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In the course of immunohistochemical character-
ization of murine monoclonal antibodies recog-
nizing the human high molecular weight-mela-
noma associated antigen (HMW-MAA), a striking
reactivity with blood vessels in the tumor stroma
was noted. Immunocytochemical analysis by light-
and electronmicroscopy of a panel of tissues and
cell lines showed that the staining of microvessels
by anti-HMW-MAA monoclonal antibodies was re-
stricted to pericytes. Correspondingly, anti-HMW-
MAA monoclonal antibodies were found to react
with culturedpericytesfrom human brain, but not
with endothelial cells in serologic assays, and to
immunoprecipitate from biosynthetically labeled
pericytes an antigen with the characteristic struc-
turalprofile ofHMW-MAA. At the subcellular level,
the expression ofHMW-MAA in cultured pericytes
was mainly restricted to microspikes that are local-
ized in clusters on the cellular membrane. Staining
by anti-HMW-MAA monoclonal antibodies ofperi-
cytes was not onlyfound in the tumor stroma, but
also in other lesions associated with angiogenesis,
such as granulation tissue of wound healing and
synovitis. In these lesions, microvascular staining
for another marker ofpericytes, ie, alpha-smooth
muscle actin, also was observed. These results sug-
gest that, in conditions associated with vascular
proliferation, 1) pericytes acquire HMW-MAA and
2) the number ofpericytes may be increased as
compared with normal tissues. (AmJPathol 1990,
136:1393-1405)

The high molecular weight-melanoma associated antigen
(HMW-MAA), a chondroitin sulfate proteoglycan, also
designated the melanoma proteoglycan (Mel- CSPG or
MP),'-' was described previously as a marker for mela-
noma cells.45 Functional studies in cultured melanoma
cells suggested a role of HMW-MAA in cell-substratum
and cell-cell interactions3'6 associated with metastasis
and autonomous growth of neoplastic cells. In the course
of immunohistochemical analysis of tumor lesions with
anti-HMW-MAA monoclonal antibodies, we observed
staining of microvascular structures in the tumor stroma.
Therefore, in the present investigation we addressed our-
selves to the following questions:

1) What vascular cell type is stained by anti-HMW-MAA
monoclonal antibodies?

2) What is the nature of the antigen recognized?
3) Which mechanism(s) underlie(s) the higher staining of

vessels in tumor stroma than in normal tissues?

Materials and Methods

Tissue Samples

Samples from normal and pathologic human tissues (Ta-
ble 1) were obtained from fresh surgical specimens and
from patients on whom autopsies were performed within
6 hours after death. Granulation tissue was obtained from
burn wounds and decubitus lesions and inflamed synovia
from patients with chronic rheumatoid arthritis (Table 1).
Liver, spleen, skin, gut, lung, and eye from a 20-week-old
human fetus and normal adult (gut, cerebral cortex, and
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Table 1. List ofOrgans and Lesions Usedfor Immunohistochemistry

No. of No.of
Normal organs samples Benign and malignant lesions samples

Pancreas 4 Endothelial Tumors
Esophagus 1 Hemangioma 2
Jejunum 1 Pyogenic granuloma 2
Colon 4 Angiosarcoma 1
Spleen 4 Other tumors
Lymph node 4 Colon carcinoma* 8
Tonsil 2 Breast carcinoma 4
Thymus 4 Lung carcinoma 4
Kidney* 4 Sarcoma* 4
Lung 1 Melanoma 4
Liver 4 Meningioma 2
Cerebral cortex 5 Glioma 8
Cerebellum 2 Hemangiopericytoma 1
Skin 6 Rabbit VX2-carcinoma 4
Skeletal muscle 2 Feline carcinoma 2
Thyroid* 2 Wound Healing
Ovary 1 Decubitus lesion 6
Testis 1 Burn wounds 4
Placenta* 4 Synovitis 4

Lesions included in immunoelectronmicroscopic study.

tonsil) and neoplastic tissues from rat, rabbit, cat, and
cow also were included. All tissues were snap-frozen and
stored at -700C.

Cultured Cells

Microvascular endothelial cells were isolated from human
foreskin as described by Davison et al,7 and cultured in
Dulbecco's minimal essential medium supplemented with
20% normal human serum. Human umbilical vein endo-
thelium was isolated from umbilical cords and cultured as
described by van Hinsbergh et al.8 Human brain pericytes
were isolated from cerebral cortex obtained from autopsy
patients and were cultured following Vinter's method.9
Briefly, capillary fragments were isolated via adherence
to plastic surfaces, treated with collagenase (Boehringer
Mannheim, FRG) (1 mg/ml for 15 minutes at 370C), and
seeded into fibronectin-coated culture dishes. After 5 to
10 days, outgrowth of pericytes was observed, and pure
cultures of these cells were obtained by selective cloning.
Cultured human fibroblasts, U937 hemopoietic cells,
smooth muscle cells, and the melanoma cell line Ml 4
were cultured in medium RPMI 1640 supplemented with
10% fetal calf serum (FCS).

Monoclonal Antibodies and
Conventional Antisera

The monoclonal antibodies (MAb) AMF-6 (provided by Dr.
C. Figdor), 225.28S, 763.74, and TP41.2 to distinct and
spatially distant determinants of HMW-MAA, the MAb
PAL-E and EN4 (Sanbio BV, Uden, The Netherlands) to
endothelial markers, the MAb CLB-35 to von Willebrand

factor (provided by Dr. J. van Mourik), the MAb RD301 to
desmin (Organon Teknika, Boxtel, The Netherlands), the
MAb anti-alpha-sml to alpha-smooth muscle actin (Bioma-
kor, Rehovot, Israel), a marker for smooth muscle cells
and pericytes, the MAb 3G5 (provided by Dr. C. Nayak)
to a marker for pericytes in culture and the anti-colla-
gen type IV MAb 1042 (provided by Dr. F. T. Bosman)
were developed and characterized as described else-
where.'0-15 Horseradish-peroxidase (HRP) conjugated
goat anti-mouse gamma G immunoglobulin (IgG) antibod-
ies, HRP-conjugated rabbit anti-mouse IgG antibodies,
and 1 0-nm gold conjugated goat anti-mouse IgG antibod-
ies were purchased from TAGO Inc, Burlingame, CA, from
Dakopatts, Copenhagen, Denmark, and from Janssen
Pharmaceutics, Beerse, Belgium, respectively.

