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High endothelial venules (HEVs) are specialized post-
capillary venules, found in lymphoid organs and
chronically inflamed tissues, that support high levels
of lymphocyte extravasation from the blood. Mol-
ecular characterization of HEV endothelial cells
(HEVECs) has been hampered by difficulties in their
purification and in vitro maintenance. To overcome
these limitations, we developed a strategy combining
the use of freshly purified HEVECs (~98% positive for
the HEV-specific marker MECA-79) and the recently
described polymerase chain reaction (PCR)-based
cDNA subtraction cloning procedure called suppres-
sion subtractive hybridization (SSH). Subtracted
probes prepared by SSH from small amounts of total
RNA were used to screen a HEVEC cDNA library. This
resulted in cloning of 22 cDNAs preferentially ex-
pressed in HEVECs, which encode the promiscuous
chemokine receptor DARC, mitochondrial compo-
nents, and matricellular proteins. The latter included
hevin, thrombospondin-1, and mac25/IGFBP-rP1,
which is a secreted growth factor-binding protein
previously found to accumulate specifically in tumor
blood vessels. Biochemical and histochemical analy-
sis confirmed the identification of mac25 and DARC
as novel markers of the HEVECs. Ultrastructural im-
munolocalization revealed a noticeable association of
mac25 and MECA-79 antigens with microvillous pro-
cesses near the endothelial cell junctions, suggesting
a role for mac25 in the control of lymphocyte emi-
gration. This study shows that PCR-based SSH is useful
for cloning of differentially expressed genes in very
small samples. (Am J Pathol 1999, 155:2043-2055)

Although all vascular endothelial cells (ECs) share certain
common functions, it has become clear that considerable
heterogeneity exists both structurally and functionally
along the length of the vascular tree and in the microvas-
cular beds of various organs.' * The structural heteroge-
neity of ECs is a perfect example of their adaptation to the
unique demands of the actual tissue. ECs can form a tight
continuous monolayer in organs such as the brain or the
lungs, where they perform important barrier functions.
Alternatively, they can form a discontinuous layer with
intercellular gaps or fenestrae in organs such as kidney,
spleen, or bone marrow, where rapid exchange of fluid,
particles, and cells takes place.? The heterogeneity of
ECs is also apparent at other levels.®>® For instance,
several monoclonal antibodies (mAbs) and phage dis-
played-peptide sequences that distinguish among differ-
ent types of ECs are available,>®" revealing antigenic
differences between continuous and sinusoidal ECs, mi-
crovascular and large-vessel ECs, as well as brain and
lung ECs.2° However, EC heterogeneity remains largely
ill-defined at the molecular level, and very few organ-
specific EC markers have been described.®* Thus, al-
though differences between arterial and venous ECs
have recently been shown to be genetically determined,
as revealed by expression of ephrin-B2 and its receptor
Eph-B4,'° the many genes likely to differ in their expres-
sion between arteries and veins have not yet been iden-
tified.

So far, the two best understood EC phenotypes are
those of blood-brain barrier capillaries and high endothe-
lial venules (HEVs).>"" In contrast to the ECs from other
vessels, the HEVECs have a plump, almost cuboidal
appearance, express specialized ligands for the lympho-
cyte homing receptor L-selectin, and are able to support
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extensive lymphocyte extravasion from blood.' =% At the
ultrastructural level, HEVECs exhibit a prominent Golgi
complex and glycocalix, abundant mitochondria closely
associated with rough endoplasmic reticulum, and many
ribosomes frequently found in polyribosome clusters, re-
vealing an intense biosynthetic activity generally not ob-
served in ECs from other vessels.'®~'® The specialized
HEVECs also contain many membrane-bound vesicular
structures, multivesicular bodies, Weibel-Palade bodies,
and a variety of dense bodies, indicating that they are
involved in secretion.’®~'® One of the major metabolic
activities of HEVECs is the sulfation of L-selectin counter-
receptors.’®~23 Sulfate residues have been shown to be
the key for the recognition of HEV sialomucins GlyCAM-1
and CD34 by L-selectin®® and MECA-79,2°2" an HEV-
specific adhesion-blocking mAb.242% Genes important
for the sulfation of L-selectin ligands in HEVs include the
genes encoding PAPS synthetase,?? a bifunctional en-
zyme that catalyzes the synthesis of PAPS (3’-phos-
phoadenosine-5’-phosphosulfate), the activated sulfate
donor used by all sulfotransferases, and N-acetylglu-
cosamine-6-O-sulfotransferase,?® which transfers sulfate
from PAPS to HEV sialomucins. In addition to sulfated cell
adhesion molecules,??2"2” HEVECs express high levels
of secreted molecules such as the chemokine SLC/
6Ckine,?® which activates lymphocyte adhesiveness, and
the SPARC-like antiadhesive matricellular protein
hevin,?® which may facilitate lymphocyte emigration by
modulating EC-to-EC and EC-to-matrix adhesion.3°
Although recent studies have revealed important fea-
tures of HEVECSs, their molecular characterization is still
hampered by purification difficulties®® and rapid loss of
specialized phenotype in vitro.®' 32 Therefore, it is neces-
sary to use freshly purified HEVECs for molecular studies;
however, the low number of cells obtained after purifica-
tion precludes the use of standard hybridization proto-
cols, which typically require several micrograms of
mRNA (mRNA). To overcome these limitations, we ap-
plied a recently developed polymerase chain reaction
(PCR)-based technique called suppression subtractive
hybridization (SSH)33 to a low number of highly purified
MECA-79-positive HEVECs. Subtracted probes, gener-
ated by SSH from 1 pg of total RNA, were then used to
screen an HEVEC cDNA library by differential hybridiza-
tion. This strategy allowed characterization of several
human cDNAs preferentially expressed in HEVECs, in-
cluding those encoding the promiscuous chemokine re-
ceptor DARC and the extracellular matrix-associated pro-
teins hevin, thrombospondin-1 (TSP-1), and mac25/
IGFBP-rP1. DARC, which we found expressed in human
tonsil HEVs in a pattern almost identical to that of the
MECA-79 antigens, may provide a chemokine scaffold
important for lymphocyte emigration through HEVs. Im-
munohistochemical staining also confirmed the abundant
and preferential expression of TSP-1 and mac25 in HEVs
in situ. mac25 is a secreted growth factor-binding protein
that has previously been found to accumulate in tumor
blood vessels but not in those in normal tissues.**3® Our
results suggest that mac?25 is also a good marker of small
blood vessels (HEVs and capillaries) in lymphoid tissue.
In addition, ultrastructural immunolocalization revealed a

noticeable association of mac25 with MECA-79-positive
microvillous structures located near the interendothelial
junctions of HEVs. Taken together, our results ident-
ify mac25/IGFBP-rP1 and DARC as novel markers of
HEVECs and suggest that these molecules may contrib-
ute to the multistep process of lymphocyte emigration
through HEVs.

