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Abstract In this study, we compared the immunogenic-
ity and tumor-protective activity of anti-idiotypic anti-
bodies mimicking a single tumor-associated epitope and
tumor-associated antigen expressing multiple potentially
immunogenic epitopes. We focused our study on the
colorectal-carcinoma(CRC)-associated antigen GA733
(also known as CO17-1A/KS1-4/KSA/EpCAM). Mon-
oclonal anti-idiotypic antibody (Ab2) BR3E4 was pro-
duced against murine anti-CRC mAb CO17-1A (Ab1) in
rats. Full-length native GA733 protein was isolated from
human tumor cells, and the extracellular domain protein
(GA733-2E) was isolated from supernatants of recom-
binant baculovirus-infected insect cells by immunoa�-
®nity chromatography. The immunomodulatory activity
of the Ab2 was compared with that of the antigen, both
in rabbits and in mice. Mice, like humans but not rab-
bits, express a GA733 antigen homologue on some of
their normal tissues. Thus, these in vivo models allow
the comparison of the immunogenicity of Ab2 and an-
tigen in the presence (mice) and absence (rabbits) of
normal tissue expression and immunological tolerance
of the GA733 antigen homologue. In rabbits, aluminum-
hydroxide(alum)-precipitated native GA733 antigen was
superior to alum-precipitated Ab2 in inducing speci®c
humoral immunity. In mice, alum-precipitated recom-
binant GA733-2E antigen, but not alum-precipitated
Ab2, induced speci®c humoral immunity. However,
when the Ab2 was administered to mice in Freund's
complete adjuvant, speci®c humoral immune responses
were elicited. Ab2 in complete Freund's adjuvant and
GA733-2E in alum were compared for their capacity to
induce antigen-speci®c cellular immunity in mice.

Whereas lymphoproliferative responses were obtained
with the recombinant antigen only, delayed-type hy-
persensitivity responses were obtained with both re-
combinant antigen and Ab2, although these responses
were lower than after antigen immunization. The re-
combinant antigen in alum did not protect mice against
challenge with antigen-positive syngeneic murine CRC
cells. Similar studies with Ab2 BR3E4 mimicking the
CO17-1A epitope were not possible because the tumor
cells do not express this epitope after transfection with
the human GA733-2 cDNA. However, similar studies
with Ab2 mimicking the epitope de®ned by mAb
GA733, which is expressed by the transfected tumor
cells, indicated a lack of tumor-protective activity of this
Ab2. In contrast, the full-length antigen expressed by
recombinant adenovirus inhibited the growth of estab-
lished tumors in mice. In conclusion, soluble antigen is a
more potent modulator of humoral and cellular immune
responses than Ab2, both administered in adjuvant.
However, for induction of protective immunity, the
immunogenicity of the antigen must be further en-
hanced, e.g., by expression of the antigen in a viral
vector.
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Introduction

Anti-idiotypic antibodies (Ab2), binding to the antigen-
combining site of antitumor antibodies (Ab1), can
functionally and structurally mimic tumor antigen. Ab2
have induced antigen-speci®c humoral, cellular and
protective immunity against tumors in animals and in
patients (reviewed in [24]). With the availability of tumor
antigens, it has become possible to compare the immu-
nogenicity and protective activity of single-epitope Ab2
and multiple-epitope antigen vaccines. The functional
di�erences between these two types of vaccine have been
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discussed [13]. Thus, Ab2 vaccines have an intrinsically
higher speci®city, but lower immunogenicity, than anti-
gen vaccines. These di�erences probably re¯ect the tar-
geting of a single epitope by Ab2 vaccines instead of the
multiple epitopes targeted by antigen vaccines. The ®ne
speci®cities of vaccine-induced immune responses to
tumors are also more predictable for Ab2 vaccines than
for antigen vaccines. Thus, Ab2 vaccines are less likely
to induce immunity to antigens other than the original
one, whereas antigen vaccines may induce immunity to a
variety of epitopes expressed by di�erent antigens of
tumor and normal tissues as well as antigens of other
origins.

