P-gly-
coprotein expression on PBMCs. Flow cytometric analysis showed P-glyco-
protein expression on 2 X 10° of normal PBMCs that were transfected with
YB-1 antisense constructs {(closed bars) or control vacant vector (open bars)
and then incubated with or without 50 pg/ml 6.9-kDa fragmented hyaluro-
nan (fr. HA). Each value represents the number of molecules expressed per
cell, calculated using standard QIFIKIT beads. Data represent mean * S.D. of
five independent experiments. Statistical analysis was performed using the
paired ttest. *, p < 0.05; **, p < 0.01.

YB-1 Vector

cells isolated from PBMCs. We first evaluated the expression of
P-glycoprotein on isolated CD4+ T cells after a 6-h incubation
with 6.9-kDa fragmented hyaluronan. Expression of P-glyco-
protein on isolated CD4+ T cells was significantly induced by
the addition of the fragmented hyaluronan (Fig. 4, B-D). To test
whether P-glycoprotein expression was the result of MDR-1
gene expression in response to fragmented hyaluronan, we
examined the expression of MDR-I mRNA by reverse tran-
scription-polymerase chain reaction. There was a substantial
increase in M DR-1 mRNA relative to B-actin mRNA inisolated
CD4+ T cells incubated with 6.9-kDa fragmented hyaluronan,
compared with CD4+ T cells at the basal condition (Fig. 4E).
Fragmented Hyaluronan Induces Simultaneous Activation of
Resting CD4+ T Cells and Expression of P-glycoprotein—Re-
cent studies from our laboratories demonstrated that soluble
factors, which activate lymphocytes such as 11.-2, induce YB-1
activation followed by P-glycoprotein expression in lympho-
cytes (13). In the present study, we evaluated whether up-reg-
ulation of P-glycoprotein expression by fragmented hyaluronan
accorded with activation of lymphocytes. We used the cell sur-
face maker CD69, a well defined early activation marker of T
cells (36), to monitor CD4+ T cell activation. Flow cytometric
analysis showed that CD69 expression on CD4+ T cells was
significantly augmented by the 6.9-kDa fragmented hyaluronan
(Fig. 5A—D). Furthermore, expression of P-glycoprotein was
observed on CD69 high expressing CD4+ T cells, and the level
of P-glycoprotein expression on CD69 high expressing CD4+
T cells was significantly augmented by the 6.9-kDa fragmented

DECEMBER 8, 2006« VOLUME 281-NUMBER 49

Transcription of MDR-1 by Fragmented Hyaluronan

hyaluronan (Fig. 5, £and F). These results imply that expression
of P-glycoprotein is closely associated with activation of CD4+
T cells and that up-regulation of P-glycoprotein by the 6.9-kDa
fragmented hyaluronan occurs exclusively on CD69 high
expressing CD4+ T cells.

Expression of P-glycoprotein Induces Excretion of Intracellu-
lar Dexamethasone in CD4+ T Cells—To investigate the asso-
ciation between expression of P-glycoprotein on CD4++ T cell
and exclusion of drugs through P-glycoprotein, the intracellu-
lar and extracellular concentration of dexamethasone was
determined. Stimulation with fragmented hyaluronan resulted
in a significant decrease of intracellular dexamethasone of
CD4+ T cells (Fig. 6). To confirm the functional involvement of
P-glycoprotein in the decrease of intracellular dexamethasone,
we added 100 ng/ml cyclosporin A, a competitive inhibitor of
P-glycoprotein, to fragmented hyaluronan-stimulated CD4+ T
cells. Excretion of dexamethasone in CD4+4 T cells was com-
pletely inhibited by 100 ng/ml cyclosporin A (Fig. 6).

Anti-CD44 mAb Hermes-1 Inhibits Up-regulation of MDR-1
Gene Expression in CD4+ T Cells—One of the principal cellular
receptors for hyaluronan is CD44 (19). Therefore, we used
Hermes-1, a mAb blocking CD44, to investigate whether the
CD44s epitope was essential for up-regulation of MDR-] gene
expression in CD4+ T cells by fragmented hyaluronan.
We found that fragmented hyaluronan markedly induced the
nuclear translocation of YB-1 and the expression of cell surface
P-glycoprotein by immune staining and Western blotting anal-
ysis. The inducibility was abolished by preincubation with
Hermes-1, confirming the involvement of signal thorough
CD44 molecules in fragmented hyaluronan-induced P-glyco-
protein expression (Fig. 7).

DISCUSSION

In terms of interaction of hyaluronan with cell surface CD44,
three functional categories of CD44 have been reported: non-
binding CD44, non-binding CD44 unless activated, and consti-
tutively active CD44. Most cells of connective tissue, as well as
some proliferative epithelial cells and tumor cells appear to
express constitutively active CD44. In contrast, CD44 is func-
tionally inactive on resting T cells, and is not able to bind hya-
luronan without external stimuli such as TCR stimulation (37).
Fragmented hyaluronan but not native hyaluronan has been
shown to stimulate the expression of cytokines, proinflamma-
tory chemokines, and cell adhesion molecules possibly through
a mechanism involving CD44 in endothelial cells, various
malignant cells, and macrophages (24 -26).

In this report, we demonstrate a novel physiological function
of fragmented hyaluronan on CD4+ T cells. The main findings
of the present study were as follows. 1) Fragmented hyaluronan,
but not the native high molecular weight hyaluronan, was able
to induce transcriptional regulation of the MDR-] gene, YB-1
activation followed by P-glycoprotein expression, in CD4+ T
cells. 2) Expression of P-glycoprotein on CD4+ T cells induced
by fragmented hyaluronan was observed preferentially on acti-
vated CD4+ T cells. 3) Overexpression of P-glycoprotein
resulted in dexamethasone excretion from CD4+ T cells,
which was inhibited by the competitive inhibitor cyclosporin A.
4) Transcriptional induction of MDR-I gene by fragmented
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FIGURE 4. Fragmented hyaluronan induces expression of P-glycoprotein on CD4+ T cells. A, flow cyto-
metric analysis showed P-glycoprotein expression on peripheral CD4+ and CD8+ T cells in 1 X 10° of PBMCs
in six independent donors incubated with (solid bars) or without (open bars) 50 ng/mi 6.9-kDa fragmented
hyaluronan for 6 h. Each value represents the number of molecules expressed per cell, calculated using stand-
ard QIFIKIT beads. Data represent mean * S.D. of six independent experiments. Statistical analysis was per-
formed using the paired t test. *, p < 0.05. B-D, flow cytometric analysis showed P-glycoprotein expression on
5 X 10° of CD4+ T cellsisolated from PBMCs (Band gray area in D) increased after 6 h stimulation with 50 pg/ml
6.9-kDa fragmented hyaluronan (C and solid black line in D). E, MDR-1 mRNA expression was examined by
reverse transcriptase-PCR using total RNA extracted from 1 X 10° of CD4+ T cells isolated from PBMCs incu-
bated with or without 50 ug/ml 6.9-kDa fragmented hyaluronan (Fr. HA) for 6 h. B-Actin (B-actin) transcript was
used as an internal standard. M, molecular size marker ¢X 174 Haelll digestion.

hyaluronan was mediated through CD44 molecules on CD4+
T cells.