Immunoperoxidase Staining

Staining was performed as previously described.13 Briefly,
cultured cells at different passages were seeded on plas-
tic microscope coverslips coated with fibronectin and cul-
tured for 24 hours. Air-dried 4-,u frozen tissue sections,
culture coverslips, and cytospins of cultured cells were
fixed with acetone for 10 minutes and sequentially incu-
bated at room temperature with appropriate dilutions of
monoclonal antibodies for 120 minutes and HRP conju-
gated anti-mouse Ig xenoantibodies for 60 minutes.16'17 3-
3-di-amino-benzidine (DAB) 0.075% in TRIS-buffered sa-
line (TBS) pH 6.0 containing 0.001 mol/l (molar) imidazole
and 0.01% H202 was used as a substrate.17 Sections were
counterstained with hematoxylin. Staining was graded as
-, when no staining was detectable; ±, when the staining
intensity was weak; +, when it was moderate; and ++,
when it was marked. When indicated, staining was quanti-
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Table 2. Staining with Anti-HMW-MAA MonoclonalAntibodies * ofFrozen Sections ofLesionsAssociated
with Neovascularization

Blood vessel Endothelial tumors Other tumors Granulation tissue Rheumatoid synovitis

Arteries, arterioles
Smooth muscle cells ++ ++t ++ ++
Endothelium - - - -

Capillaries ++ ++ ++ ++

* Staining results obtained by anti-HMW-MAA MAbs 225.28S, 703.74, or TP 41.2 were similar.
t No staining; ++, marked staining.

tated by counting the percentage of stained capillary
cross-sections, using MAb PAL-E stained capillaries in
consecutive sections as a reference. Specificity of stain-
ing was monitored by incubating tissue substrates with
HRP-conjugated anti-mouse Ig xenoantibodies. In some
tumors, a double staining procedure by immunoperoxi-
dase and immunofluorescence in consecutive steps was
performed according to Lechago et al,'8 using the MAb
anti-alpha-sml and the anti-collagen type IV MAb 1042.

Indirect Immunoprecipitation and Sodium
Dodecylsulphate Polyacrilamide Gel
Electrophoresis (SDS-PAGE)
Melanoma cells and pericytes were grown to 50% con-
fluency in a 150-cm culture flask (5 X 10 cells/flask).
After a 30-minute incubation in precursor-free medium,

containing 10% dialyzed FBS, cells were labeled in 25
ml of the same medium, supplemented with 100,uCi of
14C-leucine or 1000 ACi of 35S-sulphate (Amersham
International, Amersham, UK). After a 16-hour incuba-
tion at 370C, cells were harvested by scraping, washed
three times with Hank's balanced salt solution (HBSS),
solubilized with NP40, precleared with Protein A-sepha-
rose (Pharmacia, Uppsala, Sweden) coated with rabbit
anti-mouse Ig xenoantibodies, and mixed with mono-
clonal antibodies bound to anti-mouse Ig xenoantibody-
coated Protein A-sepharose. At the end of a 2-hour in-
cubation at room temperature, immunocomplexes
were washed extensively and analyzed by SDS-PAGE
(7.5%) using the buffer system described by Laemmli.'9
Gels were fluorographed as described by Bonner and
Laskey.20

Figure 1. Immunoperoxidase staining with
anti-HMW-MAA MAb 225.28S (A), with
anti-endothelium MAb PAL-E(B), and with
MAb anti-alpha-sml (C) offrozen sections of
a surgically removedseminoma lesion. Im-
munofluorescence staining with anti-col-
lagen tjpe IV Mab 1042 of the frozen sec-
tion shown in C (D). Mab 225.28S stains
capillaries (arrouhead) in tumor stroma.
MAb PAL-E stains endothelium in capillar-
ies (arrowhead). T = tumor cells. MAb
anti-alpha-sml stains pericytes (arrow-
head) that can be recognized by their loca-
tion in the microvascular wall, visualized
by the staining ofcollagen tjpe IV(X 450).
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ings in TBS, sections were preincubated for 10 minutes
in TBS pH 5.7 supplemented with DAB 0.75 mg/ml and
0.001 mol/l (molar) imidazole. Sections then were devel-
oped for 10 minutes in the same solution supplemented
with 0.01% H202; the reaction was terminated with TBS.
Subsequently, sections were post-fixed for 40 minutes in
1% osmium tetroxide in Palade buffer, then dehydrated,
embedded in epoxy resin (Epon-812, E. Merck, Darm-
stadt, West Germany) and processed routinely. One-mi-
cron sections were cut for light microscopy. Ultrathin sec-
tions were cut and not contrasted further. They were ex-

:2 ;;;b+; :; ;stix;Bt ;;amined and micrographed on a Philips 300 electron
,x;, _ ; .microscope (Philips, Eindhoven, The Netherlands) at

.i. .............~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~....jj.........

