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To establish a model for adoptive transfer of endothe-
lial cells, we transferred human umbilical vein endo-
thelial cells (HUVECs) to immunodeficient mice (Rag
2�/�). HUVECs were suspended as single cells in Ma-
trigel and injected subcutaneously in the abdominal
midline. Within 10 days after injection, HUVECs ex-
pressed pseudopod-like extensions and began to ac-
cumulate in arrays. By day 20, we observed human
vessels that contained erythrocytes, and on day 30 we
observed perivascular cells that expressed smooth
muscle actin, thus resembling mature vessels.
Throughout the experimental period, HUVECs bound
Ulex europaeus lectin and expressed CD31, VE-cad-
herin, von Willebrand factor, as well as ICAM-2. A
fraction of the cells also expressed the proliferation
marker Ki67. Moreover, the sialomucin CD34, which
is rapidly down-regulated in cultured HUVECs, was
reinduced in vivo. However, we found no reinduction
of CD34 in cells cultured inside or on top of Matrigel
in vitro. We also injected cells suspended in Matrigel
around the catheter tip of implanted osmotic pumps.
Delivery of recombinant human interferon-� by this
route led to strong induction of MHC class II and
ICAM-1 on the human vessels. In conclusion, isolated
human endothelial cells can integrate with the mu-
rine vascular system to form functional capillaries
and regain in vivo properties. (Am J Pathol 2002,
160:1629–1637)

Vascular endothelial cells (ECs) are adapted to the needs
of the surrounding tissue and exhibit a remarkable heter-
ogeneity at the functional and structural level. The best-
characterized examples of vascular differentiation are
found in secondary lymphoid organs and in the brain. In
the former, ECs of postcapillary, high endothelial venules
support the migration of lymphocytes by means of adhe-

sion molecules that bind lymphocyte homing recep-
tors.1,2 On the other hand, the ECs that line the small
blood vessels of the brain possess a unique expression
pattern of cell surface receptors, transporters, and intra-
cellular enzymes that serve to tightly regulate the ex-
change of solutes between blood and brain parenchy-
ma.3,4 Distinct EC phenotypes have likewise been
documented in other organs such as the liver, kidney,
intestine, and lung.5,6 In addition, ECs vary in their re-
sponse to pathophysiological stimuli. For instance, Esch-
erichia coli sepsis in baboons selectively induces tissue
factor in a subpopulation of ECs within the marginal zone
of splenic follicles.7 Furthermore, systemic delivery of
lipopolysaccharide to mice specifically up-regulates the
acute-phase protein pentraxin-3 within the vascular beds
of striated muscles.8

Beyond a large descriptive catalogue of EC pheno-
types, surprisingly little is known about the molecular
basis of vascular diversity. One of the most fundamental
questions in vascular biology is whether phenotypic pat-
terns are genetically inherited from distinct sublineages
or instead governed by signals generated within the mi-
croenvironment. In vitro investigations with embryonic
stem cell cultures suggest that EC differentiation and
early vasculogenesis are genetically predetermined.9

Furthermore, retroviral cell-tagging studies in chicken
embryos has revealed different clonal origins for endo-
cardial versus coronary artery ECs.10 On the other hand,
in vivo transplant studies with avian embryos have
pointed to the critical role of environmental cues in es-
tablishing blood vessel patterning during development.11

Unfortunately, these experimental approaches are diffi-
cult to adapt to the mammalian system, because of poor
accessibility of embryos and the lack of appropriate cell
markers. Nevertheless, there is evidence that regional
specialization of the endothelium in mammals may be
conditioned by exogenous factors. Perhaps the best ex-
amples are studies of the blood-brain barrier, in which
both cell culture and in vivo transfer have documented the
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ability of astrocytes to induce and maintain the appropri-
ate EC phenotype.12–15 Furthermore, a direct influence of
extracellular signals has also been demonstrated in other
EC types. Thus, preproendothelin-1 is up-regulated in rat
cardiac microvascular ECs when co-cultured with ven-
tricular myocytes.16 Moreover, shear stress modulates
the transcription of a number of EC genes.17 Although
some phenotypic changes are observed by changing the
microenvironment, other EC characteristics seem well
imprinted into the cell’s genetic program. Thus, several
constitutive EC markers, eg, von Willebrand factor (vWF),
CD31 (PECAM-1), and VE-cadherin (CD144) remain sta-
bly expressed long after explantation and adaptation to
the in vitro environment.18,19 Moreover, several pheno-
typic and functional differences between microvascular
and large vessel-derived ECs are retained even when
cultured under identical conditions throughout a period of
several weeks.20–22 There is also evidence to suggest
that the malleability of the EC phenotype may change
during development, as the high endothelial venule phe-
notype of lymph nodes transplanted to other regions of
lymphatic drainage is influenced by donor age.23

