
A Distinct Endothelial Cell Recognition System That 
Controls Lymphocyte T r S c  into Inflamed Synovium 

similar lymphocyte-endothelial cell interac- 
tions are likely to regulate lymphocyte tr&c 
into chronically inflamed tissues, there are 
no previous functional studies of lyrnpho- 

Lymphocytes are essential mediators of normal tissue inflammatory reactions and of 
pathologic tissue damage in, for example, rheumatoid arthritis and other autoimmune 
diseases. In a study of the mechanisms controlling lymphocyte entry into sites of 
idammation from the blood, the function and specificity of lymphocyte-endothelial 
interactions were examined in intlamed joint tissue (synovium) from patients with 
rheumatoid arthritis. Synovial high endothelial venules (HEV) supported the binding 
of normal peripheral blood lymphocytes in vitro. The characteristics of this binding, 
which were similar to those of lymphocyte-HEV interactions controlling lymphocyte 
migration into organized lymphoid tissues, included a requirement for calcium ions, a 
dependence on metabolic activity, and a preferential adherence of circulating lympho- 
cytes as opposed to immature thymocytes. However, the binding of lymphocytes to 
synovial HEV was not inhibited by a monoclonal antibody to lymphocyte receptors for 
lymph node HEV, and synovial HEV failed to bind either lymph node HEV-specific 
or mucosal HEV-specific B lymphoblastoid cells. The results suggest that a lympho- 
cyte-endothelial cell recognition system that is distinct from such systems in organized 
lymphoid tissues directs the extravasation of normal lymphocytes as well as pathologi- 
cally important effector cells into inflamed synovium. 

L YMPHOCYTES PLAY AN IMPORTANT 

role as regulatory and effector cells 
within tissue sites of inflammation. 

An understanding of the mechanisms that 
control lymphocyte localization in inflamed 
tissues might lead to specific means of 
manipulating such responses, for example in 
putative autoimmune diseases. The exit of 
circulating lymphocytes from the blood into 
organized lymphoid tissues, such as lymph 
nodes, is controlled by interactions with 
specialized endothelial cells lining lymphoid 
organ venules (1 ) . The lymphocyte-endo- 

thelial cell recognition system used in lym- 
phocyte homing to peripheral lymph nodes 
is different from that in mucosal lymphoid 
tissues. Monoclonal antibodies have- been 
described that selectively block either the 
binding of murine lymphocytes to high en- 
dothelial venules (HEV) in peripheral 
lymph nodes (2,3) or their interaction with 
mucosal HEV (4). Furthermore, certain 
murine lymphomas and human lymphoid 
cell lines have been identified that bind 
selectivelv to either peripheral lymph node 
HEV or to mucosal HEV (5, 6). Although 

Fi . 1. Endothelial cells in synovium. (A) At low power, a spectrum of vessels is revealed after staining 
o?endothe~ cells in synovial frozen sections with antibody to factor VIII. Acetone-fixcd frozen 
sections (6 pm) were subjected to imrnunoperoxidase staining by incubation with rabbit antiserum to 
factor VIII (1:400, Dako, Copenhagen), biotinylated goat antiserum to rabbit IgG (1:100, Vector 
Laboratories), and then peroxidase-avidin (1:100, Vector). The substrate was 5 mg of diaminobenzi- 
dine tetrahydrochloride in 10 rnl of 0.5M tris-HCI (pH 7.6) with 4 pi of 30% HzOz. (B) Higher 
power, showing several venules lined by high endothelium. (C) Specific binding of peripheral blood 
lymphocytes (PBL) (dark, round cells) to synovial HEV in the in v i m  binding assay. Lymphocytes 
were incubated on 12-pm-thick fresh frozen sections for 30 minutes at 7°C with mild agitation as 
described previously (13). After incubation, the bound cells were fixed to the section in 1% 
glutaraldehyde and stained with Thionine. No significant, reproducible binding of lymphocytes was 
observed to synovial cells or other nonvascular structures. 

cyte:endothelial cell recognition -mecha- 
nisms in extranodal sites of inflammation. In 
rheumatoid arthritis and other inflammatory 
joint diseases, affected synovium shows vii- 
lous hypertrophy, lymphoplasmacytic infil- 
trates, sometimes with formation of orga- 
nized lymphoid follicles, and extensive vas- 
cular proliferation (7, 8). Many vessels, par- 
ticularly in areas of heavy lymphocytic 
infiltration, are lined by plump endothelial 
cells and have the histologic appearance of 
HEV (9). To understand the role of the 
vascular endothelium in the homing of lym- 
phocytes to a specific site of chronic in&- 
mation, we studied the function and speci- 
ficity of lymphocyte-endothelial cell interac- 
tions in rheumatoid svnovium. 