Materials and Methods

Suppression Subtractive Hybridization

Total RNA was isolated from first-passage human umbil-
ical vein ECs (HUVECs) (PromoCell, Heidelberg, Ger-
many) or highly purified HEVECs, cultured for 2 days
(HEVEC-2D)*? with an RNeasy kit (Qiagen, Courtaboeuf,
France). To obtain sufficient amounts of double-stranded
cDNA for a subtraction experiment, both HEVEC and
HUVEC cDNAs were preamplified with the SMART PCR
cDNA synthesis kit (Clontech, Palo Alto, CA), an efficient
method for the generation of high-quality cDNA from
small amounts of total RNA. HEVEC cDNA, synthesized
from 1 pg of total RNA with Advantage KlenTaq polymer-
ase (20 PCR cycles; Clontech), was subtracted against
HUVEC cDNA, using the PCR-select cDNA subtraction
kit (Clontech) according to the manufacturer’s protocol.
The PCR-Select kit is based on the use of the SSH tech-
nique.®® Briefly, PCR-generated HEVEC and HUVEC
cDNAs were digested with Rsal to generate blunt-ended
small cDNA fragments (size distribution, 0.2-2 kb) that
are suitable for adaptor ligation and optimal for subtrac-
tive hybridization. For the first hybridization, the mixtures
of HEVEC and HUVEC cDNAs were incubated for 8 hours
at 68°C. For the second hybridization excess competitor
cDNA was added directly to the pooled mix of the two
previous hybridizations and allowed to incubate at 68°C
for 18 hours. Differentially expressed cDNAs were then
selectively amplified by two successive PCR (27
cycles) and nested PCR (12 cycles) reactions. The
uncloned HEVEC__,yec or HUVEC gyec subtracted
mixtures were then used as hybridization probes for differ-
ential screening of a HEVEC cDNA library. The efficiency
of subtraction was analyzed by PCR with two oligonucleo-
tide primers specific for human PAPS synthetase,®?
PAPS-7, 5'-GGTGATGGAACAAGGAGATTGGCTG-3', and
PAPS-8, 5'-GAGTGACTGGGT-TAACAGCCTAAGC-3'.

Differential Hybridization Screening with
Subtracted Probes

A X ZAPII-HEVEC cDNA library, previously generated
from freshly purified human tonsil HEV-derived endothe-
lial cells,®® was used for screening with the subtracted
probes. Primary screening of this library was performed
by differential hybridization, using as the plus probe the
mixture of subtracted HEVEC , yec cDNAs and as the
minus probe subtracted HUVEC ,,zvec CDNAs. Probes
were 3?P-labeled by random priming (Gibco-BRL, Grand
Island, NY). Duplicate filter lifts (Amersham, Les Ulis,
France) from five plates, each containing 3000 plaques,



were hybridized at 42°C overnight in 50% formamide, 5X
Denhardt, 0.5% sodium dodecyl sulfate (SDS), 5X stan-
dard saline citrate (SSC), 50 ug/ml tRNA, and 50 ug/ml
herring sperm DNA. The membranes were then washed
with 1X SSC, 0.1% SDS at room temperature (2 X 15
minutes) and 0.1X SSC, 0.1% SDS at 55°C (2 X 15
minutes). Plaques from differential hybridizing clones
were picked and the corresponding pBluescript || SK™
phagemids rescued by in vivo excision, using Exassist
helper phage (Stratagene, La Jolla, CA). For the second-
ary screening, inserts were released from the plasmid
DNA by digestion with restriction enzymes EcoRIl and
Xhol, separated on a 1% agarose gel, stained with
ethidium bromide, and transferred to nylon membranes
(Hybond-N+; Amersham). Duplicate filters were then
screened by differential hybridization with 32P-labeled
HEVEC._,vec or HUVEC e subtracted cDNA probes,
using the same hybridization conditions as for the pri-
mary screening. The differentially hybridizing cDNA
clones were further characterized by DNA sequencing,
virtual Northern blots, and immunohistochemistry.

DNA Sequencing and Sequence Analysis

The 22 cDNA clones identified with the HEVEC-HUVEC
subtracted probe were sequenced on both 5" and 3’
ends, using a Sequenase DNA sequencing kit with Se-
quenase version 2.0 T7 DNA polymerase (Amersham,
Paris, France). The program BLASTP®® was used to com-
pare sequences of the isolated clones with all sequences
present in the National Center for Biotechnology Informa-
tion (NCBI) nonredundant nucleic acid database. Protein
sequences of human mac25/IGFBP-rP1 and human,
mouse, and rat SC1/hevin were aligned using the pro-
gram CLUSTAL W.37

Virtual Northern Blot Analysis

The SMART PCR cDNA synthesis kit (Clontech) was used
to generate high yields of full-length cDNAs from 1 ug
total RNA of placenta, HUVECs, or cultured human tonsil
HEVECs that were 98% MECA-79-positive on day 2
(HEVEC-2D) and <1% MECA-79-positive by day 8
(HEVEC-8D).®2 For virtual Northern blots, placenta,
HUVEC, and HEVEC cDNAs (0.2 ug per lane) were elec-
trophoresed on a 1% agarose gel, transferred onto nylon
membranes (Hybond-N+; Amersham, Paris, France),
and hybridized with ®?P-labeled cDNA probes at 42°C
overnight in 50% formamide, 5X Denhardt’s solution, 5X
SSC, 0.5% SDS, 50 pg/ml tRNA, and 50 ug/ml herring
sperm DNA. The membranes were then washed with 1X
SSC, 0.1% SDS at room temperature (2 X 15 minutes)
and 65°C (2 X 15 minutes) and exposed, with two inten-
sifying screens, to Kodak XAR-5 film at —70°C for 2-72
hours, depending on the probe. Purified EcoRI-Xhol frag-
ments corresponding to the different cDNAs were 32P-
labeled by random priming (Gibco-BRL) and used as
probes in the Northern blots. The human B-actin control
probe was obtained from Clontech.
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Immunohistochemistry

Tissue specimens of fresh palatine tonsils were embed-
ded in OCT (TissueTek, Elkhart, IN) and then snap-frozen
in liquid nitrogen. Cryosections (4 wm) were air-dried
overnight and acetone fixed (10 minutes, 22°C).

