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Immunization with xenogeneic antigens is an attractive approach
to induce cross-reactive humoral and cellular immunity to inhibit
tumor growth or angiogenesis. To identify novel xenogenic tar-
gets for immunotherapy, we have developed a modified serologi-
cal expression cloning (SEREX) strategy, termed Cross-reactive
SEREX (CR-SEREX). Among 78 positive clones identified by CR-SE-
REX, Xenopus receptor for hyaluronic-acid-mediated motility
(xRHAMM) was most frequently identified (18 times), indicating
the strongest immunogenic potential for xenogenic immunother-
apy. A DNA vaccine based on xRHAMM effectively induced a pro-
tective antitumor immunity against local tumor and lung
metastasis in B16 melanoma mouse models. Angiogenesis was
inhibited and cell apoptosis was increased within tumors. Antitu-
mor activity of xRHAMM worked through stimulation of an anti-
gen-specific cellular response as well as through a specific humoral
response against RHAMM, as confirmed by the depletion of
immune cell subsets in vivo. Thus, a xenogenic vaccine based on
xRHAMM induced an effective immunity against B16 melanoma
cells and endothelial cells. (Cancer Sci 2010; 101: 862–868)

I mmunotherapy based on cancer or vascular endothelial cell
antigens represents a valuable strategy for cancer therapy.(1)

Overcoming immune tolerance is a prerequisite for the genera-
tion of effective antitumor immunity; however, central and
peripheral immune tolerance to tumors is a major obstacle in
cancer immunotherapy.(1,2) Accumulating evidence shows that
immunization with xenogeneic molecules, such as survivin and
human epidermal growth factor receptor 2 (HER2), can induce
an effective immune response to inhibit tumor growth.(3–9) In
addition to these tumor cell antigenic molecules, many angio-
genesis-associated antigens, such as basic fibroblast growth fac-
tor receptor 1 (bFGFR-1), vascular endothelial growth factor
(VEGF), and VEGF receptor 2 (VEGFR2) can induce a cyto-
toxic CD8+ T-cell immune response or a specific neutralizing
antibody to destroy tumor endothelial cells.(10–14)

Serological expression cloning (SEREX) is an effective
immunomic strategy to identify tumor antigen molecules, which
is based on the ability of human tumor antigens to induce effec-
tive immune responses and to produce high titers of IgG against
identified antigens.(15–17) The antibody titer in human sera is
often low; however, the xenogenic cross-immune reaction is
always weaker than the homogenic reaction. To identify novel
xenogenic molecules, we have developed a modified SEREX
strategy, termed cross-reactive SEREX (CR-SEREX), which is
similar to but different from conventional SEREX.(18) Using
CR-SEREX, we have previously screened a rat testicular cDNA
library with rabbit antiserum against breast cancer cells. The lead-
ing candidate gene, rat testicular antigenic protein 2a (RTAP2a),
encodes a novel protein that is selectively expressed in the adult
testis and in tumor cells.(18) Knockdown of the expression of the
mouse RTAP2a ortholog, Biot2, in mouse cancer cells inhibited
tumor proliferation and growth in vitro and in vivo.(19)
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To identify novel xenogenic tumor- and angiogenesis-associ-
ated antigens, using the CR-SEREX strategy, we prepared an
antibody pool against human umbilical vein endothelial cells
(HUVECs) providing the possibility of obtaining angiogenesis-
associated antigens. We used a xenogenic cDNA expression
library derived from oocytes of Xenopus laevis for two reasons:
(1) In previous studies, we have shown that xenogenic tumor
vaccines based on Xenopus molecules (bFGFR-1 and VEGF)
can significantly inhibit tumor angiogenesis;(12,13) and (2) no
cDNA library of Xenopus cancer is available, but many signifi-
cant characteristics are shared by tumor cells and embryonic
cells, including potent proliferation, immune escaping, the simi-
larity between invasion and implantation, and common gene
expression.(20–23) Thus, theoretically, we should identify novel
xenogenic angiogenesis- or tumor-associated antigens. Among
78 CR-SEREX positive clones, Xenopus receptor for hyal-
uronic-acid-mediated motility (xRHAMM) was identified most
frequently (18 times), indicating the strongest immunogenic
potential for xenogenic immunotherapy. A xenogenic vaccine
based on xRHAMM induced an effective immunity that inhib-
ited the development of local tumor and lung metastasis in a
mouse B16 melanoma model.