* Pre-embedding Immunogold Staining
~~of Cultured Cells

Immunogold staining was performed according to
Garrigues et al Briefly, human brain pericytes and human

V ; I.i;ti'l;.:ll'iiiumbilical vein endothelial cells were cultured for 48 hours
on 5- x 12-mm Melinex (ICI, Hertz, United Kingdom) cov-
erslips.Y Coverslips were fixed for 2 hours at 370C in
0.65% gluteraldehyde and 2% paraformaldehyde in PBS,
pH 7.7. After a 30-minute incubation with 20% human se-

Figure 2. Immunoperoxidase stainiig u'ith anti-HMW-MAA rum in TBS to reduce background staining, coverslips
MAb 225.28S (A) and with anti-entdothelium MAb PAL-E (B) of were incubated for 4 hours at room temperature with MAb
serialfrozen sectionis ofa suirgically removed astrocytoma le-
sion. MAb 225.28S stains glomeruluslike capillary prolifera- 763.74 or MAb EN4. After washing with PBS, coversips
tion (asterisks) but does not stain lumina (arrowheads). MAb were incubated for 2 hours with colloidal 1 0-nm gold-con-
PAL-E stains luminal endothelium ofcapillaries (asterisks and jugated goat anti-mouse IgG antibodies. After further
arrowheads). T= tumor cells (X450).

washing, postfixation was performed for 40 minutes with
1% buffered osmiumtetroxide in Palade buffer, and cover-

Immunoelectronmicroscopy

Pre-embedding Immunoperoxidase
Technique in Tissues T

Tissue specimens (Table 1) with a maximum size of
4X6X2 mm were fixed for 4 hours at room temperature
in freshly prepared 4% paraformaldehyde in Sorensen
phosphate buffer pH 7.4 and washed overnight in TBS pH
7.4. Fifty-micron vibratome sections were cut,21 washed
in TBS, and incubated overnight at 40C with MAb 225.28S
or MAb 763.74 at appropriate dilutions in TBS containing
0.5% BSA and 0.005%. saponin. Incubations and wash-
ing steps were performed using a rotary shaker. After four
30-minute washings with TBS, sections were incubated T
for 3 hours at room temperature with a mixture of HRP-
conjugated rabbit anti-mouse IgG antibodies and HRP-
conjugated goat anti-mouse IgG antibodies diluted in TBS
containing 20% normal human serum and 0.005% sapo-
nin. Control sections were incubated with anti-mouse Ig Figure 3. Immunoperoxidase staining with anti-HMW-MAA
xenoantibodies alone. To define the exact localization of MAb 763.74 of a thick vibratome section of a surgically re-
basement membranes, serial sections were stained with moved neuroblastoma lesion. MALb 763. 75 stains a continuous

layer ofpericytes in a network of capillaries (arrows). T = tu-
the anti-collagen type IV MAb 1042. After extensive wash- mor cell nests 0X450).
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Figure 4. Immunoperoxidase staining with
anti-HMW-MAA MAb 763.74 (A) and with
anti-endothelium MoAb PAL-E (B) ofserial
frozen sections of a surgically removed
granulation tissue ofhealing skin wound.
MAb 763. 74 stains vascular wall (arrow)
but does not stain lumina (asterisk). MAb
PAL-E stains vascular lumina (asterisk
and arrows). I= cellular infiltrate (X 450).

slips were embedded in Epon-812. Ultrathin sections
were cut in two planes, perpendicular and parallel to the
Melinex surface. Sections were contrasted further with
lead citrate and uranyl acetate. To quantitate differential
labeling of the membrane of cellular processes versus un-

derlying cell surface, micrographs of three complete im-
muno-gold stained cells were used. Gold particles were

counted and the mean number of particles per microme-
ter of membrane was determined for the two categories
of cell surface.

Results

Distribution of HMW-MAA in Malignant
Lesions, in Benign Lesions, and
in Normal Tissues

The distribution of HMW-MAA in the microvasculature of
pathologic conditions and normal tissues was studied us-

ing immunohistochemistry on frozen sections and three
different anti-HMW-MAA MAbs.

In the tumor stroma, anti-HMW-MAA MAbs 225.28S,
763.74 or TP41.2 stained capillaries with strong intensity
(Table 2), corresponding with the vascular staining of anti-
endothelial MAb PAL-E in consecutive sections (Figure 1).

All anti-HMW-MAA MAbs reacted with equal intensity and
similar distribution. The strongest positivity was found in
colon and brain tumors in areas with apparent capillary
proliferation as characterized by glomeruluslike structures
(Figure 2). Occasionally, endothelial cells unstained for
HMW-MAA were seen at the luminal side of the DAB reac-

tion product (Figure 2). This observation suggested that
the antigen was expressed by nonendothelial microvas-
cular cells. Of the tumors tested, staining of tumor cells
was found in melanoma and hemangiopericytoma. In ad-
dition, myoepithelial cells in breast carcinoma were occa-
sionally stained. Vascular structures in two spontaneously
developed feline breast carcinomas and the rabbit VX2
carcinoma also were stained by anti-HMW-MAA MAb
225.28S, but not by the other anti-HMW-MAA MAbs. Sim-
ilar results were obtained when 50-,u vibratome sections
were stained for HMW-MAA (Figure 3).

In chronically inflamed synovia and in granulation tis-
sue of wound healing, anti-HMW-MAA MAbs 225.28S,
763.74, or TP 41.2 stained capillaries with high intensity
(Table 2 and Figure 4) In contrast, adjacent scar tissue
and normal skin were not stained (not shown).

The vascular staining pattern observed with anti-
HMW-MAA monoclonal antibodies in normal adult tissues
contrasted strongly with the results obtained in tumor le-

Table 3. Staining with Anti-HMW-MAA MonoclonalAntibodies* ofFrozen Sections ofNormalAdult Tissues
from Humans, Cat, Cow, and Rabbitt

Nonvascular structures

Vascular structures Staining Tissue Cell type Staining

Arteries, arterioles Cartilage Chondrocytes ++
Endothelium -t Hair follicle Basal keratinocytes ++
Smooth muscle cells ++ Gut Smooth muscle cells +
Capillaries * Glomerulus Mesangial cells +

*Staining results obtained only by anti-HMW-MAA MAb 225.28S.
t Staining results obtained in the species mentioned were similar.

