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Recognition of altered self-antigens in tumor cells by lympho-
cytes forms the basis for antitumor immune responses. The
effector cells in most experimental tumor systems are CD8+ T
cells that recognize MHC class | binding peptides derived from
molecules with altered expression in tumor cells. Although the
need for CD4* helper T cells in regulating CD8* T cells has been
documented, their target epitopes and functional impact in
antitumor responses remain unclear. We examined whether
broadly expressed wild-type molecules in murine tumor cells
eliciting humoral immunity contributed to the generation of
CD8* T cells and protective antitumor immune responses to unrelated
tumor-specific antigens [mutated ERK2 (mERK2) and c-erbB2/HER/
neu (HER2)]. The immunogenic wild-type molecules, presumably
dependent on recognition by CD4* helper T cells, were defined by
serological analysis of recombinant cDNA expression libraries (SEREX)
using tumor-derived A phage libraries screened with IgG antibodies
of hosts bearing transplanted 3-methylchoranthrene-induced tu-
mors. Coimmunization of mice with plasmids encoding SEREX-de-
fined murine wild-type molecules and mERK2 or HER2 led to a
profound increase in CD8* T cells specific for mERK2 or HER2 peptides.
This heightened response depended on CD4+ T cells and copresen-
tation of SEREX-defined molecules and CD8" T cell epitopes. In tumor
protection assays, immunization with SEREX-defined wild-type mol-
ecules and mERK2 resulted in an inhibition of pulmonary metastasis,
which was not achieved by immunization with mERK2 alone.

he original observation by Gross (1), subsequently con-
firmed by many investigators (2-6), demonstrated that
specific resistance to tumor transplants could be induced in
syngeneic systems by active immunization with tumor cells or
fractions derived from them. The role of CD8* and CD4* T
cells in these tumor systems has been the object of intense
interest (7-9). CD8" T cells from specifically immunized mice
are capable of destroying tumor target cells in vitro (10), and
adoptive transfer of CD8* T cells from immunized donors
confers resistance to tumor transplants to naive mice (7, 8, 11).
In addition, anti-CD8 antibodies abolish resistance to tumor
transplants in preimmunized mice (12-14). Over the past
decade, a wide range of MHC class I binding peptides derived
from tumor cells of mice and humans and recognized by CD8*
T cells have been defined (15, 16). In contrast, the requirement
for CD4* T cells has been less well documented and the nature
of the antigen molecules recognized by these cells and their
functional impact in antitumor immune responses are still
largely unknown (8, 9, 17-19). Clearly, the goal is to under-
stand how CD8"* T and CD4" T cells, antigen-presenting cells
(APCs), and other components of the immune system, such as
B cells, antibodies, and complement, interact to achieve a state
of effective tumor immunity.
Although antibodies have been generally relegated to a minor
role in antitumor effector functions, there is a growing recog-
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nition that some tumor antigens, e.g., NY-ESO-1 (20-22), elicit
a strong integrated immune response involving both cellular and
humoral immunity. The analysis of the humoral immune re-
sponse to human and murine tumors has been revolutionized by
the introduction of an approach involving the serological analysis
of recombinant cDNA expression libraries (SEREX) (23-26). A
public database has been established to serve as a repository for
information about SER EX-defined human tumor antigens (www.
licr.org/SEREX.html). High-titered antibodies to a range of
tumor cell products have been identified, and it has been
surprising to find that the great majority of these molecules show
no evident mutations or other structural abnormalities (24, 25).
As high-titered antibody to SEREX-defined antigens implies
recognition by CD4* helper T cells, the SEREX repertoire can
be considered to be a reflection of the CD4* T cell repertoire.

In this report, we investigate whether immunogenic wild-type
molecules defined by SEREX can intensify the response of
CD8* T cells to unrelated tumor-specific peptides through
stimulation of a CD4" helper T cell response.