Materials and Methods

Cell culture. Endothelial cells were isolated from human
umbilical veins as previously described,(24) and were incubated
in M199 medium (20% heat inactivated fetal calf serum,
100 UI ⁄ mL penicillin, 100 mg ⁄ mL streptomycin, and 2 mM

L-glutamin, 10 ng ⁄ mL bFGF) in a flask coated with 1% gelatin.
The mouse melanoma cell line B16 and mouse endothelial cell
line MS1 were cultured in RPMI-1640 culture medium supple-
mented with 10% fetal calf serum, 2 mM L-glutamine
100 UI ⁄ mL penicillin, and 100 mg ⁄ mL streptomycin. All cells
were incubated at 37�C under 5% CO2 humid atmosphere.

Preparation of immune serum and CR-SEREX analysis.
Exponentially growing HUVECs were collected and mixed

evenly with adjuvant to produce polyclonal antibody. Each
rabbit was injected with 1.5 · 107 HUVECs each time. After
five immunizations, blood was taken from the rabbit’s heart,
sera were isolated, and sera titers were evaluated. Aliquots of
sera at were stored at )80�C for later use.

A Xenopus oocytes cDNA library (Clontech, Mountain View,
CA, USA) was screened as protocol with little modification. The
rabbits’ sera diluted to 1:2000 had been shown to provide a low
signal to noise ratio (data not shown). The normal rabbit sera
were used as a control to remove the false-positive reactive
clones.

Immunization and tumor models. Mice at 6–8 weeks of age
were immunized (six per group) by intramuscular injection in
both later quadriceps once weekly for 6 continuous weeks with
doi: 10.1111/j.1349-7006.2009.01473.x
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Fig. 1. Diagrams represent the flowchart of CR-SEREX (cross-reactive
serological expression cloning) strategy. (A) Human umbilical vein
endothelial cells (HUVEC); (B–E) CR-SEREX screening results, positive
clones were indicated by arrows, the negative clone was indicated by
arrowhead; (B) first cycle screening results; (D) second cycle screening
results; (C,E) the larger view of (B) and (D).
50 lg pcDNA3.1-xRHAMM, pcDNA3.1-mRHAMM, and
pcDNA3.1 vector, respectively. The DNA vaccine was encapsu-
lated with cationic liposome (plasmid ⁄ nanoliposome, 1:3).
Additional control mice were injected with normal saline (n.s.;
nonimmunized mice). For the investigation of the protective
effect against local tumors, 7 days after the last immunization,
the mice were challenged subcutaneously with 2 · 105 B16 mel-
anoma cells. Tumor dimensions were measured every 3 days
with calipers, and tumor volumes were calculated according to
the following formula: 0.52 · length · width2. To test the effi-
cacy of vaccines to the tumor lung metastasis, 2 · 105 B16 mel-
anoma cells were injected into the tail vein of each mouse on
day 7 after the last immunization. Two weeks later, the mice
were killed to count lung metastasis nodules and to measure the
weight of the lungs.

Tumor histochemical examination and quantization of tumor
composition. Paraffin-embedded tumor specimens were sec-
tioned to 5 lm thickness, and hematoxylin–eosin (H&E) stain-
ing was performed. Sections from peripheral and central regions
of a tumor were imaged, and areas of viable tumor tissue and
necrosis were evaluated using the Zeiss Axiovision software
program (Carl Zeiss, Jena, Germany) as previously described.(25)

For these analyses, six different tumor samples were evaluated
per experimental condition.

TUNEL analysis. Frozen sections were prepared and analyzed
with a DeadEnd Fluorometric TUNEL System (Promega, Madi-
son, WI, USA) according to the manufacturer’s guidelines,
which is based on the enzymatic addition of digoxigenin-nucleo-
tide to the nicked DNA by terminal deoxynucleotidyl transfer-
ase.

