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Abstract

The microvascular endothelium has been postulated to be a crit-
ical target in the rejection of vascularized aliografts. This study
was undertaken to examine the ability of human sheep eryth-
rocyte rosette forming lymphocytes (E-RFC) to form stable con-
jugates with microvascular endothelial cells (EC), and to assess
whether a receptor-ligand interaction mediates this event. Human
foreskin microvascular ECmonolayers were used as targets of
chromium-51-labeled E-RFC in a quantitative adherence assay.
Binding was saturable, displaceable by unlabeled E-RFC, aug-
mented by recombinant interleukin 1 (riL-1) and inhibited by
anti-LFA1 antibody. The Leu-11+ lymphocyte subset, known
to be enriched for natural killer (NK) cells, bound preferentially.
Only the EC-adherent lymphocyte fraction contained NKeffec-
tors, which lysed ECand classical NK targets. Thus, NK cells
adhere to microvascular ECvia a specific receptor-ligand inter-
action. The possibility exists that such binding occurs in recip-
ients of vascularized allografts, representing the initial stage of
graft rejection.

Introduction

The mechanism whereby vascularized allografts are rejected re-
mains incompletely understood. T lymphocytes of the helper/
inducer as well as cytotoxic phenotype have been variably im-
plicated as effectors in the rejection process (1, 2). Other studies
have demonstrated the early localization of natural killer cells
in acutely rejecting allografts (3). Additional controversy sur-
rounds the target molecules for this process. It is generally be-
lieved that major histocompatibility antigens provide the most
potent stimulus for acute rejection. However, rejection episodes
can occur in HLA identical, living related donor allografts (4).

The vascular endothelium constitutes a contiguous barrier
to circulating immunocompetent cells, as well as the initial site
where host lymphocytes can potentially interact with major his-
tocompatibility antigens of donor origin (5, 6). Endothelial cell
(EC)' injury has been noted histologically several days before
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1. Abbreviations used in this paper: AL, adherent lymphocytes; EC, en-
dothelial cells; E-RFC, erythrocyte rosette forming cells; FACS, fluores-

functional rejection (7), with inter-EC gaps progressing to mi-
crovascular ECdisintegration. It is conceivable that adhesion of
lymphocytes to the endothelium may be the first step in the
cascade of events leading to allograft rejection. Lymphocyte
traffic into lymphoid organs appears to be regulated by binding
to specialized receptors on high endothelial venules (8, 9). How-
ever, little is known regarding the interaction between lympho-
cytes and capillary endothelium outside of lymphoid organs.
Humanumbilical vein EChave been used as in vitro targets of
lymphocyte binding (10, 1 1), and although varying degrees of
lymphocyte-EC binding have been demonstrated, the specificity
and molecular basis of this interaction have not been extensively
studied.

In this study, we utilized monolayers of microvascular EC
as targets of lymphocyte binding in an attempt to investigate
whether stable lymphocyte conjugates can form in the absence
of exogenous factors. The results indicate that such conjugates
can indeed form and that their formation is mediated by a specific
receptor-ligand interaction. Moreover, the results demonstrate
a preferential and displaceable binding by natural killer (NK)
cells to microvascular EC.

Methods

Microvascular ECculture. Stable cultures of human microvascular EC
were established as previously described ( 12) with several modifications.
Fresh discarded preputial skin from randomly selected anonymous new-
borns was initially incubated in Hanks' balanced salt solution with 400
U/ml penicillin and 400 1Ag/ml streptomycin. The outer and inner layers
were then separated with sharp dissection and the inner layer incubated
for 1 h at 370C in a 0.3% trypsin, 1% EDTAsolution. The epidermal
layer of the dermis was then gently separated and the remaining dermis
massaged to extrude the microvascular EC. The resultant cell suspension
was centrifuged at 1,000 rpm for 5 min and resuspended in EC culture
medium consisting of Iscove's modified Dulbecco's medium (IMDM),
200 U/ml penicillin, 200 ,g/ml streptomycin, 20 ,g/ml gentamycin, 2
mMglutamine, 5 X l0og M2-mercaptoethanol, 5 X 10-4 Mdibutyryl
3'5'-cyclic adenosine monophosphate (Sigma Chemical Co., St. Louis,
MO), 3.3 X 10-s Misobutyl-methylxanthine (Sigma Chemical Co.) and
10% human peripartum serum. The suspended cells were then plated
onto 35-mm plastic dishes (Miles Scientific, Naperville, IL) that had
been coated with 2%gelatin. The cultures were expanded when confluence
was achieved and utilized for functional assays within the fifth passage.
Adherent cells were identified as EC by their light microscopic charac-
teristic morphology and growth pattern, as well as the presence of Factor
VIII associated protein by indirect immunofluorescence (IF). ECcultures
that had > 1% contamination with other cell types (melanocytes, fibro-
blasts, and pericytes) were not used for functional studies.

