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Abstract Observations show that humans and animals
respond immunologically to most cancers. Why does the
immune system then fail to control cancer? We argue from
the literature that there is a commonality in the regulation
of responses against most murine tumors, and that a major
mechanism of escape may be deviation of an effective Thl,
cytotoxic T lymphocyte response to a less effective
response with a Th2 component. We examined this hypoth-
esis with two well-studied murine tumors. We found,
following primary tumor implantation, that resistance
correlates with Th1 responses and IgG2a antibody produc-
tion and progression with mixed Th1/Th2 responses and
production of IgG1l and IgG2a antibodies. Resistance is
associated with a modulation of the anti-tumor response
towards the Th1 pole in both systems. We conclude that the
immune responses against these two tumors are in accord
with our hypothesis, and argue that this is likely to be true
of many human and murine tumors. The correlation of IgG
isotype of anti-tumor antibody with the Th1/Th2 nature of
the anti-tumor response readily allows one to longitudinally
monitor the changing nature of the anti-tumor response. We
suggest that such monitoring can guide immunotherapy to
maximize the effectiveness of the host’s immune response
against cancer.
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Introduction

Tumor immunology has been transformed in recent
decades by the compelling demonstration that the human
immune system responds to spontaneous cancers [6]. The
development of powerful means to define the antigens rec-
ognized by cytotoxic T cells [11], the most potent means of
attacking the majority of tumors bearing class I but not
class II MHC antigens, and of antibodies recognizing
tumor-associated antigens [40], has had a profound impact
at two levels. Firstly, these observations leave no doubt that
the immune system responds to naturally arising tumors
and, in this sense, cancers are subject to immune surveil-
lance [9, 13]. Secondly, the characterization of the antigens
recognized by the immune system has implications both for
the nature of the oncogenic process and for the possibility
of realizing immunological intervention in the form of vac-
cination and immunotherapy.

Does the existence of diverse cancers reflect a diversity
of tumor-escape mechanisms [4-6, 12, 18, 24, 36, 40, 41,
46-48], or are there only a few primary escape mechanisms
that account for how most tumors avoid immune attack?
This is a critical question. Only if the latter holds will gen-
eral strategies of vaccination against tumors and of immu-
notherapy be readily realizable. We believe that studies in
animal systems provide grounds for optimism. Thus, the
phenomenon of concomitant immunity, evident in many
tumor systems, suggests that most tumors are both immu-
nogenic and susceptible to immune attack. Animals bearing
a lethal challenge can, shortly after implantation, reject a
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second and similar tumor challenge at a distinct site [14]. In
addition, a number of standard manoeuvers are found to be
effective in causing regression of a considerable fraction of
the tumors studied. North [30] found that a standard dose of
whole body radiation at 6 days after tumor implantation
caused regression of three of five tumors examined. A more
recent study showed that the administration of the anti-
CD25 monoclonal antibody, PC61, that partially depletes
CD25+ cells, 4 days before a normally lethal challenge,
results in tumor regression in six of eight tumor systems
studied [32]. Moreover, one of the tumors, the meth A
fibrosarcoma, was included in both this and North’s study
and found to be susceptible to both whole body radiation of
the host and to pre-treatment of the host with the anti-CD25
antibody. These observations suggest a commonality in the
regulation of the response to a considerable proportion of
animal tumors. A better understanding of the basis of this
commonality in mice should allow one to assess whether a
similar situation holds in the context of human cancers.

It has long been recognized that the immune response to
diverse antigens, including simple proteins, complex but
non-replicating antigens such as red blood cells, and patho-
genic and non-pathogenic microbes or parasites, often goes
through an exclusive cell-mediated Th1 phase before a Th2
component of the response appears, with the associated
production of substantial antibody and a decline in the cell-
mediated response in the form, for example, of delayed-
type hypersensitivity [7, 8, 23, 33, 42]. This general pattern
is reminiscent of North’s findings on the regulation of
tumor-specific concomitant immunity. He showed that a
challenge with a lethal dose of tumor cells first gave rise to
a cell-mediated CTL response, which could be effective
against a second lethal challenge of the tumor implanted at
a distinct site, but that this concomitant immunity declined
as “CD4 T suppressor” cells are generated, which act to
down-regulate the anti-tumor cell-mediated response.
North’s [29] take-home message from his very extensive
studies on the paradox of the expression of concomitant
immunity, in animals given a lethal tumor challenge, was
“too little (concomitant immunity) too late”.