Other investigators have reported that fragmented hyaluro-
nan binding to cell surface CD44 progressively increased in
avidity with increasing oligomer size from 20-mers to 38-mers,
and that fragmented hyaluronan (38), especially the 6.9-kDa
fragmented hyaluronan (36-mers), enhanced CD44 cleavage as
well as promoted tumor cell mobility without certain stimuli
{e.g. phorbol ester and anti-CD44 stimulating antibodies in
vitro), whereas a large polymer hyaluronan failed to induce
them (39). This evidence was consistent with our results show-
ing that 6.9-kDa fragmented hyaluronan induced expression of
P-glycoprotein on lymphocytes most strongly.

In contrast to our results, Misra et al. (40) reported that frag-
mented hyaluronan reduces MDR-1 expression in human
breast carcinoma cells. The reasons for the conflicting result on
the function of fragmented hyaluronan are due, at least, to the
difference of oligomer size of fragmented hyaluronan. They
used oligomers of 3-10-mers that could do only monovalent
binding, whereas we used oligomers of 36-mers, which allow at
least divalent binding (38). The oligomers of 3—10-mers antag-
onize constitutive interaction between hyaluronan polymer
and CD44 by competitively replacing, because multivalent
interaction can transduce signals although a monovalent inter-
action does not (40). On the other hand, we showed that the
oligomers of 36-mers induce signal transduction after interac-
tion with CD44 molecules on the resting CD4+ T cells and that
the interaction induces activation of CD4+ T cells and expres-
sion of MDR1 mRNA. Others reported that 4 — 6-mers induced
maturation of dendritic cells without CD44 (41). Therefore,
different sizes of hyaluronan oligomers might induce the differ-
ent effects on CD44-hyaluronan interaction.
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In addition to hyaluronan oli-
gomers, different sizes of hyaluro-
nan polymers might have different
biological activities. Breast cancer
cells express both hyaluronan syn-
thase and hyaluronidase, so they
rapidly synthesize high molecular
hyaluronan while simultanercly
degradingitintosmallandin . e-
diate sized polymers (20 -500 :.i0z)
(42). These small or intermediate
sized polymers could induce MDR-I
expression in human breast carci-
noma cells (40). We also demon-
strated that small sized polymers (40
kDa) could induce expression of
P-glycoprotein  on  lymphocytes.
However, the large sized polymers
(probably ~600 kDa), which include
our native hyaluronan (950 W\Da),
could not induce MDR-1 exprsr:ion.
The large sized polymers als:: ~v e
anti-angiogenic (43), anti-infla:: o
tory, and immunosuppressive efizcis
(44, 45), and they do not induce CD44
cleavage (39).

Therefore, hyaluronan changes activities of MDR-1 induc-
tion, as well as other biological activities, depending on its
molecular weight. The oligomers of 3—10-mers (probably 4 - 6-
mers, 0.8 ~1.2 kDa) inhibit MDR-1 expression competitively by
monovalent interaction with CD44. The larger oligomers (~1.7
kDa), small and intermediate sized polymers (~500 kDa) could
induce MDR-1 expression by more than the divalent interac-
tion with CD44, and the oligomers of 36-mers (6.9 kDa) might
be the most potent activators of MDR-1 expression. The large
sized polymers (probably ~600 kDa) could not induce MDR-1
expression.

Furthermore, the manner of hyaluronan production is differ-
ent between resting CD4+ T cells and human breast carcinoma
cells. Although CD4+ T cells constitutively express mRNA for
hyaluronan synthases, their surface hyaluronan expression
becomes detectable only after cell activation. In contrzst.
human breast carcinoma cells spontaneously produce hv.:.: 3
nan without any stimulation, express constitutivelv .-t
CD44, but CD44 on resting T cells is functionally ina< . -
cannot bind hyaluronan without external stimuli suc: .
stimulation (37). Thus, unless CD4+ T cells are stimuited,
they express neither MDR-1, the active form of CD44, nor cell
surface hyaluronan, whereas on human breast carcinoma cells
MDR-1 could be constitutively expressed through endogenous
small and intermediate sized hyaluronan polymers by CD44-
mediated self-activation. We, therefore, document that
6.9-kDa fragmented hyaluronan (36-mers) interacts with CD44
on the resting CD4+ T cells, and that the interaction induces
activation of CD4+ T cells and induction of MDR-1 expression.

Fragmented hyaluronan can be generated in vivo by varicus
mechanisms, such as enzymatic digestion by hyaluronidases
and acid hydrolases, degradation by oxygen-derived free radi-
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FIGURE 5. Fragmented hyaluronan induces activation of CD4+ T cells, which results in the expression of P-glycoprotein. A-C, flow cytometric analysis
showed increased expression of CD69 on 5 X 10° of CD4+ T cells isolated from PBMCs (A and gray area in ) at 3 h after stimulation with 50 ug/ml 6.9-kDa
fragmented hyaluronan (B and solid black line in C). The region R1 indicates CD69 high expressing cells. D, data represent the percentage of CD69 high
expressing cellsamong 5 X 10° of CD4+ T cells isolated from PBMCs from 10 independent donors incubated with (solid bars) or without {open bars) 50 pg/m|
6.9-kDa fragmented hyaluronan for 3 h. Data represent mean = S.D. of 10 independent experiments. Statistical analysis was performed using the paired t test.
*, p < 0.05. E, flow cytometric analysis showed P-glycoprotein expression on CD69 high or low expressing CD4+ T cells after a 6-h incubation with or without
50 pg/mi 6.9-kDa fragmented hyaluronan (Fr. HA). F, P-glycoprotein expression on CD69 high or iow expressing CD4+ T cells after a 3-h incubation with (closed
bars) or without (open bars) 50 ug/mi 6.9-kDa fragmented hyaluronan (Fr. HA). Each value represents the number of molecules expressed per cell, calculated
using standard QIFIKIT beads. Data represent mean * S.D. of 10independent experiments. Statistical analysis was performed using the paired t test. *, p < 0.05.

cals, or de novo synthesis of low molecular mass hyaluronan (46,
47). Fragmented hyaluronan exists in the place of tumor inva-
sion or inflammation, and closely relates to their pathogenesis
(21-24).

