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Abstract

Expression of fibronectin (FN) isoforms containing CSI, a 25-
amino acid sequence present within the alternatively spliced
IIICS region of FN, has been analyzed in rheumatoid arthritis
(RA) synovium. Unexpectedly, CS1-containing FN variants
were exclusively found on endothelium but not extracellular
matrix (ECM) ofRA synovium. Lumenal expression ofCS1 on
RA endothelial cells, as observed by electron microscopy,
correlated with inflammation in RA, since normal synovium
expressed little CS1 without appreciable decrease in ECM FN.
CSI expression on human endothelial cells was further shown
by FN mRNA analyses. In adhesion assays on frozen RA syno-
vial sections, T lymphoblastoid cells expressing functionally
activated a4,61 integrin specifically attached to the intravascu-
lar surface of RA endothelium. Binding was abrogated by both
anti-a4 integrin and CS1 peptides. Our observations suggest
direct involvement of CS1-containing FN in recruitment of
a4,81-expressing mononuclear leukocytes in synovitis, and pro-
vide basis for therapeutic intervention in RA. (J. Clin. Invest.
1994. 93:405416.) Key words: cell adhesion - integrins - CS1
fibronectin * inflammation * VLA4

Introduction

Fibronectin (FN)' is a ubiquitous extracellular matrix (ECM)
protein that provides the architectural scaffolding in tissues
and can also be found in body fluids such as plasma (for a
review, see reference 1). Although FN is encoded by a single
gene, FN polypeptide diversity is generated by alternative splic-
ing of a primary FN RNA transcript (2-4). Patterns of FN
gene splicing are regulated in a cell type-specific fashion, and
presumably play a central role in such dynamic processes as
embryogenesis (5, 6), wound healing (7), viral transformation
(8), and aging (9).
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The FN gene contains three separate exons that are subject
to alternative splicing, termed EIIIA, EIIIB, and V or IIICS ( 1 ).
The presence of additional acceptor and donor splice signals
within the IIICS region allows generation ofincreased diversity
in FN by virtue ofmultiple IIICS polypeptide variants, namely,
three in rat FN (2, 10) and five in human FN ( 11, 12). One
subset of these molecular variants expresses a 25-amino acid
sequence termed CS 1 ( 13, 14), which is a counter-receptor for
the a4f31 (also known as VLA-4) integrin (15, 16). To date,
the VLA-4/CS1 interaction has been widely documented in
hematopoiesis where adhesive interactions between hematopoi-
etic progenitors expressing VLA-4 (17-20) and their ECM mi-
croenvironment play a critical role in precursor maturation
and differentiation. Thus, CS 1 peptides have been shown to
inhibit: (a) attachment of murine hematopoietic stem cells to
ECM derived from bone marrow stroma ( 18), (b) immuno-
globulin secretion by bone marrow-derived B cell progenitors
( 19), and (c) thymocyte adhesion and differentiation induced
by thymic stromal cell monolayers (20, 21 ). VLA-4/CS1 may
also be involved in embyonic development, since CS 1 peptides
have been shown to interfere with migration of avian neural
crest cells (22).

VLA-4, which is predominantly expressed on lymphocytes,
monocytes, and eosinophils, but not on neutrophils ( 17), also
serves as a receptor for the cytokine-inducible vascular cell ad-
hesion molecule type 1 (VCAM- 1) (23, 24). The dual interac-
tion ofVLA-4 on leukocytes with either endothelial VCAM- 1,
or CS 1-containing FN in the ECM, has been postulated to play
a key role in leukocyte trafficking during inflammation (23, 25,
26). In a murine model of contact hypersensitivity, CS1 pep-
tide partially inhibited recruitment of T lymphocytes to skin
inflammatory sites (27). Since the Arg-Gly-Asp peptide from
the cell adhesion domain of FN was also inhibitory in this
animal model, the authors concluded that emigration of im-
mune T cells to sites of antigenic challenge in the tissue could
be facilitated by the interaction of leukocyte integrins with
ECM proteins such as FN (27). In conclusion, none of the
studies reported to date offer a precedent for endothelial ex-
pression of CS 1-containing FN.

Rheumatoid arthritis (RA) is a chronic inflammatory con-
dition whereby a large number of mononuclear cells, mostly
CD4 memory T cells (28-30) and macrophages, accumulate in
perivascular areas within the synovial membrane (for reviews,
see references 31 and 32). Although significant accumulation
of lymphocytes, monocytes, and neutrophils in the synovial
fluid occurs, very few neutrophils actually infiltrate the syno-
vial membrane itself( 31, 32). RA pathology is also character-
ized by hyperplasia ofthe synovial intimal lining, which is nor-
mally a single layer of fibroblast-like and macrophage-like cells
at the interface with the joint space. Development ofan exten-
sive network of new blood vessels within the synovial mem-
brane and local release of inflammatory cytokines (33, 34)
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facilitate adherence of circulating lymphocytes to postcapillary
synovial venules. Ultimately, proliferation of the synovial
membrane leads to invasion and irreversible destruction ofcar-
tilage and subchondral bone (31, 32).

