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The breaking of immune tolerance against autologous angiogenic endothelial cells should be a
useful approach for cancer therapy. Here we show that immunotherapy of tumors using fixed
xenogeneic whole endothelial cells as a vaccine was effective in affording protection from tumor
growth, inducing regression of established tumors and prolonging survival of tumor-bearing
mice. Furthermore, autoreactive immunity targeting to microvessels in solid tumors was induced
and was probably responsible for the anti-tumor activity. These observations may provide a new
vaccine strategy for cancer therapy through the induction of an autoimmune response against
the tumor endothelium in a cross-reaction.

The generation of new blood vessels, or angiogenesis, is important for normal embryonic development and for the development of pathologic conditions such as cancer, rheumatoid
arthritis and retinopathies1–5. Several lines of direct and indirect
evidence indicate that the growth and persistence of solid tumors and their metastases are angiogenesis-dependent1,4–8. As a
strategy for cancer therapy, anti-angiogenic therapy attempts to
stop new vessels from forming around a tumor and break up the
existing network of abnormal capillaries that feeds the
cancerous mass3,4,9,10.
Endothelial cells in the angiogenic vessels in solid tumors express proteins on their surfaces that are absent or barely detectable in normal quiescent vascular endothelium, including
αvβ3 integrin and receptors for certain angiogenic growth factors2,4,8,9. The proteins on the endothelium of new vessels in the
mouse are homologous to those in humans and in other species,
to varying extents14–16. The breaking of immune tolerance to autologous angiogenic endothelial cells should be a useful approach for cancer therapy. However, immunity to angiogenic
vessels is presumably difficult to elicit by autologous or syngeneic endothelial cells or their proteins as vaccine because of
the immune tolerance acquired during the development of the
immune system. Here we explored the feasibility of immunotherapy of tumors with xenogeneic endothelial cells as a
vaccine by breaking immune tolerance against autologous angiogenic cells in a cross-reaction between the xenogeneic homologs and self molecules.
We prepared vaccines using proliferative endothelial cells cultured in vitro, like new vessels with proliferative activity in solid
tumors. We tested paraformaldehyde-fixed human and bovine
endothelial cells as vaccines for their ability to induce ant-tumor
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immunity in several tumor models in mice. For this, we used
human umbilical vein endothelial cells (HUVECs primary cells
and HUV-EC-Cs), human dermal microvascular endothelial cells
(HDMVECs), and bovine glomerular endothelial cells (GEN-T).
We also used a cell line of transient SV40 infection of mouse endothelial cells derived from lymph node stroma (SVEC4-10), a
cell line of human aorta vascular smooth muscle cells (T/G HAVSMCs) and a human B-lymphoblastoid cell line transformed by
Epstein-Barr virus (RPMI 7666 cells) as control cell vaccines.
Induction of protective and therapeutic anti-tumor immunity
We immunized mice intraperitoneally once weekly for 4 weeks
with different doses of HUVECs, HDMVECs, HUV-EC-C, GEN-T
cells, SVEC4-10 cells, T/G HA-VSMCs and RPMI 7666 cells or
treated them with PBS alone (non-immunized mice), and then
challenged with 1 × 105–1 × 107 live tumor cells after the fourth
immunization. Tumor grew progressively in all non-immunized
mice and mice immunized with SVEC4-10 cells, T/G HA-VSMCs
or RPMI 7666 cells, but there was complete protection from
tumor growth in mice immunized with HUVECs, HDMVECs,
HUV-EC-C or GEN-T cells (Fig. 1). The protective effect was longlasting, as mice of different strains (BALB/c, C57Bl/6 and C3H)
challenged up to 12 weeks after the last immunization resisted
challenge with several solid tumor cells of different histological
origin (data not shown).
We next tested the therapeutic efficacy of xenogeneic endothelial cells as vaccines in established tumors. We began treating the mice on day 7 after injection of Methylcholanthrene A
induced (Meth) A-fibrosarcoma, hepatoma or breast cancer cells,
when the tumors were visible and palpable. Treatment with
HUVECs or GEN-T cells twice weekly for 4 weeks resulted in reNATURE MEDICINE • VOLUME 6 • NUMBER 10 • OCTOBER 2000