Immunohistochemistry. To explore whether the antitumor
immunity involved the inhibition of angiogenesis, frozen sec-
tions of tumor tissues were used to determine vessel density with
an anti-CD31 antibody. Blood vessel density was determined by
counting the number of CD31-positive microvessels per high-
power field across the whole section of tumors.

In vivo sponge angiogenesis assay. The sponge angiogenesis
assay was done as previously described with modification.(26)

Briefly, C57BL ⁄ 6J mice were immunized six times as above
with n.s or plasmid ⁄ liposome complex. bFGF (PeproTech,
Rocky Hill, NJ, USA) was admixed with Matrigel (Becton Dick-
inson, Bedford, MA) before being adding to surgical sponges
(4 · 4 · 2 mm). Each sponge was implanted s.c. on the abdo-
men of immunized or control mice (five per group). Two weeks
later, sponges were harvested and homogenized in 0.1 mL
ddH2O. Hemoglobin contents in lysates were quantified by mea-
suring the colorimetric change following addition of tetrameth-
ylbenzidine.

Adoptive therapy for local tumor and lung metastasis. To
assess the efficacy of humoral and cellular immunity, T cells
were isolated and immunoglobulins were purified for adoptive
therapy to local tumor xenograft and lung metastasis models
in vivo. 2 · 105 B16 cells were injected subcutaneously to estab-
lish local tumor xenografts, and injected intravenously for lung
metastasis modeling. After the last immunization as above, T
cells were isolated from mice spleen and immunoglobulins were
purified from the pooled sera. Freshly isolated T lymphocytes
(1 · 107) were injected into recipient mice through the tail vein
on the second day after B16 challenge. Purified immunoglobu-
lins were intravenously transferred (200 mg ⁄ kg per mouse)
1 day before the mice were challenged with B16 cells and then
were administered once every 3 days.

51Cr-release CTL assay. The possible RHAMM-specific cyto-
toxicity mediated by CTLs was determined by 51Cr release
assay. Briefly, C57BL ⁄ 6J mice were immunized as described
above. Spleens were collected on day 7 after the last vaccina-
tion. T lymphocytes were isolated from single-cell suspensions
with Nylon Fiber Column T (L-Type; Wako, Osaka, Japan) as
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CTL effector cells. mRHAMM-positive cells, mouse B16 mela-
noma cells and MS1 endothelial cells, and mRHAMM-negative
COS7 cells (African green monkey SV40-transfed kidney fibro-
blast cell line) were used as target cells in these experiments.
Effector and target cells were seeded into the 96-well microtiter
plate at various effector ⁄ target ratios. The percentage of specific
51Cr release was calculated as follows:

%lysis ¼ ½ðexperimental release� spontaneous releaseÞ=
ðmaximum release� spontaneous releaseÞ� � 100:

Depletion of immune cell subsets in vivo. Mice were injected
i.p. with anti-CD4 (clone GK1.5, rat IgG), anti-CD8 (clone
2.43, rat IgG), anti-natural killer (clone PK136) mAb, or iso-
type controls at 500 mg ⁄ kg per mouse 1 day before the immu-
nization and then immunized with 50 lg of plasmids. Mice
were challenged with B16 cells (2 · 105) on day 7 after the
sixth immunization. Tumor size was measured 21 days after
injection.

Statistical analysis. The statistical differences between the
experimental groups were evaluated by Student’s t-test; differ-
ences were considered significant when P-values were below
0.05.
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Results

CR-SEREX analysis. In present study, to identify novel xeno-
genic angiogenesis- or tumor-associated antigens, we prepared
an antibody pool against HUVEC antigens to screen a target
cDNA library from Xenopus oocytes (Fig. 1). Approximately
1.5 · 106 cDNA library recombinants were screened with rabbit
serum that had been raised by immunization with HUVECs
(Fig. 1). Among 78 positive clones, representing 51 distinct
genes, RHAMM was identified most frequently (18 times), indi-
cating the strongest immunogenic potential for xenogenic immu-
notherapy.