We now report data implicating VLA-4/CSI in the patho-
genesis of RA. Immunohistochemical studies clearly indicate
that CS 1 is selectively expressed on RA, but not normal, syno-
vium. In contrast to ECM forms of FN, CS 1 expression is lim-
ited to RA synovial vasculature and intimal lining. CS 1 on RA
synovium specifically localizes to the lumenal surface of endo-
thelial cells, and is capable of mediating intravascular attach-
ment of T lymphocytes that express a functionally activated
form of VLA-4. Taken together, our results suggest an impor-
tant role for CS 1 in the recruitment ofmononuclear leukocytes
in RA synovium, and provide a potential approach for thera-
peutic intervention in RA.

Methods
Patient selection and tissue preparation. Synovial tissue was obtained
at the time ofjoint replacement surgery or synovectomy from patients
with classic or definite RA (35). All tissues were immediately snap
frozen in 2-methyl-butane and liquid nitrogen, and stored at -700C
until used. One normal synovium was obtained from a patient who had
a total hip replacement to repair a nonhealing fracture, and four addi-
tional normal knee synovia were obtained at the time of autopsy from
individuals without arthritis who died ofunrelated causes. The autopsy
specimens were processed within 6 h of death.

mAbs, peptides, and cell lines. The following mAbs were used in
this study: P4C2 (IgG3, anti-a4) (15), LB3. 1 (IgG2a, anti-class II DR
antigens), PlG12 (IgGl, anti-PECAM-l/CD3I), and P3H12 (IgGl,
anti-VCAM-l) (36) (all from Cytel Corp., San Diego, CA). MOPC
104E (IgM, mouse myeloma protein) was obtained from Organon
Teknika Corp. (West Chester, PA); mAb to collagen type IV (IgG) was
a gift from S. Sobin (University of Southern California, Los Angeles,
CA); 4B9 (IgGl, anti-VCAM-l, which abrogates VLA-4-dependent
leukocyte adhesion to both the six- and seven-Ig domain forms of
VCAM-l in vitro) (37, 38) was a gift from J. Harlan (University of
Washington, Seattle, WA); 8A2 (IgGl, adhesion-promoting anti-fl )
(39) was a gift from N. Kovach (University of Washington, Seattle,
WA). In addition, 4C7 (IgG2a, specific for the A chain of human
laminin) (40), 3E3 (IgGl, to a constant epitope on the cell attachment
region of FN) (41), 3E1 (IgG 1, to the COOH-terminal heparin bind-
ing region of FN) (41), 4B2 (IgGl, to the collagen binding region of
FN) (41), and P1D6 (IgG3, anti-a5) were obtained from Telios Phar-
maceuticals (San Diego, CA). mAbs FN-15 (IgGl, to a framework
epitope in FN) and DHl (IgGl, to the alternatively spliced EIIIA do-
main of FN) (42) were purchased from ICN Biomedicals (Costa
Mesa, CA).

The following peptides were chemically synthesized at Cytel Corp.:
intact CSl 25-mer DELPQLVTLPHPNLHGPEILDVPST for mAb
screening and adhesion assays; CYLHGPEILDVPST (CS I -C) for gen-
eration of anti-CS I mAbs (see below) and mAb screening; CYDELP-
QLVTLPHP (CS 1-N) and CYTLPHPNLHGPEI (CS 1-M) for mAb
screening; GPEILDVPST (CS1), VIPDLTESPG (scrambled CS1),
and DELPQLVTLPHP (control peptide) for cell adhesion assays on
frozen RA tissue sections.

T lymphoblastoid cell lines Jurkat and Molt-4 were obtained from
the American Type Culture Collection (Rockville, MD), and the EBV-
transformed human lymphoblastoid B cell line MAT-2 was kindly do-
nated by C. Oseroff(Cytel Corp.). All cells were grown in RPMI 1640
supplemented with 10% FCS.

Generation and characterization ofanti-CSJ mAbs. BALB/c mice
(The Jackson Laboratory, Bar Harbor, ME) were immunized by bi-
weekly intraperitoneal injections with the peptide CYLHGPEILDVP-
ST (CS1-C) coupled to keyhole limpet hemocyanin via the NH2-termi-
nal cysteine residue. Mouse spleen cells were fused with FOX-NY my-

eloma cells according to standard techniques, and viable heterokaryons
were grown in 96-well plates using adenine/aminopterine/thymidine
in RPMI 1640 as selection media. Hybridomas were screened by a
sandwich ELISA using three different substrates immobilized on plas-
tic, namely, the entire CSl 25-amino acid sequence (i.e., DELPQL-
VTLPHPNLHGPEILDVPST), peptide CS1-C coupled to ovalbumin
(OVA), and plasma FN (Telios Pharmaceuticals, San Diego, CA).
Immunoreactive hybridoma supernatants were detected by using goat
anti-mouse second antibody coupled to horseradish peroxidase ( Boehr-
inger Mannheim Biochemicals, Indianapolis, IN), followed by incuba-
tion with 0.4 mg/ml o-phenylenediamine and 0.02% H202 as sub-
strates for the peroxidase-catalyzed reaction, and quantitation by mea-
suring absorbance at 492 nm in an ELISA plate reader. Hybridomas
selected by immunoreactivity with all three substrates were cloned by
limiting dilution. Ofa total of six anti-CS 1 mAbs, two were selected for
immunocytochemistry and adapted to serum-free cell culture condi-
tions, namely 90.45 (stains unfixed tissue sections) and 321 (stains
paraformaldehyde-fixed sections).