cence-activated cell sorter, IF, immunofluorescence; IFN-y, gammain-
terferon; IL-1, interleukin 1; IMDM, Iscove's modified Dulbecco's me-

dium; LFA, lymphocyte function-associated antigen; LGL, large granular
lymphocytes; mAb, monoclonal antibodies; NK, natural killer; rIL- l-a,
recombinant alpha interleukin 1; PBMC, peripheral blood mononuclear
cells.
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Monoclonal antibodies. Murine monoclonal antibodies (mAb) anti-
Leu2a, Leu3a, Leu4, Leu7, Leu8, Leul la, Leul Ib, Leul2, and LeuM3
were obtained from the Becton Dickinson Monoclonal Center, Inc.,
Mountain View, CA. Anti-Leu2a (clone SK- 1, IgGi ) binds to the CD8
antigen present on suppressor/cytotoxic T cells; anti-Leu3 (clone SK-3,
IgGI) reacts with the CD4 antigen present on helper/inducer T cells;
anti-Leu4 (clone SK-7, IgGi) reacts with the CD3 complex present on
mature T cells; anti-Leu5b (clone S5.2) reacts with the sheep erythrocyte
rosette receptor on T cells; anti-Leu7 (clone HNK- 1, IgM) reacts with a
subset of NK cells and a subset of T cells expressing the CD3 antigen
( 13); anti-Leu8 (clone SK- I 1, IgG2a) reacts with the majority of T cells
and with a subset of B cells, monocytes and granulocytes; anti-Leu 1 la
(clone NP-15, IgGl) and Leul lb (clone GO-22, IgM) react with the Fc
gammareceptor present on NKcells and granulocytes (13); anti-Leul2
(clone 4G7, IgGl) reacts with mature B cells; anti-LeuM3 (clone MMA,
IgG2b) reacts with monocytes/macrophages.

Anti-LFA-l (clone TS-122) and anti-LFA-3 antibodies, both IgGl,
reacting with broadly distributed antigens present on hematopoietic, and
in the case of LFA-3, hematopoietic and non-hematopoietic tissues (14),
were a gift from Dr. A. Krensky at Stanford University. MAbW6/32,
an IgG2a reacting with a framework specific determinant on HLA-A, B
and C molecules was provided by Dr. Peter Parham at Stanford Uni-
versity. MAbEnd Xl 1 (IgG1) and HEA-14 (IgM) are endothelial cell
specific antibodies produced in this laboratory (manuscript in preparation)
which react with surface determinants present on human capillary and
venular EC lines but not with a panel of multiple lymphoid and non-
lymphoid cell lines, nor with bovine arterial EC.

Flow cytometry. IF staining was performed as described elsewhere
in detail (15). All dilutions, washing and incubations were performed in
cold PBS (0.1 Mphosphate, pH 7.3) containing 0.1% NaN3. Cytofluo-
rographic analysis was performed by means of a fluorescence activated
cell sorter (FACS), Ortho Cytofluorograf System 50H, using fluoro-
chrome-conjugated mAb.

Isolation of lymphocyte subpopulations. Buffy coats from randomly
selected healthy donors were obtained from the Stanford Blood Center,
Stanford, CA. Peripheral blood mononuclear cells (PBMC) were isolated
by Ficoll-Hypaque gradient centrifugation. Sheep erythrocyte rosetting
cells (E-RFC) were separated by a single-step rosetting method (16) using
neuraminidase-treated sheep erythrocytes. Rosetted cells were > 96%
positive with the anti-Leu5b mAband < 0.3% positive with anti-LeuM3
when analyzed by FACS.

Lymphocyte subsets were obtained by a panning technique (17) al-
lowing the separation of freshly isolated E-RFC into Leu2+, Leu3+,
Leu8+, and Leu 1 + subpopulations by using the respective antibodies.
Subset purity was determined by indirect IF staining using the mAbwith
which the cells were panned. By these parameters, all subsets had a purity
of > 90%.

To obtain large granular lymphocyte (LGL)-enriched populations,
which are also enriched in functional and phenotypic NK cells (18),
monocytes were removed from PBMCby adherence (60 min at 37°C)
to plastic tissue culture flasks. Nonadherent cells were fractionated ac-
cording to their density on discontinuous gradients of Percoll (19), fol-
lowed by an additional adherence step on the LGL-enriched fraction to
remove residual monocytes. This yielded a substantial enrichment of
Leul 1 + cells, from an average of 10% in the unfractionated population,
to a range of 30-70% in the enriched population. There were consistently
less than 5%monocytes as determined by FACSanalysis using the anti-
LeuM3 mAb.

Lymphocyte-endothelial cell binding assay. Binding of the various
lymphocyte subpopulations to microvascular ECin culture was evaluated
in a 90-min assay by adding 51Cr-labeled lymphocytes to confluent
monolayers of EC. Briefly, microvascular EC (within the fifth passage
in culture) were grown to confluence (4 X 104 cells/well) in 48-well, 2%
gelatin-coated plates. Immediately before the assay, monolayers were
washed once to remove detached cells. Lymphocytes were labeled with
5 sCi 51Cr/106 cells and graded numbers added to each well in a final
volume of 300 Ml IMDMwith 5% peripartum serum. After a 90-min
incubation at 370C, the unbound cells were removed by carefully washing

the monolayers four times with warm medium using a finely tapered
pasteur pipette, to allow for minimal disturbance of the monolayers. An
additional wash was performed when nonadherent cells were still present
after the described procedure. All wells were inspected at this point and,
with rare exception, the monolayers remained intact. If there was ap-
preciable ECdetachment, these replicates were excluded from the assay.
After washing, 200 gl of detergent (0.7% Triton X-100 in glycerol-water)
were added to each well and incubated for 20 min at 370C. 175 Ml of
lysate were recovered and analyzed in a gammacounter (Micromedic
Systems, Horsham, PA). Maximum 5"Cr release for each lymphocyte
subpopulation and effector number was determined by incubating the
same number of labeled lymphocytes in separate tubes and lysing them
at the end of the incubation time as indicated above. The mean percentage
of adherent lymphocytes in four replicates was then calculated as follows:
cpm in 0.175 ml lysate from ECmonolayers/cpm in 0.175 ml of original
lymphocyte suspension X 100.