© 2000 Nature America Inc. • http://medicine.nature.com

ARTICLES

a

© 2000 Nature America Inc. • http://medicine.nature.com

e

b

f

c

d

g

h

tarded progression and, finally, regression of the established tumors (Fig. 2a–d). Survival of the tumor-bearing mice treated with
GEN-T cells or HUVECs was also significantly longer than that of
the untreated mice or mice immunized with SVEC4-10 cells (Fig.
2e–h). We monitored mice immunized with xenogeneic endothelial cells, using gross measures such as weight loss, ruffling
of fur and life span, and found no adverse consequences. In addition, we found no pathologic changes of liver, lung, kidney,
spleen or brain by microscopic examination.
Characterization of autoantibodies against endothelial cells
To determine the possible mechanism by which anti-tumor activity was induced with xenogeneic endothelial cells, we treated
the endothelial cells and tumor cells with various doses of immunoglobulins isolated from mice immunized with HUVECs or
SVEC4-10 cells or from non-immunized mice. Treatment with
immunoglobulins from mice immunized with HUVECs resulted
in apparent inhibition of proliferation of human, mouse and
bovine endothelial cells, compared with those from mice immunized with SVEC4-10 cells or non-immunized mice (Fig. 3). In
contrast, the treatment had no effect on proliferation of tumor
cells.
Adoptive transfer of immunoglobulins isolated from mice immunized with HUVECs, GEN-T cells or HDMVECs was effective

Fig. 2 Induction of the therapeutic anti-tumor
immunity. Meth A fibrosarcoma cells (a and e),
H22 hepatoma cells (b and f) and MA782/5S
mammary carcinoma cells (c, d, g and h) were introduced subcutaneously into mice, and then the
mice were treated with fixed SVEC4-10 cells (),
HUVECs or GEN-T cells () or PBS alone (). a, b
and d, Tumor sizes in mice treated with HUVECs
(). e, f and h, Survival of mice treated with
HUVECs (). c and g, Tumor sizes and survival of
mice treated with GEN-T cells ().
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Fig. 1 Induction of protective anti-tumor immunity. BALB/C mice
were immunized intraperitoneally with fixed endothelial cells or
control cells, and then challenged with live Meth A cells. a, treatment with PBS alone (control). b–h, Vaccination with HUVECs (b),
HUV-EC-Cs (c), HDMVECs (d), GEN-T cells (e), SVEC4-10 cells (f),
T/G HA-VSMCs (g) and RPMI 7666 cells (h).

