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Human Endothelial Cell-Lymphocyte Interaction

ENDOTHELIALCELLS FUNCTIONAS ACCESSORYCELLS NECESSARY

FORMITOGEN-INDUCEDHUMANT LYMPHOCYTEACTIVATION IN VITRO

ELLYN R. ASHIDA, ALICE R. JOHNSON,and PETERE. LIPSKY, Liver and Rheumatic
Diseases Units of the Department of Internal Medicine and the Department of Pharmacology,
University of Texas Health Science Center at Dallas, Texas 75235

A B S T RA C T Mitogen-stimulated human T cell acti-
vation is absolutely dependent on the participation of
a nonresponding accessory cell. In populations of
human peripheral blood mononuclear cells, monocytes
function as the requisite accessory cells. The possibility
that cultured endothelial cells (EC) might also function
as accessory cells was studied by examining the poten-
tial of endothelial cells to restore mitogen responsive-
ness to monocyte-depleted human T cells. Highly puri-
fied T cells were prepared by isolating cells rosetting
with sheep erythrocytes and removing monocyte con-
tamination by glass adherence and nylon wool column
passage. When cultured at low cell density, T cells
failed to respond to stimulation with various mitogenic
lectins, whereas co-culture with monocytes restored re-
sponsiveness. Similarly, EC obtained from umbili-
cal vein, pulmonary artery, and ovarian vein restored
the capacity of T cells to respond to mitogens. Mitogen-
stimulated T cell activation required viable endothelial
cells. Moreover, effective endothelial T cell coopera-
tion appeared to involve the establishment of cell-to-
cell contact between ECand responding T cells. Acces-
sory cell function was not a nonspecific property of all
tissue culture cells as evidenced by the finding that
human foreskin fibroblasts, lung fibroblasts, and HeLa
cells were unable to restore responsiveness to mono-
cyte-depleted T cells. These observations indicate that
endothelial cells can support the induction of mitogen-
induced T cell activation and suggest that cells lining
blood vessels may play an active role in the initiation
of immune responses in vivo.

INTRODUCTION
Antigen- and mitogen-induced T lymphocyte acti-
vation is absolutely dependent on the participation of
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an accessory cell. In many responses, mononuclear
phagocytes (MO)' serve as the requisite accessory cells
(1). Only a subpopulation of MOis able to function in
this capacity. Thus, some but not all MOsynthesize and
express Ia antigens on their surface membranes.
The presence of these glycoproteins, which are en-
coded by genes of the major histocompatibility com-
plex, identifies those MOable to function as antigen
presenting cells or as accessory cells required for mito-
gen-induced T cell activation (2, 3). Recent evidence
indicates that other Ia-bearing cells such as Langerhans
cells of the skin (4) and dendritic cells of various lymph-
oid organs (5, 6) may also function as accessory cells.

A number of observations suggest the possibility that
endothelial cells (EC) may also function as accessory
cells required for T cell activation. Thus, freshly
isolated EC and endothelium in situ express Ia anti-
gens (7-9) and cultured EC appear to be capable of
stimulating mixed leukocyte reactions in vitro (10, 11).
The idea that ECcan function as accessory cells is sup-
ported by histological examinations of delayed type
hypersensitivity reactions. These frequently reveal
activated lymphocytes, some of which are in mitosis,
attached to vascular endothelium within the lumen of
the venule (12). Such observations suggest that initial
lymphocyte activation may occur intravascularly, sup-
ported by the vascular endothelium.

The following studies were undertaken to examine
the potential of ECto function as accessory cells neces-
sary for T cell activation. Mitogen-induced human T
cell DNAsynthesis was used as an in vitro model sys-
tem to determine whether ECcould provide a sufficient

IAbbreviations used in this paper: EC, endothelial cells;
ECov, ovarian vein EC; ECPA, pulmonary artery EC; ECuv,
umbilical vein EC; FBS, fetal bovine serum; HFF, human
foreskin fibroblasts; MO, mononuclear phagocytes; NG, neur-
aminidase and galactose oxidase; PBM, peripheral blood
mononuclear cells; PHA, phytohemagglutinin; PWM,poke-
weed mitogen.
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accessory cell signal to allow T cell triggering. The data
indicate that ECare able to function as accessory cells
and support the idea that cells lining blood vessels may
play an active role in the induction of immune re-
sponses in vivo.

METHODS

Culture medium
Except when noted, cell cultures were carried out in

medium RPMI 1640 (Microbiological Associates, Walkers-
ville, Md.), supplemented with 10% fetal bovine serum (FBS,
Microbiological Associates), penicillin G(200 U/ml), gentami-
cin (10,ug/ml), and L-glutamine (0.3 mg/ml).