Materials and Methods

Tumors and Tumor Cell Lines. Established cell lines were derived
from the following transplanted 3-methylchoranthrene-induced
sarcomas of BALB/c origin: CMS5, CMS2, CMS7, CMSS8, and
CMS13 (27). CMS5a and CMS5m are subcloned cell lines
obtained from CMSS5. CMSSmHE is a cell line derived from
CMS5a stably transfected with c-erbB-2/HER2/neu (HER2)
cDNA. P1.HTR is a subline of P815 mastocytoma cell line of
DBA/2 origin (28). UT-7/TPO is a human megakaryoblastic
leukemia cell line (29).

Peptides. ERK2-9m peptide, QYIHSANVL (30), and HER2
p63-71 (T) peptide, TYLPTNASL (31), have been described.
They were synthesized at Takara Shuzo (Otsu, Japan).

Plasmids. cDNA encoding mutated mitogen-activated protein
kinase, ERK2 (mERK2), and ¢cDNA encompassing the N-
terminal 147 aa of HER2 (147HER2) were cloned into
pCAGGS-New, kindly provided by J. Miyazaki, Osaka Univer-
sity, Osaka, Japan (32). Chicken ovalbumin cDNA was a kind
gift of M. J. Bevan, University of Washington, Seattle (33) and
was cloned into pBK-CMV (Stratagene). SEREX-defined plas-
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Table 1. List of SEREX-defined and randomly selected plasmids encoding murine and human tumor cell antigens

Source
Antigens (accession number) Size, bp (cDNA expression libraries)
Murine molecules
Immunogenic*
Mus heat shock protein, Dna J-like 2 (AF055664) 2,242 CMS 5a and CMS 2
Mus DNA ligase 1 (U19604) 3,172 CMS 13
Mus galectin-8 (AF218069) 1,086 CMS 2 and CMS 7
Mus poly(A)binding protein, cytoplasmic 1 (X65553) 2,244 CMS 8
Nonimmunogenic’
Mus sorting nexin 1 (AB019214) 2,007 CMS 5a
Mus glucose-regulated protein (D78645) 2,408 CMS 5a
Mus Cctz-1 gene for chaperon containing TCP-1-zeta-1 subunit (AB022159) 19,505 CMS 5a
Human molecules
Immunogenic*
Homo sapiens HMBA-inducible (XM_008348) 3,594 UT-7/TPO
Human retinoic acid-responsive protein (U50383) 2,520 UT-7/TPO
H. sapiens hepatitis delta antigen interacting protein A (XM_006503) 997 UT-7/TPO
H. sapiens cDNA FLJ20644 fis, clone KATO2588 (AK000651) 1,781 UT-7/TPO

HMBA, hexamethylene-bis-acetamide.

*Detected by syngeneic antibody from tumor-bearing mice in SEREX analysis of cDNA expression libraries of the corresponding tumor.
fObtained by random selection of clones from the CMS5a cDNA expression library.
*Detected by antibody from patients with idiopathic thrombocytopenic purpura in SEREX analysis of cDNA expression libraries of the

human megakaryoblastic leukemia cell line.

mids and randomly selected plasmids are listed in Table 1 and
were cloned into pBK-CMV.

Antibodies. Neutralizing antibodies were produced in 8- to 10-
week-old female BALB/c nude mice by injecting hybridoma
cells producing anti-CD4 (GK1.5) or Lyt-2.1 (49-3, 1) antibodies
as described (30).

Immunization by Gene Gun. Seven-week-old female BALB/c mice
received abdominal delivery of plasmid DNA-coated gold par-
ticles by using a Helios Gene Gun System (Bio-Rad) at a helium
discharge pressure of 350—400 psi. Gold particles were prepared
as described (34-36). Mice received a booster injection 2 weeks
after the initial immunization, and spleen cells were harvested
for analysis 7 days later.

SEREX. SEREX was performed as originally described by Sahin
et al. (23) with some modifications.

Enzyme-Linked Immunospot Assays. Enzyme-linked immunospot
assays were performed as described by Power et al. (37).

Analysis of Pulmonary Metastasis. Seven-week-old female BALB/c
mice were challenged with 1 X 10° CMS5m or CMS5mHE tumor
cells in a total volume of 0.1 ml injected through the lateral tail
vein. Twenty to 28 days later, mice were killed, and the number
of pulmonary nodules were counted with a dissecting micro-
scope. Lungs were also evaluated microscopically.