The development of transgenic animals that express
reporter genes (eg, LacZ) under the control of EC-rele-
vant promoter regions, has been an important step to-
ward understanding the role of the microenvironment in
EC phenotype regulation.24 However, such experimental
models cannot serve to dissect the individual role of
particular non-EC types or their products. Although co-
culture systems using ECs and other cell types have
identified relevant exogenous components, ECs adapted
to the in vitro environment may no longer possess impor-
tant properties present in intact vessels in vivo.

Here we describe a method for adoptive transfer of
human umbilical vein endothelial cells (HUVECs) to im-
munodeficient (Rag 2�/� knockout) mice. HUVECs cast
in subcutaneously injected Matrigel assembled to form
functional, mature vessels that contained murine erythro-
cytes, and were surrounded by smooth muscle �-actin-
expressing cells. Furthermore, the sialomucin CD34 was
rapidly reinduced in cells that lacked CD34 before trans-
fer, reaching expression levels resembling those ob-
served in human microvessels. We also demonstrate how
to modulate the phenotype of the transferred endothelium
with controlled, local delivery of cytokines by osmotic
pumps.

Materials and Methods

Chemicals, Growth Factors, and Other
Reagents

Acridine orange, ethidium bromide, hydrocortisone, re-
combinant human (rh) epidermal growth factor, rh basic
fibroblast growth factor (bFGF), MCDB 131, and Dulbec-
co’s phosphate-buffered saline (PBS) were purchased
from Sigma Chemical Co. (St. Louis, MO). Fetal calf se-
rum, gentamicin, and amphotericin B were obtained from
Life Technologies (Paisley, Scotland) and trypsin/ethyl-
enediaminetetraacetic acid solution from BioWhittaker

(Walkersville, MD), bovine dermal type I collagen (Vitro-
gen 100) from Celtrix Laboratories (Palo Alto, CA) and
dried dimethyl sulfoxide from Merck (Darmstadt, Germa-
ny). Collagenase A and DNase-1 were from Boehringer
Mannheim (Mannheim, Germany). Paramagnetic mono-
disperse beads (4.5 �m) coated with sheep anti-mouse
IgG were obtained from Dynal (Oslo, Norway). OCT com-
pound was from Tissue Tec, Miles Laboratories (Elkhart,
IN). Matrigel basement-membrane matrix was from Becton
Dickinson Labware (Bedford, MA), rh interferon-� from R&D
Systems Europe Ltd. (Abingdon, UK), Luconyl Blue 9600
from BASF Corporation (Ludvigshafen, Germany), the Ri-
dascreen mycoplasma immunofluorescence assay from R-
Biopharm (Darmstadt, Germany), chamber slides from
Nunc (Roskilde, Denmark), Alzet osmotic pumps and cath-
eters from Durect Corp. (Cupertino, CA), and 6.5-mm
transwells from Costar (Cambridge, MA). Hoechst nuclear
dye was from Molecular Probes (Eugene, OR).

Primary Antibodies and Secondary Reagents

The primary antibodies (Abs) used in this study are listed
in Table 1. Rhodamine- and fluorescein isothiocyanate
(FITC)-conjugated Ulex europaeus Lectin I, biotinylated
horse anti-mouse IgG, and aminomethyl coumarin acetic
acid-conjugated goat anti-rabbit IgG (H�L) were from
Vector Laboratories (Burlingame, CA). FITC-conjugated
donkey anti-rabbit IgG, Texas Red-conjugated donkey
anti-mouse IgG (H�L), and FITC-conjugated donkey an-
ti-rat IgG were from Jackson ImmunoResearch Labora-
tories (West Grove, PA), Alexa 594-conjugated donkey
anti-rat IgG was from Molecular Probes and streptavidin-
Texas Red was from Life Technologies.

