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Abstract Receptor for hyaluronan-mediated motility
(RHAMM) is overexpressed in various tumors with
high frequency, and was recently identified as an
immunogenic antigen by serologic screening of cDNA
expression libraries. In this study, we explored whether
RHAMM is a potential target for dendritic cell (DC)
immunotherapy. We constructed a plasmid for trans-
duction of in vitro-transcribed mRNAs into DCs to
efficiently transport the intracellular protein RHAMM
into MHC class II compartments by adding a late en-
dosomal/lysosomal sorting signal to the RHAMM
gene. Immunization of mice with modified RHAMM
mRNA-transfected DCs (DC/RHAMM) induced kill-
ing activity against RHAMM-positive tumor cells in
splenocytes. To examine whether CD4+ and/or CD8+

T cells were required for this antitumor immunity, an
anti-CD4 or anti-CD8 antibody was administered to
mice after immunization with DC/RHAMM. Depletion
of CD4+ T cells significantly diminished the induction
of tumor cell-killing activity in splenocytes, whereas
CD8+ T cell depletion had no effect. We then investi-
gated the therapeutic effect of DC/RHAMM in a 3-day
tumor model of EL4. DC/RHAMM was administered
to mice on days 3, 7 and 10 after EL4 tumor inocula-
tion. The treatment markedly inhibited tumor growth
compared to control DCs. Moreover, antibody-medi-
ated depletion of CD4+ T cells completely abrogated
the therapeutic effect of DC/RHAMM, whereas
depletion of CD8+ T cells had no effect. The results of
this preclinical study indicate that DCs transfected with

a modified RHAMM mRNA targeted to MHC class II
compartments can induce CD4+ T cell-mediated anti-
tumor activity in vivo.
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Introduction

Centrosome aberrations, which indicate an underlying
deregulation of centrosome structure, duplication or
segregation, have been found in a variety of cancers
with high frequency [1, 2]. Probably connected with
these events, there is an increasing evidence that some
centrosomal proteins are overexpressed in cancer cells
and may be related to cancer development [3–8]. These
proteins could be of use not only as molecular tools for
analyzing the mechanism for centrosome aberrations
and chromosomal instability, but also as target anti-
gens for cancer immunotherapy if they are immuno-
genic.

Recently, the genes encoding two centrosomal pro-
teins, namely transforming acidic coiled-coil (TACC)
protein and receptor for hyaluronan-mediated motility
(RHAMM), were detected by serological screening of
an expression library (SEREX) of cultured tumor cells
or tumor tissues [9–11]. TACC transcripts, except for
two alternatively spliced isoforms, were universally ex-
pressed in all normal tissues [9], whereas expression of
full-length RHAMM mRNA in normal tissues was re-
stricted to few organs including the thymus, placenta
and testis [10]. Importantly, RHAMM has been found
to be expressed in a wide variety of tumors. Its expres-
sion was revealed in breast cancer [12], colon cancer
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[13], multiple myeloma [14, 15] and acute myelogenous
leukemia [16] by RT-PCR, and in breast [12, 17],
stomach [18], urinary bladder [19] and endometrial [20]
cancers by immunohistochemistry. Moreover, the
expression of RHAMM was associated with metastasis,
progression or prognosis in almost all of these malig-
nancies [12, 13, 15, 17–20]. In addition to the centro-
some, RHAMM distributes into multiple compartments
including the cell surface, cytoskeleton, mitochondria
and nucleus [21]. Especially, it should be noted that cell
surface RHAMM–hyaluronan interactions regulate
signaling through Ras and Ser [21]. It was shown that
RHAMM antibodies, dominant-negative protein forms,
soluble recombinant RHAMM protein and antisense
RHAMM cDNA inhibit proliferation, motility and
Ras-mediated transformation of immortalized fibro-
blasts in vitro [22]. It has therefore been suggested that
RHAMM may be a good candidate as a tumor antigen
for immunotherapy.