In rheumatoid arthritis (RA), which is characterized by pro-
gressive polyarthritis with occasional extraarticular involve-
ment, fragmented hyaluronan is increased in the RA synovium
and synovial fluid (21, 48). Although the production of native
hyaluronan by RA synovial cells is promoted according to the
aggravation of inflammation by inflammatory cytokines includ-
ing IL-1B and tumor necrosis factor-« (49), the activity of hya-
luronidase produced by CD14+ monocytes is so high that
native hyaluronan is digested to fragmented hyaluronan imme-
diately at the loci of inflammation (50). Furthermore, the pro-
duction of fragmented hyaluronan is accelerated due to oxy-
gen-derived free radicals in the inflammation locus like
synovitis (21, 48). Our previous studies showed that fragmented
hyaluronan, which is increased by inflammation in proportion
to RA disease activity, induced the expression of vascular cell
adhesion molecule-1 on synovial cells and is involved in the
pathogenesis of RA (51, 52).

Recently, we found that IL-2, a potent stimulus of lympho-
cytes (53, 54), up-regulated P-glycoprotein expression on lym-
phocytes via activation of transcriptional factor YB-1 and that
such up-regulation markedly reduced intracellular corticoste-
roid concentration in vitro (13). In this study, we found that
6.9-kDa fragmented hyaluronan was also a potent stimulus of
CD4+ T cells as well as IL-2. We demonstrated that 6.9-kDa
fragmented hyaluronan could activate resting CD4+ T cells
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and induce P-glycoprotein expression simultaneously without
any other co-stimuli.

We propose that the expression of P-glycoprotein in accord-
ance with activation of CD4+ T cells is a serious problem in
autoimmune diseases including RA and systemic lupus erythe-
matosus. Autoimmune diseases are characterized by inflamma-
tion induced by activation of autoreactive T cells and produc-
tion of autoantibodies from activated B cells, which is enhanced
by intercellular adhesion, adhesion to extracellular matrix, and
cytokines such as IL-2 (51-55). The main strategy for treatment
is to control such autoreactive lymphocytes with corticoste-
roids, disease-modifying antirheumatic drugs, and other
immunosuppressants (56). Corticosteroids, certain immuno-
suppressive agents, and disease-modifying antirheumatic
drugs, including chloroquine and sulfasalazine, are extruded
from lymphocytes by P-glycoprotein (3, 13, 57). We note that
P-glycoprotein acts as a “hydrophobic vacuum cleaner,” ie
P-glycoprotein catches drugs like a vacuum cleaner when they
pass through the cell membrane, and then releases them out-
side the cell. Substrates of P-glycoprotein, including corticoste-
roids and some disease-modifying antirheumatic drugs, cannot
reach the cytoplasm by increasing the number of P-glycopro-
teins on lymphocytes, thus resulting in treatment failure.
Indeed, our group and others have reported that low cytoplas-
mic corticosteroid concentrations, caused by increased P-gly-
coprotein-mediated efflux of corticosteroids from lympho-
cytes, is one of the mechanisms of corticosteroid resistance in
inflammatory bowel disease, asthma, and systemic lupus ery-
thematosus (58— 60). Furthermore, the expression of P-glyco-
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FIGURE 6. Excretion of intraceliular dexamethasone through P-glycopro-
tein induced by fragmented hyaluronan. CD4+ T cells were preincubated
with (solid bars) or without (open bar) 50 .g/mi 6.9-kDa fragmented hyaluro-
nan (Fr. HA) for 6 h. Then 20 min after the addition of [6,7-*H]dexamethasone,
the C/M ratio was evaluated in the presence or absence of 100 ng/ml cyclos-
porin A. Data represent mean = S.D. of 10 independent experiments. Statis-
tical analysis was performed using the paired t test. **, p < 0.01.

protein on lymphocytes and the efficacy of cyclosporin A, a
competitive inhibitor of P-glycoprotein, have been reported in
refractory RA patients (61~ 63).

As another pathological relevance of hyaluronan, several
studies have shown that fragmented hyaluronan strongly stim-
ulates tumor invasion, growth, and P-glycoprotein-mediated
multidrug resistance (22, 25, 40). Otherwise, our results suggest
that the fragmented hyaluronan around tumors activates not
only tumors but also CD4+ T cells of the host. Expression of
P-glycoprotein on CD4+ T cells is induced in accordance with
activating CD4+ T cells by fragmented hyaluronan around
tumors, IL-2 and interferon-y might be extruded through
P-glycoprotein on CD4+ T cells (64), and then these cytokines
might activate effector cells including LAK and NK resulting in
enhancement of the anti-tumor effect (65). Furthermore,
CD4+ T cells could survive by acquiring P-glycoprotein-medi-
ated chemotherapy resistance. Thus, it will be advantageous for
the host that expression of P-glycoprotein on CD4+ T cells is
increased in accordance with activation of CD4+ T cells
induced by fragmented hyaluronan around tumors.