Immunoperoxidase staining. Frozen sections of synovial tissue (5
Atm thick) were mounted on precoated slides (Fisher Scientific, Spring-
field, NJ) and dried under vacuum for 5 min. Sections were fixed in
acetone for 5 min at 40C, vacuum dried for 5 min, and rehydrated in
PBS containing 10% horse serum for 10 min followed by 10% human
AB serum in PBS for 20 min. Synovial sections were incubated with an
appropriate concentration ofprimary antibody ( 1-5 ug/ml) diluted in
PBS with 10% human serum for 45 min at 4°C. Controls were per-
formed with isotype-matched mAbs at identical concentrations. After
washing the slides three times with PBS, biotinylated horse anti-mouse
second antibody (Vector Laboratories, Burlingame, CA) was added for
30 min at 4°C. Slides were washed three times with PBS, and endoge-
nous peroxidase was depleted with 0.3% hydrogen peroxide in PBS for
20 min. Tissues were then incubated with ABC horseradish peroxidase
complex (Vector Laboratories, Burlingame, CA) for 30 min at 4°C.
The peroxidase-catalyzed reaction was developed with 0.5 mg/ml dia-
minobenzidine (DAB) and 0.02% hydrogen peroxide for 3-5 min at
room temperature.

Immunoelectron microscopy. Synovial specimens obtained from
surgery were dissected into 2-4-mm pieces, and fixed for 3 h in freshly
prepared 0.01 M periodate, 0.075 M lysine, 1% paraformaldehyde in
PBS, pH 7.4 (43). The tissues were then rinsed stepwise in PBS supple-
mented with increasing concentrations of sucrose (5, 10, 15, and 20%
weight/vol) for 1 h at each concentration, followed by a final rinse with
25% sucrose, glycerol. At this point, tissues were snap frozen in OTC,
sectioned at 4-Atm thickness, placed onto poly-L-lysine-coated (1 mg/
ml) methylpentene plates (Nunc, Naperville, IL), and finally rehy-
drated with 1% BSA in PBS. The tissues were then stained using the
immunoperoxidase method as described above, and processed for rou-
tine electron microscopy (EM). Briefly, sections were fixed for 1 h with
2% glutaraldehyde, followed by 1% osmium tetroxide for 1 h on ice.
Next, sections were dehydrated in a stepwise graded concentration of
alcohol, and embedded in Spur plastic resin. The embedded tissues
were removed from the methylpentene plates, and the synovial blood
vessels and synovial lining area were identified and cut out with a jew-
elry hacksaw. These pieces were mounted onto blocks, and ultrathin en
face sectioning (500 A) was performed. The ultrathin sections were
viewed with an electron microscope (300; Philips Technologies,
Torrance, CA).

Northern blot and ribonuclease protection analyses ofFN mRNA.
Messenger RNA (4-10 X 106 cells each) was prepared from MAT-2
(an EBV-transformed human lymphoblastoid B line) and IL-flB-
treated ( 15 U/ml, 4 h) HUVEC according to the suggested manufac-
turer's procedure (PolyATtract system 1000; Promega Biotec, Ma-
dison, WI). Probes used for Northern and RNase protection analyses
were as follows: 32P-labeled RNA probes complementary to FN cDNA
(3) regions 2619-2978 (HepII, 350 nucleotides) and 3081-3154 (CS1,
74 nucleotides) were synthesized using T7 RNA polymerase (MAXI-
script T7 in vitro Transcription Kit; Ambion, Austin, TX) and gel
purified. Due to the inclusion of 76 nucleotides of vector-derived se-
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quence, the intact HeplI and CS1 radiolabeled probes were 436 and
150 nucleotides long, respectively. For Northern blot analysis, 1 'g
mRNA/lane was separated on a 1% agarose/formaldehyde gel and
transferred to a nitrocellulose membrane (Schleicher & Schuell, Inc.,
Keene, NH). Duplicate membranes were separately hybridized with
the radiolabeled HepIl and CS I riboprobes ( 106 cpm/ ml, overnight at
550C). Stringent wash conditions (220C, l.Ox SSC; and 650C,
0.1 X SSC, twice, 30 min each) were used, followed by autoradiogra-
phy. A 0.24-9.5-kb RNA ladder was used to determine approximate
transcript sizes (Bethesda Research Laboratories, Gaithersburg, MD).
For each ribonuclease protection assay, radiolabeled probe (- 8.7
X 104 cpm) and IL-lfl-treated HUVEC mRNA (0.25 Mig) were used
with ribonuclease protection assay reagents (RPA II; Ambion, Austin,
TX). Various digestion conditions were tested for the assay, and Fig. 4
B shows results using a 1: 1,000 dilution ofa stock containing RNase A
(33.3 Kunitz U/ml) and RNase Tl (10,000 U/ml). Protected RNA
fragments were separated on a 6% polyacrylamide/8 M urea gel using
standard techniques (44), and visualized by autoradiography.

