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Tumours can act as adjuvants for humoral immunity
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SUMMARY

Tumour cells transfected with cDNAs encoding non-self proteins were used to investigate the ability
of the immune system to respond to immunogenic antigens expressed by tumours. Secreted,
intracellular and surface proteins were used as model antigens, as these reflect the potential forms of
tumour antigens. Syngeneic BALB/c mice injected with viable line 1 lung carcinoma or EMT6
mammary tumour cells secreting ovalbumin (OVA) or prostate-specific antigen (PSA) produced
very high immunoglobulin G (IgG) antibody titres, equivalent to those of mice injected with protein
in Freund’s complete adjuvant (FCA). Secretion of the antigens was not necessary as tumour cells
expressing a cell-surface antigen (HER-2/Neu) or an intracellular antigen — green fluorescence
protein (GFP) — also generated high-titre antigen-specific IgG antibodies. In interleukin-4 (IL-4)-
deficient mice, both IgG1l and IgG2a were produced in response to OVA administered in FCA,
whereas in response to tumour-produced antigen, the antibodies switched from predominantly
I1gG1 to IgG2a, indicating that the mechanisms responsible for antibody induction differed between
these forms of immunization. In contrast to the line 1 and EMT6 tumours, which are of BALB/c
origin, OVA- or PSA-producing B16 melanoma cells, which are of C57BL/6 origin, failed to elicit
antibody production. This was not the result of strain differences, as a similar finding was observed
when the tumours were grown in (BALB/c x C57BL/6)F| mice, but appeared to be caused by
intrinsic differences in the tumours. Furthermore, co-injection of both B16/OVA and line 1 tumours
resulted in production of anti-OVA antibody, indicating that B16 tumours were not

immunosuppressive, but instead line 1 tumours appear to exert an adjuvant effect.

INTRODUCTION

Tumour growth may reflect either the inadequacy or the
absence of an immune response. Until recently, distinguishing
between these possibilities was an extremely difficult task owing
to the lack of defined tumour antigens that could be used to
monitor the immune responses of patients. However, the
advent of novel molecular technology and improved methods
of cell culture have allowed the discovery of tumour-associated
antigens, particularly for melanomas. The use of cytotoxic
T-lymphocyte (CTL) lines (established from patients with
melanoma) to screen cDNA libraries generated from auto-
logous tumour samples, allowed the identification of a number
of tumour-associated antigens such as tyrosinase, gpl00
and MelanA/MART-1." More recently, the use of major
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histocompatibility complex (MHC)-peptide tetramers have
confirmed that lymph nodes (LN) of some melanoma patients
contain high numbers of CD8 T cells that are specific for
previously identified antigens.? Although these antigens were
identified based on T-cell responses, other tumour-associated
proteins have been identified using a serological approach
termed SEREX (serological analysis of recombinant cDNA
expression libraries).” This method exploits the patient’s own
antibody repertoire and uses immunoglobulin G (IgG) anti-
bodies from serum to screen autologous tumour cDNA-
expression libraries. Novel antigens such as NY-ESO-1 were
identified by using this technique and, interestingly, proteins
such as tyrosinase, which had been previously defined by CTL
screening, were again detected.* As T-cell help is required to
promote high IgG antibody titres observed in these patients,
these results also demonstrated that CD4 T-cell responses, as
well as humoral responses to tumours, could be generated in
cancer patients.

Despite this marked progress, there are still many types of
tumours for which no clear antigens have been identified and
for which there is little evidence of an immune response. This
apparent lack of response might be attributed to many different
factors. First, both central and peripheral tolerance are issues
as most of the antigens expressed by cancerous cells are self-
proteins shared by both tumour and normal host tissues. T cells
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that could potentially react to such antigens would have been
eliminated in the thymus by the process of negative selection.
Second, other possible tumour antigens may be largely ignored
by the immune system as a result of their existence outside
lymphoid organs and their inability to traffic effectively to LN.>
Third, tumours may fail to elicit inflammatory cytokines that
have been suggested to provide signals important for activation
of naive T cells.*® Unlike viral or bacterial infections, which
can efficiently induce inflammatory cytokines that activate
dendritic cells (DC) to process antigens and traffic to LN,
tumours appear to induce these processes only poorly.>!°
Furthermore, most types of tumours lack expression of
costimulatory molecules and thus are incapable of directly
presenting antigen to naive T cells. Finally, tumours may also
actively secrete cytokines that hinder cell-mediated responses.
Many tumour cells can secrete cytokines such as transforming
growth factor-p (TGF-B) and vascular endothelial growth
factor (VEGF), which have been demonstrated to inhibit T-cell
development and function.'"'> All of these factors would be
expected to contribute to poor immune responses to tumour
antigens.

The current study was designed to examine the ability of the
immune system to mount a response to antigens expressed by
tumours in a situation where antigen itself, in many respects, is
optimal, but the other parameters characteristic of growing
tumours remain the same. This investigation uses syngeneic
tumours transfected with foreign antigens to examine immune
responses to tumours under conditions where issues of central
tolerance do not apply and responses can be easily measured.
By measuring antibody responses it was possible to determine
the kinetics of the response by sequentially bleeding the same
animals. Furthermore, as T cells are required for the switch
from immunoglobulin M (IgM) to IgG antibody production,
analysis of IgG levels allowed investigation of both B-cell-
dependent and T-cell-dependent responses. The results demon-
strate that tumours are not necessarily immunosuppressive, but
in some cases can act as potent adjuvants to promote B-cell
immunity. This was true for a range of protein antigens,
including secreted, intracellular and membrane-bound mole-
cules. However, as has been observed in the clinical setting, not
all tumour lines examined could promote humoral immu-
nity.'"*!'* Delineation of the factors responsible for the
differences in the adjuvanticity of tumours may provide
important information for more effective immunotherapy of
malignant disease.