in affording protection from tumor growth (Fig. 4).
Adsorption of immunoglobulins with fixed endothelial
cells before adoptive transfer abrogated the anti-tumor
activity, but T/G HA-VSMCs had no effect (Fig. 4). By
flow cytometric analysis, both human and mouse endothelial cell lines showed positive staining with sera isolated from mice immunized with HUVECs, but negative
staining with sera from mice immunized with SVEC4-10
cells or non-immunized mice (data not shown). Sera isolated from mice immunized with HUVECs also positively
stained microvessels in tumor tissues derived from the
non-immunized mice (Fig. 5a) and granulation tissues from a
healing wound (Fig. 5b), but not those in other normal tissues of
the body (Fig. 5c).
To identify possible endothelial deposition of autoantibodies,
we stained microvessels using immunohistochemistry. There
was endothelial deposition of immunoglobulins in the tumor
tissues from mice immunized with HUVECs (Fig. 5d), but not in
those from the non-immunized or mice immunized with SVEC410 cells or T/G HA-VSMCs (data not shown). In addition, there
was no immunoglobulin deposition in the immunized or nonimmunized mice in normal quiescent endothelium in the major
organs such as kidney, liver, spleen and brain, and the results
were similar in appearance to those in Fig. 5c (data not shown).
Inhibition of angiogenesis
We sequentially analyzed microvessel density as tumors regressed in response to the vaccine (Fig. 5e). Microvessel density
gradually decreased as a result of prolongation of the vaccine
treatment (Fig. 5e). Also, vessel length, ‘clock-hours’ (the proportion of the circumference that is vascularized if the eye is viewed
as a clock) and area of neovascularization (assessed by Corneal
micro-pocket assay) were inhibited by 68 ± 6%, 72 ± 5% and 81 ±
7%, respectively, in mice treated by the adoptive transfer of immunoglobulins isolated from mice immunized with HUVECs,
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compared with control samples. Also, we obtained similar results
by direct immunization with HUVECs.
Function of CD4+ T cell in the anti-tumor activity
There was no anti-tumor activity induced by xenogeneic endothelial cells in nude mice, indicating that T cells may be required for the anti-tumor response. Furthermore, mice depleted
of CD4+ T lymphocytes by the injection of monoclonal antibody
against CD4 and vaccinated with xenogeneic endothelial cells
were not protected from tumor challenge. In contrast, treatment
with monoclonal antibody against CD8 or natural killer cells or
normal rat immunoglobulin (Ig) G failed to abrogate the antitumor activity (Fig. 6a). We assessed immunoglobulin subclass
response to the endothelial cells using enzyme-linked immunosorbent assay (ELISA), and found substantial increases in
IgG1, IgG2a and IgG2b with little increase in IgM or IgA in sera
obtained from the mice at day 7 after the fourth immunization,
compared with that in control samples (Fig. 6b). Mice depleted
of CD4+ T lymphocytes did not develop detectable antibodies
against the endothelial cells (Fig. 6b).
Identification of the possible peptides for the cross-reaction
The endothelial cell extracts showed multiple positive bands by
western blot analysis when probed with sera from mice immunized with HUVECs (Fig. 7a) but negative staining with those
from non-immunized mice (Fig. 7b). At least two bands with
molecular sizes of 220 and 130 kDa had sizes similar to those of
the known angiogenesis-associated molecules vascular endothelial growth factor receptor (VEGFR) II and αv integrin. These two
molecules were also expressed on the endothelial cells we used,
as shown by the use of commercially available antibodies against
VEGFR II or αv integrin in flow cytometric and western blot
analysis, and immunoglobulins isolated from mice immunized
with HUVECs showed positive reactions against the recombi-

Fig. 3 The inhibition of proliferation of endothelial cells in vitro with immunoglobulin. a, Exponentially growing HUVECs (),SVEC4-10 cells () or
Meth A cells () were exposed to immunoglobulins isolated from mice immunized with HUVECs, and the percentage inhibition was calculated. b,
HUVECs (),SVEC4-10 cells () or Meth A cells () were treated with immunoglobulins isolated from non-immunized mice. c, HDMVECs (), HUVEC-Cs (),GEN-T cells () and LL/2 cells () were also treated with
immunoglobulins isolated from mice immunized with HUVECs. d, As a control of the experiment in c, cells were treated with immunoglobulins isolated from non-immunized mice. Horizontal axes, immunoglobulin
concentrations.

nant extracellular parts of VEGFR II and αv integrin by ELISA
(data not shown). Sequence comparison analysis using the
SwissProt database in NCBI indicated that the primary sequences of VEGFR II and αv integrin of mice and humans were
homologs that were 82% and 89% identical, respectively, at the
amino-acid level. Next, we selected pairs of peptides for synthesis from the regions that shared the most-identical amino-acid
sequences between humans and mice. Each peptide synthesized
was 35 amino acids long. We screened the possible peptides responsible for the cross-reaction in two steps. We probed these
peptides with immunoglobulins from mice immunized with
HUVECs, using ELISA. We immunized mice with pairs of homologous peptides that showed immunoglobulin-positive binding
and determined their anti-tumor activity. Three pairs of the homologous peptides showed immunoglobulin-positive binding,
and their human homologs showed anti-tumor activity. We
identified two pairs within αv integrin and one pair within
VEGFR II (Table 1). These immunoglobulin-binding regions were
represented by amino-acid residues 330–364 and 545–579 within
the extracellular fragment of αv integrin in both human and
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b