Cell preparation
Peripheral blood mononuclear cells (PBM). PBM were

prepared from normal adult volunteers by centrifugation of
heparinized venous blood on sodium diatrizoate/Ficoll
cushions (Isolymph, Gallard-Schlesinger Chemical Mfg.
Corp., Carle Place, N. Y.) as previously described (13).

Monocytes (M*). Two techniques were used to prepare
MO-enriched populations. The first method was based on the
capacity of MOto adhere to glass surfaces. PBMwere sus-
pended in medium and 20-ml aliquots containing 2 x 108
cells/ml were incubated on glass petri dishes (100 mmDiam)
for 1 h at 37°C (13). Loosely adherent cells were removed by
washing the petri dishes with warm Hanks' balanced salt solu-
tion. The dishes were then flooded with phosphate-buffered
saline (pH 7.2) and incubated for 1 h at 40C, after which the
adherent cells were dislodged with a rubber policeman. This
adherent cell population contained >85% monocytes.

In some experiments, MOwere prepared from PBMby
centrifugation on discontinuous gradients of polyvinylpyr-
rolidone-coated colloidal silica particles (Percoll, Pharmacia
Fine Chemicals, Uppsala, Sweden) (14, 15). PBMwere ali-
quoted into 15-ml centrifuge tubes, each holding 20-30 mil-
lion cells, pelleted and overlaid with a discontinuous (100,
50, 40%) Percoll gradient, The gradients were centrifuged at
400 g for 20 min at room temperature after which the M+-
enriched population (>90% MO) was harvested from the
40-50% interface. MOprepared by either technique had simi-
lar functional activities and, therefore, data obtained using
MOobtained from both methods have been combined.

T lymphocytes. T cells were prepared from PBMas previ-
ously described (16). First, adherent cells were removed by
two sequential incubations on glass petri dishes. A T cell-en-
riched population was then prepared from the nonadherent
cells by rosetting with neuraminidase-treated sheep erythro-
cytes. Following this, the rosette-forming cells were separated
by centrifugation on diatrizoate/Ficoll cushions. The pelleted
cells were treated with NH4Cl to lyse the sheep erythrocytes
and then passed over a nylon wool column. The T cell popu-
lation eluted from the column contained <0.1% MOand no de-
tectable surface immunoglobulin positive cells.

Endothelial cells. ECwere prepared from umbilical cord
veins, pulmonary arteries and ovarian arteries, and veins as
previously described in detail (17, 18). Briefly, umbilical veins
were filled with 0.25% collagenase (Gibco Laboratories,
Grand Island Biological Co., Grand Island, N. Y.), clamped
and incubated for 15 min at 37°C. Vessels from cadaver lungs
(3-5 h postmortem) were dissected free of connective tissues
and placed on moist gauze in sterile dishes. The vessel lumen
was filled with collagenase (0.25%) and the vessel was covered
with moist gauze. The vessels from ovarian tissues were dis-

sected from the ovarian ligament and treated with collagenase
in a similar manner. After incubation for 15-30 min at 37°C,
detached cells were washed from the vessels with culture
medium containing 10% FBS.

The suspended cells were washed twice, resuspended in
fresh medium 199, supplemented with 20% FBS, 10%human
serum, and antibiotics (penicillin G, streptomycin, and fungi-
zone) and cultured in 25-cm tissue culture flasks or petri
dishes. The cultures were maintained at 37°C in a humidified
atmosphere of 5% CO2 and 95% air. A confluent monolayer
of cells was obtained within 1-2 wk. Whenconfluent, the cells
were detached using Puck's EDTA and 0.25% trypsin
(Gibco Laboratories) and then transferred to fresh culture
vessels. The cells were used for experiments after two to seven
passages in culture.

Each culture of ECused in these experiments was examined
for two endothelial markers, angiotensin I converting enzyme
and Factor VIII antigen (18). All of the cultures had angio-
tensin I converting enzyme activity as determined by the hy-
drolysis of [3H]hippuryl glycylglycine and Factor VIII anti-
gen was detected in all cells by indirect immunofluorescence.
The EC populations contained no MOas judged morphologi-
cally or by examining for Fc receptor-mediated phagocytosis
using IgG-opsonized sheep erythrocytes as test particles.

Fibroblasts. Fibroblasts from human foreskin and em-
bryonic lung were cultured in medium 199 supplemented
with 10% FBS and antibiotics. Cells from foreskin were ini-
tiated from 1-mm3 blocks of tissue. The tissue explants were
maintained undisturbed until cell outgrowth began (-21 d). At
that time, the tissue blocks were discarded and the cells were
allowed to replicate to confluency in small flasks. Lung fibro-
blasts, IMR 90, were obtained from the Institute of Medical
Research (Camden, N. J.). All fibroblast cultures were used
between the 3rd and 15th passage.