*-, no staining; +, moderate staining; ++, marked staining; *, sporadic weak staining.
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Figure 5. Immunoperoxidase staining with anti-HMW-MAA MAb 225.28S(A), with MAb anti-alpha-sml (B) and with anti-endothelium
MAb PAL-E (C) ofserialfrozen sectiots ofa surgically removed normal kidney. MAb 225.28S stains smooth muscle cells in the wall of
an arteriole (A). Peritubular capillaries are not visible. MAb anti-alpha-sml stains smooth muscle cells ofarteriole (A) andpericytes
ofperitubular capillaries (arrows). MAb PAL-E stains endothelium ofcapillaries (arrows). T= tubuli (X450).

sions. Immunoperoxidase staining of frozen tissue sec-
tions with MAb 225.28S showed that HMW-MAA is barely
detectable in capillaries in normal tissues of adult man,
cat, cow, and rabbit (Table 3, Figure 5). Smooth muscle
cells in arterioles and arteries (Figures 5 and 6) and mes-
angial cells in renal glomerulus, however, stained consis-
tently. Outside the microvasculature, basal keratinocytes
in hair follicles, chondrocytes in cartilage, and smooth
muscle cells were stained (Table 3). Anti-HMW-MAA
MAbs 225.28S, 763.74 or TP 41.2 strongly stained blood
vessels in placenta (Figure 7) and in tissues of a 20-week-
old fetus (not shown).

Expression of HMW-MAA by Cultured Cells
To confirm the preferential staining for HMW-MAA by peri-
cytes, pericytes were isolated and characterized, and
stained by immunocytochemistry.

Figure 6. Immunoperoxidase staining with anti-HMW-MAA
MAb 763. 74 ofafrozen section ofa surgically removed umbili-
cal cord. MAb 763. 74 stains smooth muscle cells (arrow) in
media of umbilical vein, but does not stain the endothelium
(arrowhead). L = lumen (X450).

Characterization of Pericytes

The phenotype of pericytes cultured from human brain
were stained by MAb anti-alpha-sm1 (not shown), indicat-
ing that they were not fibroblasts. Between 60% and 70%

Figure 7. Immunoperoxidase staining with anti-HMW-MAA
MAb 225.28S (A) and with MAb anti-alpha-sml (B) offrozen sec-
tions ofa surgically removedfull-term placenta. MAb 225.28S
and MAb anti-alpha-sm l stain fetal capillaries (arrows)
(X450).
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Table 4. Staining ofCulturedHuman Cells with MAb
EN4, MAb 3G5, andAnti-HMW-MAA MAbs 225.28S,
763.75, orTP41.2*

MAb

Anti-HMW-MAA 3G5 EN4

Foreskin microvascular
Endothelium - - ++

Umbilical vein
Endothelium - - ++

Brain pericytes ++ ++
Fibroblasts
Smooth muscle cells ++
Melanoma cells ++

The three different anti-HMW-MAA MAbs gave similar results.
-, no staining; ++, marked staining.

Figure 8. Immunoperoxidase staining with anti-pericyte MAb
3G5 ofa cytospin preparation ofhuman brain pericytes. MAb
3G5 stainspericyte membrane (arrows) (X450).

of cells were also stained by the MAb 3G5 (Figure 8),
recognizing a gangliosidelike antigen expressed by cul-
tured pericytes but not detectable in cultured smooth
muscle cells. No staining was detected with anti-desmin
MAb RD301 (not shown). Furthermore, the cells did not
express the morphologic characteristics of smooth mus-

cle cells (not shown), both by light, (ie, cell shape, high
number of nucleoli and knobs in cellular extensions), and
by electron microscopic analysis, (ie, abundant microfil-
ament bundles and plasmalemmal densities). No staining
of cells was detected with anti-von Willebrand factor MAb
CLB-35 and with the anti-endothelial cell MAb EN4 and
PAL-E, indicating that they are not of endothelial origin

Figure 9. Immunoperoxidase staining with anti-HMW-MAA
MAb 225.28S ofhuman brain pericytes cultured on plastic cov-
erslip. No counterstaining. MAb 225.285 stains pericyte mem-
brane in areas with clusters of cellular processes (arrow).
Other areas of the membrane are not stained (arrowhead)
(X450).

(not shown). No staining of cells was detected with anti-
bodies to glial fibrillary acidic protein (GFAP) and to neuro-
filaments (not shown), arguing against their neural origin.
Based on all these identification criteria, the cells cultured
from human brain were classified as pericytes.

Staining With Anti-HMW-MAA
MonoclonalAntibodies

The anti-HMW-MAA MAb AMF-6, 225.28S, 763.74 or
TP41.2 stained cultured brain pericytes (Figure 9),
smooth muscle cells, and melanoma cells with a strong
intensity (Table 4). The staining of the cell membrane of
pericytes was not homogeneous, but was restricted to
sites of multiple cellular processes (Figure 9). No staining
was detected of endothelial cells from umbilical vein and
from microvascular endothelium and of fibroblasts in cul-
ture (not shown).