The tissue sections were first incubated with a mixture
of mAb MECA-79 (rat IgM, 1/30; kindly provided by E. C.
Butcher, Stanford, CA) and mAb p10 against human
thrombospondin-1 (mouse IgG1, 1/50; Immunotech, Mar-
seille, France) or mAb Fy6 against DARC (mouse 1gG1,
1/30; kindly provided by R. Horuk, Richmond, CA) (60
minutes at 22°C), followed by a mixture of Cy3-conju-
gated goat anti-rat IgM (1/100; Jackson Immuno-
Research Laboratories, West Grove, PA) and biotinylated
goat anti-mouse 1gG1 (1/200; Southern Biotechnology,
Birmingham, AL) (60 minutes at 22°C). The final step
consisted of a streptavidin-Cy2 conjugate (1/1000; Am-
ersham, Aylesbury, UK) (30 minutes at 22°C). In another
protocol, MECA-79 was combined with rabbit polyclonal
antibodies against human mac25/IGFBP-rP1 (1/500;
kindly provided by R. G. Rosenfeld, Portland, OR) (60
minutes at 22°C), followed by a mixture of Cy3-conju-
gated goat anti-rat IgM and biotinylated goat anti-rabbit
IgG (1/80; Vector Laboratories, Burlingame, CA) (60 min-
utes at 22°C) and finally Cy2-conjugated streptavidin (30
minutes at 22°C).

Negative controls were human tonsillar tissue sections
incubated with irrelevant isotype- and concentration-
matched mAbs. Microscopy was performed with a Nikon
E-800 fluorescence microscope (Nikon Corp., Tokyo, Ja-
pan) equipped with a CCD camera (Hamamatsu Photon-
ics Norden AB, Kista, Sweden).

Electron Microscopy

Tissue specimens of fresh palatine tonsils for immuno-
electron microscopy were fixed in 1% paraformaldehyde
in 0.1 mol/L phosphate buffer (30 minutes at 22°C). Pu-
tative HEV-rich areas were cut into rectangular strips
measuring 2 X 2 X 5 mm and fixed by immersion fixation
in 1% paraformaldehyde and 0.5% glutaraldehyde (4
hours at 4°C). Samples were then dehydrated through an
ethanol series with progressive lowering of temperature
to —20°C and embedded in Unicryl (BioCell, Cardiff,
Wales). Ultrathin sections were cut at 60-80 nm and
mounted on formval-coated 300-mesh nickel grids (Agar
Scientific, Stansted, UK). Material fixed in 2% glutaralde-
hyde and 1% OsO, followed by epoxy resin embedding
was used for morphological assessment.

Sections were absorbed in blocking buffer (phos-
phate-buffered saline with 0.8% bovine serum albumin,
0.1% fish gelatin, and 5% fetal calf serum), incubated
with rabbit polyclonal antibodies against human mac25/
IGFBP-rP1 (1/100) or von Willebrand factor (1/160; Dako-
patts, Glostrup, Denmark) (overnight at 4°C), followed by
5 nm gold-conjugated goat anti-rabbit IgG (1/50; Amer-
sham) (90 minutes at 22°C). In another protocol, sections
were incubated with MECA-79 (1/10) (overnight at 4°C),
followed by biotinylated sheep anti-rat Ig (1/80; Amer-
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sham) (90 minutes at 22°C), and finally 5 nm gold-con-
jugated streptavidin (1/80; Amersham) (60 minutes at
22°C). Sections were silver-enhanced (6 minutes) and
contrasted with uranylacetate and Pb-citrate. Specimens
were examined with a JEM-1200EX electron microscope
(JEOL, Tokyo, Japan). Control sections were incubated
with irrelevant isotype- and concentration-matched pri-
mary antibodies.

Western Blotting

Conditioned supernatants (50 ul) from primary cultures of
HUVECs or HEVECs, grown for 5 days (the MECA-79+
period), were fractionated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) (10%)
under nonreducing conditions. Detection was performed
with rabbit polyclonal antibodies against human mac25/
IGFBP-rP1 (1/1500) (incubated overnight at 4°C), followed
by an enhanced chemiluminescence kit (Amersham).

Results

Suppression Subtractive Hybridization Cloning
of Human HEV Genes

A major advantage of SSH over standard differential or
subtractive hybridization methods is that it is fully com-
patible with a PCR-based preamplification method allow-
ing synthesis of high-quality double-stranded cDNA from
small amounts of total RNA. Starting with a limited amount
of total RNA (1 wng) from highly purified HEVECs (98%
positive for the HEV-specific marker MECA-79), we thus
generated high-yields of double-stranded HEVEC cDNAs
suitable for subtracted probe generation (Figure 1A). The
quality of these HEVEC cDNAs was checked by hybrid-
ization with 3?P-labeled cDNA probes corresponding to
human PAPS synthetase or E-selectin genes. As expect-
ed,?? a major band at 2.5 kb was detected with the PAPS
synthetase probe in addition to a less intense signal at
2.3 kb (Figure 1A, lane 1). With the E-selectin probe, two
major signals at 2.8 kb and 3.8 kb were found (Figure 1A,
lane 2), corresponding to two of the known E-selectin
mRNAs.*® These results indicated that full-length cDNAs,
for mRNAs of up to 4 kb, were well represented in the
HEVEC cDNA population.

To carry out SSH, the HEVEC cDNAs (Figure 1A, lane
3) were first digested with Rsal, a four-base cutting re-
striction enzyme that generates blunt-ended cDNA frag-
ments suitable for hybridization (Figure 1A, lane 4). The
HEVEC cDNA fragments were then divided into two sam-
ples, ligated to different adapters, and hybridized with
competitor HUVEC cDNA. HUVECs were used as a
source of cDNA fragments for the subtraction because
they have been extensively studied and represent the
best characterized human primary “flat” ECs.* After 8
hours, the two samples were mixed, additional competi-
tor HUVEC cDNA was added, and a second hybridization
was performed for 18 hours. Unhybridized differentially
expressed HEVEC cDNAs were then selectively ampli-
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Figure 1. Suppression subtractive hybridization screening. A: PCR-based
¢DNA synthesis from 1 ug HEVEC total RNA. Lanes 1 and 2: Hybridization
analysis of HEVEC cDNA integrity with human PAPS synthetase (lane 1) or
E-selectin (lane 2) probes. Lanes 3 and 4: Ethidium bromide staining of
HEVEC ¢DNAs before (lane 3) and after (lane 4) Rsa-1 digestion. B: PCR
analysis of the efficiency of PAPS synthetase ¢cDNA subtraction. The abun-
dance of PAPS synthetase ¢cDNA fragments in the unsubtracted HEVEC and
the subtracted HEVEC ;v ¢DNA populations was compared by perform-
ing PCR amplification for the indicated number of cycles. C: Southern blot
analysis of the isolated ¢cDNAs with HEVEC j;yc and HUVEC jpygc sub-
tracted probes. The isolated ¢cDNAs were released from plasmid DNA
by digestion with EcoRI and Xhol, separated on a 1% agarose gel, and
transferred onto nylon filters. Duplicate filters were then hybridized with
HEVEC juvee and HUVEC jypype subtracted probes. Lanes 1, 3, and 4:
Differentially expressed ¢cDNAs encoding thrombospondin-1, hevin, and
mac25/IGFBP-1P1, respectively. Lane 2: cDNA not detected by the sub-
tracted probes in the secondary screen. Lane 5: cDNA similarly detected with
the two probes.