In this study, we propose that the sequential events in frag-
mented hyaluronan-stimulated CD4+ T cells, consist of CD44
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FIGURE 7. Anti-CD44 antibody inhibits fragmented hyaluronan-induced
MDR-1 gene expression in CD4+ T cells. A, immunostaining and confocal
microscopy analysis of YB-1 in 1 X 10° of CD4+ T cells. CD4+ T cells were
pretreated with anti-CD44 mAb Hermes-1 or with isotype control mAb at a
concentration of 10 ug/mi. CD4+ T cells were then incubated with 50 ug/mi
6.9-kDa fragmented hyaluronan for 60 min at 37 °C (Fr. HA). Magnification,
X600. 8, immunodetection of P-glycoprotein on Western blots of prepared
CD4+ Tcells. CD4+ T cells were pretreated with anti-CD44 mAb Hermes-1 or
with isotype control mAb at a concentration of 10 png/ml. CD4+ T cells were
then incubated with 50 pg/ml 6.9-kDa fragmented hyaluronan (Fr. HA) for6 h
at 37 °C. Samples containing equal amounts of proteins prepared from 2 X
10° of CD4+ T cells were subjected to SDS-PAGE. Separated proteins were
transferred onto nitroceliulose membranes and probed with anti-P-glycopro-
tein Ab (F4). Lane 1, control mAb only; lane 2, control mAb + Fr. HA; lane 3,
Hermes-1 + Fr. HA.

activation, MDR-1 transcription, P-glycoprotein expression,
and production of P-glycoprotein substrates that can be inhib-
ited by P-glycoprotein competitors. Our findings suggest that a
characteristic change of extracellular matrix in a specific envi-
ronment could directly modulate the immune system. Our
findings also expand our understanding of the interaction
between tumors, chronic inflammation, and the immune
system.
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Summary. New clinical, laboratory and experimental insights,
since the 1999 publication of the Sapporo preliminary classifi-
cation criteria for antiphospholipid syndrome (APS), had been
addressed at a workshop in Sydney, Australia, before the
Eleventh International Congress on antiphospholipid antibod-
ies. In this document, we appraise the existing evidence on
clinical and laboratory features of APS addressed during the
forum. Based on this, we propose amendments to the Sapporo
criteria. We also provide definitions on features of APS that
were not included in the updated criteria.

Keywords: anticardiolipin, antiphospolipid syndrome, B, glyco-
protein-I, classification criteria, lupus anticoagulant, thromb-
osis.

introduction

Since the formulation of the international preliminary classi-
fication (Sapporo) criteria for antiphospholipid syndrome
(APS) [1], a significant body of work in basic research and
studies on laboratory and clinical manifestations of APS has
appeared. A preconference workshop, preceding the Eleventh
International Congress on antiphospholipid antibodies (aPL),
considered revisions to the international classification criteria
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for APS. Members of the workshop panel included all of the
authors and the individuals listed in the Appendix.

Some of the authors presented the current evidence in their
area of expertise (see Addendum) providing relevant literature
on predictors of outcome, risk factors, associations between
clinical and laboratory features and accuracy of tests. The
evidence was also reviewed and graded (according to criteria
listed in Table 1) by three members of the committee (SM,
MDL, SAK) not involved in the presentation of specific topics.
An open discussion followed, to reach consensus. Where data
were limited or incongruent, expert opinion supplements the
recommendations, as indicated.

Update of the classification criteria

Table 2 contains the revised classification criteria for APS. The
Sapporo classification divided the APS criteria into clinical and
laboratory; this categorization was maintained in the current
revision.

Studies validating the Sapporo criteria [2,3] are few. Teste:
against patients with systemic lupus erythematosus (SLE) anc
lupus-like disease (LLD), the criteria have high sensitivity and
specificity [2], but the high frequency of aPL in older
populations and of thromboembolic disease in hospitalized
patients suggests that the Sapporo criteria would perform
poorly in these populations. The association of aging and of
common risk factors for cardiovascular disease with thrombo-
sis may cause classification bias (Evidence Level I) [4]. No
published data provides a valid estimation of an age boundary
for diagnosing APS. Standard definitions of premature
cardiovascular disease [5] and conditions conferring risk for
thrombosis (listed in Table 2) [6,7] should be taken into
account (Evidence Level I). Thrombosis may be more frequent
when multiple risk factors coexist. Strict exclusion criteria
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Table 1 Classification of evidence used in this article for evaluating studies
regarding the association of risk factors with clinical conditions and/or
disease outcome™*

Evidence Level Description

Class 1 Prospective study in a broad spectrum of the
representative population

or

Meta-analysis of randomized-controlled trials

Prospective study in a narrow spectrum of the
representative population

or

Well-designed cohort or case-control analytic study

or

Retrospective study in a broad spectrum of the
representative population

Retrospective study in a narrow spectrum of the
representative population

Study design where predictor is not applied in a
blinded fashion

or

Descriptive case series

or

Expert opinion

Class II

Class HI

Class IV

*Throughout this article wherever studies of different Evidence Levels
are quoted for the same issue, only the higher Evidence Levelis provided.

therefore seem impractical. The committee concurs that
additional factors contributing to thrombosis should be
assessed and that APS patients should be stratified according
to: (a) the presence or (b) absence of other — inherited or
acquired — contributing causes of thrombosis (Table 2).
Evidence arising from clinical experience and the few relevant
publications suggests that the ‘fetal death’ (Type 2a) Sapporo
pregnancy morbidity criterion is the most specific, while the
‘recurrent early abortion’ (Type 2c) criterion may be the most
sensitive (Level of evidence 1V). The specificity of recurrent early
abortion is uncertain because of the difficulty in excluding other
known or suspected causes. The pre-eclampsia/placental insuf-
ficiency (Type 2b) Sapporo criterion may be relatively insensitive
or non-specific. To enhance specificity, this criterion included
only cases requiring delivery before 34 weeks’ gestation. It
appears that some investigators have incorrectly interpreted this
criterion to include any preterm birth because of pre-eclampsia
or placental insufficiency. In (small) populations unselected [8]
or at risk for recurrent pre-eclampsia [9], aPL. are not associated
with pre-eclampsia or placental insufficiency (Evidence Level
II). We recognize that there is no widely accepted definition for
placental insufficiency, that timing of delivery is subject to
physician judgment, and that there are no specific histopatho-
logic placental abnormalities characteristic of either APS or
‘severe’ placental insufficiency (Evidence Level III) [10]. Well-
designed, prospective studies to determine the contribution of
APS to the overall problem of preterm birth from severe pre-
eclampsia or placental insufficiency are not available. The
committee finds no advantage to removing the pre-eclampsia/
placental insufficiency criterion; there is a need for optimizing its
performance instead. We recommend adherence to strict
definitions of eclampsia and severe pre-eclampsia [11,12], we
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provide the commonly used clinical definitions for placental
insufficiency (Table 2), and we suggest that the criterion for APS
classification be any of these conditions associated with the
decision of a qualified clinician to deliver a morphologically
normal fetus prior to 34 weeks’ gestation.

Both lupus anticoagulant (LA) and anticardiolipin (aCL)
immunoglobulin isotype G (IgG) and M (IgM) are maintained
as laboratory APS criteria, and IgG and IgM anti-B, glyco-
protein-1 (anti-B,GPI) assays are added in the revised criteria
(Table 2).