Fig. 4 Adoptive transfer of immunoglobulins in vivo. a, Protective antitumor effect on H22 hepatoma was tested with purified immunoglobulins
from mice immunized with HUVECs and control cells, the immunoglobulins
were adsorbed with (+) HUVECs, SVEC4-10 cells and T/G HA-VSMCs before
adoptive transfer. b, Protective effect on Lewis lung carcinoma (LL/2) with
immunoglobulins from mice immunized with GEN-T cells and control cells,
and immunoglobulins adsorbed with (+) GEN-T cells, SVEC4-10 cells and
T/G HA-VSMCs.
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Fig. 5 In situ observation of microvessels and inhibition of angiogenesis.
a–d, Immunohistochemical analysis of microvessels in tumor tissues,
stained with immunoperoxidase. a and b, Microvessels in hepatoma tissues (a) and granulation tissues of healing wound (b) from non-immunized
mice, using serum from the mice immunized with HUVECs. c, Microvessels
in kidney (control). d, Endothelial deposition of immunoglobulins in the

hepatoma tissue from a mouse immunized with HUVECs. e, Sequential
analysis of inhibition of angiogenesis in tumors. Mice were treated with
PBS alone () or with fixed SVEC4-10 cells (), HUVECs ( ) or GEN-T cells
( ) after H22 hepatoma cells were introduced subcutaneously. Vessel density was determined by counting of the microvessels in each high-power
field (hpf) in the sections.

mouse, and by residues 239–273 in human and the corresponding residues 243–277 in mouse within VEGFR II. We identified
these immunoglobulin-positive binding peptides from 42 pairs
of homologous peptides examined. Furthermore, adoptive transfer of immunoglobulins isolated from these mice immunized
with xenogeneic peptide also showed inhibition of tumor
growth, but immunoglobulins from mice immunized with
mouse peptides or with Freund’s adjuvant alone had no effect
compared with those from mice treated with PBS alone (Fig. 7c).

stained microvessels in the tumor and endothelial cell lines of
both human and mouse. We identified cross-reactive peptides
within αv integrin and VEGFR II on endothelial cells, and similar
molecules in both human and mouse endothelial cell lines were
recognized by western blot analysis. IgG1, IgG2a and IgG2b were
substantially increased in response to the endothelial cells. There
was endothelial deposition of immunoglobulins in tumor. There
was also anti-tumor activity and production of immunoglobulins against the endothelial cells that was abrogated by the depletion of CD4+ T lymphocytes. Angiogenesis was apparently
inhibited in tumor (Fig. 5e), and corneal angiogenesis induced
by basic fibroblast growth factor was inhibited. In addition, the
anti-tumor activity with xenogeneic endothelial cells may not
result from the nonspecifically augmented immune response
against tumor growth in host mice, as we found no increase in
natural killer cell activity of spleen cells or in levels of cytokines
such as interferons α, β and γ, tumor necrosis factor α and β
chemokines in sera from immunized mice (data not shown), and
found no anti-tumor activity after immunization with a xenogeneic smooth muscle cell line or B-lymphoblastoid cells.
Anti-tumor immunity depends on CD8+ T lymphocytes in
some mouse models, whereas CD4+ T lymphocytes often have
little, if any, function17–20. Some molecular targets of tumor-specific CD8+ T lymphocytes have been identified in human and
mouse systems18,19. CD8+ T lymphocytes have been the focus of