In the present study, we compared the immunoge-
nicity of Ab2, mimicking an epitope on a tumor antigen,
with that of the antigen, in mice and rabbits. We focused
on the colorectal-carcinoma(CRC)-associated antigen
GA733 (also known as CO17-1A/KS1-4/KSA/EpCAM,
EGP) [6, 15, 17, 32, 45, 49]. The GA733 antigen is a
suitable target for passive and active speci®c immuno-
therapy against CRC. The antigen is expressed by more
than 90% of CRC tissues derived from various patients
[12]. The antigen is also expressed on a few normal tis-
sues, such as colon, pancreas and lung [12], albeit at
lower density than on tumor tissues [34, 43]. A phase II/
III randomized control clinical trial with monoclonal
antibody (mAb) CO17-1A in CRC patients has dem-
onstrated signi®cantly enhanced survival of the treated
patients [39]. In initial studies of active immunotherapy,
polyclonal goat Ab2 to Ab1 CO17-1A speci®cally
modulated the humoral immune responses of rabbits
and cancer patients. However, antibody titers induced
by the polyclonal Ab2 were low [19, 20, 33]. In e�orts to
improve the e�cacy of active immunotherapy against
the GA733 antigen, we have developed monoclonal Ab2
against Ab1 CO17-1A [28] and isolated full-length, na-
tive GA733 antigen and a recombinant extracellular-
domain antigen (GA733-2E) [48]. In a homogeneous
population of paratopic (combining-site-speci®c) mon-
oclonal Ab2, every molecule potentially mimics the an-
tigen. In contrast, only a fraction of the antibodies in
polyclonal Ab2 preparations ( approx. 26% for polycl-
onal Ab2 CO17-1A [19]) mimic the antigen. Conse-
quently, the fraction of antigen-speci®c Ab3 induced by
monoclonal paratopic Ab2 should be signi®cantly
higher than that induced by polyclonal Ab2. Further-
more, variations in antibody composition between var-
ious batches of monoclonal Ab2 should be minimal,
whereas such variations can be considerable in polycl-
onal preparations. The GA733 antigen expresses multi-
ple potentially immunogenic epitopes, whereas Ab2
mimics only one epitope. Therefore, we postulated that
the antigen may be superior to Ab2 in inducing antitu-
mor immunity.

Monoclonal Ab2 BR3E4 was produced against mu-
rine anti-CRC Ab1 CO17-1A in rats [28]. Full-length,
native GA733 protein was isolated from human tumor
cells and the extracellular-domain protein (GA733-2E)
from supernatants of recombinant baculovirus-infected

insect cells by immunoa�nity chromatography [48]. The
immunogenicity of Ab2 and the antigen was compared
in both mice and rabbits. Mice, but not rabbits, express
a GA733 antigen homologue on their normal tissues
[51]. Thus, these in vivo models allow the comparison of
Ab2 and antigen for their immunogenicity in the pres-
ence (mice) and absence (rabbits) of normal tissue ex-
pression and immunological tolerance of the GA733
antigen homologue [23]. The mouse model closely
mimics the situation in humans, whereas the rabbit
model is especially useful in determining whether Ab2
can induce antigen-speci®c immunity across species
barriers (i.e., in a species di�erent from the species of
origin of Ab1), which is an important criterion for the
internal antigen image nature of Ab2 [21]. We previously
reported that full-length, native GA733 antigen and
extracellular-domain protein GA733-2E can elicit CRC
cell-binding antibodies in mice [48]. Furthermore, Ab2
BR3E4 was shown to induce Ab1-like anti-anti-idiotypic
antibodies (Ab3) in rabbits [28]. Here we have extended
those studies to include the comparison of the capacity
of Ab2 BR3E4 and GA733 antigen (native or recombi-
nant) to induce (i) tumor-cell- and antigen-speci®c hu-
moral immunity, both in mice and in rabbits and (ii)
antigen-speci®c lymphoproliferative and delayed-type
hypersensitivity (DTH) responses in mice.

Using these animal models, we demonstrate here that
the CO17-1A antigen is a more potent humoral and
cellular immune response modulator than monoclonal
Ab2 BR3E4, both in mice and in rabbits, although in
rabbits the monoclonal Ab2 is more potent than the
previously described polyclonal Ab2 [19]. However, the
protein is unable to protect mice against a challenge with
antigen-positive, syngeneic CRC cells. Induction of
protective immunity requires further enhancement of
antigen immunogenicity, e.g., by expression of the
antigen in a viral vector [26, 31].

Materials and methods

Monoclonal and polyclonal antitumor antibodies

Murine mAb CO17-1A, GA733 and CA19-9 raised against human
CRC cells and mAb ME491 against human melanoma cells have
been described [1, 15, 17, 29]. mAb CO17-1A and GA733 bind to
overlapping epitopes on the same antigen [41]. Polyclonal rabbit
antibodies to the GA733 antigen, used in immunohistoperoxidase
staining of tissues, were puri®ed from immune rabbit sera
(for immunization of rabbits, see below) by protein-A±Sepharose
column chromatography and have been described in detail [51].

Cell lines

SW1116 CRC cells and WM9 melanoma cells [16, 29] were main-
tained in L-15 medium supplemented with 10% fetal bovine serum
(FBS). Murine CT26 CRC cells [5] were transfected with GA733-2
cDNA [50] by standard calcium phosphate precipitation and se-
lected with G418 (Gibco BRL, Grand Island, N.Y., USA). Clone
CT26-AlGA710-3H was selected because it stably expressed the
GA733 antigen both in vitro and in vivo in a mixed hemadsorption
assay (MHA) and immunohistoperoxidase assay respectively [35].
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However, the transfectants do not express the epitope de®ned by
mAb CO17-1A (our unpublished data), although they do express
the mAb-GA733-de®ned epitope [35].