HeLa cells. HeLa cells were obtained from American Type
Culture Collection (Rockville, Md.) and cultured in Dul-
becco's medium (Gibco Laboratories), supplemented with
10% FBS.

Treatment of cells
Preparation of single cell suspensions. EC, fibroblasts,

and HeLa cells were detached from the culture vessels with
Puck's EDTAand 0.25% trypsin (Gibco Laboratories) for use
in experiments. The cells were then washed extensively
and suspended in medium RPMI 1640 supplemented with
10% FBS.

Mitomycin C treatment. Before use, all potential acces-
sory cells were treated with mitomycin C (Sigma Chemical
Co., St. Louis, Mo.) to prevent replication. The cells were in-
cubated with 40 ,g/ml mitomycin C for 30 min at 37°C, washed
extensively, and suspended in fresh medium RPMI 1640 sup-
plemented with 10% FBS for culture.

Chemical modification of cells. For the generation of cell
surface aldehydes, endothelial cells, Mo or T cells were
treated with neuraminidase and galactose oxidase (NG) as
previously described (19). Briefly, T cells or mitomycin C-
treated Moor ECwere suspended in medium and incubated
with 50 U/ml Vibrio cholera neuraminidase (Gibco Labora-
tories) and 0.5 U/ml galactose oxidase (Sigma Chemical Co.)
for 30 min at 37°C. Control cells were incubated in a similar
manner in medium alone. The cells were then washed twice
before culture.

Cultures for analysis of mitogen
responsiveness

Tritiated thymidine incorporation. T cells were cultured
alone or with mitomycin C-treated accessory cells in micro-
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titer plates with flat-bottomed wells (Microtest II 3040, Falcon
Labware Div., Becton, Dickinson & Co., Oxnard, Calif.).
Phytohemagglutinin (PHA, 0.5 ,g/ml, Wellcome Research
Laboratories, Beckenham, England), concanavalin A (Con A,
5 jg/ml, Pharmacia Fine Chemicals), pokeweed mitogen
(PWM, 10 jig/ml, Gibco Laboratories), or an equivalent vol-
ume of saline as control was added. Alternatively, control or
NG-modified MOor ECwere co-cultured with control or NG-
modified T cells. Each experimental point was carried out in
triplicate. The cultures were incubated at 370C in a humidified
atmosphere of 5%CO2 and 95% air. 1 ,tCi of tritiated thymi-
dine (6.7 Ci/mM, New England Nuclear, Boston, Mass.) was
added to each well 8 h before harvesting. After a total incuba-
tion of 96 h, the cells were harvested onto glass fiber filter
paper with a multiple sample automated harvester (Mash II,
Microbiological Associates). Tritiated thymidine incorpora-
tion was determined by liquid scintillation spectroscopy. All
data are expressed as mean total counts per minute of tripli-
cate culture wells or as the difference in counts per minute
between the means of triplicate mitogen-stimulated and
control cultures (Acpm).

Analysis of cellular DNAcontent. Cultures were set up in
17 x 100-mm polypropylene tubes with each tube contain-
ing a total of 2 ml of cell suspension. T cells (1 x 105) were
cultured alone or supplemented with 1 x 105 mitomycin C-
treated MOor other potential accessory cell population. PHA
(0.5 gg/ml) or an equal volume of saline was added to each
tube. Each experimental point was obtained from 10 repli-
cate tubes. The cultures were incubated for 48 h in a humidi-
fied atmosphere of 5%CO2and 95% air at 370C. After incuba-
tion, the cells were pooled, washed, and stained for 20 min
at 20°C in a solution containing mithramycin (Mithracin, 100
,g/ml, Dohme Division, Miles Laboratories, Inc., West
Haven, Conn.), 25%ethanol, and 15 mMMgCl2 (20). The sam-
ples were then analyzed with a fluorescence activated cell
sorter (FACS III, Becton, Dickinson & Co., Mountain View,
Calif.). In this assay, the fluorescence intensity of each cell is
directly related to the cellular DNAcontent.
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RESULTS

Accessory cell dependence of mitogen-induced T cell
activation. A number of studies have shown that mito-
gen-induced T cell activation as assayed by [3H]thymi-
dine incorporation is dependent on the active partici-
pation of nonlymphoid accessory cells. In human PBM,
MOsubserve this function (16, 21). To examine the po-
tential accessory function of other cell types, it was
necessary, therefore, to prepare a population of re-
sponding T cells that was free of MOcontamination.
The approach used involved purifying T cells by
rosetting with neuraminidase-treated sheep erythro-
cytes and depleting contaminating MOby glass ad-
herence and passage over nylon wool columns. This
method yielded a population of responding cells that
contained <0.1% Mo. Despite this minimal Mo con-
tamination, mitogen responsiveness was still observed
when this population was cultured at high cell density.
Although this was most marked for PHAstimulation, a
small response to Con A and PWMwas also usually
observed.