Medium and high titers of IgG and IgM aCL antibodies
associate with clinical manifestations of APS, and were selected
as criteria in Sapporo. However, the threshold used to
distinguish moderate-high levels from low levels has no
standard [13], and definition of the level that best corresponds
to the risk of clinical manifestations is difficult [14]. Based on
the best available evidence (Evidence Level II) [15-19], and
until an international consensus is reached, the committee
introduces a clear statement on threshold for positive: >40
GPL or MPL units, or >99th percentile (Table 2).

The revized criteria introduce a concept of subclassification
of APS patients into four different categories of aPL assay
positivity, specified in Table 2. Certain issues of specificity and
predictive value of laboratory assays remain unresolved,
whereas evidence suggests that multiple aPL positivity is
associated with a more severe course of the disease, increasing
significantly the rate of thrombosis (Evidence Level II) [20-23].
Investigators encouraged to subclassify patients with positive
laboratory assays that fulfil the criteria for APS in clinical
studies, according to the guidelines in Table 2.

Antiphospholipid syndrome requires the combination of at
least one clinical and one laboratory criterion. A remote test
avoids false results from interference with the event; however, in
extreme cases, a positive test separated many years from a
clinical manifestation also risks misclassification, as a causative
relationship between event and test would then be in doubt. The
Sapporo statement encouraged investigators to provide applic-
able information, but relevant existing data are rather poor. The
stability of the laboratory testing over time is reassuring [24], yet
spontaneous variation of aPL in individual patients occurs in up
to a quarter of cases (Evidence Level II). Whether disease
activity and treatment contribute to assay variability is unknown
[25-27]. The committee suggests that researchers should not
classify APS if more than 5 years separate the clinical event and
the positive laboratory test, and that an allowance of at least
12 weeks between symptom and test will assist assessment of the
relationship between clinical manifestations and aPL (Table 2).
These time limits are valid independently of which feature of
APS (clinical or laboratory) occurs first.

Persistent positivity of laboratory tests is important; the
Sapporo criteria suggested an interval of at least 6 weeks
between the two positive tests. In fact, there are no data to
validate this interval. There are concerns that transient presence
of epiphenomenal aPL — not infrequent in clinical practice —
could risk misclassification (Evidence Level 1I) [28]. This
committee proposes that increasing the interval to 12 weeks is

© 2006 International Society on Thrombosis and Haemostasis
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Table 2 Revized classification criteria for the antiphospholipid syndrome

Antiphospholipid antibody syndrome (APS) is present if at least one of the clinical criteria and one of the laboratory criteria that follow are met*
Clinical criteria
1. Vascular thrombosis'
One or more clinical episodes? of arterial, venous, or small vessel thrombosis®, in any tissue or organ. Thrombosis must be confirmed by objective
validated criteria (i.e. unequivocal findings of appropriate imaging studies or histopathology). For histopathologic confirmation, thrombosis should
be present without significant evidence of inflammation in the vessel wall.
2. Pregnancy morbidity

(a) One or more unexplained deaths of a morphologically normal fetus at or beyond the 10th week of gestation, with normal fetal morphology
documented by ultrasound or by direct examination of the fetus, or

(b) One or more premature births of 2 morphologically normal neonate before the 34th week of gestation because of: (i) eclampsia or severe pre-
eclampsia defined according to standard definitions [11], or (ii} recognized features of placental insufficiency”, or

(c) Three or more unexplained consecutive spontaneous abortions before the 10th week of gestation, with maternal anatomic or hormonal
abnormalities and paternal and maternal chromosomal causes excluded.
In studies of populations of patients who have more than one type of pregnancy morbidity, investigators are strongly encouraged to stratify groups
of subjects according to a, b, or ¢ above.
Laboratory criteria**
1. Lupus anticoagulant (LA) present in plasma, on two or more occasions at least 12 weeks apart, detected according to the guidelines of the
International Society on Thrombosis and Haemostasis (Scientific Subcommittee on LAs/phospholipid-dependent antibodies) {82,83].
2. Anticardiolipin (aCL) antibody of IgG and/or IgM isotype in serum or plasma, present in medium or high titer (i.e. >40 GPL or MPL, or > the
99th percentile), on two ot more occasions, at least 12 weeks apart, measured by a standardized ELISA [100,129,130].
3. Anti-B, glycoprotein-I antibody of IgG and/or IgM isotype in serum or plasma (in titer > the 99th percentile), present on two or more occasions,
at least 12 weeks apart, measured by a standardized ELISA, according to recommended procedures [112].

*Classification of APS should be avoided if less than 12 weeks or more than 5 years separate the positive aPL test and the clinical manifestatior:.
TCoexisting inherited or acquired factors for thrombosis are not reasons for excluding patients from APS trials. However, two subgroups of APS
patients should be recognized, according to: (a) the presence, and (b) the absence of additional risk factors for thrombosis. Indicative (but not
exhaustive) such cases include: age (> 55 in men, and > 65 in women), and the presence of any of the established risk factors for cardiovascular
disease (hypertension, diabetes mellitus, elevated LDL or low HDL cholesterol, cigarette smoking, family history of premature cardiovascular
disease, body mass index 230 kg m™2, microalbuminuria, estimated GFR <60 mL min™"), inherited thrombophilias, oral contraceptives, nephrotic
syndrome, malignancy, immobilization, and surgery. Thus, patients who fulfil criteria should be stratified according to contributing causes of
thrombosis. A thrombotic episode in the past could be considered as a clinical criterion, provided that thrombosis is proved by appropriate
diagnostic means and that no alternative diagnosis or cause of thrombosis is found. "Superficial venous thrombosis is not included in the clinical
criteria. ‘ Generally accepted features of placental insufficiency include: (i) abnormal or non-reassuring fetal surveillance test(s), e.g. a non-reactive
non-stress test, suggestive of fetal hypoxemia, (i) abnormal Doppler flow velocimetry waveform analysis suggestive of fetal hypoxemia, e.g. absent
end-diastolic flow in the umbilical artery, (iii) oligohydramnios, e.g. an amniotic fluid index of 5 cm or less, or (iv) a postnatal birth weight less than
the 10th percentile for the gestational age. **Investigators are strongly advised to classify APS patients in studies into one of the following
categories: I, more than one laboratory criteria present (any combination); Tla, LA present alone; IIb, aCL antibody present alone; Ilc, anti-B,
glycoprotein-I antibody present alone.

unlikely to affect sensitivity (Table 2); coupled with the prior Features associated with APS, but not inciuded in the

proposal of an analogous interval between clinical manifesta-
tion and assay performance, it provides greater reassurance
that the aPL detected are relevant to a predisposition to APS.
‘We emphasize that proposed time intervals are based on expert
opinion. Studies validating these time frames are imperative.