MATERIALS AND METHODS

Mice and cell lines

BALB/cByJ (H-2%), C57BL/6 (H-2°) (BALB/cByJ x C57BL/
6)F; (H-2®) and interleukin-4 (IL-4)-deficient (BALB/c-
114Ny mice were purchased from the Jackson Laboratory
(Bar Harbor, ME) and used at 2-4 months of age.

Line 1, a small-cell lung carcinoma,'® and EMT6.8, a clone
of EMT6,'® a mammary carcinoma, both arose spontaneously
in BALB/c mice and have been described previously. The
B16FO0 cell line was obtained from the American Type Culture
Collection (ATCC) (Rockville, MD) and was first character-
ized as a spontancously arising melanoma in C57BL/6 (H-2°)
mice.!” ¢cDNAs encoding ovalbumin (OVA) and prostate-
specific antigen (PSA) were transfected into line 1 or EMT6
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tumour cells using lipofection, and positive clones were isolated
by limiting-dilution analysis, as previously described.'®!° Line
1 transfected with the cDNA for green fluorescent protein
(GFP) was a generous gift of Dr Sandra Gollnick (Roswell
Park Cancer Institute, Buffalo, NY), and EMT6 transfected
with human HER-2/neu was kindly provided by Dr Pia
Challita-Eid (University of Rochester, Rochester, NY). Cell
lines were tested routinely for the presence of mycoplasma
using the Gen-Probe detection system (Gen-Probe, San Diego,
CA). Only cell lines testing negative were used in experiments.

Flow cytometric analysis of LN cell populations

BALB/c mice were injected intramuscularly (i.m.) with 1 x 10°
line 1/OVA tumour cells and tumours were allowed to grow for
15-21 days. After leg diameters had reached 12-14 mm, iliac
(tumour draining) and inguinal (non-tumour draining) LN
were removed and dissociated into single-cell suspensions. LN
cells (1 x10°%) were incubated with fluorescein isothiocyanate
(FITC)-conjugated antibodies to the cell-surface markers
B220, CD4 and CDS (clones RA3-6B2, RM4-5 and 53-6.72,
respectively; PharMingen, San Diego, CA). FITC-conjugated
rat IgG2a (PharMingen) was used as a negative control.
Samples were analysed using an EPICS Elite flow cytometer
(Coulter Corp., Hialeah, FL).

Injection of cell lines and serum collection

Levels of OVA and PSA secreted into the supernatant were
analysed by protein-specific enzyme-linked immunosorbent
assays (ELISAs), as previously described.'® Levels of GFP and
HER-2/neu protein in transfected tumour cells were deter-
mined by flow cytometric analysis (Table 1). Transfected
tumours were injected i.m. into the left hind flank of BALB/c,
C57BL/6 (BALB/c x C57BL/6)F; or IL-4-deficient mice at
cell numbers that produced tumours within 20 days. Experi-
ments were halted at the end of the 3-week period or when the
mean thigh diameter of the mouse was =~ 12-14 mm. Every
3-4 days during tumour growth, blood was collected, allowed
to clot and the serum removed. In control experiments, 50 pug
of OVA was emulsified in Freund’s complete adjuvant (FCA;
Sigma, St. Louis, MO) or mixed with Alhydrogel aluminium

Table 1. Amounts of antigen produced by various tumour
transfectants

Tumour OVA PSA GFP HER-2/neu

cell line* Haplotype (ng/ml)f (ng/ml)f (MFI)} (MFI)8

Line 1 H-2¢ 25 8 165 N/A

EMT6 H-2¢ 10 45 N/A 0-362

B16 H-2° 5 16 N/A N/A

*Each tumour cell line represents a cell line transfected with a single
antigen. In all, eight individual transfectants were utilized in this study.

FProtein levels were assayed from the culture supernatant using enzyme-
linked immunosorbent assay (ELISA). Culture supernatants were collected
from 2 x 10° cells incubated for 48 hr in 2 ml of media.

fLine 1/green fluorescent protein (GFP) tumour cells were assayed for
levels of intracellular GFP by flow cytometric analysis, and the values
presented represent mean fluorescent intensity (MFT).

SEMT6/HER-2/neu cells were stained with mouse anti-human HER-2/
neu followed by incubation with goat anti-mouse fluorescein isothiocyanate
(FITC) and subjected to flow cytometric analysis.

OVA, ovalbumin.
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hydroxide (Accurate Chemical, Westbury, NY) and injected
i.m. For mixing experiments, 2 x 10* parental line 1 cells were
mixed with 2x10° B16/OVA cells and injected i.m. into
(BALB/c x C57BL/6)F; mice. The cell numbers in these
injections were selected to control for the different rates of
in vivo growth between the two types of tumours. After
18-21 days, mice were bled and tumours removed to assay
for OVA expression. To determine the amount of OVA
protein being produced directly ex vivo, tumours were
collagenased to form single-cell suspensions, and 1 x 107
cells were lysed in 1 ml of Nonidet P-40 (NP-40) lysis buffer.
Tumour lysates were analysed by using an ELISA specific for
OVA, as previously described.'® In a converse experiment,
2 x 10° parental B16 cells were co-injected with 5 x 10* line 1/
OVA cells and cultured for 18-21 days. Guidelines for the
humane treatment of animals were followed as approved by
the University Committee on Animal Resources.