A modified limiting dilution technique was used to
eliminate the residual mitogen responsiveness sup-
ported by the small number of M4 in the cultures. As
can be seen in Fig. 1, mitogen-induced [3H]thymidine
incorporation was not observed in low density cultures
(<2.5 x 104 T cells/well). The reducing agent, 2-mer-
captoethanol, which can partially substitute for the ac-
cessory function of MOin some in vitro lymphocyte
responses (22) or augment the function of small num-
bers of Mo (23), did not augment mitogen responsive-

T Cells Cultured per Microwell

FIGURE 1 Accessory cell dependence of mitogen-induced human T cell activation. Varying num-
bers of T cells were cultured in the wells of flat-bottomed microtiter plates with PHA(C.5 ,ug/ml),
Con A (5 ,ug/ml), PWM(10 ,uglml), or Hanks' balanced salt solution as control. T cells were
incubated alone or supplemented with 2-mercaptoethanol (2-ME) (50 AM) or 1 x 104 mitomy-
cin C-treated MOper well. [3H]thymidine incorporation was determined after a 96-h incubation.
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ness in these low density cultures. Moreover, MO
supernates that contained interleukin I activity (24)
were also unable to restore mitogen responsiveness to
these MO-depleted T cells (data not shown). It should
be noted that MOcould not be detected in these cul-
tures by direct observation using inverted phase con-
trast microscopy either initially or after the 96-h incuba-
tion period. Supplementation of low density cultures
with MOroutinely restored mitogen responsiveness as
shown in Fig. 1. The magnitude of mitogen-induced T
cell [3Hlthymidine incorporation was directly related
to the number of supplemental MO(Fig. 2). These ex-
periments confirmed that mitogen-triggered human T
cell activation depends on the participation of ac-
cessory cells. In addition, they established conditions
for examination of the potential of various populations
to function as accessory cells in T cell cultures free of
M4 contamination. In all subsequent cultures, T cells
were therefore cultured at a density of 1 x 104 -- 2.5
x 104 per flat-bottomed microwell.

Umbilical vein endothelial cells support PHA-in-
duced T cell activation. The capacity of endothelial
cells to function as accessory cells was examined in a
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FIGURE.2 Accessory cell dependence of mitogen-stimulated
human T cell activation. T cells (1 x 104/well for PHAstimula-
tion and 2.5 x 104/well for Con A and PWMstimulation) were
cultured with varying numbers of mitomycin C-treated MO
and [3H]thymidine incorporation determined after a 96-h
incubation.

similar manner. Mitomycin C-treated umbilical vein
endothelial cells (ECu,) were compared to MOwith re-
gard to their capacity to restore mitogen responsiveness
to T cells. Whencultured alone, T cells did not respond
to PHA, Con A, or PWM,whereas co-culture with MO
restored responsiveness (Table I). Umbilical vein
endothelial cells were also able to restore mitogen re-
sponsiveness to purified T cells. These results suggest
that MOmay not be unique in their capacity to func-
tion as accessory cells but that other nonlymphoid cells,
such as endothelial cells, may be equally effective in
this regard. When T cells were supplemented with
both MO and ECuv, mitogen responsiveness was
greater than that seen when cultures were supple-
mented with either accessory cell alone, suggesting
that there may be a synergistic interaction between the
two accessory cell populations.

Accessory function of endothelial cells obtained
from adult tissues. To determine whether accessory
function was a general property of endothelial cells, EC
from pulmonary artery and ovarian vein were ex-
amined. Both EC populations restored PHA-induced
[3H]thymidine incorporation to MOb-depleted T cell
cultures as shown in Table II. These EC populations
also supported Con A and PWMresponsiveness as
shown in Table III. In additional experiments, ovarian
artery EC also supported mitogen-induced T cell re-
sponses (data not shown). These data indicate that ar-
terial and venous ECobtained from both adult and neo-
natal tissues are able to function as accessory cells for
the induction of T cell activation.

TABLE I
Accessory Cell Function of Umbilical Cord

Vein Endothelial Cells

Mitogen-induced T cell [3HJthymidine incorporation*

Accessory cell PHA(n = 9) Con A (n = 7) PWM(n = 8)

Acpm x 10-3

Nil 0.3±0.1 0.4±0.1 0.6±0.2
MO 17.2±2.8 11.4±1.7 4.3±1.0
ECuv 19.6±3.2 7.2± 1.7 6.2± 1.4
MO+ ECuv 26.4±3.7 14.5±3.5 7.6±1.8

