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ABSTRACT Endothelial integrity regulates vascular
tone, luminal patency, and the immune reactivity to
tissue grafts. Endothelial dysfunction is the first marker
and site of disease initiation and severity. It has long
been known that endothelial biochemical function is
density dependent, and we have recently shown that
endothelial immunobiology is anchorage dependent.
Matrix-embedded endothelial cells (EC) establish a
controlled anchorage state and are not only immune
protected but also induce a system immune protective
state. We now define this aspect of vascular and im-
mune biology in detail. The in vitro immune response
of allogeneic splenocytes (proliferation, lytic activity,
and cytokine expression) on exposure to aortic EC was
significantly reduced if EC were embedded within
three-dimensional collagen matrices (3D-EC; P<0.005)
to an even greater extent than EC that had reached
confluence as monolayers on tissue culture plates
(EC-TCPS). Splenocyte reactivity was enhanced with
repeated exposure to EC-TCPS but minimally if preex-
posed to 3D-EC (P<0.002). 3D-EC induced signifi-
cantly greater differentiation of splenocytes into
CD4*CD25*Foxp3* regulatory T cells than EC-TCPS
(P<0.02). The reduced response to 3D-EC and poten-
tial protective effect to subsequent exposure were
confirmed in vivo. Repeated exposure of immune-
competent mice to injections of xenogeneic EC-TCPS
induced vigorous host immunity. In contrast, prior
implantation of 3D-EC induced hyporesponsiveness
toward subsequent injection of EC-TCPS with reduced
humoral response, decreased lytic activity, and lower
frequency of effector splenocytes (P<0.001). EC inter-
action with its matrix determines phenotype, viability,
and biosecretory potential. We now show that this
microenvironmental interaction also influences endo-
thelial-mediated activation of allo- and xenogeneic im-
mune cells. 3D matrix-embedding limits the ability of
EC to initiate adaptive immunity, and initial exposure
to 3D-EC confers hyporesponsiveness to subsequent
exposure to immunogeneic EC. These effects tran-
scended the traditional control that confluence imposes
on EC and reflects perhaps even higher order control.
Our findings might offer novel insights to endothelial-
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mediated diseases and potential cell-based therapies.—
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As THE INTACT CELL POSSESSES the full force of physi-
ological responsive regulatory mechanisms, it also bears
the potential to restore health and halt disease. Cell-
based therapies might therefore offer hope for a num-
ber of diseases, in particular those that single pharma-
cological agents cannot control. The challenges have
been in directing cells to a site of injury, in a timely
fashion, without loss of biochemical function or induc-
tion of an immune response. The technology of tissue
engineering might provide such a vehicle and allow
one to exam simultaneously the factors that drive
cell-based control of repair. Tissue engineered endo-
thelial cell constructs are fascinating in this regard.
Endothelial cell biology is density dependent (1). Con-
fluent endothelial cells impart vascular quiescence, and
subconfluent cells promote local growth. It has been
assumed that tissue engineered constructs must provide
the former and avoid the latter. Moreover, it is assumed
that in general autologous cells are optimal for cell
implantation, as it is expected that these cells will retain
the greatest biochemical functionality and engender
the least immune response on introduction into hosts.
Yet, both the assumption that confluence alone drives
efficacy and that autologous cells are optimal implants
must be reconsidered in light of studies with tissue
engineered endothelial cells.
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Three-dimensional cell culture systems offer a milieu
to study biosecretory, migratory, and proliferative func-
tionality (2-5). Embedding of endothelial cells in
three-dimensional collagen-based matrices allows these
cells to grow to confluence in a controlled environ-
ment. Such constructs allow endothelial cells to retain
endothelial quiescence, secretion of essential regula-
tory factors, and the associated potential for vasoregu-
latory control, within vehicles that can be stored, ma-
nipulated, functionally validated, and implanted at will
at sites protected from environmental forces (6-9).
However, as important as confluence may be it cannot
alone explain the profound modulatory effect matrix-
embedded endothelial cells have on vascular repair.
Matrix-embedded endothelial cells are far more potent
regulatory systems than monolayers of endothelial cells
that are absolutely confluent. In particular, matrix
embedding confers biochemical and immune regula-
tion of cell implants (10).