ELISAs for the detection of mouse antibodies

OVA (Sigma), GFP (Clontech, San Diego, CA) or the
extracellular domain of HER-2/neu (Genentech, San Fran-
cisco, CA) was coated onto ELISA plates at a concentration of
1 pg/ml in coating buffer (0-05 m boric acid in phosphate-
buffered saline [PBS], pH 9-5). Plates were blocked with PBS
containing 2% fetal bovine serum (FBS), 5 mm HEPES and
0-05% sodium azide. Dilutions of serum were prepared in
the same buffer and allowed to bind to the plate. Mouse
immunoglobulin was detected by using alkaline phosphatase-
conjugated goat anti-mouse second-step reagents specific for
IgM, total IgG, or the IgG subtypes [gG1 or IgG2a (Southern
Biotechnology, Birmingham, AL). Alkaline phosphatase
was detected with p-nitrophenylphosphate (Calbiochem, San
Diego, CA) in diethanolamine buffer (Sigma), and colorimetric
changes were read at a wavelength of 405 nm. An assay specific
for anti-PSA antibodies was developed as a sandwich ELISA in
which the plate was coated with 3 pug/ml of polyclonal rabbit
anti-human PSA (DAKO, Carpinteria, CA), blocked with PBS
containing 5% powdered non-fat milk and 0-2% Tween-20
(blotto-tween), and then PSA (Calbiochem) antigen was added
at 30 ng/ml, followed by dilutions of the serum in blotto-tween.
Bound antibodies were detected with horseradish peroxidase
(HRP)-conjugated rabbit anti-mouse IgG (Jackson Immunor-
esearch, West Grove, PA) and developed using O-phenylene-
diamine (OPD; Sigma) as the chromagen. The absorbance at
490 nm was determined by using an ELISA reader. Results are
expressed as end-point dilutions, where the end-point is the
final dilution that gives an absorbance reading of twice
the background level. This was performed to normalize for
the different ELISAs used, and the background level was
determined using a negative-control serum sample (diluted
1:20) from mice injected with untransfected parental tumour
cells. Comparisons between groups were performed by using
a non-parametric test (Mann—Whitney U-test).

RESULTS

Tumour-bearing mice have an increased percentage of B220"
cells in the tumour-draining LN

To investigate how tumours may promote or prevent immune
responses, a poorly immunogenic mouse lung carcinoma — line

1 — was chosen initially for study. The line 1 tumour cell line
was transfected with ¢cDNA encoding OVA to investigate
the ability of the immune system to respond to potentially
immunogenic antigens expressed by tumours. Our initial
observations suggesting that immune effectors might be
expanding in response to line 1/OVA tumours, were the
enlargement and increased cellularity of the LN draining
the tumour site. To further characterize these changes, the
iliac (tumour draining) LN and inguinal (non-tumour drain-
ing) LN were removed from mice bearing line 1/OVA tumours.
The total number of cells in the tumour-draining LN had
increased by four- to fivefold. The range of cell numbers was
1:2-3-4 % 10° cells/LN in the non-tumour-draining LN with an
average + SEM of 1940-3x10° cells/LN. The tumour-
draining LN, in contrast, had an average of 1-14+0-1 x 107
cells/LN with a range of 7-5-15 x 10° cells/LN. Flow cytometric
analysis revealed that the percentage of B220" cells in the
tumour-draining LN had increased twofold over that of the
non-draining LN (Fig. la, 1b). The percentage of B220 " cells
in the non-draining LN was comparable to the percentage of
B220 7" cells in a naive LN (data not shown). This expanded
percentage of B cells and the increased overall cellularity
resulted in a seven- to eightfold increase in the number of B
cells in the tumour-draining LN. There was a corresponding
decrease in the percentage of CD4% and CD8™" cells in these
LN. However, when the expansion in total cell number was
taken into account, there was a twofold increase in absolute
numbers of CD4" and CD8*% T cells (data not shown),
demonstrating that while both T and B cells increased in
number, the B cells were expanded preferentially.

This marked increase in the B-cell population suggested
that B cells had been activated in response to the growing line 1/
OVA tumours. To examine this possibility, serum was collected
from tumour-bearing mice and assayed in an ELISA specific
for anti-OVA antibodies. Figure 1(c) shows representative
ELISA data of sera from three individual mice injected with
line 1/OVA tumours. Each of the three mice showed high levels
of anti-OVA IgG antibodies, whereas serum from a represen-
tative mouse injected with parental line 1 cells did not contain
OVA-specific antibodies. End-point titres in these mice ranged
from 1000-10 000, suggesting that a vigorous B-cell response
had been activated in response to the OVA-secreting tumours.
Tumour-draining LN cells were also analysed for OV A-specific
antibody-producing cells using ELISPOT assays. This type of
assay has the advantage of determining the actual number of
antibody-producing B cells present, rather than just the
quantity of antibody made. Consistent with the serum analysis,
this assay demonstrated that the frequency of OVA-specific
B cells was markedly increased in the tumour-draining
LN (Fig. 1d).

Line 1/OVA tumours elicit high anti-OV A antibody titres
comparable to those elicited by OVA emulsified in adjuvants