Cell adhesion assay on synovialfrozen sections. The assay was modi-
fied from the original method of Stamper and Woodruff (45). Frozen
synovial tissue sections ( 10-12 Mm thick) were placed onto Superfrost/
Plus slides (Fisher Scientific, Indianapolis, IN), air dried, and fixed
with 1% paraformaldehyde, 0.1 M sucrose in Dulbecco's PBS (D-PBS)
for 15 min at 4°C. Slides were rinsed once in D-PBS, and a ring was
drawn around the sections with a diamond etcher in order to contain
liquid samples placed on top. Sections were washed twice with D-PBS
for 15 min each, and blocked with 5% BSA in RPMI 1640 (BSA/
RPMI) for 2 h at room temperature. During this incubation, lympho-
blastoid cell lines (i.e., Jurkat and Molt-4) were washed sequentially
with 1 mM EDTA in PBS, followed by 5% BSA/RPMI, and finally
resuspended at 50 X 106 cells/ml in 5% BSA/RPMI. Cell suspensions
were treated with inhibitors for 30 min at room temperature, and sub-
sequently 100-Ml aliquots (2.5 X 106 cells/section) were overlaid on
top ofsynovial sections and incubated with gentle rocking for 15 min at
room temperature. Unbound cells were decanted, and sections were
washed three times in D-PBS with gentle agitation for 1 min. Bound
cells were fixed with 1% glutaraldehyde in D-PBS for 15 min at 4°C,
and tissue sections were washed three times in D-PBS for 10 min at
room temperature. Bound cells were stained with 0.5% Toluidine blue
in 20% ethanol/PBS for 5 min at room temperature, and extensively
washed with D-PBS. While sections were still wet, cover slips were
mounted using 5% gelatin in PBS. T cell adherence to RA synovial
microvasculature was quantitated by counting the number of cells at-
tached to the intravascular surface of at least 50 blood vessels each for
two separate RA synovial sections per experiment. Values are ex-
pressed as average number of cells bound per blood vessel±SD.

Results

Generation ofCSI-specifc antibodies. To investigate the occur-
rence of alternatively spliced forms ofFN containing the CS 1
sequence, we generated a panel of six mAbs by immunization
with a 12-amino acid peptide on the COOH-terminal region of
CS 1 (see Methods). All of these mAbs bound to the intact
25-amino acid CS 1 peptide (not shown), but more impor-
tantly, they exhibited well-defined sequence specificity as dem-
onstrated by using a series of overlapping peptides to the CS 1
region (Fig. 1 A). The prototype mAb 90.45 bound to the
COOH-terminal CS I sequence (CS 1-C-OVA conjugate), but
not to either the NH2-terminal (CS 1-N-OVA conjugate) or the
middle portion of CS 1 (CS I-M-OVA conjugate). This result,
also obtained with the other five anti-CS 1 mAbs, validates the
strategy used for the immunization protocol. Anti-CS 1 mAb
90.45 also recognized plasma FN, but not other proteins such
as OVA (Fig. 1 A), BSA, gelatin, and laminin (not shown).

To confirm the sequence specificity ofmAb 90.45, peptide

conjugates were used as soluble inhibitors of mAb binding to
native CS1-coated ELISA plates (Fig. 1 B). Only the peptide
derived from the COOH-terminal region of CS1 specifically
inhibited binding ofmAb 90.45 to native CS 1 25-mer (Fig. 1 B,
filled circles). In summary, we have been able to generate a
panel of CS 1-specific mAbs that recognize both the CS 1 pep-
tide sequence alone, and also in the context of intact FN.

RA synovial microvasculature d ifferentially expresses alter-
natively spliced CSJ. To study tissue expression ofFN variants
generated by alternatively splicing, immunohistochemistry
was performed on synovial specimens obtained from both RA
(n = 10) and normal (n = 6) individuals (Fig. 2). Sequential
tissue sections from normal (Fig. 2, a, c, e, g, and i) and RA
(Fig. 2, b, d, f h, andj) synovia were incubated with a panel of
mAbs followed by staining using the immunoperoxidase
method. Identical experimental conditions were used for both
RA and normal samples, i.e., same thickness sections,
mounted on the same slide, incubated with the same concen-
tration of primary and secondary antibody, and developed for
the same length of time.

The specificity of the immunoperoxidase labeling tech-
nique was first demonstrated with mAb 4C7 (specific for the A
chain of human laminin [40]), which stained distinctly the
microvasculature ofboth normal and RA synovia (Fig. 2, c and
d). This result was consistent with laminin being localized to
the subendothelial basement membrane (46). Expression of
FN was then analyzed using mAb 3E3, which reacts with a
constant epitope on the cell attachment region of FN (41).
Anti-FN mAb 3E3 uniformly stained endothelium and syno-
vial extracellular space in both normal and RA synovia (Fig. 2,
e and f). This pattern of immunostaining was observed not
only with mAb 3E3, but also with three additional FN frame-
work epitope mAbs (not shown): namely, 3E 1 (to the COOH-
terminal heparin binding region of FN), 4B2 (to the collagen-
binding region ofFN), and FN- 15. Thus, both normal and RA
tissue exhibit homogeneous immunoreactivity to FN mAbs
throughout the interstitial synovial ECM.