* T cells were incubated at a density of 1 x 104 per well for
PHA stimulation and 2.5 x 104 per well for Con A or PWM
stimulation. These cultures were supplemented, where indi-
cated, with either mitomycin C-treated MOor umbilical cord
vein endothelial cells (1 x 104/well), or a mixture of MOand
ECu, (5 x 103 of each per well). Data represent the
mean±SEMof n experiments. [3H]thymidine incorporation in
cultures containing either mitomycin C-treated MO or
mitomycin C-treated ECu, alone was less than 300 cpm,
irrespective of the presence of mitogen. [3H]thymidine incor-
poration in cultures containing T cells and mitomycin C-treated
ECuv but no mitogens was 353±88 cpm (mean±SEM, n = 19).
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TABLE II
Accessory Cell Function of Endothelial Cells

PHA-induced [3H]thymidine
No. of incorporation

Accessory cell experiments (Acpm x 10-3)*

Nil 9 0.3±0.1
MO 20.6±3.2
ECPA 17.3±4.1

Nil 10 0.4±0.1
M,O 14.8±5.6
ECOV 11.1±2.9

* T cells (1 x 104/well) were cultured alone or supplemented
with mitomycin C-treated MOor EC (1 x 104/well). Data
represent the mean±SEM of the number of experiments
indicated. [3H]thymidine incorporation in cultures containing
T cells and ECPA with no mitogen was 324±105 cpm and
[3H]thymidine incorporation in those containing T cells and
ECov was 100±53 cpm. [3H]thymidine incorporation by ECPA
or ECov cultured alone was < 100 cpm, irrespective of mitogen.

Accessory function of endothelial cells in T cell acti-
vation induced by NG. Treatment of T lymphocytes
with the oxidative mitogen, NG, leads to accessory
cell-dependent T cell blastogenesis (6, 19). Moreover,
NG-treated MOare capable of triggering activation of
untreated T cells when the two populations are co-
cultured. In this system, stimulation is related to bio-
chemical alteration of cell surface glycoproteins and
does not require the continuous presence of mitogen.
It was, therefore, of interest to determine whether EC
could support responsiveness of NG-modified T cells
and whether NG-modified ECcould trigger responses
in unmodified T cell populations. As shown in Fig. 3,

TABLE III
Accessory Cell Function of Endothelial Cells

Mitogen-induced T cell
pH]thymidine incorporation*

Accessory cell Con A (n = 4) PWM(n = 3)

ACpmX 10-3

Nil 0.0+0.2 0.0+0.1
Mgb 11.3+3.0 5.3+1.6
ECPA 10.2+3.1 5.5+ 1.9

Nil 0.0±0.2 0.0±0.2
MO 11.7±2.2 4.6±1.5
ECov 13.8±4.8 2.8±0.6

* T cells (2.5 x 104/well) were cultured alone or supplemented
with mitomycin C-treated MOor EC (1 x 104/well). Data
represent the mean±SEM of the number of experiments
indicated. [3H]thymidine incorporation in cultures containing
T cells and EC but no mitogen was <300 cpm.

Respoding Acsoy
Et Ce Cell

I TColl Nil

MiNG
MC0yNGECOV
ECov-NG

2 T Cell Nil

M-NG
ECpa
ECpA- NG

2 TColl-NG Nil

M-NG
ECpA
ECpA*NG

0 5H 0 15 20 35 40

[35H]Thymidine Incorporation (cpm x 10-3)

FIGURE 3 EC support NGstimulation of T cells. Control or
NG-treated T cells were cultured with control or NG-treated
MOor EC and [3H]thymidine incorporation determined after
a 96-h incubation. Each ECpopulation had been maintained
in culture for >4 wk and transferred three to four times be-
fore use.

EC were able to accomplish both accessory cell func-
tions, although not as efficiently as Mo.

Heat-killed Moand EC do not support T cell acti-
vation. The accessory function of Morequires viable
and metabolically intact cells (21, 24). In order to de-
termine whether the accessory function of ECsimilarly
required living cells, Mo and pulmonary artery EC
were incubated at 60°C for 45 min. Staining with
fluorescein diacetate and ethidium bromide estab-
lished that these cells had been completely killed. A
typical experiment is shown in Table IV. Viable Mo

TABLE IV
Heat-killed Endothelial Cells Do Not Support

Mitogen-induced T Cell Activation

Mitogen-induced
T cell [3H]thymidine

Accessory cells incorporation*

Untreated Heat-killed PHA Con A

Acpm x 10-3

0.3 0
M4 - 27.1 14.9
ECPA - 10.1 4.5

M 3.3 2.0
ECPA 0.1 1.4

M(A ECPA 21.3 11.4
ECPA Mo 12.2 5.8
M(A Mo 10.4 8.7
ECPA ECPA 11.1 5.6

* T cells (1 x 104/well) were cultured alone or supplemented
with untreated or heat-killed M4 or ECPA (1 x 104/well) or
a mixture of Mo and EC (5 x 103 of each population per
well). Data represent the means of triplicate determinations.
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or ECwere able to support mitogen-induced T cell ac-
tivation, but heat-killed cells were unable to carry out
this accessory cell function. Viable accessory cells
added to either heat-killed MOor EC restored respon-
siveness of T cells indicating that the heat-killed cells
were not suppressive.