The extent of B-cell expansion in mice bearing line 1/OVA
tumours was surprising, given that many reports have
suggested that growing tumours suppress ongoing immune
responses.''?® To further investigate the B-cell response in
tumour-bearing mice, the isotype class of the IgG antibody
responses in line 1/OVA-injected mice was compared with that
of mice immunized with OVA emulsified in FCA or mixed with
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Figure 1. Tumour-bearing mice exhibit an increased percentage of B220* cells and high levels of anti-ovalbumin (OVA) antibodies.
Non-tumour draining (a) and tumour draining (b) lymph nodes (LN) were removed from BALB/c mice 20 days after tumour
inoculation. Cell numbers were determined by Trypan Blue exclusion and found to be an average of 1-9+0-3 x 10° cells in the non-
draining LN compared to 1:1+0-1x107 cells in the tumour-draining LN. Total LN cells were stained with a fluorescein
isothiocyanate (FITC)-conjugated anti-B220 antibody or FITC-conjugated isotype-matched control and subjected to flow cytometric
analysis. The percentage of B220" cells was determined by gating based on isotype-control staining. The histograms shown are
representative of six experiments performed. (c) Sera from three individual mice injected with line 1/OVA (closed symbols) were
collected on day 20 of tumour growth and assayed in an enzyme-linked immunosorbent assay (ELISA) specific for anti-OVA
antibodies. Sera from mice injected with parental line 1 cells were also collected and a representative sample is shown as a negative
control (open symbols). An alkaline phosphatase-conjugated goat anti-mouse immunoglobulin G (IgG) reagent was used to detect
total mouse IgG specific for OVA. An ELISA representative of three performed is shown. (d) Tumour draining (black bar) and non-
tumour draining (grey bar) LN cells were isolated from mice injected with line I/OVA tumour cells for 21 days. Cells were plated in
96-well nitrocellulose microtitre plates coated with OVA protein. Cells secreting anti-OVA IgG were detected with alkaline
phosphatase-conjugated goat anti-mouse IgG, and spots were enumerated using a dissecting microscope. The graph shows the mean
and standard error of three separate experiments.
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aluminium hydroxide (alum). FCA was used because of its high
potency and its induction of IgG1 antibody secretion early in
the primary response with eventual switching to IgG2a, a
profile consistent with a predominant T helper 1 (Thl) cell
response.21 In contrast, alum induces IgG1 secretion and little
or no IgG2a, an isotype pattern characteristic of T helper 2
(Th2)-type immunity.?' These two adjuvants were used to
compare the kinetics, magnitude and qualitative nature of the
immune response elicited by progressively growing line 1/OVA
tumours to that obtained with well-characterized adjuvants. It
is not possible to accurately determine the amount of OVA
antigen delivered by the tumours over time but, based on the
amount of antigen produced by the cells in vitro (Table 1) and
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the growth kinetics of the tumour, it was estimated that
=~ 50 ug of OVA would be an equivalent or higher dose, so this
amount was used with the adjuvants. Figure 2(a) shows the
IgG1 antibody titre of mice injected with OVA in FCA or in
alum or with line 1/OVA cells, as a function of time. Sera from
mice were collected every 3-4 days starting 4 days postinjec-
tion and continuing until 21 days after injection. As expected,
mice injected with OVA in FCA or alum produced high-titre
anti-OVA IgG1 antibodies, which were detectable early after
immunization and increased throughout the duration of the
experiment. Surprisingly, mice given a single injection of viable
line 1/OVA tumour cells produced high anti-OVA IgGl
antibody responses, similar to those seen in mice injected with
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Figure 2. Ovalbumin (OVA) delivered by tumour cells induces anti-OVA antibodies of the immunoglobulin G1 (IgG1) and I1gG2a
isotypes at a level similar to that induced by OVA in adjuvants. Three mice in each group were injected with 1 x 10° of viable line 1/
OVA cells (H), 50 ug of OVA in Freund’s complete adjuvant (FCA) (@) or 50 ug of OVA in alum (A). Mice were bled at the
indicated time-points and sera were tested in an OVA-specific enzyme-linked immunosorbent assay (ELISA), using alkaline
phosphatase-conjugated goat anti-mouse IgG1 (a) or alkaline phosphatase-conjugated goat anti-mouse IgG2a (b) as the detecting
antibody. The graphs show the end-point titres of three individual mice at each time-point tested.

OVA emulsified in FCA. The kinetics of the antibody response
in tumour-bearing mice were slightly delayed; anti-OVA IgG1
antibodies were not detected until days 11-15. Nevertheless,
the end-point titres on day 21 in tumour-bearing mice were
as high as in mice injected with OVA in FCA (geometric
mean titres were = 13 000 and 15 000, respectively). Anti-OVA
IgG2a antibody titres were also examined in tumour-bearing
mice and again compared to responses induced with antigen in
adjuvant (Fig. 2b). Similarly to previously published results,
OVA mixed in alum did not induce IgG2a synthesis at any
time-point tested.>! Two out of three mice injected with OVA in
FCA had produced anti-OVA IgG2a antibodies by day 15 after
injection. With approximately similar kinetics, two out of three
mice injected with line 1/OVA tumours also produced anti-
OVA IgG2a antibodies. Therefore, the antibody response
induced by OVA-expressing line 1 tumour cells appears to be
similar to OVA in FCA and indeed, by this criterion, more
potent than alum. In addition, the pattern of isotype switching
was similar between the tumour- and FCA-immunized mice.
To further investigate the mechanisms involved in the
generation of these high-titre anti-OVA antibodies, the anti-
body responses in IL-4-deficient mice were examined. IL-4
plays a major role in the production of antibodies of the IgG1

isotype.”> Therefore, we wished to determine whether 1L-4
might be essential for the induction of anti-OVA antibodies.
Either line 1/OVA cells or OVA in FCA was injected into IL-4
knockout mice and then sera were collected and analysed for
the presence of anti-OVA antibodies of both the IgG1 and
IgG2a subtypes. The results clearly demonstrate that IL-4 is
not essential for eliciting an IgG antibody response when mice
are immunized with OVA expressed by tumour cells or
emulsified in FCA (Fig. 3). Interestingly, immunization of
IL-4-deficient mice with tumour cells, although still eliciting
a response, caused a marked change in the isotype of the
antibodies produced. In this experiment, control BALB/c mice
generated antibodies exclusively of the IgG1 isotype with titres
similar to what was observed in earlier experiments (see Fig. 2)
while IL-4-deficient mice produced only low titres of anti-OVA
IgGl. On day 18 post-tumour inoculation, control BALB/c
mice did not produce anti-OVA IgG2a in this experiment;
however, there was a marked shift to production of IgG2a
antibodies in IL-4-deficient mice. Immunization of the IL-4
knockout mice with OVA in FCA also resulted in high titres
of IgG2a antibodies but, in contrast to the mice immunized
with the line 1/OVA, high titres of IgGl antibodies were
also maintained. These results show that immunization with
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Figure 3. Antibody production in response to line 1 tumours is not
dependent on interleukin-4 (IL-4). IL-4-knockout (KO) mice were
injected with 1x 10° line 1/ovalbumin (OVA) tumour cells, or with
50 pug/ml of OVA in Freund’s complete adjuvant (FCA) as a positive
control. Mice were bled on day 18 and serum was used in an anti-OVA-
specific enzyme-linked immunosorbent assay (ELISA) for immunoglo-
bulin G1 (IgG1) (upper panel) or IgG2a (lower panel). BALB/c mice
were also injected with line 1/OVA tumour cells for 18 days as a
positive control for elevated production of anti-OVA IgG1 antibodies,
as shown previously (Figure 2). Each point represents an individual
mouse and the bars represent the geometric mean of all mice assayed.
Statistically significant differences in anti-OVA IgGl1 titres were
observed between BALB/c mice and IL-4 KO mice injected with line
1/OVA (P=0-02 by Mann—Whitney U-test). By the same statistical
criteria, IL-4 KO mice injected with line 1/OVA tumours demonstrated
significantly higher IgG2a titres than BALB/c mice injected with line 1/
OVA (P=0-02).
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OVA-expressing tumour cells can elicit high-titre antigen-
specific IgG antibodies in the absence of IL-4. However, the
isotype of the antibodies elicited has switched from predomi-
nantly IgG1 in normal BALB/c to IgG2a in the IL-4-deficient
mice. In contrast, IL-4 has less of an impact on antibody
production when mice are immunized with OVA emulsified in
FCA in that both IgG1 and IgG2a responses are maintained
with high titres.