Variability among the replicates was consistently < 15%. In control
experiments, both the adherence of E-RFC to plastic and the ECuptake
of 5"Cr spontaneously released by labeled lymphocytes during the assay
were evaluated and found negligible (data not shown).

To perform some experiments in medium depleted of immunoglob-
ulins (Ig), IgG was adsorbed by protein A sepharose CL-4B (Pharmacia
Fine Chemicals, Piscataway, NJ) affinity chromatography of peripartum
human serum. This method has been shown to reliably deplete greater
than 95% of IgG from serum (20). IgG3 binds poorly to protein A, but
comprises a minor proportion (1-3%) of IgG in human serum. The
serum used in these experiments was 98% IgG depleted as demonstrated
by rate nephelometry. EC monolayers were cultured in medium con-
taining this IgG-depleted serum prior to the assay, which itself was per-
formed in this medium. EC cultured in human serum can be consistently
shown to bear considerable surface Ig when harvested and analyzed by
indirect IF and FACSanalysis with a fluorescein-labeled goat anti-human
Ig reagent (Zymed, So. San Francisco, CA). However, after 72 h culture
in Ig-depleted media, there was no detectable ECsurface Ig (not shown).

In some experiments the EC monolayers were treated for 4 h with
3 U/well (10 U/ml) of either a- or il-human recombinant interleukin I
(IL-l) (generously provided by S. Gillis of Immunex Corp., Seattle, WA)
before the addition of labeled cells. The monolayers were then washed
before the addition of lymphocytes, thereby removing any remaining
extracellular IL-I .

To remove lymphocytes adherent to EC monolayers for further
characterization, monolayers were treated after the binding assay with
a 0.5% EDTAsolution in Ca+2 Mg+2-free PBS for 10 min at 37°C, fol-
lowed by repeated washings of the recovered adherent cells in RPMI
1640 5% fetal calf serum. Although EDTA removes EC from plastic,
EC-bound lymphocytes were liberated more quickly, allowing some de-
gree of differential recovery. However, collection of some ECcould not
be avoided.

Antibody inhibition studies. Blocking experiments were performed
by treating either E-RFC or EC monolayers with various mAbprior to
the binding assay. 5'Cr-labeled E-RFC were treated with the indicated
amounts of mAb for 30 min at room temperature, followed by two
washes in IMDM plus 10% pooled human serum. MAb treatment of
the EC was performed by incubating the monolayers with the indicated
amount of antibody for 30 min at 37°C, followed by two washes with
warm IMDM 10% pooled human serum.

NKcytotoxicity assay. NK activity was evaluated by means of a 4-
h 5'Cr release cytotoxicity assay utilizing either the K562 erythroleukemia
line or microvascular EC lines isolated from different individuals as tar-
gets. The indicated lymphocyte subpopulations were used as effectors.
When the K562 line was used as a target, 5,000 5'Cr-labeled cells were
added to each well of a round-bottom microtiter plate (Linbro-Flow
Lab. Inc., McLean, VA) containing different numbers of effectors in a
final volume of 200 Ml of IMDMplus 10% FCS. Whenthe ECwere used
as targets, confluent monolayers of EC cultured in standard media or
media containing Ig-depleted serum (see above) in flat-bottom microtiter
plates (Linbro-Flow Lab. Inc.) were labeled with 2 MCi/well of 5"Cr for
90 min at 370C. After incubation, the monolayers were washed three
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times with warm medium and various numbers of effector cells were
added to each well in a final volume of 200 ,d of culture medium. After
the addition of effectors, the plates were centrifuged at 500 rpm for 5
min at RT. Because of the well described enhancement of NKactivity
by IL-2 (21), the effector cells were incubated for 18 h at 370C in culture
medium with or without 50 U/ml recombinant IL-2 (Cetus Corp.,
Emeryville, CA) before their use in the NKassay in some experiments.
In cold target inhibition experiments, the indicated numbers of unlabeled
K562 cells were added to wells containing 5"Cr-labeled EC monolayers
before the addition of effectors. Spontaneous and maximum 5"Cr release
were determined by incubating labeled targets in culture medium or
0.7% Triton X-100 in glycerol-water, respectively. Spontaneous release
for each target never exceeded 20% of the maximum release. Mean cor-
rected percent lysis in triplicate cultures was calculated as follows: %
cytotoxicity = mean experimental cpm - spontaneous release cpm/
maximum release cpm - spontaneous release cpm X 100. Replicate
variability was always < 10%o.