Molecular Profile of the Antigen Recognized
by Anti-HMW-MAA Monoclonal
Antibodies in Pericytes

To analyze the nature of the antigen recognized by anti-
HMW-MAA monoclonal antibodies on human pericytes,
the components immunoprecipitated from biosyntheti-
cally labeled human brain pericytes were analyzed by
SDS-PAGE. Their electrophoretic profile was compared
with that of HMW-MAA immunoprecipitated from intrinsi-
cally labeled cultured melanoma cells. Figure 10 shows
that the antigen immunoprecipitated by ascites fluid
containing anti-HMW-MAA MAb AMF-6 from 1 4-leucine-
labeled pericytes has the characteristic two-chain struc-
ture of HMW-MAA with a 420-kd and a 250-kd compo-
nent.1-3'15.22 When a 35S-sulfate-labeled pericyte extract
is the antigen source, only the large 420-kd component
containing the labeled glycosaminoglycan side chains is
visualized (Figure 10), because the core protein, devoid

c =4mA
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Figure 10 SDS PAGE anajsis ofcomponen5ts immunoprciCpi-
tated with ascitesfluid containinig anti-HMW-MAA MoAb AMF-
6 from 14-leucine and 355 sulphate-labeled human brain
pericytes. The results usinig MoAb AMF-6 conitain-ing cuilture
suipernMatantwere identical (not shown).

of sulfate groups, remains unlabeled. The results were
identical using culture supernatant containing anti-HMW-
MAA MAb AMF-6.

Immunoelectronmicroscopy

To determine the nature of the microvascular cells stained
by anti-HMW-MAA MAbs, immunoelectronmicroscopy
was used, using thick vibratome tissue sections and cell
suspensions.

Pre-embedding Immunoperoxidase
Staining of Tissues

In control vibratome sections, where incubation with
specific first antibody was omitted, both light- and elec-
tronmicroscopy showed electron-dense reaction product
(DAB) in occasional intracellular lipid droplets and in sites

with endogenous peroxidase activity, ie, red blood cells
and stromal macrophages.

At the ultrastructural level in tumors and in placenta,
anti-HMW-MAA MAbs 225.28S or 763.74 stained the
membrane of perivascular cells and perivascular cellular
processes with strong intensity (Figures 1 1, 12). Some of
these cells were only stained at their albuminal side (Fig-
ure 1 1). The HMW-MAA-stained cells were identified as
pericytes because of the following characteristics: close
apposition of these cells to endothelial cells in the mi-
crovessels (Figures 11, 12); envelopment of similar cells
and their processes by basement membrane in control
sections by staining with anti-collagen type IV MAb 1042
(not shown); and, staining of similar cells and processes
by MAb anti-alpha-sml (Figure 12) in control sections. All
vascular endothelial cells in placenta and in tumor stroma
were surrounded by a sheath of pericytes and their pro-
cesses (Figures 11, 12). The morphologic appearance of
these pericytes, ie, a plump cell body, lobed nucleus, and
increased number of cell organelles, suggested an acti-
vated state (Figure 12). In the examined tumor lesions,
placenta, and normal organs, no staining of endothelial
cells was detected with anti-HMW-MAA MAbs 225.25S
or 763.74.

Figure 11. Electronmicroscopy ofimmunoperoxidase staining
with anti-HMW-MAA MAb 763.74 ofa surgically removed co-
lon carcinoma lesion. MAb 763.74 stains perivascular cells
(P). Some perivascular cells are not stained on luminal side
(arrowhead). E= endothelium; L = lumen; (X4000).
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Figure 12. Electronmicroscopy ofimmunoperoxidase staining with anti-HMW-MAA MAb 763.74(A) and with MAb anti-alpha-sml (B)
ofserial vibratome sections ofa surgically removed placenta. MAb 763. 74 stains perivascular cells (P) andperivascular cellular
processes (arrows). MAb anti-alpha-sm l stains actin inperivascular cells (P). E = endothelium; L = lumen (A: X4000 andB: X 7800)

Pre-embedding Immunogold Staining
of Cultured Cells

Many (80 to 200/cell) gold particles were found at the
cell membrane of cultured human brain pericytes stained
with anti-HMW-MAA MAb 763.74. Staining was preferen-
tially localized at the membrane of microspikes (Figure 13)
usually situated in clusters on one side of the cell. These
processes were 1 to 3 y in length and had an approximate
diameter of 100 nm. We quantitated the number of gold
particles per micrometer of cell membrane of the pro-
cesses and underlying cell membrane. At the membrane
of microspikes, 1 to 3 particles/micrometer were ob-
served, compared with 0.1 to 0.5 particles/micrometer at
the remaining cell surface. No gold particles were found
on the membrane of endothelial cells incubated with MAb
763.74 and of pericytes incubated with the control anti-
body MAb EN4 (not shown).

Quantitation of Immunohistochemical
Staining Results

To gain an impression on the pericyte coverage of the
microvasculature in different conditions, the proportion of

HMW-MAA and of alpha smooth muscle actin-staining mi-
crovascular cross-sections was estimated.

In normal adult thyroid, kidney, and striated muscle,
the proportion of capillary cross sections stained by anti-
HMW-MAA monoclonal antibodies was much lower than
that stained by MAb anti-alpha-sml, indicating that most
pericytes in normal tissues are not stained by anti-HMW-
MAA MAbs 225.28S, 763.74, or TP 41.2 (Figures 5,14).

In contrast, in tumors, in granulation tissue, and in full-
term placenta, most capillary cross sections were stained
by anti-HMW-MAA MAbs 225.25S, 763.74, or TP 41.2
(Figures 1, 14). Based on the previous immunoelectronmi-
croscopic finding of the preferential staining with anti-
HMW-MAA MAbs in pericytes in tumor tissues, this pat-
tern is indicative for a high number of pericytes with
marked expression of HMW-MAA. It is remarkable that in
these tissues a lower number of capillaries is stained by
MAb anti-alpha-sml than by anti-HMW-MAA monoclonal
antibodies. This difference suggests that in these condi-
tions not all pericytes express alpha-sml (Figure 14).