Of eight synovectomy specimens from 
patients with rheumatoid arthritis, four sam- 
ples with marked lymphocytic infiltration 
were chosen for study. Staining of endothe- 
lium with antibody to factor VIII revealed a 
spectrum of vessel types in the synovium, 
including arterioles and venules (Fig. 1A); 
venules lined by high endothelial cells (Fig. 
lB), typical of HEV in lymph nodes, were 
readily apparent. To examine the functional 
capacity of these HEV to interact with 
lymphocytes, we used an assay of lympho- 
cyte binding to HEV in frozen sections (1 0, 
11). Binding experiments on each of the 
four synovial specimens were repeated three 
times. Since the results of all the exveriments 
were similar, the mean results + standard 
errors (SE) are presented here. As shown in 
Figs. 1C and 2, normal human peripheral 
blood lymphocytes from four different do- 
nors bound well to the HEV of all four 
synovial specimens, and this binding was 
highly specific. 

We then studied the general characteris- 
tics of this binding to see if they were similar 
to those of lymphocyte binding to HEV in 
organized lymphoid tissues. Lymphocyte 
adherence to lymph node HEV is a meta- 
bolically active, calcium-dependent process 
that can be inhibited by sodium azide or 
EDTA (12). We therefore incubated periph- 
eral blood lymphocytes with 5 mM EDTA 
or 5 mM sodium azide at 4°C for 30 min- 
utes, and then performed the HEV assay in 
the continued presence of the inhibitors. 
EDTA decreased the binding to synovial 
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HEV bv 98% and sodium azide bv 79%. 
Immature nonmigrating cells, such as the 
bulk of thymocytes, bind poorly to HEV in 
lymphoid tissues, but mature, migrating cell 
types bind well (10, 11, 13). Similarly, in 
this study, thymocytes bound only one-
fourth as well as peripheral blood lympho- 
cytes both to synbvial (25 -+ 6%, me& -+ 
SE) and peripheral lymph node (25 2 7%) 
HEV. Thus, the binding of peripheral blood 
lvm~hocvtesto svnoviai HI%' is a metaboli- 
i l i 

cally active, calcium-dependent, develop- 
mentally regulated process, similar in these . -
respects to lymphocyte-HEV interactions in 
lymph nodes. 

As already mentioned, HEV in lymph 
nodes and in mucosal lymphoid tissues ex- 
press distinct, organ-specific determinants 
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Fig. 2. Binding of human or mouse lymphocytes 
to synovial HEV is not inhibited by MEL-14. 
Mouse mesenteric lymph node cells (A) or human 
PBL (B) were incubated for 30 minutes on ice 
with purified MEL- 14 or with class-matched neg- 
ative control antibody [30G12, anti-mouse T200 
(26)] (180 kg  of each antibody with 1.8 X 10' 
human cells in 600 ~1 of medium or 18 yg of 
antibody with mouse cells). When human cells 
were used, the HEV assay was done in the 
presence of the antibodies. When mouse cells 
were used, the antibody-coated cells were washed 
once through fetal calf serum before the assay. 
The number of cells bound per HEV was deter- 
mined under dark-field illumination for each sam- 
ple, and the mean number of cells per HEV was 
calculated with its standard error. (At least 120 
HEV were assessed for each sample.) These values 
were normalized by dividing by the mean number 
of control antibody-treated PBL per HEV [in 
(B), approximately four cells per HEV] or mouse 
lymphocytes per HEV [in (A), approxi-
mately two cells per HEV]. The binding of 
control lymphocytes thus defines a relative adher- 
ence ratio (RAR) of unity in each experiment. 
RAR are reported with their standard errors, 
calculated by the delta method. Data reduction, 
statistics, and details of the assay system have been 
described (13). 
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for lymphocyte recognition. To determine 
the specificity of synovial endothelium, we 
did blocking experiments using the mono- 
clonal antibody MEL-14 (3), and also as- 
sessed the capacity of synovial HEV to bind 
lymph node HEV- and mucosal HEV-spe- 
cific B lymphoblastoid cell lines. MEL-14 is 
directed against mouse lymphocyte homing 
receptor for lymph nodes; and it selectively 
blocks mouse lymphocyte binding to lymph 
node HEV without affecting adherence to 
mucosal (Peyer's patch) HEV (3). The func- 
tion and specificity of lymphocyte-HEV in- 
teractions have bekn conseked during mam- 
malian evolution (14). Thus MEL-14 also 
blocks mouse lymphocyte binding to human 
lymph node HEV but not to m~cosal  (ap- 
pendix) HEV, and we were able to use this 
property to determine whether synovial 
HEV are of the lymph node type. MEL-14 
cross-reacts weakly with human homing re- 
ceptors as well, and partially inhibits bind- 
ing of human lymphocytes to lymph node 
HEV when the antibody is present through- 
out the assay (15). Since the immune re- 
sponse in synovium more closely resembles 
that of n o ~ u c o s a l  as opposed-to mucosal 
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tissues [for example, immunoglobulin G 
(IgG) secretion predominates over IgA se- 
cretion (16) and T cells predominate over 
small B cells (771, we predicted that MEL- 
14 would also inhibit lymphocyte binding 
to synovial HEV. However, as shown in 
Fie. 2. MEL-14 inhibited both mouse and " ,  