Transfection of BALB/c-derived tumours with different
antigens can induce antigen-specific high-titre IgG antibodies

The above results demonstrated that line 1/OVA tumours
could induce high titre anti-OVA antibodies and class switch-
ing to IgG isotypes. Surprisingly, these responses were equal to
and sometimes surpassed those seen in mice given an injection
of OVA in adjuvants. To determine if this response was unique
to OVA, a strong antigen used in many experimental systems,
line 1 tumours were also transfected with cDNAs encoding
PSA or GFP. Although PSA and OVA are secreted proteins,
GFP is an intracellular protein. Use of this antigen allowed us
to determine if the protein produced by the tumour cells needs
to be secreted for a response to be elicited. BALB/c mice were
injected with various concentrations of tumour cell lines, and
antigen-specific total IgG was assayed by ELISA, as described
in the ‘Materials and methods’. Figure 4(a) shows the indivi-
dual responses and geometric mean titres of mice injected with
line 1 cells producing OVA, PSA or GFP. In all mice tested,
line 1 tumours expressing OVA induced high anti-OVA
antibody titres, similar to the results seen in Figs 1 and 2.
Likewise, line 1 tumours expressing PSA induced strong anti-
PSA antibody responses. Perhaps more surprisingly, line I/GFP
tumour cells also generated high-titre IgG anti-GFP anti-
bodies. As T-cell help is required to promote B-cell isotype
switching to IgG, this result suggests that intracellular tumour
antigens can induce both B- and T-cell responses.

To determine if the effect is unique to line 1 tumours,
similar experiments were performed using another tumour
model, EMT6, a spontaneously arising mammary carcinoma.
As shown in Table 1, these cells secrete slightly less OVA
than the line 1/OVA cell line. Additionally, to control for
the secreted nature of the OVA antigen, EMT6 cells were
transfected with cDNA for HER-2/neu, a cell-surface protein,
and used to determine if mice could generate antibodies to
surface determinants. Transfected EMT6 tumours also induced
high-titre antigen-specific IgG antibodies (Fig. 4b). Interest-
ingly, although the amount of OVA secreted by EMT6 cells
was lower than the line 1 cell line, the geometric mean titre
in response to EMT6/OVA tumours was as high as that
observed in response to line 1/OVA tumours. Similarly, the
level of human HER-2/neu on the surface of EMT6 cells
appeared to be low (Table 1), yet high-titre anti-HER-2/neu
antibodies were induced. The mean geometric titres of serum
from mice injected with antigen-expressing EMT6 cells were
between 3000 and 5000. In summary, in two different tumour
models, line 1 and EMTG6, it was possible to generate strong
antibody responses to secreted proteins (OVA and PSA), to
an intracellular protein (GFP) and to a cell-surface protein
(HER-2/neu).
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Figure 4. Different forms of antigen delivered by H-2%restricted tumours elicit high antigen-specific antibody titres in BALB/c mice.
BALB/c mice were injected with antigen-transfected line 1 or EMT6 tumours (see Table 1). Tumours were allowed to grow for 16—
21 days or until the mean leg diameter reached =~ 12-14 mm. Mice were bled and the sera were assayed in antigen-specific enzyme-
linked immunosorbent assays (ELISAs). Mouse antibodies were detected with horseradish peroxidase (HRP)- or alkaline phosphatase
(AP)-conjugated goat anti-mouse immunoglobulin G (IgG), and the absorbance (A4) was read at 490 or 405 nm, respectively.
Antibody titre was determined as the inverse dilution that gave an A4 reading of twice background levels. This was carried out to
normalize between the different ELISAs performed. Each point represents an individual mouse and the bar represents the geometric
mean titre of all mice assayed. The standard error of the mean ranged between 980 and 2000 in mice injected with antigen-expressing
line 1 tumours and 360-14 000 in mice injected with antigen-expressing EMT6 tumours.

Antigen-expressing B16 melanoma cells do not induce
antigen-specific IgG antibodies in C57BL/6 or
(BALBI/c x C57BL/6)F; mice

Line 1 and EMT6 cells are derived from the same strain of
mouse, BALB/c. Immune responses can be significantly
influenced by both MHC and background genes. It was
therefore of interest to determine if these results were similar in
a different strain and tumour model. The B16 melanoma cell
line was employed and, as described above, transfected with
cDNA encoding either OVA or PSA. As B16 is of H-2 origin,
C57BL/6 mice were injected with either BI6/OVA or B16/
PSA tumour cells. As for previous experiments, mice were
bled between 16 and 21 days post-tumour implantation, and
antigen-specific antibodies were assayed using ELISA. For
comparison, sera from BALB/c mice with growing line [/OVA
tumours were used as controls. Figure 5(a) again demonstrates
that line 1 tumours induced antigen-specific antibodies in
BALB/c mice in all animals tested. However, Fig. 5(b) shows
that B16 tumours did not elicit a strong antibody response in
C57BL/6 mice. For example, only two out of five mice injected
with B16/OVA showed detectable levels of anti-OVA anti-
bodies (Fig. 5b). Similarly, only one of the mice injected with
B16/PSA tumours had detectable levels of anti-PSA IgG
(Fig. 5b).