Discussion
This study shows that in conditions associated with neo-
vascularization, capillaries are stained by anti-HMW-MAA
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Figure 13. Electronmicroscopy of immunogold staininlg with
anti-HMW-MAA MAb 763. 74 of human brain pericytes cul-
tured on melinex. Immunogoldstainingiispreferentialljylocal-
ized on1 microspikes (arrows) (X 40, 000).

monoclonal antibodies. Immunoelectronmicroscopic ob-
servations of placenta and tumor tissue demonstrated
that HMW-MAA is expressed by adventitial cells in these
microvessels, and not by endothelial cells. These adventi-
tial cells were identified as pericytes because of their mor-
phology, their location within the basement membrane,
and their close apposition to endothelial cells. Identical
staining patterns were obtained with three monoclonal an-
tibodies recognizing distinct determinants of the HMW-
MAA. This finding suggested that the observed staining
of pericytes reflects the expression of an antigen similar
to that of the HMW-MAA. This possibility was corrobo-
rated by the SDS-PAGE profile of antigens immunoprecip-
itated by anti-HMW-MAA monoclonal antibodies from
biosynthetically labeled human brain pericytes.3'"22 In
normal tissues staining of capillaries by anti-HMW-MAA
monoclonal antibodies was hardly detectable, in contrast
to the marked staining in conditions with neovasculariza-
tion. This differential staining reflects enhanced expres-
sion of HMW-MAA by pericytes and also may indicate an
increase in their number in conditions with neovasculari-
zation.

Pericytes are found in capillaries and venules and are
similar to the smooth muscle cells found in arterioles and
arteries.2223 Interest in these cells has increased with in vitro
propagation24'25 and identification of markers.10"26129

Several functions have been attributed to pericytes,
such as a role in regulation of angiogenesis,?032 micro-
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Figure 14. Proportion ofpericyte coverage of capillaries in niormal adult tissues and conditions with neovascularization as based
on immunohistochemical visualization uising anti-HMW-MAA or anti-alpha-smooth muscle actin (ASMA) antibodies. The pericyte
cotverage is expressed aspercenitage ofthe total numberofcapillariespresent (based on MAb PAL-Estaining). The mean percentage
ofthree samples ofeach normal tissue is given. Standard deviations of these values are 5% and 10% for kidney stained with anti-
HMW-MAA 225.28S and MAb anti-alpha-sml, respectively; 10% and 30%; for striated muscle stained with anti-HMW-MAA MAb
225.28S and with anti ASMA MAb anti-alpha-sm 1, respectively; and 5% and 20% for thjroid stained with anti-HMW-AIAA MAb
225.28S and with anti-ASMA MAb anti-alpha-sm1, respectively.
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vascular contractility, and phagocytosis.23'3 Serologic
and immunocytochemical assays detected the HMW-
MAA in cultured human brain pericytes. The latter were
differentiated from smooth muscle cells because of their
antigenic phenotype and their morphology.24'25'32 How-
ever, it has been suggested that pericytes and smooth
muscle cells are two closely related cell types and that
pericytes may differentiate into smooth muscle cells.23 If
so, these two types of microvascular adventitial cells may
be two functionally and phenotypically different forms of
cells with the same common origin. This possibility is sup-
ported by our finding that both cell types express HMW-
MAA. The preferential expression of the HMW-MAA by
pericytes in lesions with neovascularization is remarkable.
Based also on their morphology, we assume that under
these circumstances pericytes are in an 'activated' state
and that the HMW-MAA can therefore be used as a
marker for this kind of pericyte activation. It is further nota-
ble that the HMW-MAA appears on normal pericytes
when these cells are grown in culture. This is in analogy
with the reported expression on cultured melanocytes,'4
which in situ lack the HMW-MAA.1 These findings sug-
gest that culture conditions might resemble those found
in regenerating or in otherwise stimulated tissues. In our
cultured brain pericytes, we found that HMW-MAA is ex-
pressed on microspikes, 1- to 2-q processes present on
the cell surface, a phenomenon also observed in cultured
melanoma cells.3 In other cell types, these microspikes
are known to be involved in migration and contact-inhibi-
tion.35 The localization of HMW-MAA on these micro-
spikes on pericytes provides further evidence for an asso-
ciation with an activated state of these cells.

Our estimations regarding the number of pericytes in
tissues with neovascularization are surprising in light of
the proposed role of pericytes in the regulation of endo-
thelial cell proliferation during angiogenesis.32 By co-cul-
ture studies in vitro, it was shown that pericyte-endothe-
lial contact via pericytic processes inhibits endothelial pro-
liferation,32 and it was suggested by these authors that in
vivo a similar mechanism might occur. In the present
study, however, we found immunohistochemical evi-
dence for an almost continuous layer of pericytes and
pericyte processes surrounding the endothelium in tu-
mors, placenta, and granulation tissue, contrasting with
the observed scattered distribution in normal adult tis-
sues. In ultrastructural studies, other authors have also
noted increased numbers of pericytes in tumor
stroma3637 or healing wounds.31 '8 Considering the pro-
posed inhibitory role of pericytes, these findings are unex-
pected, as endothelial proliferation in tumor vasculature
has been reported to be much higher than in normal rest-
ing tissues.3940 Microphotographs have been published
earlier showing endothelial cells undergoing mitosis in
close relation with pericytes in wound healing.31'41'42 Un-

der certain circumstances, the proposed inhibitory effect
of pericytes might therefore be absent or overruled by the
influence of locally released factors. Most of the studies
on the vasculature in tumors have focused on the endo-
theliai cell.43 46The data presented here suggest that peri-
cytes also contribute to the particular nature of vessels in
conditions with regenerating vasculature.47-51 An immu-
nohistochemical marker for an 'activated' state of this cell
type can make a contribution to our knowledge on the
biologic role of the enigmatic microvascular pericyte. In
addition, such pericytes may serve as a target for radiola-
beled monoclonal antibodies for immunodiagnosis or im-
munotherapy of tumors in vivo.52 Because anti-HMW-
MAA MAb 225.28S recognizes pericytes of a number of
animal species, this hypothesis may be tested in preclini-
cal animal studies.