Cell Cultures

HUVECs obtained from the Dept. of Gynecology and
Obstetrics at Rikshospitalet were isolated as described
by Jaffe and colleagues25 and cultured in MCDB 131
containing 7.5% fetal calf serum, 10 ng/ml rh epidermal
growth factor, 1 ng/ml rhbFGF, 1 �g/ml hydrocortisone,
50 �g/ml gentamicin, and 0.25 �g/ml amphotericin B.
The cells were maintained at 37°C in a humid 95% air/5%
CO2 atmosphere and split at ratios of 1:2 to1:3. All cul-
tures were tested for infection with Mycoplasma by means
of the Ridascreen immunoassay according to instructions
of the manufacturer (R-Biopharm).

Cultures depleted of CD34� cells were generated by
means of immunomagnetic beads. To this end, cells were
incubated with monoclonal antibody (mAb) to human
CD34 (10 �g/ml) (see Table 1 for details) for 15 minutes
on ice, then washed by centrifugation before addition of
paramagnetic monodisperse beads coated with goat an-
ti-murine IgG. The proper number of beads was enumer-
ated by mixing a small fraction of the mAb-coated cells
with beads in excess followed by centrifugation (1000 �
g, 1 minute, 4°C); the percentage of rosetted cells was
then determined by light microscopy. On the basis of this
preliminary test, the cell suspensions were rosetted at a
bead:target cell ratio of 20:1 (45 minutes at 4°C on a
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rock’n roller). Rosetted CD34� cells were removed with
two rounds of extraction on a magnetic particle concen-
trator (Dynal), and the depletion of CD34� cells was
verified by immunocytochemistry on chamber slides (see
below).

In Vivo Experiments

Animal experiments were performed in accordance with
institutional guidelines and national legislation. Specific
pathogen-free mice of the Rag 2�/� B6.SJL-Ptprca strain
(age, 6 to 8 weeks; weight, 20 to 22 g) were purchased
from M&B (Ry, Denmark), and housed in air-flow racks on
a restricted access area. Mice were fed BK001 pelleted
rat and mouse diet (Grimston, Aldbruugh, Hull) and tap
water ad libitum.

Anesthesia was induced by intraperitoneal injection of
a combination of Hypnorm (fentanyl plus fluanisone) plus
Dormicum (midazolam) solutions. HUVECs (3 � 105) sus-
pended in 200 �l of Matrigel were injected subcutane-
ously in the midline of the abdomen, carefully positioning
the needle between the epidermis and the muscle layer.
All batches of Matrigel were adjusted to 9.3 mg/ml by
addition of PBS before aliquoting. On termination of the
experiments, some mice were reanesthetized and given
an intracardial injection of Luconyl Blue (200 �l, 50% solu-
tion over PBS) 5 minutes before sacrifice by cervical dislo-
cation. In experiments designed to modulate the endothelial
phenotype, Alzet osmotic pumps (model 2004; 0.25 �l/
hour, 28 days) were filled with 200 �l of rh interferon-� (4000
UI/�l) and implanted subcutaneously on the back of anes-
thetized mice for cytokine delivery. To enable local cyto-
kine delivery to the Matrigel plug, a catheter tube was
attached to the opening of the pump and the other end
cannulated subcutaneously to the center of the abdomi-

nal wall. Matrigel with ECs was subsequently injected
around the tip of the catheter tube, thus allowing local
delivery to the center of the Matrigel plug.

The Matrigel plugs were removed by a wide excision of
the abdominal wall, including the skin and all muscle
layers, and transferred to PBS on ice. Each specimen
was then divided into two pieces, one being immediately
snap-frozen (liquid N2) in OCT compound for storage at
�70°C until use, the other being fixed for 24 hours in
methanol (�20°C) and further processed as follows: 96%
ethanol (24 hours at 4°C), absolute ethanol (2 hours at
4°C) twice, xylene twice (20 hours at 4°C and 30 minutes
at 22°C) before paraffin embedding.