It is now evident that dendritic cell (DC) vaccination
is a potent strategy for cancer immunotherapy in both
pre-clinical and clinical settings [23, 24]. Various forms
of tumor antigens have been applied to improve the
induction efficacy of specific antitumor immune re-
sponses, including apoptotic tumor cells, tumor cell ly-
sates, proteins, peptides and nucleic acids [25]. Among
these, mRNA seems to be the most pertinent form for
evaluating whether a new candidate gene identified by
SEREX can be of use as an antigen for DC therapy,
since it can easily be synthesized in vitro, transferred into
DCs, and subjected to molecular engineering. Further-
more, mRNA is superior to cDNA in transfection effi-
ciency and safety in vivo [26, 27], and also superior to
synthetic peptides, since there is no need to determine
that the peptides are presented to the immune system
[26].

On the other hand, activation of CD4+ helper T
cells is essential for optimal induction of cytotoxic T
cells in DC therapy for cancer [28, 29]. It is known that
exogenous antigens are taken up by DCs and processed
in the endosomal pathway where resultant peptides are
associated with MHC class II molecules leading to the
induction of the CD4+ helper T cell response, whereas
endogenous cytosolic and nuclear proteins are pro-
cessed in a different manner, i.e. degradation by pro-
teasomes, transportation of peptides into the
endoplasmic reticulum, where they bind to MHC class
I. RHAMM lacks a targeting sequence for the class II
presentation pathway [30], thus making its presentation
on class II unlikely or difficult.

In this study, we constructed a RHAMM mRNA
targeted to MHC class II compartments and investi-
gated whether DCs loaded with the modified mRNA
(DC/RHAMM) could induce an antitumor immune re-
sponse in vivo. Immunization of C57BL/6 mice with
DC/RHAMM resulted in induction of tumor cell-killing
activity in splenocytes, and DC/RHAMM exerted a
remarkable therapeutic effect on tumors derived from
subcutaneously inoculated EL4 cells. Of interest, this

antitumor activity was mediated by CD4+ T cells, but
not by CD8+ T cells.

Materials and methods

Animals and cell lines

Female C57BL/6 (H-2b) mice were purchased from
Chiyoda Development Inc. (Tokyo, Japan) and bred at
the Institute of Laboratory Animals, Yamaguchi Uni-
versity. For experimental purposes, mice of 6–12 weeks
of age were used. Animal experiments were reviewed by
the Committee of the Ethics on Animal Experiment in
Yamaguchi University School of Medicine and carried
out under the control of the Guideline for Animal
Experiment in Yamaguchi University School of Medi-
cine and the Low (No. 105) and Notification (No. 6) of
the Government.

Murine cell lines including B16 melanoma, 9,10-
dimetyl-1,2-benzanthracene induced EL4 lymphoma
and YAC-1 lymphoma, and a human chronic leukemia
cell line K562 were purchased from RIKEN BRC
(Tsukuba, Japan). Murine KR158B brain tumor and
colon 38 SL4 colon tumor were kindly donated by
Dr. T. Jacks (Massachusetts Institute of Technology)
and Dr. Tatsuro Irimura (Tokyo University), respec-
tively. B16 and KR158B were maintained in complete
media (CM, RPMI-1640 supplemented with 10% heat-
inactivated FCS, 2 mM L-glutamine, 100 IU/ml peni-
cillin and 100 lg/ml streptomycin. All reagents were
from SIGMA-Aldrich (Tokyo, Japan). EL4 and YAC1
were cultured in DMEM supplemented with 10% heat-
inactivated FCS, 2 mM L-glutamine, 100 IU/ml peni-
cillin and 100 lg/ml streptomycin. Colon 38 SL4 was
cultured in DMEM/F-12 1:1 mixture supplemented with
10% heat-inactivated FCS, 2 mM L-glutamine, 100 IU/
ml penicillin and 100 lg/ml streptomycin. K562 was
maintained in HAM F-12 supplemented with 10%
heat-inactivated FCS, 2 mM L-glutamine, 100 IU/ml
penicillin and 100 lg/ml streptomycin.