fied by PCR to generate a population of HEVEC , yec
subtracted cDNAs. To estimate the efficiency of subtrac-
tion, the abundance of a known cDNA was compared
before and after subtraction. The mixtures of unsub-
tracted and subtracted HEVEC cDNAs were analyzed by
PCR with primers specific for PAPS synthetase,?* which
is similarly expressed in HEVECs and HUVECs (J.-P.
Girard, unpublished observations). As shown in Figure



Table 1. Summary of Isolated HEV ¢cDNAs

Genes Characteristics
(no. of clones isolated) and functions

Matricellular proteins
mac25/IGFBP-rP1 Secreted growth factor

and heparin binding

protein
(@) Modulates endothelial
cell adhesion to type
IV collagen
Hevin SPARC-like protein
(3) Modulates endothelial cell
adhesion
Thrombospondin-1 Angiogenesis inhibitor
(2) Modulates endothelial cell
adhesion
Chemokine receptor
DARC Promiscuous receptor for
both CC and CXC
chemokines
(1) Receptor for the malaria
parasite Plasmodium
vivax

Mitochondrial proteins
Cytochrome ¢ oxidase 1 Energy-transducing
membrane protein
(13) Involved in ATP synthesis

Cytochrome b Subunit of complex Il of

the respiratory chain

(2) Involved in ATP synthesis

1B, SSH strongly reduced the abundance of PAPS syn-
thetase cDNA fragments, indicating an efficient subtrac-
tion in the HEVEC ,,yec POpulation of sequences also
found in the pool of HUVEC cDNAs. A similar strategy
was used to generate a population of subtracted
HUVEC_ ,evec cDNAs (data not shown). The pools of
subtracted HEVEC , yec or HUVEC ,cyec cDNAs were
then labeled with [®°P]dCTP by random priming and
used as probes for differential screening of a previously
generated HEVEC cDNA library.?® Duplicate filter lifts
from the HEVEC cDNA phage library (15,000 plaques
plated at low density) were screened with the HEVEC.
Huvec or HUVEC  gyec probes. Differentially hybridizing
clones from the primary screening (37 clones) were iso-
lated, purified, and used in Southern blot analysis to
confirm preferential expression in HEVECs (Figure 1C).
Most clones analyzed (22/37) showed a strong positive
signal with the HEVEC_,,yec probe and failed to hybrid-
ize (lanes 3 and 4) or gave a very low signal (lane 1) with
the HUVEC_ _zvec probe. A few clones (5/37) corre-
sponded to false positives, being similarly detected with
the HEVEC_ ., yvec or HUVEC  gyec probes (lane 5). Fi-
nally, the remaining clones picked (10/37) failed to hy-
bridize in the secondary screening with HEVEC ., ,vec OF
HUVEC_,gvec probes (lane 2). These clones could rep-
resent extremely rare transcripts below the sensitivity limit
of our Southern blots. All of the positive clones identi-
fied (22 clones) belonged to three different transcript
classes (Table 1), which will be discussed in the fol-
lowing sections.
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HEVECs Express High Levels of Transcripts
Encoding Mitochondrial Proteins

Sequence analysis of the positive clones isolated by
differential hybridization with the HEVEC_,vec and
HUVEC_ gvec subtracted probes revealed that a large
number of clones corresponded to mitochondrially en-
coded genes for cytochrome b (two clones) and subunit
| of cytochrome ¢ oxidase (13 clones). To confirm pref-
erential expression of these genes in HEVECs, we used
the isolated cDNAs as probes in Northern blot experi-
ments. Because of the limited amount of starting material
available (less than 1 uwg HEVEC total RNA), we per-
formed virtual instead of standard Northern blots.?? For
this purpose, equal amounts (0.2 ug per lane) of PCR-
generated unsubtracted full-length cDNAs, prepared
from placenta, HUVEC, or HEVEC (cultured for 2 or 8
days; HEVEC-2D or -8D) total RNA, were electropho-
resed on an agarose gel, transferred to nylon filters, and
hybridized with cDNA probes corresponding to mito-
chondrial proteins cytochrome ¢ oxidase subunit | (Figure
2A) and cytochrome b (Figure 2B) or control probes
encoding ribosomal protein L3 (Figure 2C) and B-actin
(Figure 2D). A major 1.6-kb band was detected with the
cytochrome ¢ oxidase subunit | probe in 2-day and 8-day
samples of HEVECs. The same band was found at sig-
nificantly lower levels in placenta and was almost unde-
tectable in the HUVEC cDNA population (Figure 2A). This
1.6-kb band corresponds to the size of the full-length
cytochrome ¢ oxidase subunit | transcript, which is en-
coded by the region extending from nucleotides 5327 to
6867 of the consensus human mitochondrial genome.>°
In addition to the 1.6-kb band, another signal at 2.1 kb
was detected, which might correspond to a precursor
species of the 1.6-kb cytochrome ¢ oxidase subunit |
transcript. With the cytochrome b probe, a single band of
1.2 kb was detected at high levels in the HEVEC cDNA
population (Figure 2B). This 1.2-kb signal, which corre-
sponds to the size of the cytochrome b mRNA encoded
by region 14170-15310 of the mitochondrial genome,
was detected at lower levels in placenta and HUVEC
samples, indicating preferential expression of mitochon-
drial protein cytochrome b in HEVEC.