In Vitro Experiments

CD34-depleted and nondepleted cells were suspended
in Matrigel on ice, cast on top of the membrane in Trans-
well cell culture inserts (3 � 105 cells, 200 �l of Matrigel,
6.5-mm wells) by incubating for 1 hour at 37°C, before
adding serum-free culture medium. After 3, 10, and 12
days, membrane inserts were fixed in methanol (24 hours
at �20°C) and paraffin-embedded. In other inserts, the
Matrigel was dissolved by incubation with a collagenase/
dispase solution (1.5 hours at 37°C). Cells thus obtained
were washed and subsequently centrifuged onto glass
slides with a cytospin centrifuge. The cells were then
air-dried (24 hours), fixed with methanol (15 minutes),
and air-dried for another 30 minutes. Cells (104) were
also cultured in chamber slides precoated with Matrigel
(100 �l per well, 1 hour at 37°C), and incubated for 24
hours and 48 hours (37°C). The chamber slides were
then immersed in methanol (15 minutes) and air-dried for
30 minutes.

Table 1. Primary Antibodies Used for Immunoselection and Immunostaining

Antibody/clone Specificity
Working

concentration Specifications Source

hec 7 hCD31 0.4 �g/ml Mouse IgG2a W.A. Muller, New York, NY
561 hCD34 class III 10 �g/ml Mouse IgG2a G. Gaudernack, Oslo, Norway
H18/7 hE-Selectin 10 �g/ml Mouse IgG1 Becton-Dickinson, Bedford, MA
NaM185-2C3 hDARC 1/10 Mouse IgG1 Y. Colin, Paris, France
RRI/1.1.1 hICAM-1 10 �g/ml Mouse IgG1 R. Rothlein, Ridgefield, CT
CBR-C2/2 hICAM-2 1 �g/ml Mouse IgG2a Bender Med Systems, Vienna, Austria
4B9 hVCAM-1 3.5 �g/ml Mouse IgG1 J. Harlan, Seattle, WA
OKM5 hCD 36 1/200 Mouse IgG1 Ortho Systems Inc., Raritan, NJ
4.8.G hVE-cadherin 1/1000 Mouse IgG1 O. Bakke, Oslo
IV.3 hCD 32 1/100 Mouse IgG1 L. Bjoerge, Bergen, Norway
B8.11 HLA-DR 1.3 �g/ml Mouse IgG2b B. Malissen, Marseille, France
MEC 13.3 mCD31 1/100 Rat IgG2a A. Vecchi, Milano, Italy
YN 1.1.7.4 mICAM-1 10 �g/ml Rat Ig F. Takei, Vancouver, Canada
MK 27 mVCAM-1 10 �g/ml Rat Ig P. Kincade, Oklahoma City, OK
von Willebrand factor vWf 4.1 �g/ml Rabbit IgG DAKO, Glostrup, Denmark
42/2 Potato virus 10 �g/ml Mouse IgG2a R. Burns, Edinburgh UK
60/3.4 Tomato nepovirus Corresponding

to relevant Ab
Mouse IgG1 R. Burns

F4/80 Monocytes/
macrophages

10 �g/ml Rat IgG2b S. Gordon, Oxford, UK

MIB 1 Ki67 6.7 �g/ml Mouse IgG1 Dianova, Hamburg, Germany
M 0851 Smooth muscle actin 10 �g/ml Mouse IgG2a DAKO

Adoptive Transfer of Endothelial Cells 1631
AJP May 2002, Vol. 160, No. 5



1632 Skovseth et al
AJP May 2002, Vol. 160, No. 5



Immunostaining Protocols

All of the following steps were performed at 22°C unless
otherwise noted. Frozen tissue sections (8 �m) were
air-dried overnight and subsequently acetone-fixed (10
minutes). Paraffin sections (4 �m) were dried for 24 hours
at 4°C, dewaxed with xylene (10 minutes), and taken
through 96% ethanol (1 minute) and PBS (3 minutes)
before staining.