Conventional reverse transcriptase-polymerase chain
reaction (RT-PCR)

Total RNA was prepared from mouse normal tissues or
tumor cell lines using TRIzol (Invitrogen, Carlbad, CA,
USA) according to the manufacturer’s protocol. RNA
(0.5 lg) was subjected to RT-PCR using SuperScript
One-Step RT-PCR with Platinum Taq (Invitrogen)
according to the manufacturer’s protocol. The primers
used were as follows; RHAMM forward primer, 5¢-AA
AGGCTAAGTTTTCTGAAGATGGT-3¢; RHAMM
reverse primer, 5¢-CAAATCTTCTTCTAACTGGGCA
ATA-3¢; TRP2 forward primer, 5¢-TGGCACAGGTAC
CATCTGTTGT-3¢; TRP2 reverse, 5¢-TCCCCCGGGC
TAGGCTTCCTCCGTG-3¢; G3PDH forward primer,
5¢-TCCACCACCCCTGTTGCTGTA-3¢; G3PDH re-
verse, 5¢-ACCACAGTCCATGCCATCAC-3¢.
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Plasmid constructs and in vitro transcription

For in vitro transcription, plasmids were cloned pSP64
vector (Promega, Madison, WI, USA). Tyrosinase-re-
lated protein-2 (TRP-2) signal sequence fragment (SS)
and transmembrane-cytoplasmic domain (TM-Cyto)
were amplified from TRP-2 cDNA by PCR (Ex Taq
polymerase, Takara, Japan). The following primers were
used: SS forward primer, 5¢-AAAAAAGCTTATGGG
CCTTGTGGGA-3¢; SS reverse primer, 5¢-AAAACT
GCAGAGCCCGAGCTCTGAG-3¢; TM-Cyto forward
primer, 5¢-CGGGATCCGTGGTCATTGGAATCCT-
3¢; TM-Cyto reverse primer, 5¢-TCCCCCGGGCTAGG
CTTCCTCCGTG-3¢. PCR products were cloned as
HindIII–PstI SS fragment and BamHI–SmaI TM-Cyto
fragment into pSP64 to allow in vitro transcription un-
der the control of a SP6 promoter (pSP64-cassette). To
generate plasmid pSP64c-human RHAMM and pSP64c-
mouse RHAMM, the fragment containing the human
RHAMM and mouse RHAMM were amplified from
K562 and B16 melanoma total RNA by RT-PCR
(SuperScript One-step RT-PCR with Platinum Taq,
Invitrogen), respectively. The following primers were
used; human RHAMM forward primer, 5¢-AAGTCGA
CATGTCCTTTCCTAAGGCGCCCTTAGG-3¢; hu-
man RHAMM reverse primer, 5¢-AAGCTAGCCTTCC
ATGATTCTTGACACTC-3¢; mouse RHAMM for-
ward primer, 5¢-AAGTCGACATGTCCTTTCCTAA
GGCGCCCCTGAA-3¢; mouse RHAMM reverse pri-
mer, 5¢-AATCTAGAGCAGCAGTTTGGGTTGCCT-
3¢. The products were cloned as a SalI–Nhe I human
RHAMM fragment or a SalI–XbaI mouse RHAMM
fragment into pSP64-cassette. The sequences were
checked by the dideoxy methods. pSP64-TRP-2-en-
hanced green fluorescence protein (EGFP) was con-
structed as described previously [31]. For in vitro
transcription, the plasmids were linearized and treated
with proteinase K, followed by phenol–chloroform
extraction and ethanol precipitation. In vitro transcrip-
tion was carried out in a 100 ll reaction mix at 37�C for
2 h using mMESSAGE SP6 kit (Ambion, Austin, TX,
USA) to generate 5¢m7GpppG-capped in vitro tran-
scribed mRNA. Purification of mRNA was performed
by DNase I digestion followed by LiCl precipitation and
70% ethanol wash, in accordance with the manufac-
ture’s instructions. mRNA quality was checked by
agarose formaldehyde gel electrophoresis. RNA con-
centration was assayed by spectrophotometrical analysis
at OD260.