The committee advises against using the term ‘secondary’
APS. We could not find differences in the clinical consequences
of aPL among patients in these two categories (Evidence Level
I) [13,29]. Most patients with so-called secondary APS have
SLE. It is unknown if APS and SLE are two diseases coinciding
in an individual, if underlying SLE offers a setting for the
development of APS, or if APS and SLE represent two
elements of the same process [30,31]. Some cases with
‘secondary’ APS are classified as LL.D. The interface between
SLE, LLD and APS merits further consideration. Rather than
distinguishing between patients with ‘primary’ and ‘secondary’
APS, documenting the coexistence of SLE (or other disease) is
more advantageous for classification.

Finally, the entity of the Catastrophic Antiphospholipid
Syndrome was outside the agenda of this workshop; a relevant
consensus statement has been released [32].

© 2006 International Society on Thrombosis and Haemostasis

revised criteria

This panel also discussed clinical and laboratory features
not included in the revised classification criteria for APS.
These include: (i) heart valve disease, (ii) livedo reticularis
(LR), (iii) thrombocytopenia, (iv) nephropathy, (v) neuro-
logical manifestations, (vi) IgA aCL, (vi)) IgA anti-B;GPI,
(viii) antiphosphatidylserine antibodies (aPS), (ix) antiphos-
phatidylethanolamine (aPE) antibodies, (x) antibodies against
prothrombin alone (aPT-A), and (xi) antibodies to the
phosphatidylserine-prothrombin (aPS/PT) complex. Some of
the features above are undoubtedly frequent but not specific in
patients with APS. The committee considered that adoption of
these features as independent criteria for definite APS may
decrease diagnostic specificity, even though their association
with APS is recognized.

Another issue is how to classify (i) cases with aPL and
non-criteria clinical manifestations of APS, and (ii) the
infrequent cases that fulfil the clinical criteria, but test positive
only for non~criteria aPL. Some members of the committee
proposed the term ‘probable APS’. This concept was not
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Table 3 Definition of aPL-associated cardiac valve disease

aPL-associated cardiac valve disease is:
Coexistence of aPL (Laboratory Criteria for APS) along with
Echocardiographic detection of lesions and/or
Regurgitation* and/or stenosis of mitral and/or aortic valve or any
combination of the above.

Valve examination can be performed with TTE and/or with TEE

Defining valve lesions include:

Valve thickness >3 mm,

Localized thickening involving the leaflet’s proximal or middle
portion,

Irregular nodules on the atrial face of the edge of the mitral
valve, and/or the vascular face of the aortic valve.

The presence and severity of regurgitation and/or stenosis should
be documented with Doppler echocardiography.

Interpretation should be carried out by two expert echocardiog-
raphers.

Both functional capacity and objective assessment of heart status
should be reported according to the revized NYHA Criteria for
Diagnosis of Heart Disease [131].

Confirmation of valve disease may also be provided by histo-
pathological findings of Libman-Sacks endocarditis in patients with
concomitant SLE [132].

In all the above cases, the presence or history of rheumatic fever
and infective endocarditis must be excluded.

Patients who fulfill Clinical Criteria for APS are excluded from the
definition above.

Researchers should also state if the patient meets the
American College of Rheumatology (ACR) revized criteria for SLE
{133,134].

*Investigators are advised to consider moderate-severe mitral valve
regurgitation as criterion for aPL-associated cardiac valve disease, as
mild regurgitation is very common in the general population.

adopted, because the features listed above cannot be used as
alternative criteria for APS. With these limitations in mind,
we believe it would be reasonable to use these features, which
were not selected for diagnosis of individual patients as
‘probable APS’, features associated with APS’ or ‘non-criteria
features of APS’. For clinical studies, patients falling into any
of these categories should be classified separately from those
that fulfill the revised classification criteria for APS. This
policy may help clarify unsettled issues (specificity, associa-
tions of aPL with clinical manifestations, and differences in
outcome and impact of treatment) between those features
and definite APS. Thus, this committee encourages the
separate recognition of non-criteria features of APS, and
proposes a terminology (Tables 3-6). The evidence that
precludes adoption as criteria is summarized in the section
on Specific issues.

Specific issues

Cardiac manifestations

Heart valve lesions (vegetations, valve thickening and dysfunc-
tion) are frequent in APS, independent of SLE [33], but data
are contradictory because of differences in echocardiography
technique and descriptions for findings, inconsistent associa-

71

tions with aPL, and population heterogeneity' (Evidence Level
1I) [36,37]; confounding factors associated with cardiac valve
disease include age, hypertension and obesity (Evidence Level
1) [38]. The committee proposes a minimal consensus regarding
the valve dysfunction and provides relevant definitions of heart
valve lesions in APS (Table 3), but recommends against
adoption as criteria. Determination of aPL in patients coming
to medical attention because of valve disease should be
individualized rather than routine.

Coronary artery disease (CAD) fulfills the thrombosis
criterion for APS; we recommend that patients be stratified
according to thrombosis risk stratification guidelines (Table 2).
The workshop advises against routine performance of aPL
tests in patients with CAD unless the patient’s young age and
lack of identifiable risk factors suggest a rare etiology.

Few data exist concerning the incidence of ventricular
dysfunction in APS (Evidence Level IV). The committee
advises that the rare cases with biopsy-proven myocardial
microthrombosis, or with intracardiac thrombi be recognized
as meeting the thrombosis criterion for APS (Evidence Level
IV). Detection of cardiac microthrombosis or intracardiac
thrombi without apparent explanation warrants aPL testing.

Neurological manifestations

Transient cerebral ischemia and stroke fall within the spectrum
of thrombosis; thus, pertinent stratification recommendations
apply. A consensus report on these manifestations has been
published [39].