Results

Identification of Tumor-Derived Inmunogenic Molecules by SEREX.
To identify immunogenic molecules in murine tumor cells, we
screened A phage libraries prepared from cDNA of several cell
lines derived from 3-methylchoranthrene-induced sarcoma of
BALB/c origin (27) by using sera from syngeneic mice bearing
cognate tumor lines. Among the array of genes detected, four of
the most frequently detected gene products were Mus heat shock
protein Dna J-like 2 (Dna J-like 2) (AF055664), Mus DNA ligase
1 (ligase 1) (U19604), Mus galectin-8 (galectin-8) (AF218069),
and Mus poly(A) binding protein cytoplasmic 1 [poly(A)]
(X65553). Analyses of the coding sequences of these genes
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revealed no mutations as compared with the registered se-
quences in the GenBank (Table 1), and these highly immuno-
genic tumor antigens were selected for further study. In addition,
three randomly selected cDNAs from the library, Mus sorting
nexin 1 (sorting nexin) (AB019214), Mus glucose-regulated
protein (glucose-regulated protein) (D78645), and Mus Cctz-1
gene for chaperon containing TCP-1-zeta-1 subunit (Cctz-1)
(AB022159), which were consistently negative in repetitive
SEREX screenings, i.e., no antibody response was detected,
were included to represent nonimmunogenic molecules derived
from tumor cells.

SEREX-Defined Wild-Type Molecules Enhance Generation of Tumor-
Specific CD8+ T Cells. We previously identified a 9-mer peptide,
9m, derived from mutated mitogen-activated protein kinase,
ERK2, as the antigenic peptide recognized by a CD8" K-
restricted cytotoxic T lymphocyte clone specific for CMSS, a
3-methylchoranthrene-induced sarcoma of BALB/c origin
(30). Vaccination of syngeneic animals with 9m peptide led to
rejection of subsequent challenge with CMS5 sarcoma, indi-
cating that 9m peptide is a tumor rejection antigen of CMSS5
sarcoma (30).

Gold particles for gene gun immunization were prepared by
coating them with plasmids encoding mERK2 or a mixture of
plasmids encoding mERK2 and plasmids encoding SEREX-
defined molecules [Dna J-like 2, ligase 1, galectin-§8, or
poly(A)]. Mice immunized with mERK2 cDNA alone gener-
ated low levels of 9m peptide-specific CD8" T cells (Fig. 1). In
contrast, mice immunized with mERK2 and SEREX-defined
antigens showed a striking increase in the number of 9m
peptide-specific CD8* T cells (Fig. 1a). The number of positive
spots in these mice ranged from three to 10 times higher than
in mice immunized with mERK2 cDNA alone. The specificity
of the enzyme-linked immunospot assay was confirmed by tests
with a control K9 binding peptide, p63-71 (T). In contrast,
immunization with mERK2 plasmids mixed with plasmids
encoding molecules not detected in repeated SER EX analyses,
e.g., sorting nexin, glucose-regulated protein, or Cctz-1,
showed no increase of 9m peptide-specific CD8" T cells (Fig.
la). Coimmunization with the control vector did not increase
the number of 9m peptide-specific CD8* T cells (Fig. 2a).

Nishikawa et al.
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Increased numbers of 9m peptide-specific CD8* T cells generated by coimmunization with plasmids encoding mERK2 and SEREX-defined molecules. (a)

Mice were immunized twice at a 2-week interval by using a gene gun containing gold particles coated with plasmids encoding mERK2, a mixture of plasmids
encoding mERK2 and murine SEREX-defined molecules [Dna J-like 2, ligase 1, galectin-8, or poly(A)], or randomly selected plasmids encoding sorting nexin,
glucose-regulated protein, or Cctz-1. The number of 9m peptide-specific CD8* T cells in spleen cells of immunized mice was determined by enzyme-linked
immunospot assay for IFN-y-secreting cells 7 days after the second immunization. (b and c¢) Mice were immunized twice at a 2-week interval by using a gene gun
containing gold particles coated with a mixture of plasmids for mERK2 and human SEREX-defined molecules [hexamethylene-bis-acetamide (HMBA)-inducible,
retinoic acid responsive protein, delta antigen interacting protein A (DIPA), or FLJ20644 fis], or encoding chicken ovalbumin. Each bar represents the number
of IFN-y-secreting CD8™ T cells per 10> CD8™ T cells. Target cells were 9m-pulsed P1.HTR (hatched bars) or p63-71 (T) pulsed P1.HTR (solid bars) as a control. Data

are mean =+ SEM of three experiments.