DC generation

For DC culture, we used techniques described by Son
et al. [32]. Briefly, femurs and tibiae were removed. The
marrow was flushed with RPMI-1640 using a syringe
with 26G needle and filtrated through a 70-lm cell
strainer. Bone marrow cells were adjusted to

2·105 cells/ml in CM and plated on 100 mm dishes.
They were cultured for up to 7 days in the presence of
1,000 U/ml of GM-CSF and 500 U/ml of IL-4 at 37�C,
5% CO2. On days 4 of culture, the same amount of
cytokines was added to the cells. To isolate the DC
population, the cells were collected and suspended in
5 ml of CM. The same volume of 14.5% (w/v) metri-
zamide in CM was underlaid and centrifugated at
1,200 g for 20 min at room temperature. After centri-
fugation, cells in the interface were collected and wa-
shed with RPMI-1640 three times and were used for
subsequent RNA transfection. The expression of sur-
face molecules on DC was analyzed under flow
cytometry (Epics XL; Beckman Coulter Co., Miami,
FL, USA). DC phenotypes showed CD11c+, CD40+,
CD86+, H-2Kb+, I-Ab+ and DEC205+ (data not
shown).

RNA transfection

mRNA transfection was performed using a commer-
cially available reagent for RNA lipofection, Trans-
Messenger Transfection Reagent (Qiagen), as described
previously [33]. DCs were washed twice and resuspended
in RPMI-1640. An amount of 1·106 DCs and 10 lg of
mRNA were mixed and incubated for 3 h at 37�C. After
transfection, cells were washed with PBS and subjected
to the treatment of DC therapy.

Chloroquine inhibition assay

To assess the intracellular mechanisms of antigen pro-
cessing, 50 lM chloroquine (Sigma-Aldrich) was added
to the DCs immediately after mRNA transfection. The
expression of EGFP was analyzed by flow cytometry.
DCs were harvested at different time points after
transfection, and treated with DAKO IntraStain
(DAKO, Tokyo, Japan). EGFP was detected by antiE-
GFP monoclonal antibody through anti-mouse IgG-
FITC as described previously [33].

Flow cytometry

Flow cytometry was performed for detection of MHC
class I and class II molecules on EL4 and KR158B
cells as described previously [34]. Briefly, the cells were
cultured for 2 days with 10 ng/ml IFN-c or medium
control. The cells were harvested and incubated with
FITC-conjugated anti-mouse MHC class I (H2-Kb,
Caltag Lab., Burlingame, CA, USA) and anti-mouse
class II (I-A/I-E, eBioscience, San Diego, CA, USA)
monoclonal antibodies for 30 min on ice. After several
washings with PBS, cells were analyzed with a flow
cytometer (Epics XL; Beckman Coulter Co., Miami,
FL, USA).
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DC immunizations and 51Cr-release assay

All mice were injected intraperitonealy (i.p.) with 3·105
DCs once a week. After third immunization, mice were
sacrificed and splenocytes were isolated. Splenocytes
were subjected to 51Cr-release assay. For antibody
depletion, 100 ll of anti-CD4 (GK1.5) or anti-CD8
(2.34) ascites [31] were injected i.p. into each mouse on
3 days prior to sacrifice.

Splenocytes were stimulated with DCs in vitro. On 4th
day after stimulation in vitro, the standard 51Cr-release
assay was performed as described previously [35].
KR158B cells were used as target cells in these experi-
ments. The cells (1·106) were labeled with 100 lCi of
[51Cr] sodium chromate (Perkin Elmer, Inc., Wellesley,
MA, USA) for 1 h at 37�C and then washed to remove
unincorporated isotope. The target (1·104) and effector
cells (splenocytes) were added to each well of 96-well V-
bottomed plates in a total volume of 200 ll of CM at a
range of ratios and incubated for 4 h at 37�C. After
incubation, the supernatant (100 ll) was harvested and
counted in a Packard Cobra Quantum gamma counter
(Packard Instrument Co., Meriden, CT, USA). The per-
centage of specific 51Cr release was calculated as follows:
percentage of specific 51Cr release = (experimental
release�spontaneous release)/(maximum release� spon-
taneous release)·100. Maximum or spontaneous release
was determined from the supernatant of wells that con-
tained 1% Triton X-100 or medium alone, respectively.

Tumor vaccination

For the 3-day EL4 tumor model, all mice were injected
subcutaneously (s.c.) with 3·105 EL4 cells. Then, mice
were injected with 3·105 mRNA-loaded DCs in the
vicinity of the tumor inoculation site on days 3, 10 and
17. Tumor diameters were measured twice per week with
a caliper and tumor volumes were calculated according
to (A·B2)/2 (A, the largest diameter; B, the smallest
diameter).