In sharp contrast, RA sections labeled with anti-CS 1 mAb
90.45 showed conspicuous staining in the endothelial lining of
blood vessels (see Fig. 2 h) and in the hyperplastic layers ofthe
synovial intimal lining (see Fig. 3 e), but not in the ECM.
Moreover, CS 1 immunostaining of RA microvasculature was
seen with at least three additional independently derived anti-
CS1 mAbs (e.g., mAb 321; see Fig. 3 d), and could be abro-
gated by pretreating mAb 90.45 with soluble CS 1-C-OVA con-
jugate but not CS 1-N-OVA or CS 1-M-OVA (not shown), thus
confirming the specificity of CS 1 staining in RA. Fig. 2, g and
h, demonstrate a significant quantitative difference in blood
vessel staining intensity with anti-CS 1 mAb between represen-
tative RA and normal synovial tissues, the former being
strongly positive ( 10/10) and the latter being either weakly
positive ( 1 /6; see Fig. 2 g) or completely negative (5/6 ). As for
the intimal lining, CS1 was expressed in normal synovium on
the single layer of lining cells (Fig. 2 g, bottom right), whereas
CS1 expression in RA spanned several layers of hyperplastic
cells (not shown).

To address the possibility that normal synovial tissue may
have impaired FN gene splicing, we investigated expression of
FN containing alternatively spliced EIIIA, a domain that is
typically found on cell-associated forms ofFN ( 1, 42). Interest-
ingly, both normal and RA synovial tissue exhibited approxi-
mately equal expression of EIIIA segment on both endothe-
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Figure 1. Specificity of anti-CS 1 mAb 90.45. (A) Immunoreactivity of mAb 90.45 was analyzed by an ELISA on microtiter plates coated with
equimolar amounts of ovalbumin (OVA), CSl-ovalbumin conjugates spanning the entire 25-amino acid CS I sequence ( CSJ-N-O VA, CSJ-M-
OVA, and CSJ-C-O VA), and plasma FN (pFN). (B) Inhibition of binding of mAb 90.45 to CS 1-coated (25-mer) ELISA plates was tested by
preincubating mAb 90.45 with soluble peptide conjugates (same as above).

lium and ECM, as judged by labeling with mAb DH 1 (Fig. 2, i
and j). Taken together, the results above strongly suggest that
RA synovium selectively expresses CS 1-containing FN in syno-
vial blood vessels, and to some extent, in synovial intimal
lining.

Alternatively spliced CS] is expressed on the lumen ofRA
endothelium. To determine the precise location of CS 1-con-
taining FN in RA endothelium, we performed transmission
EM ofRA synovial ultrathin sections stained by the immuno-
peroxidase technique. Incubation with control antibody
showed no distinct labeling (Fig. 3 a), but allowed visualiza-
tion of the osmium-stained endothelial cell (EC) monolayer
facing the lumen ofthe blood vessel with a red blood cell ghost
in its proximity. In contrast, synovial tissue treated with mAbs
to either PECAM- 1 /CD3 1 (Fig. 3 b) or collagen type IV (Fig. 3
c) specifically stained discrete ultrastructural regions, namely,
the lumenal aspect of the blood vessel endothelium (PECAM-
1 /CD3 1; Fig. 3 b) and the subendothelial region (collagen type
IV; Fig. 3 c). This pattern of immunoreactivity is consistent
with PECAM- 1/CD31 being an EC membrane marker (47),
and collagen type IV being a major component of the basal
lamina (46). Labeling of ultrathin synovial sections with the
anti-CS1 mAb 321 (mAb 90.45 did not stain paraformalde-
hyde-fixed sections) showed distinct immunostaining on the

lumenal plasma membrane ofEC (Fig. 3 d). In addition, anti-
CS 1 also prominently stained the plasma membrane of syno-
viocytes in the synovial intimal lining (Fig. 3 e), at the interface
with the joint space. In sections in which membrane sloughing
was observed, most ofthe immunoreactivity to CS 1 was found
within EC (Fig. 3 f), but not within a neighboring macro-
phage, thus suggesting that EC in RA may generate CS1-con-
taining FN intracellularly. This observation is consistent with
the ability of cultured human EC to synthesize and secrete FN
(48). In conclusion, CS1-expressing FN localizes to the lumen
of EC and intimal lining synoviocytes, and could potentially
mediate adhesion ofcirculating leukocytes within the RA syno-
vial microvasculature.

Cultured human EC express CSJ-containing FN mRNA.
Expression of CS 1-containing FN on the surface of EC in RA
synovium raises questions about the cellular source of alterna-
tively spliced CS 1. To determine whether human EC are capa-
ble of expressing alternatively spliced FN mRNA that includes
CS 1, Northern blot analysis ofhuman umbilical vein endothe-
lial cell (HUVEC) mRNA was performed (Fig. 4 A). Probes
specific for CS1 (Fig. 4 A, lane b) and HepII (one of the two
conserved heparin-binding regions ofFN [1]; lane d) both hy-
bridized to an - 8-kb mRNA band present in IL-lf-stimu-
lated HUVEC. The apparent size of this mRNA species is in
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agreement with the expected 7.9-kb size of FN mRNA tran-
scripts (1). In contrast to HUVEC, no 8-kb band was detected
in mRNA obtained from the EBV-transformed human lym-
phoblastoid B cell line MAT-2 probed with either CS (Fig. 4

A, lane a), or HepII (lane c). Thus, CSl is present in FN
mRNA expressed in cytokine-stimulated HUVEC.