Lack of accessory function of other tissue culture
cells. To determine whether the enhanced mitogen
responsiveness observed in T cell cultures supported
by EC resulted from a nonspecific "feeder-layer ef-
fect," a number of other tissue culture cells were tested.
As shown in Table V, human foreskin fibroblasts (HFF)
were unable to enhance mitogen-induced T cell [3H]-
thymidine incorporation and in some experiments (ex-
periment 3, Table V) suppressed responsiveness sup-
ported by Mo. Human lung fibroblasts (IMR 90) were
also found to be ineffective accessory cells (data not
shown). HeLa cells also were unable to enhance mito-
gen responsiveness in Mo-depleted T cell cul-
tures but did not inhibit responses supported by Mo
(Table VI). These data indicate that accessory cell func-
tion is not shared by all tissue culture cells but rather
appears to be unique for endothelial cells.

TABLE V
Fibroblasts Are Ineffective at Supporting

Mitogen-induced T Cell Activation

Mitogen-induced T cell
[3H]thymidine incorporation*

Expt. Accessory cell PHA Con A PWM

A&cpm x 10-3

1 Nil 0.4 0 0.4
Mo 29.3 9.7 1.7
HFF 0.8 0.1 0
HFF + Mo 20.9 9.0 1.1

2 Nil 1.0 0.4 1.7
Mo 33.0 14.9 6.5
HFF 1.7 1.9 0.3
HFF + Mo 20.0 12.9 2.8

3 Nil 0.8 0 0.1
M4 53.8 33.2 28.7
HFF 0.3 2.3 0.7
HFF + Mo 13.2 11.6 6.7

* T cells were incubated at a density of 1 x 104 per well
for PHA stimulation and 2.5 x 104 per well for Con A or
PWMstimulation. Cultures were supplemented, where indi-
cated, with either mitomycin C-treated Mo, mitomycin
C-treated human foreskin fibroblasts (1 x 104/well), or a
mixture of Mo and HFF (5 x 103 of each per well). Data
represent the means of triplicate deterninations. [3H]thy-
midine incorporation in cultures of T cells and HFF with no
added mitogen was <400 cpm. In cultures of HFF alone,
[3H]thymidine incorporation was <40 cpm irrespective of the
presence of mitogen.

TABLE VI
HeLa Cells Are Ineffective at Supporting

Mitogen-induced T Cell Activation

Mitogen-induced T cell
[3H]thymidine incorporation*

Experiment Accessory cell PHA Con A PWM

Acpm X 10-3

1 Nil 0 0.7 0
MO 33.5 29.9 14.0
HeLa 0.5 1.0 0.2
MO+ HeLa 34.8 33.3 11.6

2 Nil 0.5 0 0
MO 14.7 8.9 3.8
HeLa 0.1 0.2 0
Mf + HeLa 12.9 12.8 3.6

* T cells were incubated at a density of 1 x 104 per well for
PHA stimulation and 2.5 x 104 per well for Con A or PWM
stimulation. Cultures were supplemented, where indicated,
with either mitomycin C-treated M+, mitomycin-C-treated
HeLa cells (1 x 104/well), or a mixture of MOand HeLa cells
(5 x 103 of each per well). Data represent the means of
triplicate determinations. [3H]thymidine incorporation in
cultures of T cells and HeLa cells with no mitogen was
<200 cpm.

Accessory function of endothelial cells: induction of
lymphocyte DNA synthesis. DNA synthesis by
lymphocytes can be detected by staining the cells with
mithramycin and analyzing the cell associated fluores-
cence by flow cytofluorometry (20). In this technique,
cell-associated fluorescence is directly related to the
DNAcontent of the cell.

The percentage of cells entering the DNAsynthetic
phase of the cell cycle in response to mitogenic stimu-
lation can be determined by calculating the number of
cells with a greater than diploid intracellular DNAcon-
tent. This allows a population to be analyzed for the
actual number of cells stimulated to replicate DNA.
In addition, it obviates the potential errors inherent in
the measurement of [3H]thymidine incorporation as
an estimate of lymphocyte DNAsynthesis (25).