Antiphospholipid antibodies correlate with physical disabil-
ity in the elderly [40] (Evidence Level 1I). In one small study of
APS patients without SLE [41], long-term presence of LA is a
risk factor for dementia (Evidence Level II). In SLE patients,
persistent elevation of aPL is associated with cognitive
dysfunction (Evidence Level I) [42,43]. Prospective studies
deny an association between migraine and aPL (Evidence Level
I) [44,45]. In patients with multiple sclerosis (MS), an associ-
ation between aPL and clinical course cannot be supported
(Evidence Level I) [46]. Patients with concomitant MS and SLE
may be an exception, but studies are contradictory (Evidence
Level iI) [47,48]. Transverse myelopathy (TM) is a rare entity
within APS [33]. Limited data suggest that in the 1% of SLE
patients who manifest TM, the latter is associated with aPL
(Evidence Level 1V) [49]. Contradictory data exist on the
relationship between aPL and seizures in SLE (Evidence Level
I) [50,51] and in epilepsy patients (Evidence Level II) [52,53]. In
unselected APS patients, epilepsy has been retrospectively
associated with SLE, CNS ischemic events, thrombocytopenia,
and LR (Evidence Level II) [54]. It is uncertain whether aPL
can influence the clinical course of epilepsy, as relevant
prospective data are missing. This committee considers that

"For instance, although mitral valve thickness >3 mm, measured with
TEE, correlated significantly with aCL >40 GPL in one study [34], the
average mitral valve thickness in the control population of another study
was 3.2 mm with Doppler echocardiography [35].
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Table 4 Definition of aPL-associated livedo reticularis (LR)

aPL-associated LR is the coexistence of aPL (Laboratory Criteria for
APS) and LR.

Livedo reticularis is the persistent, not reversible with rewarming,
violaceous, red or blue, reticular or mottled, pattern of the skin of
trunk, arms or legs. It may consist of regular unbroken circles (regular
LR) or irregular-broken circles (livedo racemosa). The width of the
branching pattern can be 210 mm (large LR) or < 10 mm (fine LR).
Four variants may be recognized: fine livedo racemosa, large livedo
racemosa, fine regular LR, and large regular LR.

Pathologic changes confirmative, but not required, for LR classifi-
cation and diagnosis include partial or complete occlusion of the lumen
of small- to medium-sized arteries and/or arterioles at the dermis-
subcutis border with no evidence of perivascular inflammatory infil-
trate and negative direct immunofluorescence examination {62].

Patients who fulfill Clinical Criteria for APS are excluded from the
definition above.

Table 5 Definition of aPL-associated nephropathy (APLN)

aPL-associated nephropathy [66,68] is the coexistence of aPL (Labor-
atory Criteria for APS) along with the histopathologic detection of:

Thrombotic microangiopathy involving both arterioles and glom-
erular capillaries and/or

One or more of:

Fibrous intimal hyperplasia involving organized thrombi with or
without recanalization

Fibrous and/or fibrocellular occlusions of arteries and arterioles
Focal cortical atrophy

Tubular thyroidization (large zones of atrophic tubules containing
eosinophilic casts)

Vasculitis, thrombotic thrombocytopenic purpura, hemolytic uremic
syndrome, malignant hypertension, and other reasons for chronic renal
ischemia are exclusions.

Patients who fulfill Clinical Criteria for APS are excluded from the
definition above

If SLE is also present, the above lesions should be distinguished
from those associated with lupus nephropathy.

Table 6 Definition of aPL-associated thrombocytopenia

aPL-associated thrombocytopenia is the coexistence of aPL (Labor-
atory Criteria for APS) along with the following:

Thrombocytopenia (<100 x 10° L™'), confirmed at least twice
12 weeks apart.

Exclusion of patients with thrombotic thrombocytopenic purpura,
disseminated Intravascular coagulation, pseudo-thrombocytopenia,
and heparin-induced thrombocytopenia [135,136].

Thrombocytopenia is further characterized as moderate (platelet
count 50100 x [0° L") or severe (<50 x 10° L™).

Subclassification of patients according to the presence or absence of
SLE is advantageous.

Patients who fulfill Clinical Criteria for APS are excluded from the
definition above.

there is insufficient evidence to include cognitive dysfunction,
headache or migraine, MS, TM, and epilepsy in the revized
APS classification criteria; however, the data concerning
cognitive dysfunction are suggestive and warrant further study.

Skin manifestations

Livedo reticularis is more prevalent among APS patients with
SLE, and in females (Evidence Level II) [33,55]. Studies of
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associations with specific aCL isotypes or LA are contradictory
(Evidence Level 11) [S6-60]. In unselected APS patients, LR has
been retrospectively correlated with aClL and arterial throm-
bosis, but not with anti-B,GPI or LA, venous thrombosis, or
pregnancy morbidity (Evidence Level 1) [61]. There are no
prospective studies on the ability of LR to predict thrombosis,
with the exception of the rare Sneddon’s syndrome (Evidence
Level 1I) [62]. The LR lesions can lead to ischemia and tissue
infarction, called livedo vasculitis (purpuric macules, cutaneous
nodules, and/or painful ulcerations) [63]; stating its presence is
advisable. Inclusion of LR as an independent clinical criterion
for APS would not serve to classify homogeneous patient
groups, and definition is required (Table 4). The committee
advises subclassification of LR variants for clinical studies.
Although histologic findings sometimes may be helpfil in most
LR cases, there are no pathognomonic findings [62}; perform-
ing a biopsy is not routinely indicated or encouraged by this
committee.

Other skin manifestations of APS include skin ulcerations,
pseudo-vasculitic lesions, digital gangrene, superficial phlebitis,
malignant atrophic papulosis-like lesions, subungual splinte
hemorrhages [63], and anetoderma (a circumscribed area
loss of dermal elastic tissue) (Evidence Level IV) [64]. They . -
rare, and none merits inclusion as a criterion.

Renal manifestations

Antiphospholipid antibodies correlate with lesions of renal
small-artery vasculopathy and chronic renal ischemia (Evi-
dence Level III) [65-68]. The committee recommends the term
‘aPL-associated nephropathy’ (APLN) to describe this entity
(Table 5). Renal lesions are identical in SLE-APS and non-
SLE-APS patients, and have been associated with extra-renal
vascular thrombosis and pregnancy complications in SLE
patients (Evidence Level II) [65,66,69,70]. They are independ-
ent of lupus nephritis and do not correlate with the rate of loss
of renal function or end-stage renal disease [65,66]. Apart from
thrombotic microangiopathy, which represents an acute event,
other lesions of APLN reflect chronic vascular damage, are
more frequent [66,68], and may be non-specific. In almost all
reported cases, the diagnosis of APLN derived from multiple
findings. Histologic criteria for APLN have not been validated.
Patients with histologically proven APLN satisfy the throm-
bosis criterion for APS, provided that other conditions
resulting in similar renal lesions are excluded. This committee
does not suggest routine performance of renal biopsy in APS:
this decision should be guided by conventional clinicii
indications.