To independently confirm these observations, RNase pro-

tection assays were carried out using mRNA from IL- 1I3-
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Figure 4. Cytokine-stimulated HUVEC express CS 1-containing
mRNA transcripts. (A) Northern blot analyses of MAT-2 (lanes a

and c), and IL-lI3-treated HUVEC (lanes b and d) mRNA after hy-
bridization with either CSl (lanes a and b), or HeplI (lanes c and d)
probes. (B) Protection of RNA fragments from IL-1I3-stimulated
HUVEC mRNA by riboprobes to either HepIH (lanes a and c), or

CSl (lanes b and d), or both (lanes e andf) with (lanes c, d, and e)
or without (lanes a, b, andf) RNase digestion.

stimulated HUVEC (Fig. 4 B). Radiolabeled riboprobes com-
plementary to HepII and CS1 coding strands were generated,
and incubated with IL- 1(3-stimulated HUVEC mRNA (see
Methods). Upon treatment with RNase, only the portion of
each probe specifically hybridized to mRNA is expected to re-

main undigested. Both probes also contained 76 bp of vector-
derived flanking sequences that are noncomplementary, and
thus RNase sensitive, to allow differentiation between full-
length undigested probe (see Fig. 4 B, lanes a, b, andf) and
protected RNA fragments (lanes c, d, and e). Assay products
were resolved by denaturing polyacrylamide gel electrophore-
sis, and detection ofprotected fragments derived from both the
HepII (HepII*, lanes c and e) and CS 1 (CSJ *, lanes d and e)
probes clearly indicated the presence of CS1-expressing FN
mRNA.

Taken together, expression of CS 1-containing FN mRNA
in HUVEC and EM immunostaining of RA synovium (see
previous section) are most consistent with endothelial cells in
RA microvasculature being capable of synthesizing alterna-
tively spliced CS 1 and exporting CS 1-expressing FN to the cell
membrane.

CSJ on RA endothelium mediates VLA-4-dependent lym-

phocyte adherence. To analyze the functional status of CS 1

expressed on the lumenal surface of RA endothelial cells (see
above), Stamper-Woodruff (45) adhesion assays were per-

formed on frozen RA synovial sections. Initially, a panel ofT
lymphoblastoid cell lines were analyzed for their attachment
properties on the CS I 25-amino acid sequence immobilized
on plastic plates. Only Jurkat cells were found to bind effi-
ciently to CS 1, and, as expected, binding was inhibited by anti-
a4 mAbs (Fig. 5). In contrast, Molt-4 cells did not attach to
CS 1, unless cells were previously activated with adhesion-pro-
moting mAb 8A2 (39, 49). Subsequently, Molt-4 attachment
could also be inhibited by anti-a4 mAbs (Fig. 5). Taken to-

0-

* Control

IM 8A22

Jurkat

-z z

Molt-4

CELL LINE

Figure 5. Adhesion of Jurkat and Molt-4 T lymphoblastoid cells to
synthetic 25-amino acid CS l peptide. Chromium-labeled Jurkat or

Molt-4 cells were incubated on microtiter plates coated with CSl
peptide (25-mer) as described previously (Elices et al., [23]). Inhibi-
tion of cell attachment by mAbs was analyzed using the following
reagents: control mAb LB3.1 (1 Ag/ml; anti-human class II MHC),
P4C2 (0.6 ,g/ml; anti-human a4 integrin subunit), and 8A2 (1 gg/
ml; anti-human 1 integrin subunit).

gether, these results confirm the observation that functional
activation of VLA-4 is required for cell adhesion to CS 1 (39,
49-52).

Both Jurkat (n = 5; Table I and Fig. 6), and Molt-4 (n = 3;
Table I and Fig. 7) were then assayed for cell adherence on

frozen RA synovial sections. Unstimulated Jurkat readily
bound to the lumenal aspect of blood vessels in RA synovium,
with little interstitial cell binding (Fig. 6 a). Attachment of
Jurkat cells to RA intimal synovial lining was also observed
(not shown). In contrast, Jurkat cells failed to adhere to syno-

vial blood vessels from normal tissue specimens (> 2±1 T cells
bound/blood vessel; n = 2; not shown).

mAb inhibition experiments (see Table I) showed that Jur-
kat intravascular adhesion was abrogated by anti-a4 mAb
P4C2 (3 ,ug/ml; Table I and Fig. 6 b), and dramatically re-

duced by the CS 1 peptide (500 ,g/ml; Table I and Fig. 6 c). In
addition, we found that anti-CS 1 mAb 90.45 was also inhibi-
tory in this assay (not shown). Jurkat cell binding was rela-
tively unaffected, however, by incubation ofRA sections with
at least two separate mAbs to VCAM-1, namely 4B9 (10-20
jug/ml; this mAb blocks VLA-4-dependent adhesion to both
six- and seven-Ig domain forms of VCAM-1) (37, 38) and
P3H12 (10-20 ,g/ml) (see Table I and Fig. 6 d). Neither
control peptide (500 jg/ml), nor scrambled CS I peptide (500
Ag/ml) or anti-a5 mAb P1D6 (10-20 ,g/ml), had any effect
on Jurkat adhesion to RA synovium (Table I). To ensure that
lack of inhibition by anti-VCAM- 1 was not due to epitope loss
during tissue preparation, RA synovial sections from tissue
specimens used in binding assays were stained with mAbs 4B9
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Table L Adhesion ofT Cells to the Microvasculature
ofRA Synovium