The different results obtained using B16 in its syngeneic
host, C57BL/6, compared to those obtained with tumours in
BALB/c mice, could be a result of strain differences, as

documented for other experimental systems. For example, in
the mouse model of leishmaniasis, Leishmania major infection
of BALB/c mice promotes a Th2-type response characterized
by high antibody titres, but the mice are not protected. In
contrast, infection of C57BL/6 mice induces effective immunity
characterized by a Thl-type response and clearance of the
parasite.?®> To determine if strain differences were contributing
to the contrasting antibody responses observed above, an
experiment was performed in which line 1/OVA or B16/OVA
cells were injected into (BALB/c x C57BL/6)F; mice. If strain
differences are crucial in determining the antibody response to
tumours, then F; mice would be expected to display the
responder phenotype to both line 1 and B16 tumours.
Figure 5(c) shows antigen-specific antibody titres in F; mice
injected with either line 1 or B16 tumour cells. F; mice injected
with line 1/OVA or with line 1/PSA tumour cells generated high
antibody titres, comparable to or higher than those seen in
BALB/c mice. In contrast, BI6/OVA-injected F; mice gener-
ated weak or non-existent antibody responses to OVA, similar
to those found in C57BL/6 mice. Whereas the B16/PSA-
challenged F; mice exhibited higher titres of anti-PSA
antibodies than the same tumours in C57BL/6 mice, they were
significantly lower than the response to PSA produced by line 1
cells. This suggests a relatively modest strain effect. Thus, while
there is evidence for a strain effect of the recipient (compare the
response to BI6/PSA in C57BL/6 to that in the F mice), these
experiments suggest that the tumour line itself contributes
substantially to the magnitude of the antibody response.
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Figure 5. Line 1, but not B16, tumours generate high antigen-specific antibody titres in syngeneic and semiallogeneic mice. BALB/c
(a) or C57BL/6 (b) mice were injected, respectively, with line 1/ovalbumin (OVA) (@) or line 1/prostate-specific antigen (PSA) (#), or
with B16/OVA (O) or B16/PSA (<) tumour cells. Filled symbols represent transfected line 1 cells whereas open symbols denote
antigen-expressing B16 tumours. (BALB/c x C57BL/6)F| mice (c) were also injected with line 1/OVA (@), BI6/OVA (O), line 1/PSA
(®)or BI6/PSA (<). After 16-21 days of tumour growth, mice were bled, and serum samples were collected and analysed for antigen-
specific immunoglobulin G (IgG) using anti-OVA- or anti-PSA-specific enzyme-linked immunosorbent assays (ELISAs). End-point
titres were determined by the inverse dilution that gave an absorbance (4) reading of twice background levels. Each point represents
an individual mouse and the bar depicts the geometric mean of all mice assayed. (a) Represents pooled data from two separate
experiments. Similarly, the BI6/OVA column in (c) represents pooled data from two separate experiments. Antibody titres in F; mice
injected with line 1/OVA tumours were significantly higher than antibody titres of mice injected with B16/OVA tumours; P=0-008 by
the Mann-Whitney U-test. Similarly, antibody titres in mice injected with line 1/PSA were significantly higher (P =0-02) than those
titres of mice injected with B16/PSA.
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Line 1 tumours act as adjuvants to induce anti-OVA
antibodies in response to BI6/OVA tumours

The apparent discrepancy in response to antigens expressed by
different tumours could be explained by at least two distinct
mechanisms. Line 1 cells might produce factors that enhance
the immune response (act as an adjuvant) or, alternatively, B16
cells could produce factors that suppress a response which
would normally occur. To address these possibilities, BI6/OVA
cells were mixed with parental line 1 cells and antibody
synthesis in (BALB/c x C57BL/6)F| mice was analysed. F| mice
were used in these experiments to allow the simultaneous
growth of BI6/OVA (H-2%) and line 1 (H-2%) tumours. In this
protocol, the antigen is delivered by the B16 tumour and the
potential adjuvant effect by the line 1 tumour. Mice were bled
between days 18 and 21 and the serum assayed for anti-OVA
IgG antibodies. When the mice were killed, the tumours were
examined to determine that both cell lines had indeed grown.
As a result of its production of melanin, growth of the B16/
OVA melanoma is readily distinguishable from the non-
pigmented line 1 tumour, and at the time of killing it was clear
from the interspersed areas of pigmented and non-pigmented
tissue that both tumour types had grown (Fig. 6a). Addition-
ally, F; mice were injected with B16/OVA tumours alone as a
negative control. Only pigmented tissue was visible in these
B16/OVA tumours (Fig. 6a). To confirm that BI6/OVA cells
were indeed growing and antigen was still being expressed, the
amount of OVA protein expressed by BI6/OVA cells injected
alone and in combination with parental line 1 cells was
analysed by ELISA (Fig. 6b). The amount of OVA expressed
by B16/OVA tumours growing in vivo was not significantly
different from the BI6/OVA cells growing in vitro, suggesting
that a negative variant of B16/OVA did not selectively outgrow
from the original tumour (Fig. 6b). Furthermore, tumours
excised from mice given a combination of line 1 and B16/OVA
cells continued to express OVA at the end of the experiment.
The levels of OVA in these samples were slightly lower than in
the B16/OVA tumour alone owing to the concomitant growth
of line 1 interspersed with B16/OVA cells (Fig. 6a, 6b).
Figure 6(c) demonstrates that injection of line 1 cells in
conjunction with B16/OVA induced a significant response
compared to B16/OVA tumours alone. The response generated
to the mixed tumour is somewhat lower than to line 1/OVA
alone (compare Fig. 6c with Fig. 5c). However, the co-
administration of line 1 and B16/OVA clearly had a positive
effect over that of BI6/OVA given alone. To determine if the
B16 parental tumour could exert any suppressive effect on
antibody synthesis in response to line I/OVA tumours, F; mice
were injected with either line 1/OVA alone (as in Fig. 5¢) or
with a combination of line 1/OVA and parental B16 tumours.
In contrast to the experiment in Fig. 6(c), the antigen was now
being delivered by the line 1 tumour in order to assess any
suppressive effect contributed by the B16 tumour. Figure 6(d)
demonstrates that B16 tumours had no suppressive effect on
anti-OVA antibody synthesis in F; mice, and the titres in mice
injected with both line 1/OVA mixed with B16 were as high as
in mice injected with line 1/OVA alone. Therefore, the adjuvant
effect of line 1 tumours to promote antibody synthesis is
dominant over any suppressive effect that the B16 tumours
may have in inhibiting the induction of antibody synthesis.