References

1. Wilson BS, lmai K, Natali PG, Ferrone S: Distribution and mo-
lecular characterization of a cell-surface and a cytoplasmic
antigen detectable in human melanoma cells with mono-
clonal antibodies. Int J Cancer 1981, 28:293-300

2. Bumol TF, Reisfeld RA: Unique glycoprotein-proteoglycan
complex defined by monoclonal antibody on human mela-
noma cells. Proc Natl Acad Sci USA 1982, 79:1245-1249

3. Garrigues HJ, Lark MW, Lara S, Hellstrom I, Hellstrom KE,
Wight TN: The melanoma proteoglycan: Restricted expres-
sion on microspikes, a specific microdomain of the cell sur-
face. J Cell Biol 1986,103:1699-1710

4. Herlyn M, Koprowski H: Melanoma antigens: Immunological
and biological characterization and clinical significance. Ann
Rev Immunol 1988, 6:283-308

5. Garin-Chesa P, Beresford R, Carrato-Mena A, Oettgen HF,
Old LJ, Melamed MR, Rettig WJ: Cell surface molecules of
human melanoma. Immunohistochemical analysis of the
gp57, GD3 and mel-CSPG antigenic systems. Am J Pathol
1989,134:295-303

6. Harper JR, Reisfeld RA: Inhibition of anchorage-independent
growth of human melanoma cells by a monoclonal antibody
to a chondroitin sulfate proteoglycan. J NatI Cancer Inst
1983,71:259-263

7. Davison PM, Bensch K, Karasek MA: Isolation and growth
of endothelial cells from the microvessels of the newborn
human foreskin in cell culture. J Invest Dermatol 1980, 75:
316-321

8. Van Hinsbergh VWM, Havekes L, Emeis JJ, vanCorven E,
Scheffer M: Metabolism of low density lipoprotein (LDL) and
acetylated LDL by confluent endothelial cells from human
arteries and veins. Arteriosclerosis 1984, 3:547-554

9. Vinters HV, Reave S, Costello P, Girvin JP, Moore SA: Isola-
tion and culture of cells derived from human cerebral mi-
crovessels. Cell Tissue Res 1987, 249:657-667

10. Nayak RC, Berman AB, George KL, Eisenbarth GS, King GL:
A monoclonal antibody (3G5)-defined ganglioside antigen is



1404 Schlingemann et al
AJPJune 1990, Vol. 136, No. 6

expressed on the cell surface of microvascular pericytes. J
Exp Med 1988,167:1003-1015

11. Skalli 0, Ropraz P, Trzeciac A, Benzonana G, Gillesen D,
Gabbiani G: A monoclonal antibody against alpha-smooth
muscle actin: A new probe for smooth muscle differentia-
tion. J Cell Biol 1986,103:2787-2796

12. Schlingemann RO, Dingjan GM, Blok J, Emeis JJ, Warnaar
SO, Ruiter DJ: Monoclonal antibody PAL-E specific for endo-
thelium. Lab Invest 1985, 52:71-76

13. Ruiter DJ, Schlingemann RO, Rietveld FJR, de Waal RMW:
Monoclonal antibody defined human endothelial antigens
as vascular markers. J Invest Dermatol 1989, 93:25S-
32S

14. Ziai MR, Imberti L, Nicotra MR, Badaracco G, Segatto 0,
Natali PG, Ferrone S: Analysis with monoclonal antibodies
of the molecular and cellular heterogeneity of human high
molecular weight melanoma associated antigen. Cancer
Res 1987, 47:2474-2480

15. De Vries JE, Keizer GD, Te Velde AA, Voordouw A, Ruiter
DJ, Rumke P, Spits H, Figdor CG: Characterization of mela-
noma-associated surface antigens in the adhesion and mo-
tility of human melanoma cells. Int J Cancer 1986, 38:465-
473

16. Nakane PK, Pierce GB: Enzyme-labeled antibodies: Prepa-
ration and application for the localization of antigens. J Histo-
chem Cytochem 1966,14:929-931

17. Scopsi L, Larsson LI: Increased sensitivity in peroxidase
immunocytochemistry. Histochemistry 1986, 84:221 -
230

18. Lechago J, Sun NCJ, Weinstein WM: Simultaneous visual-
ization of two antigens in the same tissue section by combin-
ing immunoperoxidase with immunofluorescence tech-
niques. J Histochem Cytochem 1979, 27:1221 -1225

19. Laemmli UK: Cleavage of structural proteins during the as-
sembly of the head of bacteriophage T4. Nature 1970, 227:
680-685

20. Bonner WM, Laskey RA: A film detection method for tritium
labeled proteins and nucleic acids in polyacrylamide gels.
Eur J Biochem 1974, 46:83-88

21. VanDuinen SG, Mauw BJ, deGraaff-Reitsma CB, Ruiter DJ:
Immunoelectron microscopic methods for demonstration of
antigens on normal human melanocytes and other epider-
mal cells. Lab Invest 1984, 50:733-741

22. Bumol TF, Walker LE, Reisfeld RA: Biosynthetic studies of
proteoglycans in human melanoma cells with a monoclonal
antibody to a core glycoprotein of chondroitin sulfate proteo-
glycans. J Biol Chem 1984, 259:12733-12741

23. Sims DE: The pericyte-A review. Tissue Cell 1986,18:153-
174

24. Schor AM, Schor SL: The isolation and culture of endothelial
cells and pericytes from the bovine retinal microvasculature:
A comparative study with large vessel vascular cells. Micro-
vasc Res 1986,32:21-38

25. Carson MP, Haudenschild CC: Microvascular endothelium
and pericytes: High yield, low passage cultures. In Vitro Cell
Dev Biol 1986, 22:344-354