For antibody depletion, ascites was obtained from
hybridoma-bearing BALB/c nude mice and the mice
were given i.p. transfers of the ascites (0.1 ml/mouse/
transfer) biweekly from 3 days before to 24 days after
EL4 tumor inoculation as described previously [31].
Depletion of CD4+ or CD8+ T cells was confirmed by
analyzing circulating lymphocytes with flow cytometry.
All experiments included 6 mice per group.

Statistical analysis

Two-tailed Student’s t test was used to determine the
statistical significance of differences in tumor growth
between treatment groups. A value of P<0.05 was
considered significant. Statistical analyses were made
using Stat View 5.0 software (Abacus Concepts, Cala-
basas, CA, USA).

Results

To clarify the tissue distribution of RHAMM in mice
and its expression in mouse tumor cell lines, we exam-
ined RHAMM mRNA expression by conventional RT-
PCR. Since the tyrosinase-related protein-2 (TRP-2)
gene was utilized to construct the tumor antigen mRNA
as described below, TRP-2 mRNA was simultaneously
detected. In normal tissues, RHAMM mRNA was only
detected in the thymus as shown in Fig. 1. In contrast,
RHAMMmRNA was expressed in all 5 C57BL/6 tumor
cell lines. TRP-2 mRNA was only detected in the skin
and B16 melanoma (Fig. 1).

To efficiently transport RHAMM protein to MHC
class II compartments, for eventual cross-presentation
by both classes I and II on DCs in a cognate manner, the
leader sequence and cytoplasmic domain containing a
late endosomal/lysosomal sorting signal derived from
the mouse TRP-2 gene were linked to the RHAMM
gene at its N- and C-terminus, respectively (Fig. 2a).
First, we investigated whether proteins translated from
such mRNA constructs with a late endosomal/lysosomal
sorting signal were really localized and degraded in the
HLA-class II-processing compartments. For this pur-
pose, enhanced green fluorescence protein (EGFP) and
TRP2–EGFP mRNAs were used. TRP2–EGFP is a
fusion mRNA in which EGFP was linked to the
N-terminus region of TRP-2 at nucleotide position 169
as previously described [31]. After transfection of EGFP
or TRP2–EGFP mRNA into DCs, the lysosomal deg-
radation inhibitor chloroquine was added to the culture.
EGFP expression by DCs cultured with or without
chloroquine was monitored by flow cytometry. As
shown in Fig. 2b, EGFP linked to the targeting signal
(TRP2–EGFP) was almost completely degraded in non-
treated DCs, whereas EGFP alone remained detectable
in chloroquine-treated DCs at 72 h after transfection.
Since the degradation of unlinked EGFP was not
inhibited by chloroquine addition, these data suggest
that the EGFP protein containing the TRP-2 targeting
sequence is transported to and degraded in the MHC-
class II-processing compartments.

We then tested whether RHAMM mRNA-transfect-
ed DCs (DC/RHAMM) could induce an antitumor
immune response in vivo. In addition to mouse
RHAMM (mRHAMM) mRNA, human RHAMM
(hRHAMM) mRNA was used as a xenogeneic antigen
that could be expected to further enhance the immune
response. DCs transfected with mRHAMM or
hRHAMM mRNA were intraperitoneally (i.p) admin-
istered three times into C57BL/6 mice (3·105 DCs/
injection). One week after the last immunization, the
splenocytes were isolated and stimulated with DC/
RHAMM in vitro, and then co-cultivated with 51Cr-la-
beled target KR158B cells at various E/T ratios to
measure the specific killing. KR158B cells were shown to
be weakly positive for both MHC class I and class II
irrespective of IFN-c treatment (Fig. 3). Those cells
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were therefore used for experiments without IFN-c
treatment. Splenocytes from mice immunized with DC/
mRHAMM or DC/hRHAMM killed target cells in a
dose-dependent manner compared to those from mice
immunized with DCs without mRNA transfection (DC/
PBS) (Fig. 4a). There was no significant difference in the
induced killing activity between mouse and human
mRNAs, suggesting that the immunogenicity of autol-
ogous RHAMM is as strong as that of the xenogeneic
RHAMM.