We were struck by the parallel between North’s findings
on the kinetics of expression of concomitant immunity to
tumors and on the kinetics of the cell-mediated phase of the
immune response to non-tumor antigens. An exclusive cell-
mediated phase is often followed by the production of anti-
body, and the ensuing decay of cell-mediated immunity is
associated with the appearance of CD4 T cells that inhibit
the cell-mediated response [27, 39]. Although this hypothe-
sis is decades old [19], we believe it is not now being suffi-
ciently considered. It is only mentioned in passing in one
[1] of four recent reviews [1, 3, 52, 53], and the possibilities
of its pertinence to understanding how the anti-tumor
immune response evolves has not been critically evaluated.
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We decided to examine in two tumor systems studied by
North whether there was any substance to this hypothesis.
We therefore examined whether tumor resistance/progres-
sion correlates with predominant Thl and mixed Th1/Th2
anti-tumor responses with the P815 mastocytoma and the
L5178Y lymphoma, two tumors studied by North.

Materials and methods
Mice

DBA/2J mice were either obtained from Jackson Laborato-
ries (Bar Harbor, ME, USA) or from the University of
Saskatchewan animal colony. Mice were housed under
specific, pathogen-free conditions and were routinely
screened to ensure that they were free of subclinical viral
and bacterial infections. The mice employed within each
experiment were of the same sex and typically between the
ages of 612 weeks. All experiments were performed under
the guidelines of the Canadian Council on Animal Care.

Tumor cell lines

P815 was obtained as TIB-64, Lot#2310374, from the
American Type Culture Collection, Rockville, MD, USA.
L5178Y is a thymoma induced by methylcholanthrene in
ether, kindly provided by Dr. R. J. North, Trudeau Institute,
Saranac Lake, NY, USA. Both tumors were implanted
intradermally or subcutaneously in a volume of 0.02 ml.

Assessment of the Th1/Th2 nature of the anti-tumor
immune response

P815 or L5178Y-dependent IFN-y and IL-4 production by
splenocytes was assessed utilizing an enzyme-linked
immunospot (ELISPOT) assay as previously described
[35]. Spleen cells harvested from mice exposed to the P815
tumor were prepared and purified on nylon wool columns
as per the manufacturer’s instructions (Polysciences Inc.
Warrington, PA, USA). This purification enriches the T
cells and eliminates the majority of contaminating P815
tumor cells, which had metastasized to the spleen. These
primed spleen cells are plated at various dilutions with the
addition of spleen cells from normal mice to obtain a total
equivalent of 2x10° spleen cells/well. 5x10° y -irradiated
(20,000 Rad) P815 cells (to inhibit the endogenous produc-
tion of IL-4 by P815 cells) were used as antigen. Plates
were allowed to incubate at 37°C in a 5% CO, atmosphere
for 8 hours. Spleen cells harvested from mice exposed to
the L5178Y tumor were prepared, and plated at various
dilutions with the addition of spleen cells from normal,
non-immunized mice to obtain a total of 1x10° spleen cells
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per well. 1x10° gamma-irradiated L5178Y cells (~5,000 rad)
were used as antigen. Plates were allowed to incubate at
37°C in a 5% CO, atmosphere for 8 h. Spots were developed
as described [35].