human lymphocyte binding to peripheral 
lymph node, but not to mucosal lymphoid 
d r g k  or to synovial HEV. In further studies 
with human lymphoid cell lines, neither LB-
25, a B lymphoblastoid line that binds selec- 
tively to peripheral lymph node HEV, nor 
KCA, a line that binds to mucosal lymphoid 
HEV, bound well to HEV in the inflamed 
synovium (Fig. 3). Thus, the interaction of 
lymphocytes with synovial HEV is function- 
ally different from those in either lymph 
nodes or mucosal lymphoid tissues. 

Our results imply that a distinct lympho- 
cyte-endothelial recognition system regu- 
lates lymphocyte traffic into inflamed syno- 
vium. We do not know whether this recog- 
nition system is unique to synovium (or 
even to a particular disease of synovium), or 
instead is associated with sites of inflamma- 
tion in many tissues. The latter possibility 
seems less likely on teleologic grounds, since 
there seems to be no reason to link inflam- 
matory responses in unrelated tissues such 
as, for example, joints and brain (17). In- 
deed, it now seems possible that endothelial 
cells in many organs express tissue-specific 
determinants for lymphocyte recognition. 
Although we do not know which particular 
lymph&yte subsets are capable of interact- 
ing with synovial HEV, we have previously 

LB 25 (lymph node H E V  s p e c ~ f ~ c )  

5 '"1
CJ KCA (mucosal HEV spec~f lc)  

Control PEL 
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Fig. 3. Lymphoblastoid cell lines discriminate be-
tween lymphoid organ and synovial HEV. For each 
sample, human PBL were mixed with B lympho- 
blastoid cells, and the mixture was incubated on the 
indicated frozen sections. Using a dark-field micro- 
scope, lymphocytes adherent to HEV were scored 
as either lymphoblastoid cells or PBL (they were 
easily distinguishable because of their s i x  differ- 
ence). The RAR were calculated as the ratio of 
sample (KCA or LB-25) cells to PBL on HEV, 
divided by the input ratio. The binding of PBI, 
defines an RAR of unity. Statistics were calculated 
as described (13),according to the delta method. 
The results of three independent experiments with 
synovial tissues from four different patients were 
not statistically different; the data here are pooled 
and presented as means + SE. 

demonstrated that many "virgin" B and T 
lymphocytes (that have not encountered 
speiific antigen) express receptors for both 
lymph node and mucosal HEV (2, 18, 19); 
thus they may express multiple homing re- 
ceptors. This might explain the capacity of 
peripheral blood lymphocytes to interact 
with synovial HEV, as well as the presence 
of small B and T lymphocytes in the synovial 
infiltrate (7, 8). However, many memory 
and effector lymphocytes exhibit organ-spe- 
cific migratory properties (19), and we have 
proposed (19-21) that they express recep- 
tors specific for the endothelial cells charac- 
teristic of their site of initial antigenic stimu- 
lation. The use of organ-specific homing 
mechanisms by effector and memory popuI 
lations might not only serve to increase the 
efficiency of specific immune responses 
within related tissues but, equally impor- 
tant, might decrease opportunities for auto- 
immune cross-reactions by excluding, for 
example, effector cells arising in response to 
mucosal pathogens from entering relatively 
privileged sites such as joints. 