Results

Basal lymphocyte-EC binding. To determine the nature and
specificity of the basal binding of E-RFC to EC, freshly isolated,
chromium-5 1-labeled E-RFC were incubated with confluent EC
monolayers at varying ratios of E-RFC/EC. At E-RFC/EC ratios
> 5:1, the percent adherence began to fall, suggesting a saturation
of potential binding sites at the 5:1 ratio (Fig. 1). After an initial
90-min incubation, nonadherent lymphocytes (NAL) were re-
covered and reincubated with fresh EC monolayers syngeneic
to the initial monolayer, in an attempt to determine whether
these initially nonadherent cells were truly less efficient at bind-
ing. An 85% reduction in binding efficiency was consistently
noted with the NAL population, suggesting specificity in the
interaction between AL and EC. The bound lymphocytes ap-
peared dark and slightly irregular (Fig. 2), a characteristic mor-
phology of cells firmly adherent to EC monolayers.

Of note is that the basal binding efficiency displayed a sub-
stantial degree of variability, ranging from 8 to 31%, depending

* TOTAL E-RFC
o NAL
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Figure 1. Specificity of lymphocyte binding to EC. Unfractionated E-
RFC (-) were incubated for 90 min with confluent EC monolayers,
following which NAL (o) were recovered, washed, and incubated with
fresh EC for an additional 90 min. A saturation phenomenon is dem-
onstrated by increasing the ratio of E-RFC to EC. Similar results were
obtained in five of five experiments.

upon the effector-target combination. There do appear to be EC
lines that consistently serve as efficient binding targets when
used with E-RFC from multiple unrelated donors. These results
suggest the existence of intrinsic EC properties that vary the
ability of lymphocytes to bind to a given ECline. In spite of this
basal variability, the NAL always bound much less efficiently
than unfractionated E-RFC when tested with fresh EC.

Cold lymphocyte competition. To determine whether the EC-
bound E-RFC could be competitively displaced, unlabeled E-
RFCwere coincubated at varying ratios with 51Cr-labeled cells
in the binding assay described above. The percent adherence
fell sharply with unlabeled E-RFC competition, and continued
to fall at a 100 unlabeled to 1 labeled cell ratio (Fig. 3), suggesting
competition for specific binding sites.

Phenotype of adherent and nonadherent lymphocytes. To
compare the phenotype of adherent, nonadherent, and total E-
RFC populations, cell sorter analysis was carried out on cells
recovered before and after the binding incubation. As shown in
Table I, there was a marked increase in the percentage of Leu7+
and Leu 1 + cells in the AL population, together with a marked
depletion of both subsets in the NALpopulation. The adherent
lymphocyte population also demonstrated a moderate increase
in the percentage of CD8+ cells, and substantial depletion of
CD4+ cells, resulting in a reversal of the usual ratio of CD8:
CD4cells. The Leu2 antibody staining pattern of adherent CD8
cells differed from that of fresh E-RFC. The adherent CD8+
population showed an increase in the relative number of cells
expressing a low cell surface density of Leu2, and a decrease in
the number expressing a high cell surface density of Leu2 (Fig.
4). This result is consistent with the increased percentage of CD8
cells in the adherent population reflecting preferential binding
of Leu 11+, "Leu2 dull" lymphocytes. Also of interest is the
reduction (61%) of Leu8+ cells in the AL population.

Binding assay using purified subsets of lymphocytes. In an
attempt to confirm the results of phenotyping experiments, lym-
phocyte subsets were isolated by the panning technique and uti-
lized in the ECbinding assay. Leul 1+ cells demonstrated a three-
fold increase in binding efficiency over the total E-RFC popu-
lation, with 73.8 percent of the Leul 1 + cells added binding to
ECmonolayers (Fig. 5). Leu2+ cells bound more efficiently than
Leu3+ cells. Leu8+ cells bound the least efficiently, correlating
well with the low percentage of Leu8+ cells found in the adherent
population following culture of unfractionated E-RFC with EC
(Table 1). Microscopic visualization of the monolayers after the
90-min subset binding (Fig. 2) correlated well with the quanti-
tative assessment.

To investigate binding by cells of the natural killer phenotype
isolated without either a sheep erythrocyte rosetting or an an-

tibody selection step (in an attempt to avoid any possible mod-
ification of cell function, including activation of NKcells by Fc
receptor binding), populations enriched in large granular lym-
phocytes (LGL) were isolated by a single step Percoll fraction-
ation. As shown in Fig. 5, cells in the LGL-enriched fraction,
which were at least threefold enriched for Leul 1 + cells, bound
three times more efficiently than the cells outside the LGL frac-
tion.