The importance of matrix architecture and cell sur-
face interactions for cellular immune behavior is less
well characterized, and it appears that such interactions
may force reconsideration of notions of optimal cell
sources for cell therapy. Cell implantation engenders a
host response and potentially immunizes hosts for
future cell implants, and it is accepted that autologous
cells minimize this effect. In many disease states, how-
ever, the very cell that might best be used for implan-
tation is most affected by illnesses. Autologous cells in
diseased patients are often dysfunctional and may have
already established an immune reaction against the
diseased cells/tissue (11, 12). This is especially the case
in vascular disease where endothelial cell dysfunction is
a forme fruste of disease, and circulating antiendothelial
cell antibodies can abound. As such endothelial cells
from patients with established vascular disease are
neither optimal bioreactors nor least immunogenic
and may offer only limited potential for successful
isolation and reimplantation for restoration of physio-
logical control. Allogeneic or even xenogeneic cells are
readily available for implantation, and though they are
foreign cells they offer advantages well beyond autolo-
gous cells. These foreign cells can be harvested in
advance of possible implantation, grown to desired
density and even genetically manipulated and rein-
forced, but most importantly their health and biosecre-
tory functionality can be validated before implantation.
Thus, if these cells could be implanted with minimal
immune response, the potential viability of cell-based
therapies might well be extended.

Endothelial cells embedded in a physiological three-
dimensional environment display reduced expression
of positive costimulatory and adhesion molecules in
vitro and minimal cell infiltration of allo- and xenoge-
neic implant sites in vivo (10). We therefore investi-
gated if matrix-imposed modifications on endothelial
cell immune behavior would translate into alterations
of endothelial-mediated activation of immune cells in
vitro and in vivo. As positive costimulatory signals are
pivotal for efficient T cell priming, we also explored
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secondary immune responses to nonembedded endo-
thelial cells after initial exposure to endothelial cells
embedded within a three-dimensional matrix.

MATERIALS AND METHODS
Isolation and matrix-embedding of endothelial cells

Porcine aortic endothelial (PAE) cells were isolated from
large white adult swine aortae by collagenase treatment (10)
and grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 2 mM r-glutamine, 10% FBS (HyClone,
UT, USA), 100 U/ml penicillin G, and 100 wg/ml streptomy-
cin (Life Technologies, Grand Island, NY, USA). PAE were
grown to confluence on tissue culture polystyrene plates
(TCPS) or embedded within Gelfoam blocks (Pharmacia &
Upjohn, Kalamazoo, MI, USA; refl0). Initial seeding density
and the dimensions of the Gelfoam blocks were selected to
achieve the final cell numbers needed for subsequent cocul-
ture experiments. EC surface attachment and confluence on
Gelfoam matrices were demonstrated by confocal microscopy
(data not shown). EC density on the TCPS and within the
Gelfoam was determined with a Neubauer’s counting cham-
ber. Experiments were performed on at least two Gelfoam
blocks from each fabrication run. The blocks were washed
with HBSS (Life Technologies) and digested with collagenase
(1 mg/ml, type I, Worthington Biochemical Corp., Lake-
wood, NJ, USA). Detachment of EC from TCPS was achieved
by brief trypsin treatment (0.5% trypsin in normal saline and
5.3 mM EDTA), which was interrupted with the addition of
optimized EGM. Neither trypsin nor collagenase affects en-
dothelial expression of immunoregulatory molecules (10).
Unaltered biosecretory function of surface-adherent endo-
thelial cells has previously been demonstrated (6, 10). Cell
viability was determined by trypan blue exclusion and a
LIVE/DEAD viability/ cytotoxicity kit (Molecular Probes, Eu-
gene, OR, USA).

Splenocyte isolation

Spleens of large white adult swine (allogeneic to pigs PAE
were isolated from) or B6 mice were harvested and cut in
several pieces under sterile conditions. Clumps were im-
mersed in solution and further dispersed by drawing and
expelling the suspension several times through a sterile
syringe with a 19-G needle. The suspension was filtered
through a 200 pm mesh nylon screen to remove debris.
Erythrocytes were lysed by treatment with ACK buffer (Cam-
brex, Walkersville, MD, USA) for 5 min at room temperature.
Remaining cells were washed twice with RPMI (containing 2
mM r-glutamine, 0.1 M HEPES, 200 U/ml penicillin G, 200
pg/ml streptomycin, and 5% heat-inactivated calf serum; Life
Technologies) and immediately used.