DISCUSSION

The current study addressed whether antigens expressed by
tumours, under conditions where central tolerance does not
apply, would be effective immunogens. Surprisingly, we found
that in some cases (EMT6 and line 1) the transfected tumours
were almost as potent as FCA at inducing humoral immunity.
Furthermore, like FCA, these responses did not absolutely
depend upon IL-4. Interestingly, while tumour cells expressing
foreign antigens can induce antibody synthesis with titres
similar to those induced with FCA, the mechanisms of action
of the tumours and FCA are not identical. In the IL-4
knockout mice, OVA in FCA induced a potent antibody
response with production of both IgGl and IgG2a, in
agreement with previous reports.* Injection of line 1/OVA
tumours into IL-4-deficient mice also induced antibody
responses; however, the isotype of the antibodies generated
was very different compared to the response in BALB/c mice.
Little IgGl was produced in the IL-4 knockout mice in
response to line 1/OVA, whereas it was the predominant
isotype in BALB/c mice. In contrast, the IgGG2a response was
elevated in IL-4-deficient mice but had not appeared by day 18
in the BALB/c mice. This is precisely what one would predict
based on reports that IL-4 enhances the generation of IgG1 and
down-regulates the production of IgG2a.>>?® Taken together,
the results presented here suggest that tumours have a
restricted adjuvant effect in which IgG1 synthesis is dependent
upon IL-4, whereas FCA affects class switching through
multiple pathways and is less affected by IL-4. Thus, in some
cases, simply expressing a foreign antigen like OVA, GFP or
PSA in the context of a growing tumour was sufficient to
engender class switching and a potent antibody response. This
finding was particularly interesting in light of reports of the
strong immunosuppressive nature of tumours.?

The magnitude of the antibody response strongly suggests
that certain tumours can act as adjuvants. This is also
supported by the mixing experiments in which line 1 cells
combined with OVA-expressing B16 tumours were able to
engender potent antibody responses, whereas OVA-expressing
B16 tumour cells alone were poorly immunogenic. These data
suggest that factors produced by line 1 cells themselves, or by
host cells in response to the growing line 1 tumour, enhance the
antibody response. Preliminary experiments using RNAse
protection assays have suggested that the cytokine milieu
within the tumour microenvironment is different between
the line 1 and B16 tumour systems, with RNA for the
inflammatory cytokines TNF-a and interleukin-6 (IL-6)
expressed in progressively growing line 1, but not B16, tumours
(data not shown). Our results thus suggest that the tumours
may induce inflammatory cytokines’ or provide danger
signals.® Interestingly, tumours expressing foreign antigens
also have other characteristics associated with adjuvants.?’
Perhaps the most prominent of these is the continual release of
antigen. Indeed, in the case of tumours, the amount of antigen
is not only sustained over time but increases as the tumour
grows, reminiscent of antigen release during an infection. These
characteristics make antigen-producing tumour cells a promis-
ing tool for further dissecting the mechanisms of adjuvant
activity.