Binding assay in immunoglobulin-free media. To examine
the possibility that Leu 1 I + cells bound to EC via a nonspecific
interaction between NK cell Fc gamma receptors and EC cy-
tophilic Ig, both ECculture and the binding assay were performed
in medium containing IgG-depleted serum. ECcultured in this
medium did not bear detectable surface Ig, but nonetheless were
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Figure 2. Phase contrast photomicrographs,* of lymphocyte subsets bound to EC mono-

layers. E-RFC and lymphocyte subsets iso-
lated by the panning method were incu-
bated with EC for 90 min, after which the
monolayers were extensively washed to re-
move nonadherent cells. The bound lym-
phocytes appear dark and irregular, a char-
acteristic morphology of cells firmly adher-
ent to EC monolayers. Differential binding
efficiency is demonstrated, with total E-
RFC(a) binding with intermediate effi-
ciency. Leul I1+ cells (b) bound with in-
creased efficiency relative to the total E-
RFCpopulation, whereas Leu3+ cells (c)
bound relatively poorly (340X).
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Figure 3. Competition between labeled and unlabeled E-RFC for
binding to EC. Unlabeled E-RFC were added in varying ratios to 5"Cr-
labeled E-RFC obtained from the same donor, and the two popula-
tions incubated for 90 min with confluent ECmonolayers. Binding ef-
ficiency was compared to the basal binding in the absence of unla-
beled cells (BAS). Results are expressed as percent adherence of the la-
beled E-RFC to ECmonolayers. Similar results were obtained in five
of five experiments.

bound by E-RFC to a similar extent as EC cultured in IgG-
containing medium (Table II). Moreover, there was marked en-
hancement of binding by Leul 1 + cells, relative to total E-RFC
(Table II). Fetal calf serum was also used to control for the po-
tential presence of human Ig on the ECsurface. Binding results
were comparable in the presence of FCSas well (data not shown).

Effect of lymphocyte pretreatment with monoclonal antibodies
on lymphocyte-EC binding. To study the role of various lym-
phocyte surface molecules in lymphocyte binding to EC, E-RFC
were treated with a panel of monoclonal antibodies and washed
extensively before their incubation with ECmonolayers. In all
cases, 10 ug/106 cells was shown to be a saturating antibody
concentration and was, therefore, utilized. Although several an-
tibodies were slightly inhibitory, including anti-Leu7 and anti-

Table I. Phenotype of ECAdherent and Nonadherent E-RFC*

Target E-RFC NAL AL
mAb molecule %POS %POS %POS

Leu2 CD8 28.6 28.4 38.2
Leu3 CD4 52.5 62.9 9.8
Leu4 CD3 93.4 93.3 82.4
Leu5 CD2 96.4 ND ND
Leu7 Leu7 10.7 4.1 31.8
Leu8 Leu8 60.1 72.3 23.6
Leul la CD16 7.1 1.5 35.4

C:)80

-Lij

W 20-

0 20 40 60 80 100 120 140 160 180 20e
GREEN FLUORESCENCE

Figure 4. Cell sorter analysis of unfractionated E-RFC and AL. Un-
fractionated E-RFC ( ) and AL ( ) recovered after a 90-min
incubation with confluent ECmonolayers were analyzed for the pres-
ence of (A) Leu2 and (B) Leu3 antigens by indirect IF staining using
mAbto Leu2a and Leu3a, as described in Methods. 10,000 cells were
analyzed with each antibody. Irrelevant control (background) staining
is also shown (- --).

E-RF(
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X ADHERENCE
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Figure 5. Lymphocyte subset binding to EC. Lymphocyte subsets iso-
lated by the panning method were incubated with confluent EC
monolayers for 90 min and percent adherence measured. LGL+ cells
are monocyte-depleted PBLs settling at the 43.5% interface in discon-
tinuous percoll gradient fractionation. LGL- cells comprise the pel-
leted fraction. Results are representative of five separate experiments.
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mAbnoted.



Table II. Binding and Cytotoxicity Assays
in Immunoglobulin-depleted Media*

Human serum Ig-

Binding Cytotoxicity Bir

Total E-RFC 8.9 ND 14
Leul 1+ 54.0 20.4 63

* Total E-RFC and Leul 1I+ cells from the same d
panning technique were incubated for 90 min wit
layers of ECwhich had been cultured in 10% hun
Ig-depleted human serum. The NKcytotoxicity a
after overnight incubation of the effectors with 50
an effector to target ratio of 50:1. The EC cultured
serum had no detectable surface Ig by FACSanal!

Leu 1 la, only anti-LFA1 provided a consists
of inhibition, notably 79% in the example si

Effect of ECpretreatment with monoclk
lymphocyte-EC binding. To investigate the
surface molecules as receptors in the lymph
process, saturating concentrations of a panel
tibodies were used to treat the ECmonolayer
with E-RFC. Significant inhibition of bindin
with any antibodies tested, as compared with
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monoclonal antibodies (Fig. 6 B). Two EC-specific murine
monoclonal antibodies generated in our laboratory, designated
End X I I and HEA- 14, also failed to inhibit binding.

depleted human serum Effect ofEC treatment with IL-I on lymphocyte-EC binding.
IL- 1 has recently been shown to enhance lymphocyte binding

nding Cytotoxicity to umbilical vein EC(10). To determine whether IL-I treatment
of EC affected lymphocyte binding to microvascular EC, the

1.1 ND same subset binding experiment described above was performed
1.6 22.7 utilizing ECmonolayers pretreated with either recombinant al-

pha or beta IL-1 at 10 U/ml. Both cytokines enhanced adherence
in all subsets, including those that bound inefficiently in thelonor isolated by the'

h confluent mono- absence of rIL- I (Table III). This is most dramatically represented
man serum or 10% with the Leu8+ subset, which as shown above, bound poorly to
ssay was performed EC in the absence of exogenous IL- 1.
U/ml rIL-2 utilizing Ability of LGL-enriched populations to lyse EC. To assess