Enzyme-linked immunosorbent spot (ELISPOT) assay

Immunospot plates (Millipore, MA, USA) were coated with 5
pg/ml of anti-mouse (BD Pharmingen, San Jose, CA, USA) or
antiporcine (Biosource, Camarillo, CA, USA) IFN-y, interleu-
kin (IL)-2, IL-4, or IL-10 monoclonal antibodies in sterile PBS
overnight. The plates were then blocked for 2 h with com-
plete RPMI-medium without phenol red, containing 10%
heatinactivated calf serum; 5 X 10° endothelial cells isolated
after grown to confluence on TCPS or within matrices were
placed in immunospot wells with 5 X 10° splenocytes in a
total volume of 400 pl RPMI-medium, completely covering
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the matrices. Plates were cultured for 48 h at 37°C/5% CO,
under gentle rocking conditions (10 cycles/min). After being
washed with deionized water followed by PBS containing
0.05% Tween (PBST, Sigma, St. Louis, MO, USA), 2 wg/ml of
biotinylated anti-mouse (BD Pharmingen) or antiporcine
(Biosource) IFN-y, IL-2, IL-4, or IL-10 monoclonal antibody
(mAb) were added and incubated overnight. The plates were
then washed three times in PBST, followed by 1 h of incuba-
tion with horseradish peroxidase-conjugated streptavidin (BD
Pharmingen). After being washed four times with PBST
followed by PBS, the plates were developed using 3-amino-9-
ethyl-carbazole (BD Pharmingen). The resulting spots were
counted on a computer-assisted enzyme-linked immunospot
image analyzer (Cellular Technology, Cleveland, OH, USA).
To account for background in data analysis, the number of
spots in negative control wells (medium, splenocytes, or
endothelial cells alone) were subtracted from those in re-
sponsive wells.

IFN-y and IL4 secretion by splenocytes

PAE matrix-embedded or TCPS-cultured PAE were seeded in
96-well plates at 5 X 10° cells/well, and 5 X 10° porcine
splenocytes were seeded per well in complete RPMI-medium
without phenol red, containing 10% heat-inactivated calf
serum. Supernatants after 2 days of cocultures were separated
by centrifugation and porcine IFN-y (detection limit<<2.0
pg/ml), and IL-4 (detection limit<3.0 pg/ml) concentra-
tions were quantified by ELISA (Biosource). Supernatants
were stored at —80°C and measured at the same time by the
same ELISA to avoid variations of assay conditions.

Lymphocyte proliferation assay

PAE matrix-embedded or TCPS-cultured PAE were seeded in
96-well plates at 5 X 10* cells/well and stimulated with 40
ng/ml porcine IFN-y (R&D Systems, Minneapolis, MN, USA)
for 48 h, followed by mitomycin C treatment (50 pwg/ml for 30
min; Sigma) to prevent background proliferation. After being
washed, porcine splenocytes were added at 2 X 10° cells/well
in complete RPMI-medium without phenol red, containing
10% heat-inactivated calf serum. For proliferation assays,
*[H]thymidine incorporation was measured on day 6 by 16h
pulse (1 wCi/ml, Amersham, Piscataway, NJ, USA). Thymi-
dine uptake of mitomycin-treated endothelial cells, medium,
or splenocytes alone was used as negative controls. In some
experiments, a murine antibody directed against human
leukocyte antigen (HLA)-DP,DQ,DR was used to block acti-
vation via endothelial MHC class II molecules (10 ng/ml,
DakoCytomation, Carpentina, CA, USA).