T cell adhesion*

Jurkat Molt-4

Incubation Exp. 1 Exp. 2 Exp. 1 Exp. 2

Control Ab 11±4 14±3 0±0 0±0
Stimulating Ab* 14±4 19±5
Anti-VLA-4 0.5±0 1±0 1±0.5 2±1
Anti-VLA-5 10±3 12±4 11±3 18±4
Anti-VCAM-1-A 12±5 12±5 17±6 21±8
Anti-VCAM-l-B 11±5 14±5 12±5 17±6
CSl peptideO 2±1 3±1 3±1 4±2
CS1 scrambled11 11±3 15±2 13±3 20±4

* Adhesion of T cell lines Jurkat and Molt-4 was quantitated by
counting the number of cells attached to the intravascular surface of
at least 50 blood vessels each for two separate RA synovial sections
per experiment. Values are expressed as average number of cells
bound/blood vessel±SD. mAbs used in inhibition experiments were:
control, LB3.1 to MHC class II antigens; anti-VLA-4, P4C2 (15);
anti-VLA-4, PID6 (15); anti-VCAM-l-A, P3H12 (36); anti-VCAM-
1-B, 4B9 (24, 37, 38). All these incubations were performed with
Molt-4 cells subjected to activation by prior treatment with adhe-
sion-stimulating mAb 8A2 (39). § The sequence of the CS1 peptide
is GPEILDVPST. 11 The sequence of the scrambled CS I peptide is
VIPDLTESPG.

and P3H 12, and positive VCAM-1 immunoreactivity was
found unaltered (not shown). As an additional control, anti-
VCAM- 1 mAbs 4B9 and P3H 12 did inhibit adhesion ofJurkat
cells to germinal centers from monkey mesenteric lymph nodes
(not shown), in agreement with published reports (53).

Similar experiments using unstimulated Molt-4 cells indi-
cated that Molt-4 did not adhere to the lumen ofRA synovial
blood vessels (Table I and Fig. 7 a), unless cells were pretreated
with adhesion-promoting mAb 8A2 (Table I and Fig. 7 b).
mAb-stimulated adherence of Molt-4 cells to RA synovial en-
dothelium was then inhibitable by anti-a4 and by CSl peptide
(Table I and Fig. 7 c), but not by control peptides (Table I), by
anti-VCAM- 1 mAbs (Table I and Fig. 7 d), or by anti-a5 (Ta-
ble I). In conclusion, adherence ofT cell lines to the endothe-
lium in RA synovium requires functional activation ofVLA-4,
and is primarily mediated by CS 1 on RA EC.

Discussion

We have investigated the expression and functional signifi-
cance of CS 1-containing forms of FN generated by alterna-
tively splicing in both normal and RA synovium. Our data
suggest that RA, but not normal, synovial endothelium selec-
tively expresses CS 1. Quite unexpectedly, CS 1-expressing FN
molecules are found decorating the lumen of RA EC, but are
totally absent on the abluminal side ofthe endothelium and in
the ECM. Functionally, endothelial expression of CSl in RA
synovium results in intravascular adherence of activated T
lymphocytes in both a VLA-4- and CS1-dependent fashion.
These observations provide a basis for attempting to interfere
with chronic accumulation of mononuclear cells in RA using
CS 1-based therapeutics.

To date, much ofthe work on FN polypeptide diversity and
regulation ofFN gene splicing patterns has focused largely on
the EIIIA and EIIIB regions (5-9, 42). However, a specific
molecular interaction for either EIIIA or EIIIB and target cellu-
lar receptors remains to be defined. In contrast, expression of
alternatively spliced CSl results in generation of a binding site
on FN for the leukocyte integrin VLA-4 (15, 16). Previously,
the occurrence of FN variants expressing CS1 had only been
surmised, mostly in cultured cell lines, by analyzing the cohort
ofFN mRNA transcripts (2-4, 10-12). In this study, availabil-
ity ofspecific anti-CS 1 mAbs has allowed us to use immunohis-
tochemical techniques to investigate expression of CS 1-con-
taining FN in human tissues. Unlike most molecular forms of
FN typically found in the ECM ( 1 ), we find that CS I is exclu-
sively restricted to inflamed RA endothelium (Fig. 2 h). Fur-
thermore, CS 1 expression correlates with chronic inflamma-
tion in RA, since CS I is found only rarely in normal synovial
blood vessels (Fig. 2 g). CSl immunoreactivity in RA syno-
vium appears to be specific for this FN variant because a panel
ofmAbs, four to conserved epitopes on FN (41 ) and one map-
ping to the EIIIA region ( 1, 42), all stain the ECM on both RA
and normal synovium. Thus, our data strongly suggest that
CS 1-containing FN is specifically expressed on blood vessel
endothelium, but not in the ECM, and CS 1 expression corre-
lates with the inflammatory phenotype in RA synovium.

By and large, FN is considered to be an ECM component
involved in tissue organization, differentiation, and repair,
even though FN can also be found in circulating plasma and
other body fluids (1). Thus, lumenal expression of CS1-con-
taining FN on EC and also synoviocytes in the intimal lining of
RA synovium as shown by immunoelectron microscopy (see
Fig. 3, d and e) is totally unexpected. Indeed, the endothelium
is known to modulate leukocyte emigration and trafficking,
especially during inflammation, through expression of a select
group of cytokine-inducible transmembrane adhesion mole-
cules, namely intercellular adhesion molecule type 1 (ICAM-
1), ICAM-2, VCAM-1, and E- and P-selectins (26, 54, 55). To
our knowledge, this is the first suggestion that a matrix protein
like FN may play a direct role in recruitment of circulating
leukocytes to inflamed endothelium via alternatively spliced CS 1.