The ability of MOand EC to support mitogen-in-
duced T cell activation was examined in this way. As
shown in Fig. 4, very few T cells in control or PHA-
stimulated cultures were found to be in S or G2-M in
the absence of supplemental accessory cells. Mito-
mycin C-treated MOor EC reconstituted the PHA re-
sponse of T cells as evidenced by the marked increase
in the number of cells with a greater than diploid DNA
content. Similar results were obtained in three addi-
tional experiments that tested the accessory function of
pulmonary artery and ovarian artery EC. These find-
ings support the conclusion that endothelial cells are
able to function as accessory cells necessary to trigger
mitogen-induced entry of T cells into the cell cycle.
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FIGURE 4 EC support mitogen-induced T cell DNAsynthe-
sis. T cells were cultured with or without PHAeither alone or

supplemented with MOor EC as indicated. After a 48-h
incubation, the cells were stained with mithramycin. Ten
thousand cells were analyzed for cell-associated fluorescence
and results depicted on each dot plot. Fluorescence intensity
is directly related to cellular DNAcontent. Percentage of cells
in S or G2-M: T cells alone, control = 5.0%, PHA-stimulated
= 6.9%; T cell + MO, control = 12.7%, PHA-stimulated
= 39.1%; T cells + ECPA, control = 10.6%, PHA-stimulated
= 29.8%.

Cell-to-cell contact between endothelial cells and
lymphocytes during T cell activation. Cell-to-cell
contact between MOand T cell develops during T cell
activation triggered by mitogens (26,27). Similarly, mi-
togenic stimulation results in the establishment of phys-
ical interactions between T cells and EC. T cells were

cultured with PHAand pulmonary artery endothelial
cells (ECPA) for 48 h, then the cells were fixed with
glutaraldehyde and examined by interference phase
contrast microscopy. As can be seen in Fig. 5, cluster-
ing of lymphocytes about adherent EC was observed.
While lymphocytes were bound to most of the EC,
there was considerable heterogeneity with some EC
associated with only a few lymphocytes, whereas others
were surrounded by large clusters. In control cultures
containing T cells and ECbut without PHAno cell-to-

cell contact developed and PHAdid not cause the ag-

gregation of T cells in the absence of accessory cells.

DISCUSSION

Antigen- and mitogen-induced T cell activation depend
on the function of accessory cells (1). In populations of
human PBM, monocytes subserve this accessory cell
function (13, 16, 21). In the current studies, mitogen
responsiveness of human T cells was also found to re-

quire the participation of an accessory cell. This was

documented by showing that mitogen-induced T cell
activation was abolished as a result of monocyte deple-
tion and that co-culture with an appropriate accessory

cell population restored responsiveness. Both mono-

cytes and endothelial cells but not fibroblasts or HeLa
cells functioned as effective accessory cells in this
system.

The aim of the current study was to determine
whether EC alone were sufficient to support mitogen-
induced T cell activation. Therefore, it was essential to
ensure that both the responding T cells and the EC
were free of contamination with other potential acces-

sory cells. Otherwise, the possibility that EC func-
tioned as amplifying cells, but not as completely suffi-
cient accessory cells could not be eliminated. Indeed,
an amplifying role was suggested by the finding that
T cell responses were greater in cultures supported by
both MOand ECuv than in those supported by either
MO>or ECuv alone (Table I).

It was unlikely that the endothelial cells were con-

taminated with MOor other potential accessory cells.
Although freshly isolated EC may contain small num-

bers of other cell types including MO(8), these are

lost with prolonged incubation and successive trans-
fer. All of the EC tested in the current study had been
cultured for at least 2 wk and transferred once before
use and many had been maintained for as long as 7 wk
and transferred several times. Before use or transfer,
ECwere removed from the plastic culture vessels with
trypsin. Since trypsinization does not detach MO(8),
any contaminating MOwould be left on the initial tis-
sue culture vessel. No cells with typical MOmor-

phology could be detected in the EC populations.
Moreover, no cells with Fc receptors for IgG could be
detected using IgG opsonized sheep erythrocytes as

test particles. Finally, a monoclonal anti-human MO
antibody (28) identified no cells in the EC population
upon analysis by indirect immunofluorescence using a

fluorescence activated cell sorter. Thus, the cells used
in the current study were uniform populations with the
morphologic and biochemical characteristics of EC
(17, 18), with no contaminating Mo.

The responding T lymphocytes were prepared by
isolating cells that formed rosettes with sheep erythro-
cytes and depleting Moby glass adherence and nylon
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FIGURE 5 EC-T cell interaction in mitogen-stimulated cultures. ECPAand T cells were cultured
with PHA for 48 h, fixed with glutaraldehyde and observed by interference phase contrast
microscopy. Lower power view shows clustering of T cells about ECwith few free lymphocytes,
whereas higher power view shows the intimate association of lymphocytes with EC.

wool column passage. In some experiments, MOwere
additionally removed by Percoll density gradient cen-
trifugation, although this step did not appear to enhance
the purity of the final T cell population. The T cell pop-
ulation routinely contained less than 1 MOper 103 T
cells as determined by the criteria of morphology, es-
terase activity or phagocytosis of latex particles, or IgG-
opsonized erythrocytes. This minimal degree of MO
contamination was confirmed using the monoclonal
anti-MO antibody (29). Two additional steps were used
to ensure that the small number of contaminating MO
was not contributing to the mitogen responses sup-
ported by EC. First, the T cells were cultured at very
low cell density (1 -) 2.5 x 104/well) to dilute out the
few contaminating Mo. Secondly, the functional ac-
tivity of any residual Mowas limited by culturing the
cells in microtiter plates with flat-bottomed wells. This
technique, which disperses the responding cells and
thus minimizes the opportunities for the development
of cell-to-cell contact, effectively restricts the accessory
function of small numbers of contaminating Mo
(16, 26).