Discussion
Here we obtained many results regarding xenogeneic endothelial cell vaccines, anti-tumor immunity and angiogenesis. Fixed
xenogeneic endothelial cells as vaccine induced both protective
and therapeutic anti-tumor immunity. The autoreactive immune response against the microvessels in solid tumors may be
provoked in a cross-reaction by immunization of xenogeneic endothelial cells, and the autoreactive immunity targeting to microvessels in solid tumor was probably responsible for the
anti-tumor activity. These suggestions were supported by our results. Endothelial cell proliferation was inhibited in vitro by purified immunoglobulins from xenogeneic endothelial cellimmunized mice. Anti-tumor activity and inhibition of angiogenesis was acquired by adoptive transfer of purified immunoglobulins. Immunoglobulins present in sera positively

Fig. 6 Abrogation of the anti-tumor activity
and immunoglobulin subclass response to the
endothelial cells by the depletion of CD4+ T
lymphocytes. a, Abrogation of anti-tumor activity. Mice were immunized and challenged
with MA782/5S mammary carcinoma cells
after depletion of immune cell subsets. b,
Abrogation of immunoglobulin subclass response to endothelial cells. Sera obtained
from mice immunized with HUVECs were
tested against lysates of SVEC4-10 cells by
ELISA, after depletion of immune cell subsets.
Immunoglobulin detected:
, IgG1; ,
IgG2a; , IgG2b; , IgM; , IgA. Data represent absorption at 560 nm. Anti-, antibody
against; +, molecule used for subset depletion.
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Fig. 7 Identification of the possible antigens responsible for the cross-reaction. a and b, Western
blot analysis for possible antigens of both HUVECs
and SVEC4-10 cells recognized by the immune sera
and control sera respectively. a, HUVECs, SVEC4-10
cells and Meth A cells, stained with sera isolated
from mice immunized with HUVECs. b, The cells in
a, stained with sera from non-immunized mice
(control). Left margin, molecular sizes. c, Inhibition
of tumor growth by adoptive transfer of immunoglobulins. There is a protective anti-tumor effect with immunoglobulins isolated from the mice
immunized with xenogeneic peptides, but not
from mouse peptides, Freund’s adjuvant or PBS
alone. Data represent day 20 after tumor
cell injection.
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recent efforts in the development of a therapeutic anti-tumor
vaccine18,19. However, here we found that mice depleted of CD4+
T lymphocytes by the injection of monoclonal antibody against
CD4 and vaccinated with xenogeneic endothelial cells were not
protected from tumor challenge. These mice did not develop detectable antibodies against the endothelial cells. In contrast,
treatment with monoclonal antibody against CD8 or natural
killer cells or control IgG failed to abrogate the anti-tumor activity. These data indicate that the induction of the antibody response to the endothelial cells, which is responsible for
anti-tumor activity induced by xenogeneic endothelial cells may
involve CD4+ T lymphocytes. CD4+ T lymphocytes can ‘steer’
and amplify immune responses through the secretion of cytokines and expression of surface molecules20–22. Moreover, CD4+
T lymphocytes are prominent in classic mouse models of autoimmunity, such as experimental allergic encephalitis, systemic
lupus erythematosus and autoimmune gastritis22–24. These findings may help explain the requirement for CD4+ T lymphocytes
in the induction of autoimmune response against the tumor endothelium in a cross-reaction.
Here we prepared vaccines using proliferative endothelial cells
cultured in vitro, like new vessels with proliferative activity in
solid tumors. Endothelial cells in culture may be heterogenous
and express genes that may not be expressed in the original tissue, whereby they may lose the expression of a number of antigens. However, we found that immunoglobulin or serum
isolated from mice immunized with cultured xenogeneic endothelial cells showed positive staining not only for cultured en-