Thrombocytopenia

Antiphospholipid antibodies are frequently found in patients
initially diagnosed with idiopathic thrombocytopenic purpura
(ITP), prospectively associated with thrombosis (Evidence
Level I) [71,72]. This may suggest that aPL confers a high
risk of thrombosis in patients with ITP, or that ITP is a first
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symptom of APS, as it may be of SLE. Thrombocytopenia is
more common in patients with APS and SLE than in
patients with APS alone (Evidence Level II) [33]. Antibodies
directed against platelet glycoproteins are associated with
thrombocytopenia (but not with thrombosis) in patients with
aPL [73], and also in patients with APS, comparable with
ITP patients [74] (Evidence Level IlI). The committee
consented that thrombocytopenia occurring in patients with
persistent aPL, in the absence of clinical manifestations of
APS, should be considered to be different from ITP: such
patients have an increased thrombotic risk and require closer
follow-up. On the other hand, inclusion of thrombocytopenia
as an independent clinical criterion for APS would likely add
little to sensitivity with a potential cost in specificity; a clear
distinction from thrombocytopenia because of SLE and ITP
are required, and relevant data from prospective studies are
inadequate. We propose the term ‘aPl-associated thrombo-
cytopenia’ (Table 6) to stratify patients for clinical studies.
We propose a platelet count <100 x 10° L™" as the upper
cut-off limit for thrombocytopenia in APS (Evidence Level
1) [33]. This relatively stringent limit (vs. 150 x 10° L™")
could serve the criteria target of maximum specificity, while
including the severe and moderate cases.

Lupus anticoagulant

Lupus anticoagulant better correlates with thrombosis (Evi-
dence Level I) {75], pregnancy morbidity (Evidence Level II)
[76], and thrombosis in SLE patients (Evidence Level I) [77]
than does aCL. Inter-laboratory agreement is relatively poor
for the large number of LA assays on the market [78,79]. The
present committee recommends that laboratories performing
LA comply with existing rules to improve inter-laboratory
concordance (Evidence Level II) [78,80-831.

No definite recommendation can be given on the assays of
choice for LA testing. Both activated partial thromboplastin
time (APTT)-based assays and dilute Russell’s viper venom
time (dRVVT) are suitable for LA (Evidence Level II) [79,80],
provided that the APTT used for LA testing is LA sensitive.
One positive test suffices for LA positivity; as no single test is
100% sensitive for LA, it is advised to use two or more tests with
different assay principles before the presence of LA is excluded.

Unless one uses an LA test system that includes a heparin
neutralizer (most of the commercial dRVVT-assays), the
thrombin time should always be measured to exclude unfore-
seen presence of unfractioned heparin. If the patient is on oral
anticoagulants, measurement of LA is better postponed
(Evidence Level III) [84], or patient samples be diluted 1 : 2
with normal plasma before the test is performed, provided that
international normalized ratio (INR) is <3.5. When INR is
>3.5, the LA testing is unworkable (Evidence Level IV).
Several phospholipids (rabbit brain extract, hexagonal phase
phospholipids, defined phospholipid vesicles, washed-activated
platelets, frozen-thawed platelets and lyophilized platelet
extracts) have been used successfully in LA confirmation
assays; no evidence exists for superiority of any particular one.
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Little objective information and no relevant guidelines exist
to define a positive-screening test [82]. The use of fixed-time cut-
off limits in different laboratories with different instruments
was discouraged by this panel. For dRVTT and other LA
assays, better precision can be achieved when individual
laboratories determine their own cut-off levels for positive
results (Evidence Level II) [78,80,85]. Use of normalization
ratios (test sample : control sample) is the best way to
compensate for inter- and intra-assay variation. Clotting time
ratios (test/control) of > 1.1 forthe dRVTT and > 1.2 for KCT
are applied in many laboratories, and indicate LA according to
earlier guidelines [86,87]. Ratios have high specificity but may
have low sensitivity (Evidence Level 1I) [80]. An appropriate
way to establish cut-off levels is to measure LA in 40 healthy
controls and determine the geometric mean + 28D.

The interpretation of the confirmation procedure — the so-
called lupus ratio (mathematically identical with the screen/
confirm ratio), or the confirm/normal ratio — that offers the
highest risk for thromboembolic complications remains uncer-
tain. Integration of screening and confirmation into a single
assay makes LA testing less time consuming, and may increase
diagnostic accuracy and inter-laboratory agreement (Evidence
Level 111) [88]. Nevertheless, the result of the LA test that best
correlates with clinical events of APS cannot be concluded.
Until further evidence is provided, the committee advises
considering positive every sample outside the normal range
(Evidence Level 1V).

The use of widely available pooled patient plasmas for
positive controls (instead of the traditional plasma samples of
local LA-positive patients) is currently advised [83]. Plasma
spiked with monoclonal antibodies will soon be available; its
use and standardization through participation in multicenter
studies (e.g. ECAT and Scientific and Standardization
Committee [SSC]) are encouraged.

Two new methods enable discrimination between ,GPI and
prothrombin antibodies causing LA. The first uses cardiolipin
vesicles and can only be used in an APTT-based assay [89]. The
second is based on changes in the final calcium concentration in
the assay, but does not work when a mixture of both anti-
B,GPl and antiprothrombin antibodies is present [90]. In
patients with autoimmune diseases, B,GPl-dependent LA
strongly correlates with a history of thrombosis, in contrast
to the B,GPl-independent assay (Level of Evidence II) [91]. An
international multicenter trial to confirm this assertion will
begin shortly.

Anticardiolipin assay

Interlaboratory agreement on aCL measurement remains
marginal with both home-based and commercial assays
(Evidence Level @) [14,92,93]. Discrepancies are mainly
because of cut-off, calibration, and other methodological
issues. Expression of aCL assays in ranges of positivity
achieves better interlaboratory and inter-run agreement than
do quantitative readouts [94]. We note that igM aCL tends
to give false-positive results, particularly in the low-positive
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