To demonstrate that the preferential expression of mi-
tochondrial proteins in HEVECs does not result from a
general up-regulation of housekeeping genes but rather
reflects a specific property of these specialized ECs,
which are known to have an intense metabolic activity, we
used as a control probe a cDNA corresponding to a
housekeeping gene, encoding ribosomal protein L3 (Fig-
ure 2C). This probe detected a single band of 1.4 kb in
proliferating HUVECs that had been cultured for 2 weeks.
A lower but significant signal was detected in the HEVEC
8-day sample (HEVEC 8-D), prepared from HEVECs that
had been cultured for 8 days and had started to prolifer-
ate, but not in the 2-day sample (HEVEC 2-D), corre-
sponding to resting HEVECs that had been cultured for
less than 48 hours. In addition, a very low signal was also
found with this ribosomal protein L3 cDNA probe in the
placenta tissue sample. These results suggested that
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Figure 2. Virtual Northern blot analysis of mitochondrial components, cyto-
chrome ¢ oxidase 1 and cytochrome b, ribosomal protein L3, and B-actin.
PCR-generated full-length ¢DNAs from human placenta, HUVEC and
HEVECs cultured in vitro for 2 days (HEVEC-2D; 98% MECA-79-positive
cells) or 8 days (HEVEC-8D; <1% MECA-79-positive cells) were electropho-
resed on a 1% agarose gel, transferred to nylon filters, and hybridized under
high-stringency conditions with 3?P-labeled cytochrome ¢ oxidase 1 (A),
cytochrome b (B), ribosomal protein L3 (C), and B-actin (D) cDNA probes.

expression of this housekeeping ribosomal protein L3
gene correlated with the proliferative state of the different
cell types analyzed. In contrast, expression of the mito-
chondrial proteins cytochrome ¢ oxidase subunit | and
cytochrome b did not correlate with the proliferative state
but rather appeared to be influenced by the differentia-
tion state of the EC types analyzed. Thus expression of
these two mitochondrial proteins was significantly higher
in the specialized HEVECs than in the less differentiated
HUVECs.

Preferential Expression of Secreted Matricellular
Proteins in HEVECs

The second group of clones isolated in this work corre-
sponded to genes encoding secreted matricellular pro-
teins. Such proteins are regulatory macromolecules that
modulate cell-matrix interactions by binding to matrix
proteins, cytokines, and proteases as well as to cell sur-
face receptors, but do not contribute significantly to the
structural integrity of the extracellular matrix (ECM).4%:4"
cDNA clones corresponding to three different members
of this family of matricellular proteins were isolated in our
screen (Table 1): thrombospondin-1 (TSP-1; 2 clones),*©
the anti-adhesive SPARC-like protein hevin (three
clones),?®3° and mac25/IGFBP-rP1 (one clone), which is
a secreted growth factor-binding protein®® modulating
endothelial cell adhesion to type IV collagen.®* Differen-
tial screening with the HEVEC_ . yvec or HUVEC,  evec
subtracted probes revealed that both hevin and
mac25/IGFBP-rP1 cDNAs were only detected with the
HEVEC ., vec subtracted probe (Figure 1C, lanes 3 and
4), whereas the TSP-1 cDNA was also detected, albeit at
very low levels, with the HUVEC ,zyec Subtracted probe
(Figure 1C, lane 1). These data were consistent with
higher expression levels of all three matricellular proteins
in the specialized HEVECs than in HUVECs.

These results confirmed our previous studies describ-
ing the cloning of hevin as a gene preferentially ex-
pressed in HEVECs versus HUVECs?® that encodes a
secreted protein that accumulates on the basolateral and
apical surfaces of HEVECs in vivo.2° To confirm preferen-
tial expression of TSP-1 in HEVECs in situ, we performed
immunostaining of human tonsillar cryosections with mAb
to TSP-1. TSP-1 was found to be abundant in the inter-
follicular areas but scarce in the follicles (Figure 3A). In
the interfollicular areas, the staining was restricted to
blood vessels and the reticular meshwork surrounding
the follicles. Double labeling with the HEV-specific rat
mAb MECA-79, which recognizes sulfated sialomucins
mediating L-selectin binding,?' revealed that the interfol-
licular vessels stained for TSP-1 were MECA-79-positive
HEVs (Figure 3B). Whereas MECA-79 produced strong
staining of both HEVECs and basement membrane,
TSP-1 staining was fainter in the vessel wall and was
mainly restricted to the basement membrane zone (Fig-
ure 3C). This staining pattern of MECA-79-positive HEVs
observed with TSP-1 mAb was similar to that observed
with mADbs to fibronectin, which also label the basement
membrane, but was different from that obtained with
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Figure 3. Immunofluorescence staining of MECA-79-positive HEVs with antibodies to thrombospondin-1, mac25/IGFBP-rP1, and DARC. A—C: Antibody to
thrombospondin-1 stains the HEV basal lamina. Cryosections of human tonsils (4 um, fixed with acetone) were double-stained with mouse MAb P10 against
human thrombospondin-1 (A) and HEV-specific rat MAb MECA-79 (B). White arrows indicate HEVs coexpressing MECA-79 antigens and thrombospondin-1.
Two-color staining (C) with monoclonal antibodies P10 (green) and MECA-79 (red) reveals that thrombospondin-1 accumulates in the basal lamina of
MECA-79-positive HEVs (arrowheads). D-F: Association of the secreted matricellular protein mac25/IGFBP-rP1 with the surface of MECA-79-positive HEVECs
in situ. Cryosections of human tonsils were double-stained with rabbit antibodies against human mac25/IGFBP-rP1 (D) and MAb MECA-79 (E). White arrows
indicate HEVs coexpressing MECA-79 antigens and mac25. Two-color staining (F) with anti-mac25/IGFBP-rP1 (green) and MECA-79 (red) antibodies reveals that
mac25/IGFBP-rP1 is associated with the lumenal and basolateral surfaces of MECA-79-positive HEVECs (arrowheads). G-I: HEV-specific expression of the
promiscuous chemokine receptor DARC in human tonsils. Cryosections of human tonsils were double-stained with mouse MAb Fy6 to human DARC (G) and rat
MAb MECA-79 (H). Two-color staining (I) with Fy6 (green) and MECA-79 (red) antibodies reveals that DARC is associated with the surface of MECA-79-positive

HEVECs. Original magnifications: A, B, D, E, G, H, X100; C, F, I, X1000.

antibodies to hevin, which stain basolateral and apical
surfaces of HEVECs but not the underlying basement
membrane.®°

The Secreted Matricellular Protein mac25/
IGFBP-rP1 Is Associated with Luminal
Microvillous Processes Found in the Junction
Area of HEVECs in Situ