Enzyme immunoassay

Mice were tail bled over the course of tumor growth,
plasma was collected and kept at —20°C until use. The rela-
tive abundance of tumor-specific IgG1 and IgG2a antibod-
ies were assessed by either ELA or Western blotting
protocols. High protein-binding polystyrene Immuno-Max-
isorp plates (NUNC, Denmark) were coated overnight at
4°C with an equivalent of 3.33x 10° freeze-thawed L5178Y
cells per well in PBS. The plates were washed, then
blocked with 10% heat inactivated calf serum (Gibco Labo-
ratories, Grand Island, NY, USA). Serum samples were
diluted, and added to appropriate wells. After waiting over-
night, horseradish peroxidase-conjugated goat anti-mouse
IgG1 or IgG2a (Southern Biotechnology Associates Inc.,
AL, USA) was added in each well of the test plate at a dilu-
tion of 1:5,000 in PBS supplemented with 10% calf sera.
The plate was incubated at 37°C for 1 h, then washed prior
to adding 100 pL ATBS (2,2'-azino-di (3-ethyl-benzthiazo-
line-6-sulfonate)) 1-component microwell peroxidase sub-
strate (Kirkegaard & Perry Laboratories, Inc, Gaithersburg,
MD, USA) to each well. The test plate was incubated for
20 min at 37°C in the dark. The test plate was read using an
E-max microplate reader (Molecular Devices Corporation,
Sunnyvale, CA, USA) at a wavelength of 405 nm, and
resulting data was collected and analyzed using the Soft-
max Professional version 2.2.2 (Molecular Devices Corpo-
ration) computer program. The signal from the serum of
naive mice is never above the values obtained from our
conjugate blank control wells (an adsorbance of 0.065).
The serum titer was determined using a cutoff value of this
assay as being an adsorbance two times above the value
obtained when using sera from non-immunized animals.

Western blotting

Tumor cells grown in-vitro were re-suspended at 108 cells/
ml (for P815) or 3x 107 cells/ml (for L5178Y) in PBS.
Samples were freeze-thawed, lightly sonicated and diluted
1:1 with Laemmli sample buffer (Bio-Rad Laboratories,
CA, USA) and boiled for 4 min. A volume of 200 puL of
sample was run on a 4% stacking, and 10% separating
sodium dodecyl sulphate polyacrylamide gel. The separated
proteins were blotted onto a 0.45 pm nitrocellulose mem-
brane (Bio-Rad Laboratories) using a trans-blot semi-dry
transfer cell (Bio-Rad). The membrane was blocked for 1-
2h at room temperature on a rocker with a 5% blotting
grade non-fat dry milk blocker in PBST (or PBS when

using fluorescent secondary antibodies). After blocking, the
membrane was assembled into a mini protean II multi-
screen apparatus (Bio-Rad). Mouse serum was diluted as
indicated, in our 5% milk in PBST solution, and 400 pL of
the sample dilution was run in each lane. The membrane
was incubated overnight at 4°C on a rocker. The membrane
was then washed and incubated with horseradish peroxi-
dase-conjugated goat anti-mouse IgG1 or IgG2a (Southern
Biotechnology Associates Inc., AL, USA) or IRDye
800TM conjugated goat anti-mouse IgGl (Rockland
Immunochemicals, Gilbertsville, PA, USA) and Alexa-
Fluor® 680 conjucated goat anti-mouse IgG2a (Invitrogen)
antibodies at a dilution of 1:5,000 in our 5% milk in PBST
blocking solution for 1 h at room temperature. The mem-
brane was developed using Immun-Star™ HRP (horserad-
ish peroxidase; Bio-Rad Laboratories) chemiluminescence
kit as per the manufacturer’s instructions. When utilizing
fluorescent secondary antibodies, bands were visualized
using the Licor Odyssey Imaging System (Licor, Lincoin,
NE, USA).

Statistical analysis

Error bars represent the standard error observed between
triplicate wells. P values were calculated using the two-
tailed student’s ¢ test.

Results

Developing valid assays for assessing the Th1/Th2 nature
of the anti-tumor immune response

The ELISPOT assay for enumerating single antigen-spe-
cific cytokine producing cells is an assay of choice for enu-
merating cytokine-producing cells, due to its sensitivity and
the demonstrable antigen-specificity of the cells it detects.
The observations of Fig. 1 show that the number of antigen-
dependent spots detected, reflecting both IFN-y- or IL-4-
producing cells, depends linearly, in both the P815 and the
L5178Y systems, on the number of sensitized spleen cells
plated (Fig. 1). This shows that such spots are a valid way
of enumerating antigen-specific cytokine-producing cells.