For comparison, similar experiments were performed by
using cDNA encoding antigens of UT-7/TPO (a human
megakaryoblastic leukemia cell line) (29) detected with sera
from patients with idiopathic thrombocytopenic purpura. The
following SEREX-defined human gene products were selected
for study: Homo sapiens hexamethylene-bis-acetamide-
inducible (XM_008348), human retinoic acid-responsive pro-
tein (retinoic acid-responsive protein) (U50383), H. sapiens
hepatitis delta antigen interacting protein A (DIPA)
(XM_006503), and H. sapiens cDNA FLJ20644 fis, clone
KATO2588 (FLJ20644 fis) (AK000651). The cDNA encoding
these immunogenic heterologous molecules also greatly in-
creased 9m peptide-specific CD8* T cell responses when
presented together with mERK2 (Fig. 1b). In contrast, coim-
munization with chicken ovalbumin resulted in only a marginal
increase in specific CD8* T cell reactivity (Fig. 1c).

Copresentation of SEREX-Defined Molecules and CD8* T Cell Epitopes
Is Required for an Enhanced CD8* T Cell Response. To determine
whether the CD8" T cell epitopes and SEREX-defined mole-
cules need to be copresented on the same gold particle, mice
were immunized with a mixture of gold particles individually
coated with either mERK?2 plasmids or Dna J-like 2 plasmids.
Alternatively, mnERK2 plasmids and Dna J-like 2 plasmids were
injected on opposite sides of the abdomen. No increase in CD8*
T cells specific for 9m peptides was observed in either of these
groups (Fig. 2a).

Nishikawa et al.

Enhanced CD8* T Cell Response Depends on CD4+ T Cells. We next
asked whether CD4* T cells were involved in facilitating induc-
tion of 9m peptide-specific CD8* T cells by SEREX-defined
antigens. No increase in 9m peptide-specific CD8" T cells was
observed when mice were pretreated with anti-CD4 antibody
(GK1.5), but not with a control antibody (Lyt-2.1), before
immunization with a mixture of plasmids encoding mERK?2 and
the SEREX-defined antigen, Dna J-like 2 (Fig. 2b).

Immunogenic Wild-Type Molecules also Enhance the Peptide-Specific
CD8* T Cell Response to HER2. In the analysis of immune responses
against HER2-expressing sarcomas, we defined a 9mer peptide,
p63-71 (T), derived from HER2 as a target of CD8" Kd-
restricted cytotoxic T lymphocyte and also as a tumor rejection
antigen of a syngeneic sarcoma, CMS17HE, stably transfected
with HER2 cDNA (31). Coimmunization with plasmids encod-
ing 147HER2 [which includes coding sequences for the p63-71
(T) peptide] and plasmids encoding the SEREX-defined mole-
cule, Dna J-like 2, resulted in a striking increase in the number
of p63-71 (T) peptide-specific CD8" T cells (Fig. 3). Enhanced
induction of p63-71 (T) peptide-specific CD8" T cells was also
observed when cDNA for the SEREX-defined antigen ligase 1
was used for coimmunization with 147HER?2 (Fig. 3a).