To confirm differential expression of mac25/IGFBP-rP1
between HEVECs and HUVECs, we performed virtual
Northern blot and Western blot analyses (Figure 4). Vir-
tual Northern blot analysis of PCR-generated placenta,
HUVEC, HEVEC-2D, and HEVEC-8D cDNAs revealed
that mac25/IGFBP-rP1 was expressed at higher levels in
HEVECs that had been cultured for less than 48 hours
(HEVEC-2D) than in HEVECs that had been cultured for 8

days and had started to dedifferentiate (HEVEC-8D) (Fig-
ure 4A). This analysis also showed that expression of
mac25/IGFBP-rP1 was almost undetectable in the
HUVEC or placenta cDNA population (Figure 4A), further
emphasizing the preferential expression of mac25/
IGFBP-rP1 in HEVECs. Western blot analysis of superna-
tants from cultured HEVECs and HUVECs gave similar
results; HEVECs were found to secrete high levels of
mac25/IGFBP-rP1 (Figure 4B). In contrast, the protein was
undetectable in the supernatants of cultured HUVECs.

We concluded from these virtual Northern and Western
blot analyses that mac25/IGFBP-rP1 is specifically ex-
pressed in specialized HEVECs. To determine whether
mac25/IGFBP-rP1 is expressed in vivo in the basement
membrane, similarly to TSP-1, or associated with the cell
surface of HEVECs, similarly to hevin, we stained human
tonsil sections with affinity-purified polyclonal antibodies
directed against recombinant mac25/IGFBP-rP1. As
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shown in Figure 3D, this reagent specifically stained nu-
merous small blood vessels found in lymphoid areas of
tonsils (follicles and T-cell zones). In contrast, vessels in
the nonlymphoid areas of tonsils, salivary gland tissues,
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and normal mucosal tissues from mouth and nose were
negative (data not shown). The smaller vessels stained
with mac25 antibodies corresponded to intrafollicular
and interfollicular capillaries, and the larger vessels were
identified as postcapillary HEVs by double labeling with
MADb MECA-79 (Figure 3E). A high-power view revealed a
striking association of mac25/IGFBP-rP1 with the EC sur-
face (Figure 3F). The mac25/IGFBP-rP1 staining was par-
ticularly prominent at the luminal and basolateral sur-
faces in close association with MECA-79 antigens
(arrowheads in Figure 3F) but was generally not ob-
served at the underlying basement membrane.

To assess the ultrastructural localization of mac25/
IGFBP-rP1 in HEVs in situ, we performed immunoelectron
microscopy on human tonsillar sections. In particular, we
focused on the extended luminal microvillous processes
near the HEV junctions (Figure 5A), an important site for
lymphocyte adhesion and transendothelial traffic. Mac25/
IGFBP-rP1 molecules identified by immunogold particles
were markedly enriched on these structures (Figure
5B-C, arrows) compared with luminal or basal mem-
branes (arrowheads). In contrast, application of control
polyclonal antibodies directed against human von Wille-
brand factor (vWf) showed a quite different staining pat-
tern, with predominant labeling of Weibel-Palade bodies
(Figure 5D). Sections incubated with isotype- and con-
centration-matched primary antibodies were negative
(data not shown). Interestingly, the microvillous pro-
cesses decorated with mac25 antibodies were also
stained with mAb MECA-79, which recognizes sulfated
sialomucin counterreceptors for lymphocyte L-selectin
(Figure 5, E, F). Therefore, despite the fact that its ex-
pression was not strictly HEV-specific, but rather specific
for small blood vessels from lymphoid tissues, mac25/
IGFBP-rP1 nevertheless appeared to be a good marker
of HEV endothelium, accumulating preferentially on lumi-
nal microvillous processes in the junction area of MECA-
79-positive HEVECs.

The Promiscuous Chemokine Receptor DARC
Is Specifically Expressed in HEVECs from
Human Tonsils

An isolated cDNA clone that did not belong to the two
other groups of clones encoded the promiscuous human
chemokine receptor DARC,*? which binds with high af-
finity to both CC and CXC chemokines.*®> DARC has
previously been shown to be expressed by erythrocytes
and postcapillary venules (but not large vessels) in
human kidney and spleen,**4° but its expression in

Figure 4. The secreted matricellular protein mac25/IGFBP-1P1 is expressed
in HEVECs but not in HUVECs. A: Virtual Northern blot analysis of placenta,
HUVEC, HEVEC-2D, and HEVEC-8D ¢DNAs with a *?P-labeled human
mac25/IGFBP-1P1 ¢cDNA probe. The blot was prepared as described in Figure
2. After hybridization with the mac25 probe, the blot was deshybridized and
reprobed with a human B-actin cDNA probe. B: Western blot analysis of
HEVEC or HUVEC conditioned media with anti-mac25/IGFBP-rP1 rabbit
polyclonal antibodies. Molecular weight markers are indicated on the right.
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Figure 5. Ultrastructural localization of mac25/IGFBP-rP1 on microvillous processes near endothelial cell junctions. A: Electron micrograph of a tonsillar HEV
containing a transmigrating lymphocyte. Inset: Higher magnification view of the lateral junctional area (dotted square) showing luminal microvilli (arrow). B and
C: Immunogold staining for mac25/IGFBP-rP1 showed a marked enrichment of gold particles on microvillous structures near the intercellular junctions (arrows)
compared with basal and luminal surfaces (B, arrowheads). Insets: Higher magnification views of mac25 localization on villi (B, arrows) and around the
adherence junction between ECs (C, open arrowheads). D: Von Willebrand factor was detected in Weibel-Palade bodies beneath the luminal membrane
(arrows) but was undetectable in microvilli. E and F: MECA-79 antigens were detected on microvilli (arrows) and in the HEV basal lamina (arrowheads). Scale
bars: A, 5 um: E, 500 nm; B, C, D, F, 200 nm.