Antigens

Native GA733 and ME491 antigens were isolated from human
SW1116 CRC or WM9 melanoma cell extracts on immunoa�nity
columns coupled with mAb GA733 or mAb ME491 [8, 41, 48].
Native GA733 antigen was used for immunization of rabbits. With
the availability of recombinant GA733-2E antigen derived from
baculovirus [48], a more abundant source of the antigen with less
qualitative batch-to-batch variation became available. Recombi-
nant GA733-2E antigen, produced and puri®ed as described [48],
was used for all immunizations of mice. The native and the re-
combinant antigen were indistinguishable in their immunogenicity,
as determined by analysis of their capacity to elicit antibodies
speci®cally binding to CO17-1A-antigen-positive CRC cells in mice
[48].

Hybridoma production

Production and selection of Ab2 BR3E4 hybridoma cells, and
puri®cation and in vitro characterization of the Ab2 have been
described in detail [28]. Brie¯y, Ab2 BR3E4 speci®cally and sig-
ni®cantly inhibited binding of Ab1 CO17-1A to antigen-positive
tumor cells, and GA733 antigen almost completely inhibited
binding of Ab2 BR3E4 to Ab1 CO17-1A.

Immunizations of rats, rabbits, and mice

Immunization of rats for generation of Ab2 BR3E4 to Ab1 CO17-
1A has been described [28]. For immunization of mice and rabbits
with Ab2 BR3E4 or CO17-1A antigen, alum was chosen as the
primary adjuvant because this adjuvant has been approved by the
Food and Drug Administration and because alum-precipitated
polyclonal goat Ab2, mimicking the CO17-1A or GA733 epitope
have induced antigen-speci®c immunity in rabbits and cancer pa-
tients [18±22, 33, 46]. For induction of Ab3, two rabbits (New
Zealand White, Hare-Marland, Hewitt, N.J., USA) were immu-
nized s.c. with 300 lg alum-precipitated Ab2 on day 0, followed by
100 lg of the Ab2 in alum on days 8, 27, 70, and 103. Two control
rabbits were similarly immunized s.c. with normal rat IgG [28]. For
induction of antibodies to the native GA733 antigen, two rabbits
each were immunized s.c. with 5 lg alum-precipitated native
GA733 antigen on days 0, 8, and 27. Two control rabbits were
similarly immunized with bovine serum albumin (BSA).

For induction of Ab3 in mice, seven mice per group (BALB/c,
Harlan-Sprague Dawley, Indianapolis, Ind., USA) were immunized
s.c. with 100 lg Ab2 BR3E4 precipitated with alum (®ve bi-weekly
injections). Since alum-precipitated Ab2 did not induce Ab3 in
mice (see Results), separate groups of mice were injected with
100 lg antibodies emulsi®ed in complete Freund's adjuvant (CFA)
(day 0) or incomplete Freund's adjuvant (IFA) (days 14 and 28).
For induction of antibodies to GA733-2E, mice (5±6/group) were
immunized s.c. three times at 2-week intervals with 5 lg/mouse of
GA733-2E precipitated with alum [48]. Control mice were similarly
immunized with BSA.

For induction of proliferative lymphocyte responses by Ab2
BR3E4, mice (5/group) were injected with 50 lg or 100 lg Ab2/
mouse s.c. in CFA (day 0) or IFA (days 12 and 33). Separate
groups of mice received 100 lg of Ab2 in CFA once. For induction
of DTH responses against Ab2, groups of mice (4±5 per group)
were immunized s.c. once with 100 lg Ab2 in CFA. Control mice
received normal rat IgG in the same dose and adjuvant as the Ab2-
immunized mice. For induction of lymphoproliferative responses
by antigen, mice (5/group) were immunized s.c. with 5 lg alum-
precipitated GA733-2E once. Control mice were similarly immu-
nized with BSA. For induction of the DTH response to GA733-2E,

mice (5/group) were immunized s.c. three times at 2-week intervals
with 5 lg GA733-2E precipitated with alum. Control mice were
similarly immunized with BSA.

For induction of tumor-protective immunity, mice were im-
munized with Ab2 BR3E4 or GA733-2E according to the schedule,
which induced humoral and cellular immunity. Thus, mice were
immunized with 100 lg of Ab2 BR3E4 in CFA/IFA on days 0, 12,
and 33, or with 5 lg alum-precipitated GA733-2E on days 0, 14,
and 28.

Antibody-binding assays

The avidity of the interaction between Ab1 CO17-1A and Ab2
BR3E4 was determined by radioimmunoassay as described in detail
[27, 37]. Brie¯y, Ab2 or control normal rat IgG at various con-
centrations (50±5000 ng protein/well) was bound to wells of mi-
crotiter plates coated with goat anti-rat F(ab¢)2 antibody (500 ng/
well). Ab2 BR3E4 or normal rat IgG at each concentration was
then incubated with 125I-labeled Ab1 CO17-1A or control normal
mouse IgG at various concentrations (720 000±1250 cpm/well).
The Ab2 BR3E4 concentration binding saturating amounts of 125I-
Ab1 CO17-1A with high speci®city (less than 10% of the input
radioactivity of 125I-labeled control mouse IgG bound to Ab2; less
than 10% of the input radioactivity of 125I-labeled Ab1 CO17-1A
bound to Ab2 BR3E4 in the presence of a 100-fold excess of un-
labeled Ab1 CO17-1A) was determined. The avidity of the inter-
action between Ab2 BR3E4 and Ab1 CO17-1A was calculated
according to the method of Scatchard [42] from the binding values
obtained with the predetermined amount of Ab2 BR3E4 and var-
ious amounts of 125I-labeled Ab1.