dothelial cells but also for microvessels in tumor tissues or in a
healing wound. These findings indicate that there may still be
some common antigens or cross-reactive epitopes between cultured endothelial cells and those in tumor tissues, which are responsible for the autoimmune response against the tumor
endothelium in a cross-reaction. This is also supported by the
findings that the cultured endothelial cells can still express some
genes that are expressed in the microvessels in tumor tissues. For
example, molecules such as VEGFR II, αvβ3 integrin and endoglin, which are associated with angiogenesis in tumors, can be
found in primary culture of HUVECs, HDMVECs and bovine endothelial cells as well as HUV-EC-Cs and some bovine endothelial cell lines25–32. Some of these molecules were also present on
the endothelial cells used here.
The molecules αv integrin and VEGFR II are important during
angiogenesis2–4,10,12,29,33. Blockade of the ligand binding domain of
these molecules results in the inhibition of angiogenesis in vivo
or of endothelial cell proliferation in vitro and of anti-tumor activity2–4,10,12,29,33. Here, at least two bands by western blot analysis
showed sizes similar to those of VEGFR II and αv integrin. We
also identified these two molecules on the endothelial cells using
commercially available antibodies against VEGFR II and αv integrin, by flow cytometric and western blot analysis, and immunoglobulins isolated from mice immunized with HUVECs
showed positive reactions against the recombinant extracellular
parts of VEGFR II and αv integrin by ELISA (data not shown). We
identified three pairs of possible peptides responsible for crossreaction in the extracellular parts of these molecules.
Furthermore, two of three pairs of immunoglobulin-binding sites were located
Table 1 The amino-acid sequence of cross-reactive peptides in
within the regions encompassing the ligandαv integrin and VEGFR II
binding domain (residues 247–261) of VEGFR II
Peptide name
Species
Amino acid sequence
(ref. 29) and partially encompassing the ligandbinding domain (residues 139–349) of αv inteαv integrin-H (545–579)
Human
YSRSPSHSKNMT I SRGGLMQCEEL I AYLRDESEFR
αv integrin-M (545–579)
Mouse
HNRSPVHSKTMTVFRGGQMQCEELVAYLRDESEFR
grin34. The other immunoglobulin-binding site
was located outside the ligand-binding domain
αv integrin-H (330–364)
Human
FMDRGSDGKLQEVGQVSVSLQRASGDFQTTKLNG
of αv integrin. However, some antibodies
αv integrin-M (330–364)
Mouse
FMDRGSDGKLQEVGQVSVSLQRAVGDFQTTKLNG
against the non-binding domain can block the
VEGFR II-H (239–273)
Human
KLVLNCTARTELNVGIDFNWEYPSSKHQHKKLVNR
function of the integrin allosterically as well35.
VEGFR II-M (243–277)
Mouse
KLVLNCTARTELNVGLDFTWHSPPSKSHHKK IVNR
Immunoglobulins isolated from the mice imPeptides derived from the αv integrin or VEGFR II were synthesized and then probed by ELISA with immunized with xenogeneic peptides of αv intemunoglobulins isolated from mice immunized with HUVECs. Mice were immunized with pairs of homologous
grin and VEGFR II identified αv integrin and
peptides that showed immunoglobulin-positive binding, and anti-tumor activity was determined. Three pairs
of immunoglobulin-positive binding homologous peptides between human and mouse were identified as canVEGFR II, respectively, on the endothelial cells,
didates of the cross-reactive peptides.
and we demonstrated inhibition of endothelial
1164
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cell proliferation in vitro (data not shown). Also, the adoptive
transfer of immunoglobulins isolated from these mice immunized with xenogeneic peptides showed inhibition of tumor
growth. The findings described above indicate that the cross-reaction seen here may involve in part the epitopes within VEGFR
II and αv integrin on endothelial cells. The other four bands on