I in Ig-depleted the ability of Percoll gradient-enriched LGL to kill EC, and to
ysis. compare binding and killing efficiency, untreated LGL-enriched

cells or those incubated overnight with 50 U/ml of rIL-2 were
incubated with EC monolayers derived from three unrelated

ently strong degree donors, and cytolysis was determined. Standard NKassays with
iown (Fig. 6 A). classical targets (K562 cells) were simultaneously performed to
onal antibodies on assess NK activity in the conventional system. Two EC lines,
role of various EC numbers 30 and 33, were bound by a high percentage (31.5 and
ocyte-EC adhesion 29%, respectively) of PBMC, whereas line 44 was bound with
of monoclonal an- intermediate efficiency (Table IV). LGL-enriched cells consis-

sbefore incubation tently bound EC more efficiently than PBMC, whereas LGL-
kg was not detected depleted cells adhered less well (Fig. 5). IL-2 had no effect on
irrelevant (control) binding efficiency of any population (not shown). Of the two

lines bound by a high percentage of lymphocytes, one served as
a relatively sensitive target for NKactivity and one did not. The

80 100oECline that was bound least well was killed very weakly. Thesefindings demonstrate that EC can serve as NK targets but the
A ability of EC to bind LGL correlates poorly with their suscep-

tibility to NK-mediated cytolysis. As shown in the same table,
overnight incubation of effectors with 50 U/ml rIL-2, which is
known to enhance NK activity against other targets (21), en-
hanced the killing of all three EC targets as well as the K562
line. The degree of rIL-2 enhancement of EC killing correlated

* with the level of basal killing. However, none of the EC lines
were as sensitive to NKmediated lysis as K562 cells.

To determine whether ECcytotoxicity was mediated by the
same cells which are responsible for classical NKactivity, cold

80 100 target inhibition experiments were performed by adding in-
creasing numbers of unlabeled K562 cells to 5"Cr-labeled EC
monolayers before the addition of Leu 11 + effector cells isolated

Figure 6. Effects of selected monoclonal antibodies on E-RFC-EC
binding. (A) E-RFC or (B) ECwere incubated with saturating concen-
trations of designated mAbs and washed prior to a 90-min incubation
of the E-RFC with the confluent EC monolayers. Irrelevant (IRR) an-
tibodies are isotype matched with test reagents and have demonstrated
absence of detectable binding to either (A) E-RFC or (B) EC, by indi-
rect IF and FACSanalysis. Binding after mAbtreatment is compared
with basal, unmodified binding and data expressed as percent inhibi-
tion of basal adherence. Results are representative of three separate ex-
periments.

Table III. Binding of Isolated Lymphocyte
Subsets to Untreated and IL-I-treated EC

Subset* Basal aIL-I 1OU/ml #IL-I 1OU/mI

Total E-RFC 24.0% 42.9% 41.9%
Leu2+ 44.1 63.7 52.8
Leu3+ 21.6 53.1 53.7
Leu8+ 11.1 35.4 38.0
Leul 1+ 72.4 93.4 86.3

* Various lymphocyte subsets were positively selected by the panning
technique using the indicated mAb. Control basal binding in this ex-
periment was preceded by a 4-h EC incubation in media alone. Data
expressed as percent adherence to EC.
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Table IV. NKActivity of PBL, LGL-enriched and LGL-depleted Cells, Against K562 Cells and Three Different ECLines*

Targets

EC 30 EC33 EC44
K562 (Adherence of PBL 32%) (Adherence of PBL 29%) (Adherence of PBL 19%)

Effectors 50:1 25:1 50:1 25:1 50:1 25:1 50:1 25:1

PBLt 36.8% 27.3% 10.3% 9.5% 7.2% 4.2% 2.3% 1.5%
PBL + IL-2§ 57.6 40.5 16.8 9.1 10.1 5.4 10.4 8.1
LGL enrichedll 61.8 51.7 13.7 6.3 6.5 0 3.7 1.5
LGL enriched + IL-2 82.0 80.0 35.0 15.3 13.8 2.0 7.2 2.8
LGL depleted 4.4 2.6 2.9 0.7 0 0 1.2 0
LGL depleted + IL-2 7.0 6.7 3.7 0.4 ND ND ND ND

* The various effector cells were incubated with the indicated 5"Cr-labeled targets in a 4-h cytotoxicity assay. Binding assays were also performed
utilizing PBL and the three EC target lines. 50:1 and 25:1 indicate effector to target ratios tested.
tMonocyte-depleted PBL.
§Monocyte-depleted PBL treated overnight with 50 U/ml rIL-2.

LGL-enriched cells are monocyte-depleted PBLs settling at the 43.5% interface in discontinuous Percoll gradient fractionation.
'LGL-depleted cells comprise the pelleted fraction.

by the panning technique. Basal Leul I + cell-mediated cytotox-
icity was 39%. At an unlabeled K562 to 5"Cr-labeled EC ratio
of 0.5 to 1, a 92% reduction in cytotoxicity was demonstrated.