All assays for detection of rabbit and mouse Ab3 and anti-
bodies to the CO17-1A antigen have been described [18, 19, 22].
Brie¯y, binding of rabbit and mouse serum antibodies to cultured
tumor cells was determined in a mixed hemadsorption assay using
sheep red blood cells (SRBC) sensitized with rabbit (or mouse)
anti-SRBC antibody to which goat anti-[rabbit (mouse) IgG] an-
tibody was bound to detect binding of rabbit (mouse) antibodies to
tumor cells. Binding of rabbit serum antibodies to isolated native
GA733 antigen was determined in an enzyme-linked immunosor-
bent assay using antigen as the target and peroxidase-labeled goat
anti-(rabbit IgG) antibody as tracer, followed by addition of sub-
strate (H2O2) and color indicator ABTS [2,2¢-azino-bis(3-ethyl-
benzthiazoline-6-sulfonic acid)] to detect binding of the rabbit
antibodies to the antigen.

Antibody binding inhibition assays

All assays have been described in detail [18, 19, 22]. Inhibition by
rabbit Ab3 (or antibodies to GA733 antigen) of Ab1 CO17-1A
binding to CRC cells was determined by radioimmunoassay. 125I-
labeled Ab1 CO17-1A (or 125I-labeled anti-CRC control mAb
CA19-9) at concentrations showing approximately 50% maximal
binding (approx. 5000 cpm 125I-mAb/well) was added to CRC cells
pre-incubated with sera from rabbits immunized with rat Ab2
BR3E4, normal rat IgG, GA733 antigen or BSA, and inhibition of
binding of 125I-Ab1CO17-1A or 125I-mAbCA19-9 to the cells by the
rabbit sera was determined. Sera from rabbits immunized with the
rat antibodies were preincubated with normal rat IgG and assayed.

In vitro lymphocyte proliferation test

This assay has been described in detail [22, 35]. Brie¯y, lympho-
cytes from spleens or draining lymph nodes obtained from mice
8±12 days after immunization (105cells/well) were stimulated
in vitro with Ab2, normal rat IgG, GA733-2E (all at 0.2±50 lg/ml),
irradiated (400 Gy from a Cs source) CRC SW1116 cells, or control
WM9 melanoma cells (0.04 ´ 103±1 ´ 103/well), or concanavalin A
(0.5 lg/ml) for 3±6 days. Separate cultures were restimulated with
the various preparations after 6 days for 2 additional days. In a few

125



mice, adherent cells from spleens were pulsed with the various
antigen preparations and added to the lymphocytes. Activation of
lymphocytes was tested in standard [3H]thymidine incorporation
test. Results were expressed as a stimulation index [22, 35].

DTH reactions in mice

Immunized mice were challenged intradermally (i.d.) with 1 lg
GA733-2E (right ear) or irrelevant ME491 melanoma antigen (left
ear). Ear thickness was measured with a caliper (Poco Test,
Mitutoyo, Japan) before and 18, 24, and 48 h after challenge. The
increase in thickness was calculated for each ear at various times
after challenge relative to the thickness before challenge [22, 35].

Immunohistoperoxidase staining of tumor tissues

Twenty-week CT26-ALGA710-3H tumors obtained from synge-
neic BALB/c mice were ®xed [10% formalin in phosphate-bu�ered
saline PBS] and embedded in para�n. Sections were incubated with
5% normal goat serum and 1% BSA in PBS for 1 h at room
temperature and stained with biotinylated polyclonal rabbit anti-
body to the GA733 antigen using the Histostain SP kit (Zymed
Labs Inc., San Francisco, Calif., USA). Biotinylated normal rabbit
IgG was used as a control.

Tumor challenge in mice

The e�ect of GA733-2E antigen immunization on antigen-positive
syngeneic tumor growth was determined in mice. These studies did
not include Ab2-immunized mice because the tumor cells do not
express the CO17-1A epitope (see above). Immunized mice (4±6/
group) were challenged s.c. with 4 ´ 107 CT26-ALGA710-3H cells
expressing the GA733 antigen or with parental, antigen-negative
CT26 cells 2 weeks after the last immunization. Tumors were
measured with a caliper twice each week for up to 2 months after
the challenge [14].

Statistical analyses

Signi®cance of di�erences between experimental and control values
(triplicates) was determined by Student's t-test.

Results

Avidity of monoclonal rat Ab2 BR3E4

The avidity of Ab2 BR3E4 binding to Ab1 CO17-1A
was 4.5 ´ 109 M)1, whereas the avidity of GA733 anti-
gen binding to mAb CO17-1A was 0.7 ´ 108 M)1 [38].