Since alternative splicing ofFN is a process ofconsiderable
biological significance, especially during embryogenesis (5, 6,
42), the observation that CS1 is selectively expressed in RA
synovium suggests functional involvement for CS1 in the
pathogenesis of RA. In this regard, the T cell line Jurkat was
found to adhere readily to the intravascular surface ofRA syno-
vial endothelium (see Fig. 6 a). Based on inhibition data (see
Table I), T cell attachment appears to be mediated by the inte-
grin VLA-4 on the lymphocyte (see Fig. 6 b) interacting with a
putative CS 1-containing counterreceptor on the endothelial
cell (see Fig. 6 c). Since Jurkat adhesion to RA synovium is
blocked by CSl peptide and anti-CS 1 mAb, but not by mAbs
to VCAM-1 (see Table I and Fig. 6, c and d), we conclude that
a direct interaction occurs between lymphocyte VLA-4 and
CS 1-containing FN expressed on RA microvasculature.

Our data also suggest that functional activation ofVLA-4 is
required for efficient T cell binding to RA endothelium. While
Jurkat cells express a partially activated form of VLA-4 (Fig.
5), a separate T cell line, Molt-4, expresses VLA-4 in a func-
tionally inactive state{ Fig. 5 ), and thus is incapable ofbinding
to RA synovium (Fig. 7 a). Incubation ofMolt-4 with an adhe-
sion-stimulating mAb, such as 8A2, shifts VLA-4 into a func-
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tionally activated state (39, 49-52), and this resu4A1 lW-
matic augmentation of Molt-4 adherence to RA endothelium
(Fig. 7 b). mAb-stimulated attachment of Molt-4, like that of
unstimulated Jurkat cells, is then inhibited by both anti-VLA-4
and CS 1 peptide, but remains unaffected by mAbs to VCAM- 1
(see Table I and Figs. 7, c and d). Consequently, T cell adher-
ence to RA endothelium requires prior functional activation of
leukocyte VLA-4, and is mediated by CS 1 present on the lu-
men ofRA endothelial cells. In this regard, our results correlate
nicely with analyses on the functional status of VLA-4 on T
cells isolated from the synovial fluid and synovial membrane of
RA patients (56, 57). These T lymphocytes exhibit increased
VLA-4-mediated adherence to both CS 1 (56) and VCAM-1
(57) relative to autologous peripheral blood lymphocytes.
These studies (56, 57), as well as ours, suggest that only leuko-
cytes expressing functionally activated VLA-4 are selectively
recruited to inflammatory sites in RA.

The involvement of VLA-4 in functional interactions be-
tween leukocytes and RA synovium raises the question of
which role VLA-4 ligands, i.e., CSl and VCAM- 1, play in the
pathogenesis of RA. To date, most studies have focused on
expression ofVCAM- I in RA (36, 58, 59). VCAM-l has been
found in RA synovial microvasculature (36, 58), and in cul-
tured fibroblast-like synoviocytes (FLS) derived from RA pa-
tients (36, 59). However, we have shown that small amounts of
VCAM-1 are also expressed in normal synovial endothelium
(36). With regard to the functional status ofVCAM- 1 on RA
endothelium, in vitro studies have shown that anti-VCAM- 1
partially inhibits both lymphocyte adherence to synovial high
endothelial venules (58), and adhesion ofT cell lines to IL- 1-
and IL-4-stimulated FLS from RA patients (36). This study
clearly indicates involvement of CS 1, but not VCAM- 1, in
lymphocyte attachment to frozen sections from synovial speci-
mens with clinical characteristics of full-fledged RA. Since cy-
tokines are known to induce transient expression ofVCAM- 1
in RA (36, 59), it is conceivable that local and temporal
changes in cytokine production within the rheumatoid joint
may dictate which pathway, VLA-4/VCAM- 1 or VLA-4/CS 1,
predominantly operates at a given stage in synovitis. Recently,
leukocyte integrins, including VLA-4, have also been impli-
cated in monocyte recruitment in RA (60).

Expression ofCS 1-containing FN in RA raises the possibil-
ity that CS 1, and consequently FN gene splicing, may be sub-
ject to regulation by inflammatory stimuli. In this regard,
transforming growth factor ,B has been shown to influence
splicing (61, 62) and polarized secretion of FN (62). This
study shows that IL-lB-stimulated HUVEC are capable ofgen-
erating splicing variants of FN containing CS 1, and we have
also observed that treatment with IL-1,B may upregulate CS1-
containing FN mRNA in HUVEC monolayers (Goel, A. S., et
al., unpublished data). In addition, we have recently found
selective expression of CS1 on endothelium at inflammatory
sites in the skin, lung, and gut, attesting to the potentially wide-
spread upregulation of CS 1 in chronic inflammation (Elices,
M. J., et al., unpublished observations).

In summary, we have shown that CS 1-positive variants of
FN are selectively expressed on RA synovial endothelium and
may be functionally active in mediating VLA-4-dependent
lymphocyte adherence. Consequently, CS 1-expressing FN
may play a dominant role in specific recruitment and retention
of mononuclear leukocytes in RA synovium, and thus suggests
a potential means for therapeutic intervention.
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