To examine the requirement of CD4+ and/or CD8+

T cells for the antitumor activity induced by DC/
RHAMM immunizations, CD4+ or CD8+ T cells were
depleted in mice previously immunized with DC/
RHAMM by administration of a specific anti-CD4 or
anti-CD8 antibody. The antibodies were i.p. injected at

3 days prior to sacrifice. CD4+ T cell depletion reduced
the antitumor acitivity of splenocytes to around 50%,
whereas it was unaffected by CD8+ T cell depletion
(Fig. 4b). These findings suggest that CD4+ T cells, but
not CD8+ T cells, play an important role in this anti-
tumor activity.

The in vivo antitumor effects of DC/RHAMM were
evaluated to assess whether DC/RHAMM could be of
use for immunotherapy. For this purpose, EL4 cells
were used as targets, since they were clearly positive for
MHC class I and negative for class II (Fig. 3). Three
days after injection of EL4 cells (3·105 cells/mouse), the
mice were immunized with 3 i.p. injections of
DC/RHAMM. The tumor sizes were measured every
3–4 days. As shown in Fig. 5a, tumor growth was
almost completely inhibited in mice immunized with

Fig. 1 Expression of RHAMM
mRNA in normal tissues and
tumor cell lines. RT-PCR
analysis was performed with
primers specific for RHAMM
or TRP-2. G3PDH was used as
a control for equal template
loading

Fig. 2 Schematic
representation and expression
of constructed mRNAs.
a Constructs used in this study.
SS signal sequence, TM
transmembrane domain, Cyt
cytoplasmic domain. The
mouse and human RHAMM
genes were separately cloned
into a mouse TRP-2 cassette
plasmid. b Effect of chloroquine
on EGFP expression in EGFP
or TRP-2-EGFP mRNA-
transfected DCs. Chloroquine
was added to the DC culture
and EGFP expression was
analyzed by flow cytometry
using an anti-EGFP antibody.
Mouse IgG was used as a
control antibody, as shown by
the gray area
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DC/mRHAMM or DC/hRHAMM, in contrast to the
lack of any therapeutic effect in mice immunized with
DC/PBS. Although immunization with DC/TRP-2
conferred some degree of protection, a significant dif-
ference was observed between DC/TRP-2 and DC/
RHAMM treatments (Fig. 5a).

Depletion of CD4+ or CD8+ T cells was again per-
formed to reveal their roles in the in vivo antitumor
effects of DC/RHAMM. The anti-CD4 or anti-CD8
antibody was i.p. injected at 3 days before the tumor
transplantation, followed by subsequent injections every
3–4 days. As shown in Fig. 5b, CD4+ T cell depletion
completely abrogated the therapeutic effect of DC/
hRHAMM, whereas CD8+ T cell depletion had no ef-
fect. These data further support the results shown in
Fig. 4b.

Discussion

The distribution of RHAMM in normal human tissues
was described in a recent report [10], but there is little
data for that in normal mouse tissues. By RT-PCR
examination, RHAMM mRNA showed a very restricted
expression in mouse tissues (Fig. 1). Such an expression
pattern is considered suitable for immunotherapy tar-
geted against RHAMM in tumor cells. In contrast, all
five tumor cell lines tested showed positive RHAMM
expression (Fig. 1), consistent with a previous finding
that RHAMM mRNA is ubiquitously expressed in

murine tumor cells [36]. Considering that RHAMM has
mitotic spindle-stabilizing functions [8], and oncogenic
activity [22, 37], it is reasonable to anticipate that its
expression would be limited to organs with increased cell
proliferation such as the thymus, or transformed cells. In
this context, further investigations into RHAMM
expression in regenerative or inflammatory tissues will
be required.