To examine whether NK-mediated cytolysis of ECoccurred
via a nonspecific, Fc receptor-mediated mechanism (antibody
dependent cellular cytotoxicity), Leul 1+ cells were utilized as
effectors in parallel killing assays performed with targets cultured
in human serum and Ig-depleted serum. NKactivity against EC
was comparable with the two media tested (Table II).

NKactivity of ALs against K562 cells and EC. To compare
the capacity of AL and NAL to mediate NKactivity, AL and
NAL were recovered after incubation with ECmonolayers and
tested for the ability to lyse conventional (K562 cells) and EC

Z CYTOLYSIS K562

401-
T

3 CYTOLYSIS EC35

30K

20 -

50:1 25:1
:I

S0: 1 25:1

Figure 7. NKactivity of AL and NAL. E-RFC were incubated for 90
min with confluent monolayers of ECline 35. AL were recovered by
gentle EDTAtreatment and used as effectors in a 4-h cytotoxicity as-
say, with the relevant EC35 line, and K562 cells employed as targets.
Cytolytic activity of AL (o) were compared with that of unfractionated
E-RFC (.) and NAL (o). Similar results were demonstrated in four of
four experiments.

targets. There was an enhancement in NKactivity of the recov-
ered AL as compared with total E-RFC, and a marked depletion
of NKactivity in the NAL (Fig. 7). This was observed with both
K562 and ECtargets.

Discussion

There is considerable evidence in humans and animals that the
endothelium is a critical target in the rejection of vascularized
allografts (7, 22). More specifically, the published data implicate
the microvasculature in this role, with the envelopment of cap-
illaries, venules, and arterioles by lymphocytes apparently me-
diating early microvascular endothelial damage. Most studies
utilizing EC as in vitro targets have used umbilical vein as an
ECsource. In the current study, we have employed microvascular
ECsince such cells are likely to be more physiologically relevant
targets.

Conjugate formation between potential effector cells and
targets is generally accepted as a necessary early event in various
cell-mediated immune responses. This binding is probably not
antigen-specific (23, 24) but may contribute to the priming of
T cells in the afferent limb of the immune response. The binding
assay employed in this study allows sufficient quantitation to
evaluate both the kinetics and specificity of binding. Other pre-
viously described techniques employed for evaluating mono-
nuclear cell-EC binding are much less quantitative (25, 26),
making evaluation of binding parameters impossible. In this
study, we utilized competition experiments and generation of
saturation by radiolabeled cells to demonstrate that binding of
E-RFC to EC is mediated via a receptor-ligand interaction. At
ratios greater than five lymphocytes to one EC, the percentage
of the total cells binding to the monolayers consistently fell,
suggesting saturation of binding above this ratio. The relative
inefficiency of binding by recovered NALalso strongly suggests
that this interaction is specific.

A striking finding in these experiments was the preferential
binding of Leu 11 + NKcells to microvascular EC. Past studies
of these cells have largely centered on their interaction with
transformed or virally infected cells (27). There is relatively little
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known regarding the interaction between natural killer cells and
biologically normal, nonlymphoid targets. The preferential
binding of Leul 1 + cells to ECwas demonstrated by phenotyping
the adherent and nonadherent cells (Table I), as well as by the
isolated subset binding experiment (Table III). NALwere nearly
depleted of Leul 1 + cells, and the majority of positively selected
Leul 1 + cells bound to the EC monolayers. This binding does
not appear related to "activation" of Leul 1+ cells by sheep cell
rosetting or Leul 1 antibody treatment, as LGL-enriched cells
isolated by Percoll density fractionation demonstrated the same
enhancement in binding (Fig. 5). Because ECcultured in human
serum bear surface Ig, the possibility that binding of Leul 1+
cells occurs nonspecifically via Fc receptors was addressed. Pre-
treatment of lymphocytes with a saturating concentration of anti-
Leul la, which interacts with NKcell Fc receptors, and is known
to block NK cell Fc receptor-mediated binding (28), failed to
inhibit binding (Fig. 6). Also, Leul 1 + cells were isolated by
antibody treatment of cells with anti-Leul lc, panning, and
overnight incubation at 370C before use in the binding assay.
Weand others (28) have demonstrated phenotypic and func-
tional modulation of the NK cell Fc receptor upon antibody
treatment and 18-h culture. Most importantly, when EC were
cultured in IgG-depleted medium and observed to be surface Ig
negative before the binding assay, Leul 1 + cells displayed the
same degree of binding efficiency when compared with binding
utilizing surface Ig-positive EC as targets (Table II).

In contrast to the recent finding that CD4+ T cells bind
preferentially to gammainterferon treated, DR+umbilical vein
endothelial cells (25), there was a marked depletion of CD4+
cells in our adherent cell population. This is not surprising since
our EC targets were DR- (data not shown). Onthe other hand,
it is probable that the increased percentage of CD8 cells in the
population adherent to EC reflects the preferential binding to
ECby CD8+,Leu 1 + NKcells. Leu 1 +, "CD8 dull" lympho-
cytes have been demonstrated as a small subset in the peripheral
blood, which contains the majority of mononuclear cells capable
of NKactivity (29).