Identifying immune correlates of progression
and regression in the P8§15 tumor system

We set out to assess the Th1/Th2 nature of the anti-P815
immune response in mice either resisting a tumor challenge
or suffering progressive tumor growth. We first attempted
to find a challenge of the tumor that did not cause progres-
sive tumor growth, in the hope that such a challenge would
also make the mice resistant to a normally lethal challenge.
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Fig. 1 a Linearity of the P815-dependent generation of IFN-y and IL-
4-producing and spot-forming cells as detected by our ELISPOT assay.
Spleen cells from P815-bearing mice were plated at various dilutions,
together with spleen cells from normal mice, to keep the total number
of spleen cells constant at 2x 10° cells per well with or without 5x10°
y-irradiated (20,000 rads) P815 cells as antigen. Antigen-dependent
IFN-y and IL-4-producing cells were enumerated. b Linearity of the
L5178Y-dependent generation of IFN-y and IL-4 producing, spot-
forming cells as detected by our ELISPOT assay. Spleen cells from
L5178Y-primed mice were plated at various dilutions, together with
spleen cells from normal mice to keep the total number of spleen cells
constant at 1x10° cells per well. As antigen, 10° y-irradiated
(5,000 rads) L5178Y cells were added to appropriate wells. Antigen-
dependent IFN-y and IL-4 producing cells were enumerated

We found that mice injected with 10° P815 cells subcutane-
ously into their right hind footpad rarely suffered progres-
sive tumor growth. Moreover, most of these mice resist a
subsequent, normally lethal challenge of 2 x 10° P815 cells
implanted intradermally into their belly, when given a min-
imum of 2 weeks post priming. This priming strategy has
been performed on more than 100 mice, and consistently
renders over 80% of the mice resistant to a normally lethal
challenge of the P815 tumor. An example of such resis-
tance is shown in Fig. 2a. We therefore used this system to
compare the immune responses of mice resisting or suc-
cumbing to a normally lethal challenge. Mice were primed
in the footpad, and they and aged-matched control mice
were given a normally progressive tumor challenge
1 month after priming. The mice were killed 10 days post
challenge and spleen cells enumerated for P815-specific
IFN-y- and IL-4-producing cells. Progressive tumor growth
is associated with a mixed IFN-y/IL-4 response, while mice
rendered resistant have a predominant IFN-y response to
P815 antigens. When one plots the ratio of the number of
IFN-y to IL-4 producing cells, we observe a very clear,
non-overlapping difference in the type of immunity
expressed in mice with regressing or progressing tumors.
This striking finding will be extended to more times post-
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Fig. 2 a Generation of resistance to P815 in DBA/2J mice. Eight
DBA/2J mice were injected with 10° P815 cells subcutaneously into
their right hind footpad (fp). 15 days later, these mice and two naive
mice were implanted with 10° P815 cells given id on their belly. Tumor
progression of individual mice was assessed. 7/8 of the mice primed
with the P815 resisted the challenge. b Generation of resistance to
L5178Y in DBA/2J mice. Three mice were implanted with 10
L5178Y cells id on the belly on day 0. Sixty days after the initial
implantation, these mice (closed squares), and three naive age-
matched control mice (open circles), were challenged with a normally
lethal dose of 10° L5178Y tumor cells id on the belly

challenge once we have described how we longitudinally
follow the nature of the anti-tumor response.

Identifying immune correlates of progression/regression
in the L5178Y tumor system

We obtained the L5178Y lymphoma from North in order to
test our working hypothesis with a second tumor employed
in his studies. When we first received the L5178Y tumor,
we had some difficulty in consistently obtaining progres-
sive tumor growth. The majority of mice, given what was
reported to be a normally lethal tumor challenge of 10° cells
implanted id, spontaneously resolved their tumors. We
decided to first compare the Th1/Th2 nature of the immu-
nity being generated in mice challenged with the same
tumor dose, but whose tumor took a different course. We
gave all mice 10° L5178Y cells id on the belly and sacri-
ficed them on day 30 pi, by which time it was apparent
which of the mice were rejecting their tumor and which
were suffering from progressive tumor growth. A signifi-
cant predominance of tumor-specific IL-4-producing
cells was evident in the spleen of mice suffering from
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progressive tumor growth, while IFN-y-producing cells
dominated the immune response in mice that had suc-
cessfully contained the tumor (see Fig. 3b). We passaged
the L5178Y tumor in vivo to increase its aggressiveness.
After several passages, we found that a challenge of 10°
L5178Y tumor cells given intradermally on the belly grew
progressively in virtually 100% of animals. All challenges
referred to in the text as “lethal challenges” were made with
this more aggressive lymphoma line.