HEV-ECs from human lymph nodes or tonsils has not yet
been reported. To confirm preferential expression of
DARC in HEVECSs, we performed virtual Northern blot and
immunohistochemistry. Virtual Northern blot revealed
abundant expression of DARC in both HEVEC-2D and
HEVEC-8D samples, intermediate levels in placenta, and
very low levels in HUVECs (Figure 6). Immunostaining of
human tonsillar cryosections with mAb to DARC showed

specific labeling of MECA-79-positive HEVs (Figure 3,
G-I). No labeling of capillaries or large vessels was de-
tected. DARC staining was clearly associated with the
basolateral and apical surfaces of HEVECs (Figure 3l).
Together, these data demonstrated that the promiscuous
chemokine receptor DARC is a good marker of human
tonsillar HEVs, exhibiting an expression pattern in situ
almost identical to that of MECA-79 antigens.
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Figure 6. Virtual Northern blot analysis of placenta, HUVEC, HEVEC-2D, and
HEVEC-8D ¢DNAs with a probe encoding promiscuous chemokine receptor
DARC. PCR-generated full-length ¢cDNAs from human placenta, HUVEC and
HEVECs cultured in vitro for 2 days (HEVEC-2D; 98% MECA-79-positive
cells) or 8 days (HEVEC-8D; <1% MECA-79-positive cells) were electropho-
resed on a 1% agarose gel, transferred to nylon filters, and hybridized under
high-stringency conditions with a *?P-labeled human DARC ¢DNA probe.
The blot was standardized for the amount of total cDNA in the indivivual
samples with a human B-actin cDNA probe.

Discussion

The HEV endothelium represents one of the most striking
examples of EC differentiation.”” However, despite inten-
sive efforts, the specialized HEVECs remain poorly char-
acterized at the molecular level, and only a few genes
preferentially expressed in these cells have been identi-
fied.2”2946 Molecular characterization of HEVECs has
been hampered by difficulties in their purification and in
vitro maintenance.?® Most of the problems were due to
the fact that HEVECSs, like other specialized ECs, are rare
and lose their specialized phenotype very rapidly when
they are grown in vitro, isolated from their natural tissue
environment.®' In this study, we solved these problems
by applying the PCR-based SSH procedure®® to highly
purified HEVECs. SSH has been used successfully in
several recent studies.*”*® The originality of the present
work is to show that SSH can also be used when limited
amounts of total RNA are available. The coupling of SSH
with an efficient PCR-based cDNA synthesis method that
works with very small amounts of total RNA (50 ng to 1
ng) allowed us to overcome a major limitation of tradi-
tional subtractive hybridization techniques that typically
require 1-5 ug of poly A* RNA. Screening of 15,000
plaques from an unsubtracted HEVEC cDNA library, with
the subtracted probes generated by SSH, resulted in the
cloning of 22 cDNA fragments preferentially expressed in
HEVECs. This illustrated the power of this method in
identifying in a small number of purified cells genes with
restricted expression. Although the technique will have to
be optimized, for instance, by using the subtracted
probes to screen a subtracted library generated by SSH,
our results suggest that this strategy could become the
method of choice for cloning of differentially expressed

genes from very small samples, such as flow-sorted cells,
biopsy specimens, or embryos. In vascular biology, it
could make possible the molecular characterization of
ECs from other specialized vascular beds, such as
blood-brain barrier capillaries, bone marrow sinusoids,
tumor blood vessels, and fenestrated endothelium from
endocrine glands or the gastrointestinal tract. For in-
stance, the application of our strategy to purified ephrin-
B2+ arterial and Eph-B4+ venous ECs' might allow
isolation of artery- or vein-specific genes and shed new
light on the functional and pathological differences be-
tween these two types of vessels.

A major finding in this study is the identification of the
promiscuous chemokine receptor DARC and the se-
creted growth factor-binding protein mac25/IGFBP-rP1
as novel markers of the HEVECs. DARC, first identified on
erythrocytes, functions not only as a promiscuous che-
mokine receptor but also as a receptor for the malaria
parasite Plasmodium vivax.*? In addition to erythrocytes,
DARC has previously been found to be expressed in
postcapillary venule ECs from most of the tissues exam-
ined.**% Our finding of HEV-specific expression of
DARC in human tonsils (Figure 3G-I) is therefore in com-
plete agreement with previous studies. We found that
DARC is abundantly expressed in HEVECs and exhibits
an expression pattern in human tonsils almost identical to
that of MECA-79 antigens, which makes it one of the best
known markers of human HEVs. Similarly to its proposed
roles in nonlymphoid tissues postcapillary venules during
inflammation,*>4° DARC may play two important roles in
HEVs during physiological lymphocyte recirculation
through lymphoid tissues. First, it could be involved in the
transcytosis of lymphoid tissue-derived chemokines
through HEVECs in the abluminal-to-luminal direc-
tion.*54® Second, it could act as a docking protein to
concentrate chemokines at the cell surface for presenta-
tion to specific chemokine receptors on lympho-
cytes.**“® Future studies, such as analysis of DARC
“knock out” mice, will be required to determine the rela-
tive contribution of DARC to chemokine transcytosis and
presentation in HEVs.

The mac25 gene was initially cloned as a gene whose
expression is decreased in meningioma cells and tumors
relative to normal leptomeningeal cells®® and subse-
quently reisolated through differential display as a se-
quence preferentially expressed in senescent human
mammary epithelial cells.®" The deduced amino acid
sequence of the human mac25 polypeptide shares a
20-25% identity with human insulin-like growth-factor-
binding proteins (IGFBPs), and recombinant mac25 was
found to function as an IGF-binding protein.®® mac25 was
therefore renamed IGFBP-7 and more recently IGFBP-
rP1.3% Two studies have suggested that mac25/IGFBP-
rP1 is a molecule that plays important roles in vascular
biology. Proteins identical to mac25, named prostacyclin-
stimulating factor (PSF) and tumor-derived adhesion fac-
tor (TAF), have been purified for their abilities, respec-
tively, to stimulate prostacyclin production in vascular
ECs®? and to contribute to the organization of new cap-
illary vessels in tumor tissues by modulating the interac-
tion of ECs with type IV collagen.®* Interestingly, TAF/