Treatment of the lymphocytes with anti-LFA-I antibodies
markedly inhibited binding to EC. The LFA-l molecule is a
heterodimer composed of noncovalently associated a- and ,B-
polypeptide chains of 177,000 and 95,000 mol wt, respectively.
It is present in varying density on B and T cells and has been
shown to be important in a variety of leukocyte functions de-
pendent on target adhesion, including conjugate formation be-
tween cytolytic T lymphocytes and their targets (23, 30, 31). A
role for LFA-1 in leukocyte adhesion to (32, 33) and cytolytic
T lymphocyte-mediated cytotoxicity against (34) umbilical vein
EC has been shown. Antibodies to the LFA-1 molecule have
also been demonstrated to inhibit killing by NKclones and pe-
ripheral blood NKcells (35, 36), and lymphocytes isolated from
LFA-l deficient patients demonstrate defective NKactivity (37).
Our results indicate that the LFA-I molecule also plays an es-
sential role in the binding of NKcells to microvascular EC. This
does not appear to be based upon a "like-like" LFA-l receptor-
ligand interaction, as LFA-l is absent from the resting, micro-
vascular ECsurface (data not shown). Although LFA-3 is highly
expressed on the ECsurface (data not shown), antibodies to this
molecule also did not prevent binding, making it unlikely that
LFA-1-LFA-3 or CD2-LFA-3 (38) interactions play an essential
role in NK-EC adherence. Antibodies to a variety of additional
lymphocyte and EC surface molecules had no effect on lym-
phocyte-EC binding (Fig. 6), suggesting that these molecules do

not play a role in the adherence of these cell types. However,
the involvement of these various molecules cannot be completely
dismissed, as it remains possible that the mAb used did not
recognize the relevant molecular epitope.

Our results do not demonstrate that lymphocyte-EC binding
is a function of allogeneic recognition. The possibility exists that
autologous binding of lymphocytes, including Leu 1I+ cells, to
ECcan occur. In fact, cord blood lymphocytes have been shown
to bind equally well to syngeneic and allogeneic IFN-treated
umbilical vein EC (25). Also, homotypic adhesion of lympho-
cytes exposed to various stimuli has been demonstrated, with
involvement of the LFA- I molecule (26). Thus, accessory mol-
ecules clearly play a general role in cellular conjugate formation
(23, 24). However, binding events between autologous cells me-
diated entirely by accessory molecules may not provide a suf-
ficient stimulus to promote mutual cellular activation, or trigger
further immunologic events. Additional studies will be necessary
to address this question.

The EC monolayers used in this study were susceptible to
NK-mediated cytolysis despite the fact that these cells are neither
transformed nor virally infected. This killing did not appear to
be mediated by Fc receptors (Table II) and was competitively
inhibited by classical NK targets. Interestingly, the degree of
sensitivity to natural killing varied between ECisolates. EClines
sensitive to one allogeneic effector were generally sensitive to
multiple different allogeneic effectors, whereas EClines relatively
resistant to natural killing consistently demonstrated that feature
in response to multiple allogeneic effectors (data not shown).
The variability in EC susceptibility to NK mediated cytolysis
was not a function of the age of the ECmonolayers, as all targets
were used for functional studies during the fifth passage. In ad-
dition, although ECvaried in their capacity to bind lymphocytes,
efficient binding did not ensure efficient killing (Table IV). Thus,
there were several instances in which a high degree of adherence
was associated with poor killing. On the other hand, efficient
killing in the presence of inefficient binding was not seen, sup-
porting the concept that adhesion is required but not sufficient
to induce cytolysis. As has been shown with other targets (21),
IL-2 enhanced NKmediated cytolysis against all targets tested.
However, this lymphokine had no effect on adherence (not
shown).

In contrast to the selective binding by Leu 11 + cells to un-
treated EC, a high percentage of all lymphocyte subsets bound
EC which had been precultured in rIL-l. In our view, the lack
of specificity of the rIL-l effect does not diminish its potential
importance, since such an effect might promote extravascular
lymphocyte mobilization in vivo and, thereby, augment an on-
going immune response. Moreover, although NK cells appear
to have some capacity to lyse microvascular EC in vitro, such
killing does not necessarily contribute to allograft rejection.
Rather, binding of EC by NKcells may trigger a specific, HLA-
directed cellular immune response, resulting in rejection. NK
cells and EC have both been shown to produce IL-1 (39-43).
Thus, adhesion could promote a mutual activation of both EC
and NK cells, with production of IL-1 as well as IFN-'y (44).
Once IFN-y is produced in sufficient quantities and DRantigen
is induced on the EC surface, a secondary wave of a classic HLA
reactive cellular events could follow, further triggered by the
previously documented enhanced binding of T cells to IFN-y
exposed EC (1 1, 25). In this regard, recent studies of a rat renal
allograft model reveal an early peak of LGL infiltrating grafts
at day 4. By day 6, negligible numbers of LGL are in the graft,
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and by day 7, T cells accumulate in association with extensive
tissue destruction. On the other hand, the possibility remains
that EC restricted determinants may be target molecules in acute
rejection of vascularized allografts. Further studies will be nec-
essary to define these antigens and their role.
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