Correlation of tumor-specific antibody subclass
with tumor resistance or tumor progression

We often observed, in the P815 system, that the magnitude
of the anti-tumor immune responses, as detected by ELI-
SPOT at a particular time, varied among animals in the
same experimental groups, and were even not readily mea-
surable in some mice. We thought this variability might
reflect kinetic differences in the development of the anti-
tumor immune response in different animals, making it
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Fig. 3 Lymphocytes from mice rendered resistant secrete IFN-y,
while mice suffering from progressive tumor growth predominately se-
crete IL-4, in response to tumor antigens. a Normal mice and mice
made resistant to P815 by priming with 10° P815 cells sc into their hind
footpad were challenged 1 month after the sc priming with 10° P815
cells id into their belly. The immune response was assessed 10 days
post challenge. All normal mice had progressive tumor growth, and all
primed mice appeared to be resistant at the time of killing. b Mice were
implanted with 10° L5178Y cells id into their belly on day 0. On day
30 of tumor growth when it became apparent which animals were suc-
cessfully containing the tumor or suffering from progressive L5178Y
growth, the spleens of the animals were collected and the immune re-
sponse generated against the L5178Y tumor was assessed employing
the ELISPOT assay

difficult to find a time when all animals had readily measur-
able responses. We considered that it might be possible to
overcome this problem if we could quantitate the relative
levels of IgG1 and IgG2a anti-tumor antibody to indirectly
assess the Th1/Th2 nature of the anti-tumor immune
response, as we had previously done in assessing the nature
of immune responses to the intracellular parasite Leish-
mania major [8, 25, 26]. High amounts of pathogen-spe-
cific IgG1 antibodies correlate with a response to a large
Th2 component, while predominance of pathogen-specific
IgG2a antibodies are associated with a predominant Thl
response. We thought such an antibody-dependent assay, if
it could be validated, would have two advantages. Firstly,
the relative amounts of these two subclasses of antibody
would not reflect the instantaneous immune response at the
time of assay, but an integrated response over the last few
days, and so responses might well be more consistently
detected among mice belonging to the same group, as
assessed by this assay, compared to responses detected by
the ELISPOT assay. In addition, if such an assay could be
validated, it would allow one to assess how the immune
response changes in individual mice longitudinally with
time. We felt this could be a very valuable asset in under-
standing the regulation of the immune response to tumors.
We utilized Western blots to assess the relative predomi-
nance of tumor-specific IgG1 and IgG2a antibodies present
in the sera of tumor-challenged mice. This protocol very
consistently detects anti-P815 antibodies in the serum of
P815-bearing mice beyond those present in the sera of P815
non-exposed mice. We examined the relative abundance of
P815-specific IgG1 and IgG2a antibodies in the sera of indi-
vidual mice given a normally non-progressive challenge of
the P815 tumor that renders most mice resistant to a sub-
sequent normally lethal challenge. In each animal, we
observed one of three scenarios, the two most common
being represented in Fig. 4a and b. In the first of these situa-
tions, we observed a predominance of P815-specific IgG2a
antibodies, and little or no detectable P815-specific IgG1
antibodies. In the second, we could not observe detectable
P815-specific antibodies. We argue in the “Discussion”
that this most probably reflects a very predominant
Thl response. On the other hand, mice given a normally
non-progressive dose very occasionally suffer progressive
growth. In this case, a predominance of tumor-specific IgG1
antibodies is found in the mouse’s serum (Fig. 4c). This Ig
isotype pattern is very similar to that seen in mice given a
standard lethal id challenge on the belly (Fig. 4d—f). These
observations correlate with the data on the relative number
of IFN-y- and IL-4-producing cells as assessed by the ELI-
SPOT assay. Using this Western blotting methodology, we
were able to infer that the priming strategy, which renders
DBA/2J mice resistant to a normally lethal tumor challenge,
induces a stable Th1 response to tumor antigens (Fig. 4a, b).
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Fig. 4 Effective protection against P815 is associated with predomi-
nant IgG,, antibodies, while progressive tumor growth is associated
with predominant IgG, antibodies generated against P815 antigens a—
¢ The mice were implanted with 10° P815 cells sc into their hind foot-
pad on day 0. The mice were serially bled over a course of 28 days, and
the relative abundance of P815-specific IgG, and IgG,, antibodies
were assessed by Western blot. (a, b) represent sera from mice, which
subsequently resisted a normally lethal challenge of the P815 tumor