The present findings may have clinical 
relevance. In rheumatoid arthritis, T lym-
phocytes in the synovium are thought to 
play a key pathogenetic role in the disease 
process, and suppression of lymphocyte 
function via medication, or depletion of 
lymphocytes via thoracic duct drainage (22) 
or irradiation (23), generally results in clini- 
cal improvement of the patient. Recognition 
of a specific receptor mediating the forma- 
tion of synovial infiltrates raises the possibil- 
ity of selectively blocking lympho&te ex-
travasation into synovium by monoclonal 
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antibody or pharmacologic agents. If feasi- 
ble, such therapy might be more specific and 
less toxic than currently available modalities. 
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Altered Regulation of Airway Epithelial 
Cell Chloride Channels in Cystic Fibrosis 

In many epithelial cells the chloride conductance of the apical membrane increases 
during the stimulation of electrolyte secretion. Single-channel recordings from human 
airway epithelial cells showed that p-adrenergic stimulation evoked apical membrane 
chloride channel activity, but this response was absent in cells from patients with cystic 
fibrosis (CF). However, when membrane patches were excised from CF cells into 
media containing sufficient free calcium (approximately 180 nanomolar), chloride 
channels were activated. The chloride channels of CF cells were similar to those of 
normal cells as judged by their current-voltage relations, ion selectivity, and kinetic 
behavior. These findings demonstrate the presence of chloride channels in the apical 
membranes of CF airway ceus. Their regulation by calcium appears to be intact, but 
cyclic adenosine monophosphate (CAMP)-dependent control of their activity is 
defective. 

EVIDENCE OF A DEFECT IN CHLO-
ride transport across epithelial cells 
in patients with cystic fibrosis (CF) 

was published by Quinton (1) who used 
ion-replacement studies to show that the 
elevated transepithelial voltage across isolat- 
ed, perfused CF sweat ducts was due to an 
abnormally low C 1  permeability. Knowles 
et al. (2)found that a C 1  diffusion potential 
could be generated across normal, but not 
CF, airway mmucosa during superhsion with 
solutions of low C 1  concentration. These 
findings were confirmed by Widdicombe, 
Welsh, and Finkbeiner (3)for primary cul- 
tures of tracheal cells. Monolayers from CF 
patients failed to show an increase in the 
current associated with C 1  secretion when 
they were exposed to isoproterenol or pros- 
taglandin E2.Unlike the situation in normal 

cells, the apical membrane potential of CF 
cells was not depolarized by secretory stimu- 
li that evoke an increase in apical membrane 
C1- conductance. Thus, impaired apical C1- 
conductance may limit water and electrolyte 
secretion and thereby contribute to the accu- 
mulation of mucus that compromises the 
pulmonary filnction of CF patients. Never- 
theless, it was not apparent whether the 
reduced expression of airway cell C1- con-
ductance resulted from an absence or im- 
pairment of the conductance mechanism per 
se, or from a defect in its regulation. 

We applied patch-clamp techniques (4) 
for single-channel recording to upper airway 
cells in primary culture to determine'wheth- 
er the decreased C 1  conductance of CF cells 
was due to alterations in the presence, prop- 
erties, or regulation of single C1- channel 
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activity. This approach required relatively 
little material, in contrast to isotopic flux 
determinations or transepithelial measure-
ments. We used primary cell culture because 
it is unlikely that the secondary effects of 
inflammatory or immune responses would 
be expressed in culture. The culture methods 
(5)were similar to those described by Wid- 
dicombe and co-workers (6). We noted, as 
have others (3) ,no readily apparent differ- 
ences in the morphologic appearance or 
growth characteristics of cells derived from 
CF airways. 

During cell-attached recording from nor- 
mal cells, the P-adrenergic stimulant epineph- 
rine evoked C1- channel acTivity after a delay 
that was partly due to d i h i o n  of this P- 
agonist from the site of addition to the record- 
ing site (Fig. 1). The average delay between 
agonist addition and initiation of channel 
activity was approximately 3 minutes, All of 
the membranes that we studied were electri- 
cally quiet before addition of agonist, so that 
epinephrine induced single-channel activity in 
a previously inacTive membrane. Unitary 
events of two different conductance levels 
could be discerned during cell-attached stimu- 
lation by epinephrine (Fig. 1). Both conduc- 
tance levels were observed frequently in the 
same membrane patch but were also present 
individually in separate recordings. Responses 
identical to that shown in Fig. 1 were ob- 
tained upon addition of an analog of cyclic 
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