Binding of rabbit antibodies elicited by Ab2 BR3E4
or native GA733 antigen to CRC cells

Sera from rabbits immunized ®ve times with alum-pre-
cipitated Ab2 BR3E4 or three times with alum-precipi-
tated native GA733 antigen bound speci®cally (as
compared to control sera) to CRC SW1116 cells
(Fig. 1), but not to GA733-antigen-negative WM9 mel-
anoma cells (not shown). Sera obtained from the same
rabbits before immunization and sera from control im-
munized rabbits did not bind signi®cantly to CRC cells

(less than 5% of cells bound; Fig. 1). Serum titers of
anti-CRC antibodies elicited in the two rabbits by Ab2
BR3E4 were approximately 1:15 and 1:45 (Fig. 1A) re-
spectively, whereas the titers of both rabbits immunized
with the native GA733 antigen were approximately
1:150 (Fig. 1B). Furthermore, the maximum percentage

Fig. 1A, B Binding of rabbit sera elicited by Ab2 BR3E4 (A) or
native GA733 antigen (B) to colorectal carcinoma (CRC) cells.
Rabbits were immunized s.c. with ®ve injections (1 ´ 100 lg, 4 ´
300 lg) of alum-precipitated Ab2 BR3E4 (d, rabbit 988; m, rabbit
989) or normal rat IgG (n, rabbit 3021) on days 0, 8, 27, 70, and
103 (A), or three injections of 5 lg alum-precipitated GA733
antigen (d, rabbit 111; m, rabbit 112) or bovineserumalbumin (s,
rabbit 117; n, rabbit 118) on days 0, 8, and 27 (B). Sera obtained
from the rabbits before immunization (- - -) or 7±17 days after the
last immunization (Ð) were tested for binding to SW1116 CRC
cells in a mixed hemadsorption assay (MHA) using sheep red blood
cells (SRBC) sensitized with rabbit anti-SRBC antibody to which
goat anti-(rabbit IgG) antibody was bound to detect binding of the
rabbit sera to tumor cells. Sera from Ab2- or antigen-immunized
rabbits did not bind signi®cantly to GA733-antigen-negative WM9
melanoma cells (not shown). The reciprocal serum endpoint
dilution, i.e., the highest reciprocal dilution at which experimental
values were more than threefold greater than control values (pre-
immune value of corresponding experimental animal or post-
immune value of control animals), was approximately 15 and 45 for
the two Ab2-immunized rabbits and approximately 150 for the two
antigen-immunized rabbits. (SE of triplicate determinations was
below 5%)
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of CRC cells that bound the rabbit antibodies was 60%
for anti-Ab2 sera and 90% for anti-antigen sera (Fig. 1).
Both the anti-Ab2 and the anti-antigen sera signi®cantly
(P < 0.05±<0.001 versus control sera at 1:25 dilution)
inhibited binding of Ab1 CO17-1A (Fig. 2), but not
unrelated mAb CA19-9 (not shown), to CRC SW1116
cells. Therefore, the elicited antibodies may bind to the
same epitope as Ab1 CO17-1A. The maximal inhibition
obtained with the two anti-Ab2 sera was 60% and 38%
respectively. Ab3 concentrations and/or avidities may be
too low to inhibit binding of Ab1 to tumor cells com-
pletely. Sera from both rabbits (rabbits 111 and 112)
immunized with the native GA733 antigen inhibited this
reaction signi®cantly less than did the serum of one of
the two rabbits (no. 989) immunized with Ab2 BR3E4
(P < 0.05 and <0.01; Fig. 2), but not as compared to

serum from the other Ab2-immunized rabbit (no. 988).
The low inhibitory capacity of the anti-antigen sera most
likely re¯ects the low percentage and/or low avidity
of CO17-1A-epitope-speci®c antibodies among all
antibodies induced by the antigen.

Binding of rabbit antibodies elicited by Ab2 BR3E4
or native GA733 antigen to isolated GA733 antigen

Antibodies elicited by alum-precipitated Ab2 BR3E4
(®ve injections) in rabbits signi®cantly (P < 0.001 as
compared to control sera) bound to native GA733
antigen (Fig. 3A). However, alum-precipitated native
CO17-1A antigen (three injections) was more potent

Fig. 2A, B Inhibition of binding of mAb CO17-1A to CRC cells by
rabbit sera elicited by Ab2 BR3E4 (A) or native GA733 antigen
(B). Immunization and serum collection were as described in the
legend to Fig. 1. Inhibition of binding of 125I-labeled Ab1 CO17-
1A to SW1116 CRC cells by the sera was tested in a radioimmu-
noassay. Sera of Ab2-immunized rabbits were preincubated with
400 lg/ml normal rat IgG before the assay. Binding of 125I-labeled
irrelevant mAb CA19-19 to the cells was not signi®cantly inhibited
by the immune sera (not shown). Experimental values are
signi®cantly (P < 0.05±<0.001; Student's t-test) di�erent from
the corresponding control values at the lowest serum dilution of
1:25. (SE of triplicate determinations was below 5%)