We developed an enzyme immunoassay to assess the rel-
ative predominance of L5178Y-specific IgG1 and IgG2a
antibodies in L5178Y-primed mice. This assay allowed us
to demonstrate a clear correlation between a predominance
of IgG2a antibodies with tumor regression, and between
a mixed IgG1/IgG2a or a predominant IgG1 antibody
response to L5178Y antigens and tumor progression
(Fig. 5). These results demonstrate the relatively dynamic
nature of the anti-L5178Y immune response. The ratio of
L5178Y-specific IgG2a to IgG1 antibodies can change over
time. This ratio correlates well with the rate of tumor
growth. Mice with spontaneously regressing tumors main-
tain a relatively high ratio of tumor-specific IgG2a:IgG1
antibodies, while in mice with progressively growing
tumors this ratio can initially be high, but subsequently
decreases as the tumor progressively grows (see “Discus-
sion”). These results further illustrate the importance of
being able to longitudinally assess the development of an
anti-tumor immune response.
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35 days post-vaccination. Note, day 0 on the graphs in (a) and (b) rep-
resent the day of vaccination and ¢ represents the sera of a rare mouse
suffering progressive tumor growth at the site of implantation in the
footpad. d—f Antibodies in the sera of unprimed mice implanted with a
lethal dose of 10° P815 cells id on their belly, as assessed by Western
blot. The rate of tumor growth from each animal is shown below the
Western blot

Variability in the rate of tumor growth is associated with
differences in the phenotype of the anti-tumor immune
response

Our observations reflect many reports in the literature that
mice, implanted with the same and often lethal dose of
tumor cells, display variation in the rate of tumor growth.
There could be several explanations for such variability.
Our results suggest that mice suffering a more protracted
course of tumor growth might be mounting a more effective
anti-tumor immune response than mice suffering from rapid
tumor growth. Our Western blotting and EIA protocols pro-
vide us with the opportunity to indirectly assess the Thl/
Th2 nature of the immune response being generated over
time and correlate it with the corresponding rates of tumor
growth. One feature of this antibody assay is that antibodies
have a half-life in the circulation measured in terms of sev-
eral days, such that the Th1/Th2 nature of the anti-tumor
immune response inferred from the nature of the antibodies
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Fig. 5 Relative abundance of L5178Y-specific IgG, and IgG,, anti-
bodies in mice either with progressive or spontaneously regressing
L5178Y tumors. a, b Mice were implanted with 2x 10 L5178Y cells
id on day 0. Four of the 20 mice injected suffered from progressive
tumor growth. Four mice resistant and four mice suffering progressive
tumor growth were serially bled and the ratio of L5178 -specific IgG,,

collected at any particular time represents something like
the average immunity expressed the previous week. We
have examined longitudinally the antibody response in
many mice. Firstly, in both tumor systems, mice given a
challenge that grows progressively very often have a higher
ratio of IgG2a to IgG1 antibody when the antibody first
appears, and this decreases as the tumor progresses (see
Fig. 6 for an example). This pattern is just what is expected
on our interpretation of North’s picture of how concomitant
immunity is established and then decays (see “Discus-
sion”). Sometimes, however, there is insufficient antibody
detectable at early time points and, when the antibody is
first detected, the IgGl1 isotype is already predominant (see
Figs. 4, 5). A comparison of antibody responses in mice
with rapidly growing tumors, and ones in which there is a
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to IgG, antibodies were assessed by EIA. c—e Mice were implanted 10°
L5178Y cells id on day 0. Differing rates of tumor growth were ob-
served, and the relative abundance of L5178Y-specific IgG, and IgG,,
antibodies were assessed by Western blot over the course of tumor pro-
gression. f Western blot using sera from naive mice have no detectable
L5178Y-reactive antibodies in their sera

phase of slower net or flat tumor growth, shows the
expected differences in antibody responses (see Figs. 5, 6).