the western blot were difficult to match to sizes of known angiogenesis-associated molecules. Whether they belong to new angiogenesis-associated molecules for cross-reaction must be
explored further. The findings described above also indicate that
the high potency of the polyclonal serum isolated from xenogeneic whole endothelial cells found here may result from the
blockade of some important angiogenesis-associated molecules
such as αv integrin and VEGFR II, and may involve targeting to
multiple sites, as angiogenesis is a complex process involving
many molecules on new vessels.
These findings may provide a new vaccine strategy for cancer
therapy through the induction of an autoimmune response
against the microvessels in solid tumors in a cross-reaction by
the immunization with xenogeneic endothelial cells as vaccine.
It may be important to explore further the application of xenogeneic cells or single homologous protein between human and
other species for cancer therapy.
Methods
Vaccine preparation. The cells cultured in vitro, including a variety of endothelial cells or control cells, were collected and were washed three times
with PBS. The cells were then fixed with 3% paraformaldehyde in PBS, pH
7.4, for 24 h at 4 °C, then washed three times and incubated at 37 °C for 2
h to remove the residual paraformaldehyde. After being washed three
times, the cells were resuspended in PBS for use as vaccines. HUV-EC-Cs,
SVEC4-10 cells, T/G HA-VSMCs and RPMI 7666 cells were obtained from
American Type Culture Collection (Rockville, Maryland). The GEN-T cell line
was from Dainippon Pharmaceutical (Osaka, Japan). HUVECs and
HDMVECs were collected and cultured as described36. HUVECs and
HDMVECs from passages 5–12, inclusively, were used for all experiments.
Immunotherapy and tumor models. Mice were immunized intraperitoneally or subcutaneously once weekly for 4 continuous weeks with different doses (1 × 102–1 × 107 cells/mouse) of a variety of endothelial cell
vaccines or T/G HA-VSMCs as well as RPMI 7666 cells (as a control) or were
treated with PBS alone (non-immunized). Mice were then challenged with
1 × 105–1 × 107 live tumor cells after the fourth immunization. For investigation of the therapeutic effect against the established tumors, ten mice in
each group were treated with intraperitoneal injection of the vaccines or
control cells or PBS alone twice weekly for 4 weeks starting a day 7 after
subcutaneous introduction of 1 × 106 live tumor cells. The Meth A fibrosarcoma and H22 hepatoma models were established in BALB/c mice.
MA782/5S and FM3A mammary carcinoma models were established in
BALB/c and C3H mice, respectively. The Lewis lung carcinoma model was
in C57Bl/6 mice. All studies involving mice were approved by the institute’s
Animal Care and Use Committee.
Purification of imunoglobulin, its inhibition of cell proliferation in vitro
and its adoptive transfer in vivo. Immunoglobulins were purified from the
pooled sera derived from the mice on day 7 after the fourth immunization
or from control mice, by affinity chromatography (CM affi-gel blue gel kit;
BioRad, Richmond, California). For determination of the effects of purified
immunoglobulins on cell proliferation, exponentially growing endothelial
cells or tumor cells, at a concentration of 2 × 105 cels/ml were exposed to
various concentrations (1–150µg/ml) of the imunoglobulin for 72 h of culture. The number of viable cells was determined by a trypan blue dye exclusion test, and the percentage inhibition was calculated37.
For assessment of the efficacy of imunoglobulin in anti-tumor in vivo, purified imunoglobulins (10–300 mg/kg) were adoptively transferred intravenously 1 d before mice were challenged with 1 × 105–1 × 107 tumor cells,
and then mice were treated twice per week for 3 weeks. As a control, immunoglobulin was adsorbed four times by incubation for 1 h at 4 0C, with
NATURE MEDICINE • VOLUME 6 • NUMBER 10 • OCTOBER 2000