Tissue sections were in one protocol first incubated
with mouse anti-human CD31 in combination with a rat
anti-mouse CD31, next with a combination of Texas Red-
conjugated donkey anti-mouse IgG (final concentration,
13 �g/ml) and FITC-conjugated donkey anti-rat IgG (15
�g/ml). In some experiments, a rabbit Ab that detects
both human and murine vWF was added in the first step
and an aminomethyl coumarin acetic acid-conjugated
goat anti-rabbit IgG (18.8 �g/ml) was added to the mix-
ture of secondary reagents. Cryosections were incubated
with the primary and secondary reagents for 1 hour each,
whereas paraffin sections were incubated with primary
Abs for 20 hours and secondary reagents for 3 hours,
respectively.

In another protocol, tissue sections, chamber slides,
and cytospins were immunostained with a mixture of
primary mouse mAbs (see Table 1 for details) and rabbit
anti-vWF, next with a mixture of biotinylated horse anti-
mouse IgG (6 �g/ml) and FITC-conjugated donkey anti-
rabbit IgG (3.8 �g/ml), and finally with streptavidin-Texas
Red (2.5 �g/ml, 60 minutes). Alternatively, we detected
the binding of rat mAbs by means of Alexa 594-conju-
gated donkey anti-rat IgG (10 �g/ml) and human ECs by
means of FITC-conjugated Ulex lectin (10 �g/ml). In some
experiments we also added Hoechst blue nuclear stain
(50 ng/ml) to the final volume of washing buffer after the
last incubation.

Negative controls were tissue sections incubated with
primary irrelevant isotype- and concentration-matched
mAbs, whereas tissue sections from human tonsils
served as positive controls. Microscopy was performed
with a Nikon E-800 fluorescence microscope (Nikon
Corp., Tokyo, Japan) equipped with a charge-coupled
device camera (Hamamatsu Photonics, Hamamatsu City,
Japan).

Results

Development of Functional Human Vessels in
Immunodeficient Mice

Injected Matrigel formed a solid tumorous mass on the
abdominal wall and retained its shape during the exper-
imental period. Tissue sections of abdominal wall sam-
ples revealed the Matrigel plugs in the subcutaneous

connective tissue (Figure 1a). To follow the fate of in-
jected HUVECs and relate them to pre-existing murine
vessels, we stained tissue sections with anti-human
CD31 (red) in combination with anti-mouse CD31
(green), in both species a pan-EC marker. Thus speci-
mens excised 1 or 3 days after Matrigel injection revealed
red single HUVECs uniformly distributed in the gel (data
not shown and Figure 1b). However, after 10 days we
observed cells with elongated cytoplasmic protrusions
resembling pseudopods (Figure 1c). These cells ap-
peared to accumulate and line up in arrays in areas of the
gel surrounding murine vessels at the edges of the plug
(Figure 1d). By day 20 we observed vessel-like structures
of accumulated HUVECs in all areas of the gels (Figure
1e) and in some mice a few of these structures contained
erythrocytes, indicative of functional vessels (data not
shown). At day 30 several human vessels that contained
erythrocytes were found in all mice and in particular when
close to murine vessels (Figure 1g). On day 40 nearly all
human vessels contained erythrocytes and to a greater
extent than on day 30 (Figure 1j). After day 30, the ma-
jority of all vessels were of human origin whereas the
fraction of murine and hybrid vessels amounted to less
than 10% and 3%, respectively. The fraction of single
HUVECs was gradually reduced during the experimental
period and amounted to less than 10% of all HUVEC-
derived elements at day 30 and 40. Luconyl Blue, a
water-insoluble dye that remains in the vascular compart-
ment after intracardial injection, was found inside some of
the human vessels (in addition to almost all murine ves-
sels), thus providing further evidence of functional ves-
sels at the time point of sacrifice (Figure 1i). Furthermore,
after 30 and 40 days we observed areas of markedly
increased cellular density. These hotspots contained
high numbers of human and murine ECs that were mostly
assembled to erythrocyte-containing vessels (Figure 1h).
However, these areas also contained high numbers of
extravascular erythrocytes perhaps indicating vascular
leakage at points of xenogeneic contact.