Immunogenic Wild-Type Molecules also Augment in Vivo Tumor Re-

jection. After i.v. injection, CMS5m establishes metastases in the
lungs, leading to death of animals within 5-6 weeks. Two
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Fig. 2. Enhanced 9m peptide-specific CD8" T cell response induced by
coimmunization with SEREX-defined antigens requirement for copresenta-
tion and CD4* T cells. (a) Mice were immunized twice with gold particles
coated with plasmids encoding mERK2 alone, gold particles coated with a
mixture of plasmids for mERK2 and Dna J-like 2 (simultaneous coating), or
gold particles coated separately with plasmids encoding mERK2 or Dna J-like
2 and mixed together (separate coating). In another group, the separately
coated particles were not mixed, but were administered at two distinct sites
(separate sites). Increased numbers of 9m peptide-specific CD8* T cells were
observed only in animals immunized with gold particles cocoated with the
plasmid mixtures. (b) Mice were immunized twice with gold particles coated
with a mixture of plasmids encoding mERK2 and the SEREX-defined antigen
Dna J-like 2. Anti-CD4 mAb (GK1.5) abolished the enhancing effect of coim-
munization with mERK2 and the SEREX-defined antigen Dna J-like 2. Target
cells were as shown in Fig. 1. Data are mean + SEM of three experiments.

immunizations of mice with plasmids encoding mERK2 initiated
14 days before tumor challenge led to complete prevention of
pulmonary metastases. This protective effect was lost when
immunization was initiated 7 days before tumor challenge or
after tumor challenge (Fig. 4a). In contrast, immunization using
a combination of plasmids of mERK?2 and Dna J-like 2 plasmids
showed complete prevention of metastases even when initiated
as late as 5 days after tumor challenge (Fig. 4a). Absence of
metastasis was confirmed by histopathological examination.
These therapeutic effects required copresentation of mERK2
and Dna J-like 2 on the same gold particle (Fig. 4b) and were
CD4" T cell-dependent (Fig. 4c). A comparable heightened
therapeutic effect against CMS5SmHE was demonstrated in mice
coimmunized with plasmids encoding 147HER2 and Dna J-like
2 (Fig. 4d).

Discussion

A striking increase in the CD87 T cell response to MHC class 1
peptides derived from two tumor antigens, mERK2 (30) and
HER?2 (31), can be induced by coimmunization with plasmids
encoding these antigens and unrelated SEREX-derived anti-
gens. The plasmids need to be copresented at the same site by
the same gold particles, because immunization with gold parti-
cles prepared separately and injected together at the same site,
or separately at distant sites, did not lead to enhanced CD8* T
cell responses. SEREX-defined human antigens were compara-
ble to SEREX-defined murine antigens in showing augmenta-
tion of the CD8* T cell response. CD4" T cells are clearly
involved in this phenomenon, as antibody-mediated CD4* T cell
depletion abolishes the augmenting effect of SEREX-defined
antigens. This effect of SEREX-defined antigens on the specific
CD8™" T cell response is not induced by nonimmunogenic tumor
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Fig.3. SEREX-defined molecules copresented with HER2 enhance p63-71 (T)
peptide-specific CD8" T cells. (a) Mice were immunized twice with plasmids
encoding 147HER2 alone or with a mixture of plasmids encoding 147HER2 and
Dna J-like 2 or ligase 1. Both SEREX-defined antigens enhanced the p63-71 (T)
peptide-specific CD8" T cell response. (b) Mice were immunized twice with
gold particles coated with a mixture of plasmids encoding 147HER2 and
Dna J-like 2 (simultaneous coating) or a mixture of particles separately coated
with each plasmids (separate coating). Another group of mice were immu-
nized with gold particles coated separately with 147HER2 or Dna J-like 2
plasmids and injected at two distant sites (separate sites). Enhanced numbers
of p63-71 (T) peptide-specific CD8* T cells were observed only in animals
immunized with particles cocoated with 147HER2 and the SEREX-defined
molecules. Target cells were as shown in Fig. 1. Data are mean *= SEM of
three experiments.

cell products; randomly selected cDNAs encoding tumor pro-
teins that do not elicit antibodies are without augmenting
activity. Tumor protection assays show that the potentiation of
specific CD8* T cell generation demonstrable in vitro is reflected
in increased tumor resistance in vivo. Immunization with a
combination of plasmids encoding a tumor-specific antigen and
a SEREX-defined antigen results in a much greater degree of
protection against lung metastases than immunization with the
tumor antigen alone. Mice can be completely protected by the
combined vaccine when injected as late as 5 days after tumor
challenge.