Fig. 3A, B Binding of rabbit sera elicited by Ab2 BR3E4 (A) or
native GA733 antigen (B) to native GA733 antigen. Immunization
and serum collection were as described in the legend to Fig. 1.
Binding of sera to GA733 antigen was tested in an enzyme-linked
immunosorbent assay using the antigen as target and peroxidase-
labeled goat anti-(rabbit IgG) antibody as tracer to detect binding
of the rabbit antibodies to the antigen. The post-immunization sera
did not signi®cantly bind to gelatin (not shown). The reciprocal
serum endpoint dilution, i.e., the highest reciprocal dilution at
which experimental values di�ered signi®cantly (P < 0.001) from
the corresponding control values, was approximately 80 and 800
for the two Ab2-immunized rabbits, respectively, and approxi-
mately 7000 for both antigen-immunized rabbits. (SE of triplicate
determinations was below 5%)
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than Ab2 BR3E4 in its capacity to elicit antigen-speci®c
antibodies in rabbits (Fig. 3B; P < 0.01 for compari-
sons of values of 1:25 diluted post-immunization anti-
antigen serum 111 with anti-Ab2 serum 988 or 989, and
anti-antigen serum 112 compared with anti-Ab2 serum
988 or 989).

The studies above demonstrate that both Ab2 BR3E4
and the native GA733 antigen can elicit antigen and
epitope-speci®c antibodies, although the antigen seems
to be a more potent immunogen in rabbits. The dem-
onstration of immunogenicity of the Ab2 in rabbits, i.e.,
in a species di�erent from that used for induction of
Ab1, suggests that the Ab2 bears the internal image
of the CO17-1A epitope [21]. However, rabbits, unlike
humans, do not express the CO17-1A antigen on their
normal tissues, as determined by immunohistoperoxi-
dase staining of rabbit tissues with polyclonal antibodies
to the GA733 antigen [51]. Therefore, rabbits are of
limited value as a direct preclinical model of CO17-1A
vaccines. A CO17-1A antigen homologue has been
described in mice [2, 3, 51], which, therefore provide a
relevant in vivo model to compare the immunogenicities
of Ab2 and antigen in the immunotolerant host. Mice
also are the preferred model to test for induction of
cellular immune responses, such as DTH reactions, by
Ab2 or antigen. Rabbit skin is hypersensitive to any
proteins we have used thus far in i.d. injections, even in
the absence of speci®c immunization (our unpublished
results). Furthermore, mice, but not rabbits, allow test-
ing of protective immune responses induced by the
vaccines because transplantable tumors are available in
mice only. Our studies performed with Ab2 BR3E4 and
recombinant GA733-2E in mice are described in the
following sections. Recombinant GA733-2E [48], and
not native GA733 antigen, was used in all studies in mice
because the recombinant antigen is easier to produce in
large quantities with minimal qualitative batch-to-batch
variations. The two forms of the antigen were indistin-
guishable in their immunogenicity, as demonstrated by
induction of speci®c humoral immunity to antigen-pos-
itive tumor cells by the two preparations in mice [48].

Binding of murine antibodies elicited by Ab2 BR3E4
to CRC cells

Five injections of Ab2 BR3E4 in alum did not induce
anti-CRC antibodies in mice (results not shown).
However, mice immunized three times with Ab2 BR3E4
emulsi®ed in CFA/IFA developed signi®cant (P < 0.05
versus control mice immunized with normal rat IgG)
concentrations of antibodies binding speci®cally to
CO17-1A antigen-positive SW1116 CRC cells (Fig. 4)
but not to WM9 control cells (not shown). The antibody
titers were 1:45 (Fig. 4). These titers were signi®cantly
(P < 0.05) lower than those previously induced in mice
with three injections of GA733 antigen (native GA733
or recombinant GA733-2E) precipitated with alum (titer
= 1:100 000 serum dilution [48]).

Cellular immune responses elicited by Ab2 BR3E4
or recombinant GA733-2E antigen in mice

Since Ab2 in CFA/IFA, but not alum-precipitated Ab2,
induced antigen-speci®c humoral immune responses in
mice, cellular immune responses to the Ab2 in mice were
investigated using CFA and IFA as adjuvants. Ab2
BR3E4, given once or three times in CFA or CFA/IFA
respectively, did not induce antigen-speci®c proliferative
lymphocyte (derived from spleen or draining lymph
nodes) responses in mice under the various in vitro assay
conditions and using the various stimulants described in
Materials and methods (not shown). However, GA733-
2E precipitated with alum primed murine splenocytes
for signi®cant lymphoproliferative responses to in vitro
stimulation with the antigen (Fig. 5). Proliferative lym-
phocyte responses of recombinant GA733-2E-antigen-
immunized mice were signi®cantly (P < 0.01) higher
than the responses of BSA-immunized mice (Fig. 5).

Mice immunized once with Ab2 BR3E4 in CFA de-
veloped speci®c DTH reactions to i.d. challenge with
GA733-2E as compared to challenge with ME491 anti-
gen (P < 0.05; Fig. 6A). DTH reactions of Ab2-
immunized mice to challenge with GA733-2E were also
signi®cantly (P < 0.05) higher than those mice immu-
nized with of normal rat IgG challenged with the antigen
(Fig. 6A). Alum-precipitated GA733-2E also elicited
signi®cant and speci®c DTH reactions in mice, but these
reactions were less than those elicited by Ab2 (Fig. 6B).