To investigate whether the novel human vessels could
recruit other cellular components of mature vessels such
as pericytes and vascular smooth muscle cells, we co-
stained sections with an antibody to smooth muscle �-ac-
tin and Ulex lectin. Smooth muscle actin is expressed by
smooth muscle cells and most pericytes,26 whereas Ulex
lectin labels human but not murine ECs. The temporal
appearance of complex vessels that were associated
with �-actin-expressing cells was somewhat variable.
Thus, at day 20 we observed scattered complex vessels
in one of four mice (Figure 1f), whereas at day 30 ap-
proximately two-thirds of all human vessels were associ-
ated with �-actin-positive cells. By day 40 and day 100
almost all of the human vessels were associated with

Figure 1. Development of functional human vessels in Matrigel. a: H&E staining of Matrigel plug (MP) positioned between the skin (S) and abdominal muscle
layer (M). b–m: Immunofluorescence staining of human and murine endothelium in the Matrigel with markers as indicated in the panels. Note close association
between human and murine ECs in d, as well as apparent junction between human and murine vessels in e. Note also erythrocytes inside human (arrow) and
murine (arrowhead) vessels in g, as well as Luconyl Blue (arrows) in human vessels in i (phase contrast and immunofluorescence image of identical fields).
Methanol-fixed, paraffin-embedded samples were cut at 4 �m. Original magnifications: �40 (a); �200 [b and h (right)]; �100 (d, e, and k); �600 (c and m);
�400 [f, g, h (left), i, j, and l].
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actin-positive cells, forming a distinct layer outside the
Ulex-positive ECs (Figure 1; j, k, and l).

We next wished to evaluate the proliferative potential of
adoptively transferred HUVECs. To this end, tissue sec-
tions were stained for the proliferation marker Ki67 in
combination with Ulex lectin. Ki67 is a nuclear antigen
expressed by proliferating cells but down-regulated in
cells re-entering the G0 phase.27 We found a fraction of
all HUVECs to express Ki67 throughout the whole exper-
imental period, thus indicating stable proliferative activity
in this cell population (Figure 1m).

Phenotype of Adoptively Transferred
Endothelium

To begin characterizing the phenotype of HUVECs in
their new environment, we stained tissue sections with
Abs to well-known EC markers, showing that the human
microvessels expressed vWF (Figure 3; a to d), ICAM-2
(Figure 2a), and VE-cadherin (Figure 2b) throughout the
whole experiment. On the other hand, HUVECs failed to
stain with Abs to ICAM-1, VCAM-1, E-selectin, DARC
(Duffy antigen/receptor of chemokines), CD36, CD32,
and MHC class �� (HLA-DR) at all time points, despite
strong staining of control tissue sections that contained
relevant target cells (data not shown). Murine vessels
expressed CD31 (Figure 1) and vWF (Figure 1e), but
failed to bind Ulex (relevant double staining not shown).

Phagocytic cells observed by electron microscopy (T.
Yamanaka, unpublished data) also prompted us to ana-
lyze the gels with mAb F4/80, a pan marker for murine
macrophages.28 Co-staining with Ulex revealed large
amounts of F4/80� cells in close association with human
vessels (Figure 2c). The F4/80� macrophages were also
present in areas of increased cellular density (see above)
as seen in the center of Figure 2c. These areas corre-
sponded to the hotspots observed in hematoxylin- and
eosin-stained sections that contained large accumula-
tions of extravascular erythrocytes as well as murine and
human ECs (Figure 1h).