rocking, with fixed xenogeneic endothelial cells or VSMCs.
Immunoglobulin subclass response to the endothelial cells and peptide
ELISA. Immunoglobulin sublass was determined by ELISA as described38.
Endothelial cells and tumor cells were washed and lysed by three cycles of
freezing and thawing, and then 1 × 104 cell equivalents (50 µl) were plated,
dried and blocked. Experimental mouse sera were serially diluted and added
to the wells. Plates were incubated for 2 h at 37 °C, washed, and then incubated with serially diluted alkaline phosphatase-conjugated antibody against
mouse IgG subclass, IgM or IgA. Enzyme activity was measured with an ELISA
reader (BioRad, Richmond, California). For the identification of cross-reactive
peptides, the peptides were coupled to 96-well assay plates at a concentration of 1 µg/well, as described39, then probed with immunoglobulins from
mice immunized with HUVECs, by ELISA.
In vivo depletion of immune cell subsets. Immune cell subsets were depleted as described40. Mice were injected intraperitoneally with 500 µg
monoclonal antibodies against CD4 (clone GK 1.5, rat IgG), CD8 (clone
2.43, rat IgG) or natural killer cells (clone PK136) or isotype controls 1 d before the immunization, and then twice per week for 3 weeks. Tumor cells (1
× 106–1 × 107) were challenged after the fourth immunization. These hybridomas were obtained from American Type Culture Collection (Rockville,
Maryland). The depletion of CD4+, CD8+ and natural killer cells was consistently greater than 98%, as determined by flow cytometry (Coulter Elite
ESP; Coulter, Hialeah, Florida)40.
Immunohistochemistry
and
flow
cytometric
analysis.
Immunohistochemistry was done as described41. Frozen sections were fixed in
acetone, incubated with serum diluted 1:50-1:2,000, isolated from immunized or non-immunized mice. The sections were then stained with labeled
streptavidin biotin reagents (Dako LSAB kit, peroxidase; Dako, Carpinteria,
California). To identify the endothelial deposition of autoantibodies, we
stained the sections without using primary antibody. For determination of
vessel density, microvessels were counted in each high-power field in the sections as described7. Wound healing was created by excision of the skin of the
mid-dorsal region as described42. Granulation tissue at day 5 after wounding
was obtained for immunohistochemical analysis. For the flow cytometric
analysis, endothelial cells and tumor cells were stained by an indirect
method43, using serum diluted 1:50–1:3,000, and then goat antibody against
mouse IgG, IgM and IgA, conjugated to fluorescein isothiocyanate (Sigma).
Western blot analysis. Western blot analysis was done as described43. Cells
(2 × 107) were lysed in 1 ml lysis buffer. The membrane blots were blocked
by incubation at 4 °C in 5% non-fat dry milk, then were washed and probed
with mouse sera at a dilution of 1:100. Blots were then washed and incubated with a biotinylated secondary antibody (Biotinylated horse antibody
against mouse IgG or IgM, followed by transfer to Vectastain ABC solution
(Vector Laboratories, Burlingame, California).
Micropocket assay. The micropocket assay was done as described5,44. Five mice in
each group were immunized by vaccines for 4 continuous weeks or were treated
by adoptive transfer of purified immunoglobulin as described above before the
pellets containing basic fibroblast growth factor were implanted into the cornea.
Synthesis of peptides and immunization with the peptides. Peptides
were synthesized by FMOC (fluorenyl methoxycarbonyl)-t-butyl-based
solid-phase peptides chemistry on an AB433A peptide synthesizer (Perkin
Elmer, Norwalk, Connecticut) as described45. The crude peptides were purified by reverse-phase high-performance liquid chromatography44.
Peptides (100 µg antigen per injection) were emulsified 1:1 (volume/volume) with complete Freund’s adjuvant for the first immunization, followed
by a boost in incomplete Freund’s adjuvant at 2 weeks and weekly thereafter, as described46, then challenged with 1 × 105–1 × 107 live tumor cells
after the fourth immunization. Purified immunoglobulins were prepared
from the pooled sera derived from the mice at day 7 after the fourth immunization without injection of tumor cells.
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