26. Herman IM, D'Amore PA: Microvascular pericytes contain
muscle and non-muscle actins. J Cell Biol 1985,101:43-52

27. Joyce NC, Haire MF, Palade GE: Contractile proteins in peri-
cytes: I. Immunoperoxidase localization of tropomyosin. J
Cell Biol 1985,100:1379-1386

28. Joyce NC, Haire MF, Palade GE: Contractile proteins in peri-
cytes: II. Immunocytochemical evidence for the presence of
two isomyosins in graded concentrations. J Cell Biol 1985,
100:1387-1395

29. Krause D, Vatter B, Dermietzel R: Immunochemical and im-
munocytochemical characterization of a novel monoclonal
antibody recognizing a 140 kDa protein in cerebral pericytes
of the rat. Cell Tissue Res 1988, 252:543-555

30. Kuwabara T, Cogan DG: Retinal vascular patterns: IV. Mural
cells of the retinal capillaries. Arch Ophthalmol 1963, 69:
492-502

31. Crocker DJ, Murad TM, Geer JC: Role of the pericyte in
wound healing. An ultrastructural study. Exp Mol Pathol
1970,13:51-65

32. Orlidge A, D'Amore PA: Inhibition of capillary endothelial cell
growth by pericytes and smooth muscle cells. J Cell Biol
1987,105:1455-1462

33. Schlondorff D: The glomerular mesangial cell: An expand-
ing role for a specialized pericyte. FASEB J 1987, 1:272-
281

34. Lloyd KO, Albino A, Houghton A: Analysis of hybridoma-ex-
change antibodies. Hybridoma 1982,1:461-463

35. Albrecht-Beuhler G: Filopodia of spreading 3T3 cells. Do
they have a substrata-exploring function. J Cell Biol 1976,
69:275-286

36. Verhoeven D, Buyssens N: Desmin-positive stellate cells as-
sociated with angiogenesis in a tumour and non-tumour sys-
tem. Virchows Arch [B] 1988, 54:263-272

37. Ho KL: Ultrastructure of cerebellar capillary hemangioblas-
toma: IV. Pericytes and their relationship to endothelial cells.
Acta Neuropathol 1985, 67:254-264

38. Weber K, Braun-Falco 0: Ultrastructure of blood vessels in
human granulation tissue. Arch Dermatol Forsch 1973, 248:
29-44

39. Tannock IF, Hayashi S: The proliferation of capillary endothe-
lial cells. Cancer Res 1972, 32:77-82

40. Hobson B, Denekamp J: Endothelial proliferation in tumours
and normal tissues: Continuous labeling studies. Br J Can-
cer 1984, 49:405-413

41. Sholley MM, Cavallo T, Cotran RS: Endothelial cell prolifera-
tion in inflammation. Am J Pathol 1977, 89:277-296

42. Cavallo T, Sade R, Folkman J, Cotran RS: Ultrastructural au-
toradiographic studies of the early vasoproliferative re-
sponse in tumor angiogenesis. Am J Pathol 1973, 70:345-
362

43. Furcht LT: Critical factors controlling angiogenesis: Cell
products, cell matrix, and growth factors. Lab Invest 1986,
55:505-509

44. Reinhold HS, van den Berg-Blok A: Factors influencing the
neovascularization of experimental tumours. Biorheology
1984,21:493-501



Melanoma Proteoglycan Expressed by Pericytes 1405
AJPJune 1990, Vol. 136, No. 6

45. Cliff WJ: Observations on healing tissue: A combined light
and electron microscopic investigation. Trans Roy Soc Lon-
don Ser B 1963, 246:305-325

46. Schoefl GI: Studies on inflammation: Ill. Growing capillaries:
Their structure and permeability. Virchows Arch 1963, 337:
97-141

47. Warren BA: The vascular morphology of tumors, Tumor
blood circulation. Chap 1. Edited by HI Peterson. Boca Ra-
ton, FL, CRC Press, 1979, pp 1-47

48. Gerlowski LE, Jain RK: Microvascular permeability of nor-
mal and neoplastic tissues. Microvasc Res 1986, 31:288-
305

49. Hagemeier HH, Vollmer ES, Goerdt S, Schulze-Osthoff K,
Sorg C: A monoclonal antibody reacting with endothelial
cells of budding vessels in tumors and inflammatory tissues,
and non-reactive with normal adult tissues. Int J Cancer
1986,38:481-488

50. Heuser LS, Miller FN: Differential macromolecular leak-
age from the vasculature of tumors. Cancer 1986, 57:
461-464

51. Dvorak HF: Tumors: Wounds that do not heal. N Engl J Med
1986, 315:1650-1659

52. Denekamp J: Endothelial cell proliferation as a novel ap-
proach to targeting tumour therapy. Br J Cancer 1982, 45:
136-139

Acknowledgments

The authors thank Leo van Grunsven, Frans Kwaspen, and Riki
Willems for excellent technical assistance and Maria Arends for
preparation of the photographs; Dr. F. T. Bosman, Department
of Pathology, Maastricht University Hospital, Maastricht, The
Netherlands, for providing MAb 1042; Dr. C. Figdor, Netherlands
Cancer Institute, Amsterdam, The Netherlands, for providing
MAb AMF-6; Dr. J. van Mourik, Central Laboratory of the Red
Cross Blood Transfusion Service, Amsterdam, The Netherlands,
for providing fibronectin; Dr. R. C. Nayak, Joslin Diabetes Center,
Boston, MA, for providing MAb 3G5; and Dr. V. W. M. van Hins-
bergh, Gaubius Institute TNO, Leiden, The Netherlands; and Dr.
M. Marsh, Institute of Cancer Research, London, UK, for helpful
suggestions and criticism.