Why do some tumours, like EMT6 and line 1, engender
such strong antibody responses, whereas others, such as B16,
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Figure 6. Line | tumours act as adjuvants to induce anti-ovalbumin (OVA) antibodies in response to B16/OVA tumours. (a) Line 1
tumours grow interspersed with BI6/OVA tumours at the same rate as line 1 or BI6/OVA tumours injected alone. Line 1 cells (2 x 10%)
were mixed with BI6/OVA tumour cells (2 x 10°) and injected intramuscularly (i.m.) into (BALB/c x C57BL/6)F; mice. After 18 days
of tumour growth, mice were killed and tumours excised for photography. (b) BI6/OVA tumours and B16/OVA mixed with line 1 cells
maintain expression of OVA protein after 18 days of tumour growth in vivo. Tumour cells were injected as described above and,
following growth in vivo, tumours were excised, dissociated into single-cell suspensions, lysed and assayed for levels of OVA protein by
enzyme-linked immunosorbent assay (ELISA). The closed square represents B16/OVA tumour cells growing in vitro and the closed
circle is a representative BI6/OVA tumour grown in vivo. The open symbols represent three different line 1 + B16/OVA tumours grown
in vivo and the small circle represents a line 1 tumour grown in vivo. (c) Mice injected as described above were bled at 18-21 days after
tumour growth and the serum was analysed for anti-OVA antibodies of the immunoglobulin G (IgG) isotype. End-point titres were
determined by the inverse dilution that gave an absorbance (A4) reading of twice background levels. Each point represents an
individual mouse and comprises pooled data from two separate experiments. The bar depicts the geometric mean of all mice assayed.
Anti-OVA antibody titres in mice receiving a mixture of line 1 and B16/OVA tumours were significantly higher than titres in mice
receiving an injection of B16/OVA alone (P=0-007 by the Mann-Whitney U-test). (d) B16 tumours do not suppress antibody
synthesis induced by line 1/OVA tumours. B16 (2x10°) and line 1/OVA (5x10% tumour cells were mixed and injected
intramuscularly (i.m.) into (BALB/c x C57BL/6)F; mice. Mice were bled 18-21 days after tumour growth and the sera were analysed
for anti-OVA antibodies of the immunoglobulin G (IgG) isotype. End-point titres were determined by the inverse dilution that gave an
absorbance (A4) reading of twice background levels. Each point represents an individual mouse and the bar depicts the geometric mean
of all mice assayed.
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do not? Originally, we had suspected this to be a reflection of
the hosts for the tumours. EMT6 and line 1 are of BALB/c
origin whereas B16 arose in a C57BL/6 mouse. BALB/c often is
considered a strain with propensity for development of Th2
responses, whereas the C57BL/6 strain is thought to have a
predilection for Thl responses, as illustrated by their responses
to parasitic infections.”® The antibody responses in (BALB/
¢ x C57BL/6)F; mice would be expected to exhibit the high-
responder phenotype.”® However, the F; experiments suggest
that whereas there may be a slight effect of the strain, the
magnitude of the response is determined to a greater extent by
the tumour itself. One might envision several possible
mechanisms for this difference. As mentioned above, pre-
liminary data suggests that these different tumour types may
produce distinct cytokine profiles, or they may generate
different inflammatory responses in the host. Other possibilities
are the characteristics of cell death induced within the tumour
microenvironment, which may serve as danger signals to
antigen-presenting cells (APC).? It remains to be determined
which, if any, of these explanations is correct. Nevertheless,
these results are reminiscent of the heterogeneous results
obtained in the clinical setting in which some patients produce
substantial antibody responses whereas others exhibit weak or
undetectable responses. For example, recent studies have
shown that = 50% of patients with HER-2/neu-positive breast
cancers have HER-2/neu-specific antibody.'? Similarly, Stock-
ert et al. reported that eight out of 15 stage IV melanoma
patients whose tumours expressed the NY-ESO-1 antigen
produced antibody to this antigen.'* These results suggest that
whereas a fairly high percentage of tumours can engender
antibody responses, there is still considerable variability among
tumours, even of similar phenotype, to induce humoral
immunity. These immune responses measured in cancer
patients to their own tumours are complicated by the potential
lack of strong tumour antigens, by the genetic differences
among patients and by the unknown differences among
individual tumours. In our experiments we have controlled
for the lack of a strong tumour antigen by providing a foreign
antigen, and controlled for genetic heterogeneity by using
genetically defined strains of mice. Even with these issues
removed from consideration, there were still striking differ-
ences between line 1 and EMT6 tumour systems compared to
B16 tumours in their abilities to generate humoral immunity,
even within the F; mice. Although it is not yet clear what
mechanisms are responsible for these differences, they do
illustrate the multifaceted nature of antitumour responses.
Clearly, immunogenic determinants are essential, but other
factors capable of activating immunity are also important.

It is also intriguing that even when a foreign antigen is
present and the tumour is capable of generating an impressive
antibody response, the tumours can still grow progressively.
This leads one to consider whether the antibody generated is
protective or detrimental. A recent study demonstrated that
serum antibodies were generated against the spontaneous
mammary adenocarcinoma, TS/A, in BALB/c mice. Interest-
ingly, it was also shown that BALB/c mice deficient for B cells
(and incapable of producing antibodies) generated a greater
level of protective immunity against this tumour than did
normal mice.’® These data suggest that B cells may suppress
effective antitumour immunity. In contrast, in other experi-
mental models of malignancy, antibodies directed against

tumour antigens have been shown to be protective. In these
cases, tumour growth or metastases could be abrogated by
immunization with the tumour antigen>! or by passive transfer
of monoclonal antibodies (mAbs) against antigen-expressing
B16 tumours.*> The mechanism of action of these antibodies
was shown to be antibody-dependent cell-mediated cytotoxi-
city (ADCC)*! and was shown to require Fc receptors,®
illustrating the importance of the form of the antigen in
determining the effectiveness of the antibody response.

In the clinical setting, the prognostic value of antibody
responses has not been rigorously determined and remains
controversial. Conceptually, one might argue that the presence
of antibodies in patients indicates the lack of tolerance to these
tumour antigens, and thus would be a beneficial sign. However,
one might envision that such antibodies could be detrimental in
eliminating tumours, particularly if the target antigen is not a
cell-surface antigen, by eliminating antigen before it can be
presented to generate effector T cells. This scenario would be
consistent with reports of blocking or enhancing antibodies
that acted to increase tumour growth.>*> At least one clinical
study, in which the presence of antibodies to p53 was found to
correlate with a poor prognosis,*® would be consistent with this
view. Large amounts of antibody being produced might
effectively bind free antigen, preventing antigen uptake by
APC, such as DC, which are effective in generating Thl-type
responses that may be the most favourable for destroying
tumour cells.’” Clearly, this and previous studies®® demonstrate
that CD4 T-cell responses are being generated, as evidenced by
the efficient switching to IgG antibody production. In this light,
it is also possible that such antibodies might not be functionally
significant themselves, but might instead reflect a skewed
Th2-dominated response and thus be an example of immune
deviance, which may not be protective in the case of tumours.*®
Finally, as many immune responses consist of a blend of both
humoral and cell-mediated immunity, perhaps a critical factor
is the balance of these responses. If true, then the presence or
absence of an antibody response by itself would not be expected
to be predictive.

Whatever the clinical significance, the ability of tumours to
act as adjuvants can also have consequences for direct practical
applications. First, advances in molecular biology and
genomics have led to the identification of large numbers of
genes whose products are poorly characterized. Using cDNA
expressed in tumours, we have been able to efficiently make
hybridomas that produce mAbs specific for the cDNA product
(data not shown). Such antibodies are extremely useful for
characterizing the expression of the protein in different cell
types and in determining subcellular expression levels and, of
equal importance, they can also serve as tools to elucidate the
function of these molecules. Second, elucidation of the
characteristics that make certain tumours strong adjuvants
could provide important information for generating effective
antitumour immunity. Additional experiments are underway to
distinguish between these differences.
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