mac25 was found to accumulate specifically in small
blood vessels of tumor tissues, but not in those of normal
tissues.®* Our findings extend the previous results by
showing that mac25 is also expressed in small blood
vessels from lymphoid tissues (Figure 3, D-F). Staining
with mac25 antibodies revealed a close association of
mac25 with the luminal and basolateral surfaces of
MECA-79-positive HEVECs. This staining was reminis-
cent of that obtained with antibodies directed against
hevin, which also labeled the luminal and basolateral
surfaces of HEVECs,®® but was clearly different from
immunostaining for thrombospondin or fibronectin that
appeared at the HEV basal lamina (Figure 3, A-C). mac25
is likely to be retained on the HEVEC surface by binding
to heparan sulfate proteoglycans because TAF/mac25
has been shown, in vitro, to associate with the surface of
cultured ECs through heparin-like molecules.®* At the
ultrastructural level, a noteworthy feature was the asso-
ciation of mac25 molecules with microvillous processes
near EC junctions (Figure 5). These microvillous struc-
tures constitute the initial points of contact between the
endothelium and the adherent lymphocytes and have
been shown to harbor chemokines*® and adhesion mol-
ecules, such as the L-selectin countereceptor CD34°3
and L-selectin ligands defined by L-selectin/lgG chime-
ra®* or HEV-specific mAb MECA-79 (this study). Prefer-
ential association of the secreted growth factor binding
protein mac25 protein with these microvillous processes
on the EC surface makes it a good candidate for a
molecule involved in the presentation of adhesion-trig-
gering cytokines to the lymphocytes rolling on, or migrat-
ing across, HEV. mac25 contains an amino-terminal do-
main with homology to IGFBPs that is responsible for
low-affinity binding to IGFs. This sequence is followed by
a follistatin-like module that has a low but significant
homology with the cysteine-rich follistatin-like module of
hevin/SC1, which is known to mediate cytokine binding in
other proteins (Figure 7). These two modules in Mac25/
IGFBP-rP1 are likely to be involved in growth factor bind-
ing and may facilitate the retention of growth factors or
chemokines, such as SLC/6Ckine,?® on the surface of
HEVECs. Finally, the association of mac25 with the ba-
solateral surfaces of HEVECs supports the possibility that
mac25 may also play a role in the modulation of HEVEC
adhesion to type IV collagen and other ECM proteins of
the basal lamina and may influence, either directly or
indirectly, the passage of lymphocytes through HEV junc-
tions and the basement membrane. Therefore, mac?25 is
a secreted growth factor-binding molecule, produced
at high levels by the specialized HEV endothelium, that
is likely to play very important roles in the biology of
HEVECs.

Except for DARC, all of the identified genes preferen-
tially expressed in HEVs encode mitochondrial and ma-
tricellular proteins. Preferential expression of these pro-
teins in the HEV endothelium likely reflects two important
characteristics of HEVECs: their metabolic specialization
and their intense secretory activity. Biosynthetic and se-
cretory activities of HEVs associated with lymphocyte
recruitment probably require high levels of ATP synthe-
sis. For instance, a major metabolic activity of the HEV
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Figure 7. Comparison of human mac25/IGFBP-rP1 amino acid sequence
with human, rat, and mouse hevin/SC1 sequences. A: Schematic represen-
tation of mac25/IGFBP-rP1 and hevin/SC1 proteins. The number of amino
acids of each protein is indicated. Horizontal hatched lines, signal peptide;
diagonal hatched lines, cysteine-rich domain including a follistatin-like
module; black box, EF hand calcium-binding domain. B: Amino acid se-
quence alignment of the cysteine-rich domains of human mac25/IGFBP-rP1
and human, mouse, and rat hevin/SC1. Residues identical between the four
sequences are colored in black, those conserved in gray. Dashed lines
represent gaps introduced to align sequences.
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endothelium that is related to lymphocyte traffic is the
selective incorporation of sulfate’®23 into sialomucin-like
ligands for lymphocyte L-selectin.?®2" This step requires
prior sulfate activation by PAPS synthetase, a bifunctional
enzyme, which utilizes two molecules of ATP for the syn-
thesis of each molecule of PAPS, the high-energy donor
of sulfate.?? Therefore, preferential expression in HEVECs
of mitochondrial proteins, cytochrome ¢ oxidase subunit
1 and cytochrome b (two key components of the ATP-
synthesis machinery), might serve to prevent limitation of
sulfation (or other biosynthetic activities) by the ATP sup-
ply to PAPS synthetase (or other enzymes). Up-regulation
of mitochondrial proteins in HEVECs, compared to
HUVECs, could also be related to the observation that
HEVECs, in situ, contain numerous mitochondria closely
associated with the rough endoplasmic reticulum and
Golgi complex, a feature generally not seen in ECs from
other vessels.'®

The intense metabolic activity of HEVECs is likely to be
linked to the recruitment of a large number of lympho-
cytes circulating in the blood."" HEVECs are known to
secrete high levels of molecules important for lymphocyte
migration. These molecules include the sulfated, fucosy-
lated, and sialylated mucin-like ligand for L-selectin, Gly-
CAM-1,2” the chemokine SLC/6Ckine, which mediates
rapid activation of lymphocyte adhesiveness,?® and the
antiadhesive matricellular protein hevin, which may facil-
itate lymphocyte emigration by weakening EC-to-EC and
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EC-to-matrix adhesion.?®3° Our present results suggest
that matricellular proteins are major secretory products of
HEVECs. In addition to hevin, two other proteins of this
family, mac25/IGFB-rP1 and TSP-1, have been identified
as preferentially expressed in HEVECs. Similarly to hevin,
TSP-1 has been shown to modulate the adhesion of ECs
to the ECM and substratum by inhibiting cell spreading
and formation of stable cell-substrate adhesion plaques
or focal adhesions.*'*® ECs attach to TSP-1 substrates
but do not spread, suggesting that TSP-1 can provide an
ECM that does not anchor ECs too tightly. Elevated ex-
pression in HEVECs of TSP-1 and hevin, two matricellular
proteins with adhesion-modulating properties, may con-
stitute one of the properties of the HEV endothelium that
allows lymphocyte emigration in HEVs to be so efficient.
Hevin, which accumulates on the basolateral and luminal
sides of HEVEC membranes, may facilitate lymphocyte
migration through endothelial cell junctions, whereas
TSP-1, which is associated with the basement mem-
branes (Figure 3), may play an important role in lympho-
cyte crossing of the HEV basal lamina by weakening EC
attachment to adhesive ECM proteins, such as fibronec-
tin, laminin, and collagen IV. In addition, high levels of
hevin and TSP-1 may also contribute to the differentiated
phenotype of the HEVECs. It is well known that differen-
tiation of ECs, in vitro, can be influenced by the compo-
sition of the ECM on which the cells are grown and that
ECM-induced cell differentiation can result in profound
changes in cell shape.”"*" Hevin and TSP-1, which have
been shown to modulate EC shape by promoting a
rounded morphology in ECs cultured in vitro,%%*° may
play a role, either directly or indirectly, in the induction of
the plump morphology in HEVECs. In addition to its pu-
tative role in the induction of this phenotype, TSP-1 may
also play a role in the maintenance of the quiescent
differentiated state of the HEV endothelium, because
TSP-1 has been found to be a potent inhibitor of angio-
genesis,®® which helps to maintain the differentiated phe-
notype of endothelial cells in the face of angiogenic stim-
uli.®” A major objective of our future studies will be to
confirm these proposed roles of TSP-1, hevin, DARC, and
mac25/IGFBP-rP1 in the control of lymphocyte migration
through HEVs.
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