Calcein-acetyoxymethyl release assay

Matrix-embedded or TCPS-cultured PAE (2Xx10*) were incu-
bated with 15 uM calcein-acetoxymethyl (calcein-AM, Molecular
Probes) for 40 min at 37°C with occasional agitation. After
two washes with complete medium, porcine splenocytes
were added for 3 h at 37°C/5% CO, at effector:target cell
ratios of 50:1 to 1:1. Calcein-AM release was measured
using a Fluoroskan Ascent FL dual-scanning microplate lumi-
nofluorimeter (Thermo Electron Corporation, Waltham,
MA, USA). Specific lysis was calculated according to the
formula [(test release—spontaneous release)/(maximum
release—spontaneous release)] X 100. Spontaneous release
represents calcein-AM release from target cells in medium
alone, and maximum release is the calcein-AM release from
target cells lysed in medium plus 2% Triton X-100, each
measured in at least six replicate wells. Data presented within
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this manuscript are effector:target ratios of 25:1 as calcein-AM
release reached a plateau at this ratio.

Secondary culture and rescue

For secondary cultures, 1 X 10° naive porcine splenocytes
were cocultured with 1 X 10° PAE embedded in Gelfoam or
TCPS-cultured in complete RPMI-medium without phenol
red, containing 10% heat-inactivated calf serum in vitro. On
day 7, porcine splenocytes were harvested, purified by isola-
tion on a Ficoll-Paque gradient, washed, and reconstituted in
fresh RPMI-medium. After 3 days of rest at 37°C/5% CO,,
splenocytes from the two groups were reexposed to PAE in
solution in complete RPMI-medium isolated after grown to
confluence on TCPS to assess lytic activity (5X10° splenocytes
cocultured with 2X10* PAE for another 3 h), frequency of
alloreactive splenocytes, secretion of cytokines (5X10°
splenocytes cocultured with 5X10° PAE for another 48 h),
and splenocyte proliferation (2X10° splenocytes cocultured
with 5X10* PAE for another 6 days). Recombinant porcine
1L-2 at 10 IU/ml (Biosource) was added to certain wells for
rescue experiments.

Foxp3 mRNA expression in murine
CD4"CD25" T lymphocytes

Murine CD4"-T lymphocytes were purified from isolated
splenocytes with a negative CD4 isolation kit (Miltenyi Biotec,
Auburn, CA, USA) following the manufacturer’s instructions.
5 X 10° CD4*-T lymphocytes were cultured with 1 X 10° PAE
prestimulated with 40 ng/ml porcine IFN-y for 48 h (13).
After 5 days in culture, CD4"CD25™" T cells were isolated with
a CD47CD25" regulatory T Cell Isolation Kit (Miltenyi
Biotec). The purity was consistently >95% as revealed by flow
cytometry (data not shown). Total RNA was extracted from
isolated CD4"CD25" T cells using the RNeasy Mini Kit
(Qiagen, Valencia, CA, USA) according to the manufactur-
er’s instructions. As controls, RNA was extracted from
CD4"CD25" T cells without coculture with PAE. Comple-
mentary DNA was synthesized using TagMan reverse tran-
scription reagents from Applied Biosystems (Foster City, CA,
USA). Real-time polymerase chain reaction (PCR) analysis
was performed with an Opticon Real Time PCR Machine (M]
Research, Waltham, MA, USA) with SYBR Green PCR Master
Mix (Applied Biosystems) using previously published primer
sequences (13). Data from the reaction were collected and
analyzed by the complementary Opticon computer software.
Relative quantification of gene expression was calculated with
standard curves and normalized to GAPDH and are pre-
sented as relative units (RU).

In vivo experiments

All animal procedures were reviewed and approved by the
local ethics committee on animal care and were conducted in
accordance to the principles expressed in the Helsinki Dec-
laration. Fifty-four B6-mice received 5 X 10° PAE implants in
the subcutaneously dorsal space as matrix-embedded cells or
saline-suspended cell pellets after grown to confluence on
TCPS. After dorsal incision, a small subcutaneous cavity was
created with blunt dissection and matrices carefully inserted
into this space. To evaluate the impact of matrix embedding
on formation of immunological memory, the same groups of
mice were rechallenged with injections of free PAE on day
100. Sera were collected serially from 0 to 90 days after each
implantation-procedure, aliquoted, and stored at —70°C. Six
mice of each group were sacrificed on day 28 and day 128,
respectively, for splenocyte isolation.






