Reinduction of the Sialomucin CD34

When phenotyping day 10 tissue sections containing
second passage HUVECs, we surprisingly observed that
virtually all HUVECs expressed CD34 (data not shown).
This finding was in strong contrast to published data on
cultured HUVECs, according to which CD34 is rapidly
down-regulated on passage of the cells.29 We confirmed
these findings by observing that the number of CD34�

cells in HUVEC cultures was gradually reduced from �10
to 20% (at passage levels 1 and 2) to being undetectable
at passage levels 3 to 5. Wishing to determine the fate of
both high- and low-passage CD34� HUVECs, we de-
pleted first passage cultures of CD34� cells by means of
immunomagnetic beads, plated the remaining cells in
chamber slides, and found the fraction of CD34� cells
reduced to less than 1% by means of immunocytochem-
ical staining. Cells from depleted cultures or high pas-
sage CD34� HUVECs were subsequently injected in

mice. One day after injection, HUVECs in Matrigel were
CD34� and vWF� (Figure 3a), but from day 3 and on-
wards we found virtually all vessels to express CD34,
regardless of passage level (Figure 3, b to d, and data
not shown).

To exclude the possibility that the Matrigel itself might
reinduce CD34 expression, we immunostained depleted
and nondepleted second passage HUVECs cultured on
the top or cast in Matrigel, after 3, 10, and 12 days.
However, all in vitro cultures failed to express CD34 de-
spite strong expression of vWF (Figure 3, e and f, and
data not shown).

Modulation of the EC Phenotype by Osmotic
Pumps

To investigate whether osmotic pumps could be used for
controlled delivery of mediators to human ECs in Matri-
gel, we exposed gels to locally delivered rh interferon-�
for 3 days and observed gross induction (�90% of the
population) of hMHC class II (Figure 4a) and hICAM-1
(Figure 4b), whereas no signal for hVCAM-1 or hE-selec-
tin could be detected (data not shown). Furthermore, we
observed induction of mICAM-1 on non-ECs (vWF-nega-
tive) both inside and outside the gel as well as induction
of mVCAM-1 on non-ECs outside the gel (data not
shown).

Discussion

This study describes a simple and reproducible method
for adoptive transfer of ECs. HUVECs assembled to form
capillaries that contained murine red blood cells within 4
weeks after subcutaneous injection in Matrigel, thus mim-
icking the later steps of sprouting angiogenesis in which
ECs terminate migration and proliferation, and begin ac-
cumulating and remodeling into new blood vessels.30,31

The finding of Luconyl Blue inside only some of the hu-
man vessels indicated that newly formed vessels remain
in a plastic state of remodeling, perhaps depending on the
proper combination of stimulating survival signals such
as vascular endothelial growth factor or Angiopoetin-1 for
further maturation.32,33 Thus, this system may be suitable
for analyses of vascular remodeling and evaluation of fac-
tors that affect the later steps of angiogenesis.

The factors that enable the capillary morphogenesis
and the successful anastomosis with the host vasculature
in our model are currently unknown. Nevertheless, it is
highly likely that both the murine vessels surrounding the
gel and the non-ECs that invade it play a role. Indeed,
HUVECs tended to accumulate close to murine vessels,
possibly getting additional morphogenic signals from
their murine counterparts. It is also reasonable to assume
that the pericytes found in close contact with capillaries
can influence vascular differentiation and stabilization.
Indeed, pericyte-derived factors may affect the pheno-
type of nearby vessels.34,35 It is also possible that gel-
invading macrophages may influence the survival and
phenotype of the HUVECs. Given that these macro-
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phages are derived from peripheral blood monocytes,
future studies might estimate the role of macrophages in
vascular differentiation by means of mice depleted of
monocytes.36

A model for adoptive transfer of ECs also lends itself to
studies of their phenotype. We initially assumed that the
transfer of ECs to an in vivo environment (and subsequent
capillary morphogenesis) would induce vascular
changes that might enable studies of the phenotype not
permitted in vitro. Although several markers that are pre-
dominantly expressed by microvessels or segments
thereof (CD32, CD36, DARC, or HLA-DR20,21,37,38) were

not induced in our model, our assumption was confirmed
in observing reinduction of an EC marker that in HUVECs
is rapidly lost in vitro. The sialomucin CD34, a putative
L-selectin ligand in the high endothelium of lymphoid
organs, but of unknown function in flat-walled vessels,39

was absent at day 1 but reinduced within 3 days in vivo.
However, this reinduction was not mediated by Matrigel
itself, because CD34� HUVEC cultures failed to express
CD34 when cultured in or on Matrigel. Instead, CD34
expression may have been stimulated by the altered
microenvironment in the Matrigel, perhaps provided by
one or several of the cellular components discussed

Figure 2. Phenotypic analysis of human ECs and murine macrophages. Immunofluorescence staining of frozen (b) or paraffin-embedded (a and c) sections from
the Matrigel plug with markers as indicated. Original magnifications, �200.