We constructed a modified mRNA joining the leader
sequence and cytoplasmic domain containing a late
endosomal/lysosomal sorting signal of TRP-2 to the
N- and C-terminus of RHAMM, respectively, to trans-
port the intracellular protein RHAMM to MHC class II
compartments (Fig. 2a). This strategy has previously
been demonstrated to be useful for efficient induction of a
specific immune response by utilizing proteins with a late
endosomal/lysosomal sorting signal, including lysosome-
associated membrane protein [38, 39], DEC-205 [40] and
an invariant chain [41]. The effect of the lysosomal

Fig. 3 Effect of IFN-c treatment on the expression of MHC class I
and class II. KR158B and EL4 cells were cultured for 2 days with
10 ng/ml IFN-c (dotted line) or medium only (solid line). Cells were
immunostained for MHC class I (H2-Kb) or class II (I-Ab). DCs
cultured without IFN-c were used as a positive control

Fig. 4 In vivo induction of cytotoxic T cell responses. a Spleno-
cytes taken from mice after immunization by DCs transfected with
mouse or human RHAMM mRNA were restimulated with the
same DCs in vitro for 4 days. The restimulated splenocytes were
then co-cultured with the [51Cr] sodium chromate-labeled target
KR158B cells for 4 h. Triplicate wells were averaged and the
percentage of specific lysis was calculated as described in Materials
and methods. The results of two independent experiments are
shown as #1 and #2. PBS, mouse RHAMM or human RHAMM
indicates immunization by DCs without mRNA, with mouse
RHAMM mRNA or with human RHAMM mRNA, respectively.
b Effect of CD4+ or CD8+ T cell depletion on the induction of
cytotoxic activity in splenocytes by DC immunization was
observed. Anti-CD4 or anti-CD8 antibodies were injected i.p. into
each mouse on 3 days prior to sacrifice. Splenocytes were
restimulated with DCs and subjected to 51Cr-release assay in the
same manner as in a. The cytotoxicity assays were carried out at an
E/T (effector to target) ratio of 80:1
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degradation inhibitor chloroquine on the expression of
EGFP after transduction of EGFP-TRP-2 mRNA, in
which EGFPwas linked to theN-terminal region of TRP-
2 as described previously [31], was examined to assess
whether the sorting signal of TRP-2 did actually target
EGFP to late endosomes and lysosomes. The results re-
vealed that EGFP expression was only found when
chloroquine was added to the DC culture after EGFP-
TRP-2 mRNA transfection (Fig. 2b).

Since the killing activity against the RHAMM-posi-
tive tumor cell line KR158B was easily detected in
splenocytes after immunizing mice with DC/RHAMM,
we next tried to confirm the induction of CD8+ cytotoxic

T cells by in vivo depletion of these T cells with a specific
antibody. Unexpectedly, one administration of the anti-
CD8 antibody into mice after immunization had no effect
on the antitumor activity of splenocytes, whereas similar
administration of an anti-CD4 antibody reduced the
killing activity to ~50% (Fig. 4a). These results suggest
that CD4+ T cells, but not CD8+ T cells, play a major
role in this antitumor immune response. The in vivo
therapeutic effect of DC/RHAMM was also evident in a
3-day tumor model of EL4 (Fig. 5a). T cell depletion was
again performed in this therapeutic model. At this time,
an anti-CD4 or anti-CD8 antibody was injected into
mice twice a week from 3 days before to 24 days after the
tumor cell inoculation. The effect of DC/RHAMM was
completely abolished by depletion of CD4+ T cells,
whereas it remained unaffected by depletion of CD8+ T
cells (Fig. 5b), further supporting the idea that CD4+ T
cells, but not CD8+ T cells, could be involved in the
induction of antitumor immunity by DC/RHAMM.

It is well known that CD4+ T cells are involved in the
priming phase [42, 43] and maintenance of cytotoxic T
cells [28], but their role in the effector phase of antitumor
immunity remains unknown, despite the fact that CD4+