DNA vaccine based on xRHAMM elicits protective antitumor
immunity. DNA-based immunization for cancer immunother-
apy applications can offer some advantages compared with other
forms of immunization.(27) We first investigated whether DNA
vaccination with pcDNA3.1-xRHAMM could induce an effec-
tive immune response in vivo. Mice were immunized six times
(A) (B)

(A)

Fig. 3. Pathological analyses of tumor tissues. (A) Fixed sections of tumor
total surface area of the field of view was quantified by morphometric
analysis. SDs are indicated by error bars. #P < 0.05, *P < 0.01. NS, normal s

864
as described above and challenged subcutaneously with B16
melanoma cells. As expected, a more significant inhibition of
tumor growth was observed in mice immunized with
pcDNA3.1-xRHAMM compared with mice immunized with
pcDNA3.1-mRHAMM. In contrast, no obvious antitumor
immunity was detected in mice immunized with pcDNA3.1 vec-
tor (Fig. 2A). To explore the efficacy of pcDNA3.1-xRHAMM
immunization in a lung metastasis model, immunized mice were
challenged through tail-vein injection of B16 melanoma cells.
Treatment with pcDNA3.1-xRHAMM and pcDNA3.1-
mRHAMM vaccine both suppressed the formation and growth
of lung metastasis, and fewer surface metastases and lower lung
weight were observed compared with other groups (Fig. 2B).
However, the inhibition effects induced by xRHAMM were
more potent than mRHAMM (Fig. 2B). Therefore, these data
suggest that the DNA vaccine based on xenogenic xRHAMM
can elicit a more potent protective antitumor immunity than the
corresponding autologous homology.
Fig. 2. Induction of protective antitumor immunity.
(A) There were apparent differences in tumor
volume between pcDNA3.1-Xenopus receptor for
hyaluronic-acid-mediated motility (xRHAMM)-
immunized and control groups. Tumor growth was
monitored once every 3 days and volume was
calculated as 0.52 · length · width2. (B) pcDNA3.1-
xRHAMM vaccine significantly decreased the
number of lung surface metastases. NS, normal
saline. #P < 0.05, *P < 0.01.

(B)

s were stained with H&E. The surface area of necrotic tissue relative to
analysis. (B) Apoptosis in xenograft tumors was determined by TUNEL
aline.
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Fig. 4. The antitumor effect by the adoptive
transfer of T cells and immunoglobulins in vivo.
(A,C) Treatment with T cells isolated from
pcDNA3.1-Xenopus receptor for hyaluronic-acid-
mediated motility (xRHAMM)-immunized mice
showed apparent protective antitumor effect,
compared with controls, to local tumors and lung
metastasis. However, there was mild protective
effect for the adoptive transfer of immunoglobulins
in vivo (B,D). (A,B) The subcutaneous local tumor
model; (C,D) lung metastasis model. SDs are
indicated by error bars. #P < 0.05, *P < 0.01. NS,
normal saline.

(A)

(B)

Fig. 5. (A) Vessels were stained with CD31 antibody and vessel
density was determined by counting the number of the microvessels
per high-power field. (B) In vivo evaluation of anti-angiogenesis using
the sponge model was quantified by measuring the colorimetric
change. SDs are indicated by error bars. #P < 0.05, *P < 0.01. NS,
normal saline.
Apoptosis in tumors. Pathological analysis, through H&E
staining, was performed to investigate morphological changes in
local tumor tissues. Immunization with pcDNA3.1-xRHAMM
and -mRHAMM both produced pronounced effects on increas-
ing the level of tumor cell necrosis (Fig. 3A). The necrosis in
xRHAMM-immunized tumors was most significant, comprising
62% of total tumor area (Fig 3A). Necrosis was characterized
by the presence of fragmented nuclear and cytoplasmic debris
and a nearly complete lack of intact cells (Fig. 3A). In contrast,
tumors from other groups had only sparse patches of less
advanced necrosis (Fig. 3A). To evaluate whether the observed
growth retardation and tumor necrosis were associated with an
increased rate of programmed cell death, tumors tissues were
stained with the TUNEL method to detect DNA fragmentation.
The most obvious elevation in the rate of apoptosis in tumors
immunized with pcDNA3.1-xRHAMM, compared with tumors
immunized with pcDNA3.1-mRHAMM and other groups, was
observed (Fig. 3B).