The use of these techniques to deplete Mo from the
T cell population and then limit the activity of any re-
sidual Mo causes mitogen responsiveness to be de-
pendent on the accessory function of the population co-
cultured with the T cells. EC alone were sufficient
accessory cells to support mitogen-induced T cell

activation. This conclusion is supported by the photomi-
crographic observations presented in Fig. 5 showing acti-
vated T cells clustered about EC, with no MOevident.

It has generally been accepted that MOare the major
accessory cell population involved in antigen- and
mitogen-induced T cell activation (1). Indeed, only a
subpopulation of MO, those that express Ia antigens,
appears to be capable of effectively interacting with T
cells to initiate these responses (2, 3). Recently, other
Ia-antigen bearing populations such as Langerhans
cells and dendritic cells have been shown to share some
accessory functions with MO(4-6). Earlier work, how-
ever, suggested that still other cell types may have some
accessory functions. For example, fibroblasts isolated
from 14-d old mouse embryos were able to bind ade-
quate haptenated proteins to stimulate secondary anti-
hapten antibody responses in cultures of murine
spleen cells (30). Similarly, fibroblasts obtained from
15-16-d-old mouse embryos restored the primary anti-
body response induced by sheep erythrocytes in murine
spleen cell cultures, depleted of adherent cells (31).
Interpretation of these studies is complicated, how-
ever, because of the possible MOcontamination of the
responding population. "Fibroblasts" obtained from
fresh kidneys could restore mitogen responsiveness to
adherent cell-depleted guinea pig lymph node T cells
(26). Although both responding cells and "fibroblasts"
in this study appeared to be free of M+, the exact nature
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of the accessory cell population was not well described.
Finally, murine embryonic fibroblasts, but not a variety
of other mouse cell lines, restored mitogen responsive-
ness to murine lymph node cells that had been rigor-
ously depleted of MO(32). Again, the nature of the fibro-
blasts was not well defined. Despite the difficulties in-
herent in interpreting these studies, they suggest the
possibility that cells other than MOmay function as
accessory cells under certain circumstances.

A number of observations suggested the possibility
that EC may function as accessory cells involved in
lymphocyte stimulation. First, EC in situ and, freshly
isolated, express Ia antigens (7-9). Secondly, EC are
capable of stimulating a mixed leukocyte reaction (10,
11). Thirdly, human ECuv and monocytes share a sys-
tem of antigens that is distinct from HLA-A, B, C, and
DRantigens (7) suggesting that they may also share cer-
tain functional characteristics. Indeed, recent evidence
has suggested that ECuv may function as antigen pre-
senting cells (33). In view of these results, it seems
reasonable that the vascular endothelium, which
forms the interface between the blood and tissues,
could play a role in actively selecting subpopulations of
circulating lymphocytes and thus promoting their
egress into appropriate tissue sites. This possibility is
supported by the observation that porcine lymphocytes
adhere to cultured endothelial cells and, if appro-
priately sensitized, are stimulated to migrate through
EC monolayers (34, 35).

In the current studies, EC from several different ves-
sels supported mitogen-induced T cell activation.
Somewhat surprisingly, EC that had been cultured in
vitro for as long as 7 wk and transferred five times be-
fore use were also able to function as accessory cells.
This was unexpected because Hirschberg et al. (8)
could no longer detect HLA-DR antigens with a com-
plement-mediated microcytotoxicity assay on ECuv that
had been cultured in vitro for 14 or 21 d. HLA-A and
B antigens were still found on these cells. In pre-
liminary studies, carried out with G. Nunez-Ollero and
P. Stastny, we were also unable to detect Ia antigens
on ECafter prolonged in vitro incubation using a mono-
clonal anti-HLA-DR antibody (L 243, Becton, Dickin-
son & Co.) and analysis by indirect immunofluores-
cence with a fluorescence-activated cell sorter. These
results suggest that cultured ECmay express too small a
quantity of surface Ia antigens to be detected by the cur-
rent methodology. Alternatively, Ia-negative EC may
serve as accessory cells for mitogen-induced T cell acti-
vation. Further delineation of this issue should provide
additional insight into the role of Ia antigens in T cell-
accessory cell interactions.
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