Figure 3. Reinduction of CD34 expression. Immunofluorescence staining of Matrigel in vivo (a–d) and in vitro (e and f) with markers as indicated (all paraffin
sections). Original magnifications: �100 (a); �400 (b); �600 (c); �200 (d–f).

Figure 4. Modulation of the EC phenotype. Im-
munofluorescence staining of paraffin-embed-
ded interferon-�-stimulated day 3 samples with
markers as indicated. Original magnifications,
�600.

Adoptive Transfer of Endothelial Cells 1635
AJP May 2002, Vol. 160, No. 5



above. There is also a small possibility that the CD34�

cells found in the Matrigel at day 3 were not CD34� at the
time of transfer but rather generated from the small num-
ber of cells (�1%) having escaped our immunomagnetic
depletion. However, the high numbers of positive cells at
day 3 (�70%) are unlikely to have risen from at the most
four population doublings of contaminating CD34� cells.

Our model may prove particularly useful to assess the
effect of phenotypic stimuli other than those recruited
from the host. To this end, the usefulness of osmotic
pumps for soluble substance delivery and their effect on
vascular phenotype regulation were clearly demon-
strated by the de novo induction of cytokine-responsive
EC markers. It may also be possible to transfer growth-
arrested, stably transfected cell lines that would produce
soluble or cell-bound mediators, preferably under the
control of an in vivo-inducible promoter. Furthermore, the
influence of non-ECs from organs with EC phenotypes of
interest could be estimated by including them in the
Matrigel. Finally, cultured microvascular ECs from several
organs have a phenotype different from HUVECs and
may therefore enable the generation of data not obtain-
able by means of the latter.

The present model of adoptive transfer was partly cho-
sen because of technical simplicity. Alternatively, it would
be interesting to transfer ECs directly to the tissue without
Matrigel. To this end, it remains unknown whether human
ECs would be targets for natural killer cells or granulo-
cytes once they were transferred directly to the immuno-
deficient mice used in this study, but in the absence of
Matrigel. It is possible that the Matrigel provides immu-
noisolation, although HUVECs sometimes observed out-
side the gel appeared healthy. Nevertheless, our model
nicely proves a principle that can be adopted to other
settings. Thus, congenic transfer of murine ECs might
provide another modality useful for studies in immuno-
competent animals.

The technique described here has advantages over
two alternative, recently published models.40,41 First, the
injection of cells in liquid gel is efficient and less trauma-
tizing to the surrounding tissue than surgical implantation
of solidified gels40 or porous polymer matrices.41 In fact,
the vessels that developed in the latter transiently ex-
pressed ICAM-1 and VCAM-1, indicating proinflamma-
tory activation of the microenvironment and contrasting
the complete lack of such induction (including E-selectin)
in our model. Second and more importantly, HUVECs in
our system developed into complex microvessels, which
were stable up to 100 days (instead of regressing within
day 28), without genetic modification designed to sup-
press apoptosis. Such manipulation may interfere with
the ability to understand physiological human EC behav-
ior. Although Matrigel is an incompletely defined sub-
stance of animal origin that would carry potential xeno-
geneic hazards, it is reasonable to assume that one or
several of its relevant components would support the
survival of native, nontransduced endothelium. In fact, it
is tempting to speculate that improved vascular perfusion
in clinical settings might be achieved by simple injection
of healthy ECs in a completely defined substitute for
Matrigel.

In conclusion, we have developed a system for adop-
tive transfer of ECs. This system may be useful to study
vascular remodeling and regulation of the EC phenotype.
Such EC transfer also holds promise for enhanced vas-
cularization in clinical settings.
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