Adaptive immunity through T-cell or immunoglobulin adoptive
transfer. To explore the mechanism by which the antitumor
activity was elicited by pcDNA3.1-xRHAMM, T cells isolated
from immunized mice were transferred intravenously into reci-
pient mice, which had been subcutaneously inoculated with B16
cells 1 day before. Tumor growth was significantly slower in the
group that received T cells from pcDNA3.1-xRHAMM-immu-
nized mice, but was slightly slower in mice that received T cells
from mRHAMM-immunized mice (Fig. 4A). The adoptive
transfer of purified immunoglobulins, containing specific anti-
bodies against mRHAMM (Fig. S1), also resulted in the inhibi-
tion of tumor growth (Fig. 4B). In the lung metastasis model,
the adoptive transfer of T cells or of purified immunoglobulins
also produced inhibition effects (Fig. 4C,D).

Inhibition of angiogenesis. Immunohistochemical staining of
tumor tissue from pcDNA3.1-xRHAMM- and -mRHAMM
immunized mice with anti-CD31 showed significantly decreased
microvessel density compared other control groups. The anti-
angiogenesis effect induced by xRHAMM was stronger than
mRHAMM (Fig. 5A). The inhibition of angiogenesis was fur-
ther confirmed by the sponge angiogenesis assay. The protective
immunity elicited by pcDNA3.1-xRHAMM significantly inhib-
ited bFGF-induced angiogenesis relative to mRHAMM-immu-
nized and other groups (Fig. 5B).

Function of T-cell subsets in antitumor activity. Specific CTL
activity was tested by the 51Cr release assay in vitro. Compared
with T lymphocytes from control groups, although T lympho-
Yang et al.
cytes from mice immunized with pcDNA3.1-xRHAMM and
-mRHAMM showed increased cytotoxicity against RHAMM-
positive target cells (Fig. S2 and Fig. 6A,B), they showed no
Cancer Sci | April 2010 | vol. 101 | no. 4 | 865
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Fig. 6. Representative experiment of CTL-mediated cytotoxicity
in vitro. T cells derived from pcDNA3.1-Xenopus receptor for
hyaluronic-acid-mediated motility (xRHAMM)-immunized mice were
tested against mRHAMM-positive cells, mouse B16melanoma cells (A)
and MS1 endothelial cells (B), and mRHAMM-negative COS7 cells (C),
at different effector–target ratios by a standard 4-h 51Cr release assay.
SDs are indicated by error bars.

Fig. 7. Abrogation of antibodies production and antitumor activity
by the depletion of immune cell subsets. Depletion of CD4 and CD8 T
lymphocytes showed partial or almost complete abrogation of the
antitumor activity. SDs are indicated by error bars. #P < 0.05,
*P < 0.01.
cytotoxicity against PHAMM-negative target cells (Fig. 6A,C).
T cells from xRHAMM-immunized mice exhibited more potent
cytotoxicity than those from mRHAMM-immunized mice to
both B16 melanoma cells (Fig. 6A) and mouse endothelial cells
(Fig. 6B).

To further confirm the roles of immune cell subsets in the
antitumor activity elicited by xRHAMM, CD4+ or CD8+ T lym-
phocytes or natural killer cells were depleted with neutralization
antibody. Mice depleted of CD4+ or CD8+ T lymphocytes and
vaccinated with xRHAMM showed reduced or no protection to
B16 challenge. Depletion of CD8+ T lymphocytes almost com-
pletely suppressed the protective effects. In contrast, the deple-
tion of natural killer cells had no obvious effect on the antitumor
activity (Fig. 7).
866
Discussion

The use of an anti-HUVEC antibody pool provided the possibil-
ity of obtaining angiogenesis-associated antigens. Furthermore,
the target cDNA library from oocytes provided the possibility of
obtaining tumor-associated antigens. Thus, the genes identified
here by CR-SEREX would theoretically function both in cancer
cells and endothelial cells.