Although both mERK2 and 147HER?2 encode one or more
helper epitopes (unpublished data), these are clearly not suffi-
cient to generate the development of an optimal CD8* T cell
response. The basis for the strong “helper” function of SEREX-
defined antigens in the CD8* T cell response to these tumor
rejection antigens is unknown. The requirement for copresen-
tation on the same gold particle suggests that the tumor antigen
and the SEREX-defined antigen must be taken up and pre-
sented together by the same APC. It might be expected that this
effect could be reproduced by a mixture of separately prepared
gold particles injected at the same site, but injection with this
mixture was ineffective, indicating that physical proximity of the
two plasmid populations is crucial for intracellular events in
APCs. Another surprise is that heterologous SEREX-defined
molecules are no more or less effective than SEREX-derived
murine antigens in eliciting this phenomenon. In fact, ovalbumin
has only a weakly augmenting effect.

A number of approaches to augment CD4" T cell help have
been investigated (9, 19), and these fall in one of three general
categories. One involves modifying the immunizing antigen itself
by, for instance, haptenizing the antigen (38) or linking heter-
ologous immunogenic peptides directly to the antigen (39, 40).

Nishikawa et al.
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Fig. 4.

Immunization with mERK2 or 147HER2 and Dna J-like 2; In vivo preventive and therapeutic effects against pulmonary metastases. (a) 1.0 x 10 CMS5m

were injected via the lateral tail vein. Biweekly immunization with mERK2 (hatched bars), mERK2 plus control vector (dotted bars), or mERK2 plus Dna J-like 2
(open bars) commenced 14 or 7 days before tumor challenge, on the day of tumor challenge, or 5 days after tumor challenge. (b and ¢) 1.0 X 10 CMS5m were
injected via the lateral tail vein. Immunization with gold particles separately coated with mERK2 or Dna J-like 2, or treatment of mice with anti-CD4 mAb (GK1.5)
abolished the therapeutic effect of immunization with gold particles cocoated with mERK2 and Dna J-like 2. (d) 1.0 X 106 CMS5mHE were injected via the lateral
tail vein. Biweekly immunization with 147HER2 (hatched bar), or 147HER2 plus Dna J-like 2 (open bar) commenced 5 days after tumor challenge. Mice were killed
28 days (a—c) or 20 days (d) after tumor injection, and the number of pulmonary metastatic nodules were counted with a dissecting microscope and expressed

as mean *+ SEM of five mice in each group.

The second involves coimmunization with tumor antigens and
molecules with strong helper determinants (41, 42), and viral
vectors encoding tumor antigens (43) can serve this function.
Finally, the discovery of a range of molecular signals, such as
CD40 ligand (44—-46) and other stimulatory and costimulatory
signals (35) involved in the helper function of CD4™" T cells and
in modulating the interaction of APCs with CD4* T cells,
provide other ways to augment the CD8* T cell response.

SEREX analysis of human and murine tumors has identified
a vast array of tumor products that elicit humoral immune
responses in tumor-bearing hosts (20-26). The basis for the
immunogenicity of these products is unknown. Structural alter-
ations through mutations or other changes appear to be the
exception and not the rule with SEREX-defined antigens.
Although some SEREX antigens show restricted tumor expres-
sion in normal tissues, e.g., cancer/testis antigens and melano-
cyte differentiation antigens, most SER EX-defined antigens are
ubiquitously expressed. The current hypothesis is that amplified
expression of the tumor product is the immunogenic stimulus for
eliciting humoral immunity.

Nishikawa et al.

Given the magnitude and the frequency of humoral immune
responses to the tumor antigen revealed by SEREX, it is
appropriate to ask whether these responses are beneficial,
detrimental, or insignificant to the tumor-bearing host. It is likely
that the phenomena that we have described in the mouse of
heightened CD8* T on cell responses to tumor antigens by
corecognition of SEREX-defined antigens has its counterpart in
humans, occurring as a consequence of simultaneous uptake of
complex antigenic mixtures from disintegrating tumor cells by
APCs. As coimmunization with SEREX antigens and tumor
antigens also results in heightened resistance to tumor challenge
in the mouse, this approach is an attractive strategy for human
cancer immunotherapy and one that will be facilitated by the
extensive base of information about SEREX-defined human
tumor antigens.
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