T cell-mediated tumor rejection has been found in vari-
ous models [44–46]. Our present finding that the deple-
tion of CD4+ T cells after DC immunization resulted in a
significant reduction of the killing activity in splenocytes
(Fig. 4b) also suggests that CD4+ T cells are a requisite
for the effector phase. However, we observed that EL4
tumor cells did not express MHC class II molecules even
after stimulation with interferon (IFN)-c (Fig. 3). This
observation means that CD4+ T cells are unable to
recognize tumor cells and kill them on their own. It is
known that CD4+ cytotoxic T cells induce Fas ligand-
mediated apoptosis in Fas-positive target cells [47], but
EL4 cells were previously shown to be resistant to Fas
ligand-induced apoptosis due to FLIP overexpression
[48]. It is therefore unlikely that CD4+ T cells are
responsible for the killing activity of splenocytes induced
by DC/RHAMM. Recent reports have suggested possi-
ble explanations for the effector mechanism of CD4+ T
cell-mediated tumor cell rejection, i.e. the requirement of
CD4+ T cells for the induction of natural killer cells by
DCs [49] and inhibition of angiogenesis through IFN-c
production by T cells and IFN-c receptor expression by
non-hematopoietic cells [50]. In this context, it should be
noted that DCs transfected with TRP-2 mRNA exerted
only a slight inhibitory effect on the in vivo growth of
EL4 tumors (Fig. 5a), suggesting that the ability of
RHAMM to activate CD4+ T cells may be much higher
than that of TRP-2. Another possible explanation is
CD4+ T cell-mediated antibody production by DC
immunization. Those antibodies may bind to RHAMM
and inhibit the signal transduction for cell growth, since
RHAMM has been shown to express on the cell surface
and interact with hyaluronan, resulting in the signal
regulation through Ras and Ser [21].

In addition to targeting the antigen to MHC class II
compartments, we attempted an alternative strategy of

Fig. 5 Treatment of tumor-bearing mice with RHAMM mRNA-
transfected DCs. a 3·105 EL4 cells were inoculated subcutaneously
into the right flank of C57BL/6 mice. After 3, 10 and 17 days,
3·105 DC/PBS, DC/TRP-2, DC/mRHAMM or DC/hRHAMM
were injected subcutaneously in the vicinity of the tumor
inoculation site of mice. Tumor sizes were measured biweekly. A
two-tailed Student’s t test was used to determine the statistical
significance of differences in tumor growth among the treatment
groups. *DC/PBS versus DC/mRHAMM (P<0.0001); **DC/PBS
versus DC/hRHAMM (P<0.0001); ***DC/TRP2 versus DC/
mRHAMM (P=0.0013); ****DC/TRP2 versus DC/hRHAMM
(P=0.0008). b Effect of CD4+ or CD8+ T cell depletion on the
efficacy of DC/RHAMM treatment. Mice were treated with an
anti-CD4 or anti-CD8 antibody at 3 days before the tumor
challenge, followed by two injections per week. 3·105 EL4 cells
were inoculated subcutaneously into the right flank of the mice.
After 3, 10 and 17 days, 3·105 DC/PBS or DC/hRHAMM were
injected subcutaneously in the vicinity of the tumor inoculation site
of mice. Tumor sizes were measured biweekly. A two-tailed
Student’s t test was used to determine the statistical significance
of differences in tumor growth among the treatment groups. *DC/
PBS versus DC/hRHAMM + anti-CD4 (P=0.1177); **DC/PBS
versus DC/hRHAMM + anti-CD8 (P=0.0006)
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enhancing the antitumor immune response with a
xenogeneic, evolutionarily conserved antigen. Although
the mechanism remains to be elucidated, these antigens
have been revealed to be more effective at inducing an
antitumor immune response than the corresponding
autologous antigens in clinical trials as well as in animal
models [51–54]. RHAMM is a well-conserved protein
showing more than 80% amino acid sequence similarity
between mice and humans [36]. The inducibility of the
tumor cell-killing activity and the therapeutic effect on
EL4 tumors were compared between DC/mRHAMM
and DC/hRHAMM (Figs. 4, 5). Unexpectedly, there
was no difference in the antitumor activities of mouse
and human RHAMM. These data suggest that autolo-
gous RHAMM could have a potent immunogenicity
equal to its xenogeneic counterpart, and this might be
linked to a previous finding that centrosome proteins are
intracellular targets of autoimmunity in both mice and
humans [55, 56].

Collectively, the results of this study indicate that
DCs loaded with RHAMM mRNA are able to induce
antitumor immunity in vivo, and that this immunity is
mediated by CD4+ T cells. Although further investiga-
tions into the mechanism of in vivo tumor suppression
are required, DC therapy with RHAMM mRNA in
clinical settings may be warranted, since RHAMM is
able to induce antibody response in humans and ex-
pressed in a wide variety of cancers with high frequency.
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