Among 78 positive clones, representing 51 distinct genes,
RHAMM was identified most frequently (18 times), indicating
the strongest immunogenic potential for xenogenic immunother-
apy. RHAMM expression is restricted to the testis, thymus, pla-
centa, vascular endothelial cells, and various cancer cells.(28–32)

Such an expression pattern is considered suitable for immuno-
therapy targeted against RHAMM in tumors. RHAMM exhibits
various functions, such as in vascular endothelial cell migration,
angiogenesis, and mediation of hyaluronic-acid-induced cell
motility.(30–32) The overexpression of RHAMM causes cellular
transformation(33) and promotes tumor progression and metasta-
sis.(34) RHAMM is also an immunogenic antigen in leukemias
and in several solid tumors.(35) A dendritic cell vaccine pro-
duced from cells transfected with RHAMM mRNA markedly
inhibited tumor growth in mouse tumor models.(32) Taken
together, we regarded xRHAMM as a strong candidate for
immune gene therapy targeting both tumor cells and endothelial
cells.

Xenogeneic antigens have been shown to be more effective,
in clinical trials as well as in animal models, at inducing an anti-
tumor immune response than the corresponding autologous anti-
gens.(3–9) Our results suggested that a xenogenic DNA vaccine
based on xRHAMM induced an effective humoral and cellular
immune response against both tumor and endothelial cells. This
immunity was potent enough to directly cause the apoptosis of
tumor cells and to inhibit angiogenesis in tumors. The inhibition
of angiogenesis would enhance the apoptosis of tumor cells. The
depletion of immune cell subsets in vivo indicated that CD8+ T
cells played a major role in this antitumor immune response.
Also, CD4+ T cells contributed to this process, mainly by elicit-
ing the production of autoantibody against RHAMM. Previous
doi: 10.1111/j.1349-7006.2009.01473.x
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studies in mice have shown that anti-RHAMM antibody can not
only block the migration of endothelial cells through the base-
ment membrane substrate in an in vitro model, but can also
block basic FGF-induced neovascularization.(36)

RHAMM is a well-conserved protein showing more than 80%
amino acid sequence identity between mice and humans,(37)

which may be the reason why antitumor activities in mice
between two DC vaccines based on mouse and human RHAMM
were comparable.(35) Xenopus, mouse, and human RHAMM
proteins are particularly homologous at their N and C termini,
but xRHAMM is about 45% and 65% identical to human and
mouse RHAMM, respectively.(38) This difference in sequence
Yang et al.
identity may underlie the superior efficacy of the xRHAMM
vaccine.

In conclusion, we identified xRHAMM, through CR-SEREX,
as a novel xenogenic target for antitumor or anti-angiogenesis
immunotherapy. The xenogenic vaccine based on xRHAMM
induced an effective humoral and cellular immune response
against local tumor and lung metastases.
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Supporting Information

Additional Supporting Information may be found in the online version of this article:

Fig. S1. Specificity of purified immunoglobulin to RHAMM. The specificity of purified immunoglobulin to RHAMM was detected with western-
blot. pcDNA3.1-mRHAMM plasmids were transfected into RHAMM-negative COS7 cells. Purified immunoglobulin from control or immunized
mice was used to detect the RHAMM in control and transfected COS7 cells. The results indicated that immunized immunoglobulin could specifi-
cally recognize RHAMM.

Fig. S2. Expression of RHAMM in B16 and MS1 cells. The expression of RHAMM in B16 and MS1 cells were detected with RT-PCR. The
results indicated that RHAMM was expressed both in B16 and MS1 cells.

Please note: Wiley-Blackwell are not responsible for the content or functionality of any supporting materials supplied by the authors. Any queries
(other than missing material) should be directed to the corresponding author for the article.
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