Fig. 4 Binding of mouse sera elicited by Ab2 BR3E4 to CRC cells.
BALB/c mice (®ve per group) were immunized s.c. three times at
2-week intervals with 100 lg Ab2 BR3E4 (d) or normal rat
IgG (m), both emulsi®ed in complete Freund's adjuvant (®rst
injection) or incomplete Freund's adjuvant (subsequent injections).
Sera were obtained 10 days after the last immunization and tested
for binding to CRC cells SW1116 in MHA using SRBC sensitized
with mouse anti-SRBC antibody to which goat anti-(mouse IgG)
antibody was bound to detect binding of mouse antibodies to
tumor cells. Post-immunization sera from Ab2-immune mice did
not bind to WM9 melanoma cells (not shown). Means � SD of
®ve mice per group. w Values signi®cantly (P < 0.01) di�erent
from the corresponding control values
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Absence of tumor-protective immunity
in mice immunized with Ab2 BR3E4
in CFA/IFA or recombinant GA733 antigen in alum

Murine CRC cell CT26-ALGA710-3H transfectants
grown in syngeneic BALB/c mice for 20 weeks expressed
the GA733 antigen in vivo, as determined in immu-
nohistoperoxidase assay with polyclonal rabbit anti-
bodies to the antigen. This reaction was speci®c since
normal rabbit IgG did not bind to the tissues, and pa-
rental CT26 cells did not bind rabbit antibodies to the
GA733 antigen. However, the transfectants did not ex-
press the CO17-1A epitope de®ned by mAb CO17-1A
when cultured only in vitro (results not shown). There-
fore, tumor-protective e�ects of Ab2 BR3E4 immuni-
zations could not be tested in this model. The antigen
immunization schedule (5 lg alum-precipitated antigen
s.c. on days 0, 14, and 28), which induced signi®cant
humoral and cellular immune responses in mice [48]
(Fig. 6), was used in mice and assessed for protection
against a challenge with the transfected murine CRC
cells. GA733-2E was unable to protect mice against
tumor challenge (not shown).

Discussion

Monoclonal Ab2 BR3E4might bear the internal image of
the CO17-1A epitope since it induces epitope-speci®c
immunity across species barriers, i.e., in a species di�erent
from that used for induction of Ab1 [24]. The Ab2 most
likely also mimics antigen structurally, since it demon-
strated signi®cant amino acid sequence homology with
the GA733 antigen [25]. The Ab2 is superior to the poly-
clonal Ab2 described earlier [19] in its capacity to elicit
antigen-speci®c Ab3 in rabbits. Antigen-binding Ab3

elicited by monoclonal Ab2 BR3E4 were readily detect-
able in unprocessed sera, whereas the demonstration of
such antibodies in sera from rabbits immunized with
polyclonal Ab2 required puri®cation of the Ab3 from the
sera [19]. Similar results were obtained with monoclonal
and polyclonal Ab2 to mAb GA733 [35, 18] and may be
explained by the increased homogeneity and speci®city of
monoclonal compared to polyclonal Ab2 preparations.

The immunogenicity of the GA733 antigen was su-
perior to that of the monoclonal Ab2 BR3E4 in exper-
imental animals, both in the absence (rabbits) and

Fig. 5 Lymphocyte-proliferative responses of mice immunized with
recombinant GA733-2E. Mice (®ve per group) were immunized
once s.c. with 5 lg alum-precipitated GA733-2E or bovine serum
albumin (BSA). Ten days later, spleens were removed and single-
cell suspensions were stimulated with 5 lg/ml GA733-2E for 3
days, followed by determination of [3H]thymidine incorporation by
the cells. Mean � SD of ®ve mice per group. w Value that di�ers
signi®cantly (P < 0.01) from the corresponding control value. This
value also di�ers signi®cantly (P < 0.05) from the culture medium
control value (not shown)

Fig. 6A, B DTH responses of mice immunized with Ab2 BR3E4
(A) or GA733-2E (B). Mice (four or ®ve per group) were
immunized with 100 lg Ab2 BR3E4 or normal rat IgG in CFA
s.c. once or with 5 lg alum-precipitated GA733-2E or BSA s.c.
three times at 2-week intervals. After 7 days, mice were challenged
i.d. with 1 lg GA733-2E, irrelevant ME491 antigen or BSA. The
increase in ear thickness was determined after challenge at the
various times indicated. Mean � SD of four or ®ve mice per
group. w Values signi®cantly di�erent (P < 0.05) from each of
the two control values obtained at the same assay time
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presence (mice) of normal tissue expression of the anti-
gen homologue. In rabbits, the CO17-1A antigen in-
duced higher titers of speci®c antibodies at a lower
administration frequency than did the Ab2, when both
immunogens were precipitated with alum. In mice, al-
um-precipitated antigen, but not alum-precipitated Ab2,
induced speci®c humoral immunity. The Ab2 had to be
administered in a mycobacterial adjuvant (CFA) to elicit
antigen-speci®c humoral immunity in mice. The di�er-
ences between the immunogenicity of alum-precipitated
Ab2 in rabbits and that in mice may be due to di�er-
ences in the immunological carrier e�ect of the rat Fc
(fragment crystallizing) of Ab2 in the two species [28].
Although Ab2 BR3E4 in CFA/IFA was able to induce
antigen-speci®c humoral immunity in mice, the same
Ab2 preparation failed to induce antigen-speci®c lym-
phoproliferative responses in mice. However, the latter
responses were readily induced by alum-precipitated
GA733-2E. On the other hand, the Ab2 in CFA did
induce antigen-speci®c DTH responses in mice and these
responses were higher than the responses induced by
antigen in alum. Thus, with the exception of DTH re-
sponses, all other immune responses we have investi-
gated (cell-binding or antigen-binding antibodies,
proliferative lymphocytes) were better in antigen-
immunized than in Ab2-immunized mice and rabbits.
The explanation for antigen being more immunogenic
than Ab2 most likely resides in the expression of mul-
tiple rather than single epitopes.

Shearer et al. [44] have compared the immunogenicity
and protective activity of recombinant simian-virus
(SV)-40-induced large T antigen and an Ab2 mimicking
an SV40 epitope in mice. The antigen was consistently
superior to the Ab2 in inducing humoral and protective
antitumor immunity. SV40-induced antigens are tumor-
speci®c since they are not expressed on normal mouse
tissues. Thus, that study compared the immunogenicity
of antigen to that of Ab2 in the absence of normal tissue
expression and immunological tolerance of the antigen.
Our study con®rms those observations in the immuno-
logically tolerant host. In contrast, Stein and SoÈ der-
stroÈ m [47] reported that Ab2, mimicking a bacterial
antigen, primed neonatal (immunologically tolerant)
mice for protection against infection with the bacteria,
whereas the antigen itself did not. Thus, the outcome of
comparative immunizations with antigen and Ab2 in the
immunologically tolerant host may depend on the na-
ture of immunological tolerance (adult, as in this study,
compared to neonatal tolerance [47]), the nature of Ab2
(Ab2 of the internal antigen image type, as in this study,
compared to the most likely regulatory Ab2 [47]) and/or
the origin of the antigen or epitope mimicked by Ab2
(self-antigen, as in this study, vs compared to bacterial
xenogeneic antigen [47]).

Although we cannot exclude the possibility that the
immune responses to the GA733 antigen in mice were
directed primarily against the portion (approx. 18% [3])
of the molecule that di�ers in its sequence from the
murine antigen homologue and less against the region

that is identical in both species, we have recently suc-
cessfully immunized mice with the murine antigen ho-
mologue precipitated with alum (our unpublished data).
Thus, even when the immunogen is identical to the tis-
sue-expressed antigen, alum-precipitated antigen is ca-
pable of breaking immunological tolerance.

Clinical trials in cancer patients have already dem-
onstrated induction of immunity to tumor-associated
antigens or epitopes, including the CO17-1A epitope,
that are also expressed on normal tissues [7, 9, 10, 11, 20,
22, 33, 36, 40]. Induction of immunity was not accom-
panied by adverse side-e�ects despite normal tissue
expression of the antigens/epitopes. Similarly, induction
of immunity against the human GA733 antigen (not
shown) or the murine antigen homologue (our unpub-
lished results) in mice was not accompanied by histo-
pathological abnormalities in those organs that express
the antigen homologue [51].

GA733-2E antigen, administered as alum precipitate
(this study) or with the adjuvants DetoX, interleutin-12,
theramide or liposomes (our unpublished data), was
unable to protect mice against a challenge with synge-
neic CRC transfectants expressing the antigen after
cDNA transfer, although the antigen induced speci®c
antibodies and proliferative lymphocyte and DTH
responses. These results are reminiscent of the results
obtained with an Ab2 (FG1) that mimics the GA733
epitope [35]. This Ab2 also showed excellent immuno-
genicity but no tumor-protective activity. In contrast, in
our recent studies performed with recombinant GA733
antigen (GA733-2 cDNA [50]) expressed in an adeno-
virus vector, the recombinant virus induced regression of
established syngeneic CRC transfectants expressing the
human antigen, and protection was mediated by cyto-
toxic antibodies or proliferative and/or cytolytic T
lymphocytes [30, 31]. Thus, presentation of the GA733
antigen by MHC class I molecules of host cells infected
with the recombinant viruses [4] might be a prerequisite
for this antigen to induce protective antitumor immu-
nity. The question of whether Ab2 BR3E4 expressed in
recombinant adenovirus is capable of inducing protec-
tive immunity remains unanswered because murine CRC
cells do not express the CO17-1A epitope. Since these
cells express the epitope de®ned by mAb GA733, future
studies will determine whether Ab2 FG1 mimicking this
epitope can induce protective immunity in mice when
the Ab2 is expressed in recombinant adenovirus.
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