Tumor regression, and subsequent re-emergence,

is associated with a complex evolution in the Th1/Th2
nature of the anti-tumor immune response as assessed
by IgG isotype

We observed a very rare occurrence in which the spontane-
ous regression and reappearance of a P§15 tumor occurred
in a mouse implanted with a normally lethal challenge. This
mouse, after the first appearance and apparent disappear-
ance of the tumor, showed no signs of tumor for 10 days,
but the tumor subsequently reemerged at the site of implan-
tation and grew progressively. The mouse had been bled
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A, B, response evolved to have a mixture of IgG2a/IgG1 isotypes

£ gzn between day 14 and 28, a time interval that included peak

% 10 : L tumor formation and regression of this first phase of tumor

g gg - growth. Most interestingly, there was a subsequent change

= 3 . . .

g 8 s to the predominant expression of the IgG2a isotype, as seen

3 . . .

o4 - - - R - - - . in the serum collected at day 35, reflecting a time when the

1] 10 20 30 40 0 10 20 30 40 .
Day Day tumor was not evident. Tumor re-emergence and progres-
sion involved a rapid switch in the isotypes expressed, the
IgG1 | lgG2a IgG1 IgG2a . . .
IgG1 isotype becoming ever more dominant. We comment
= ' in “Discussion” on what might control these shifts in iso-
| - . . . ] .
- type expression, evident in Fig. 7. Although this represents
L) an analysis of the immune response of a single mouse,
g a undergoing a very uncommon and protracted growth
g pattern of the P815 tumor, it very clearly demonstrates the
- utility of our antibody assays in longitudinally following
et 35 8l% 5 8 Weeiei# 275|545 3 the changing nature of the anti-tumor immune response.

Fig. 6 Differing rates of P815 growth is associated with differing rel-
ative abundance of tumor-specific IgG, and IgG,, antibodies. DBA
mice were implanted with 10° P815 id on their abdomen on day 0. The
rate of tumor growth was assessed as was the relative abundance of
tumor-specific IgG, and 1gG,, antibodies by Western blot. A 100-fold
dilution of serum was employed in the Western blot

over the 10 week course of tumor growth, and the Th1/Th2
nature of the anti-tumor immune response was indirectly
assessed by our Western blotting protocol. We were able to
demonstrate in this particular case four phases of the anti-
tumor antibody response. The first antibody detectable at
day 7 pi was predominantly of the IgG2a isotype, reflecting
a predominant Thl, cell-mediated response. The antibody
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Discussion

The idea we explored here, that the immune correlates of
tumor regression and progression are often predominant,
cell-mediated (Thl) immunity and immunity with a sub-
stantial humoral, Th2 component, is not novel. Such a
hypothesis, formulated in the contemporary terms of that
time, was widely held in the 1960s [19]. However, this
hypothesis has somewhat fallen out of favor. For example,
in four recent reviews on regulation of the anti-tumor
immune response [1, 3, 52, 53], deviation of the immune
response into a mixed Th1/Th2 mode, as a possible mecha-
nism of tumor evasion, was mentioned as a relatively minor
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possibility in only one of the reviews [1]. We have been
struck by the parallel between the picture North [30] devel-
oped on the generation of concomitant, cell-mediated
immunity and its decay, during progressive tumor growth,
and of other studies on the nature of the response to non-
tumor antigens [7, 8, 22, 23, 33, 39, 42]. These latter stud-
ies show that the immune response often first goes through
an exclusive cell-mediated phase, before antibody is pro-
duced. As antibody is produced, the expression of cell-
mediated immunity becomes suppressed by the generation
of antigen-specific CD4 T cells [37, 38, 39, 44]. This paral-
lelism led us to test our working hypothesis in two tumor
systems employed by North for his analysis of concomitant
immunity. Our observations support our hypothesis at two
levels. First, we find a correlation between the predominant
generation of IFN-y-producing T cells and containment of
the tumor, and of mixed IFN-y- and IL-4-, or predominant
IL-4 producing T cells, with tumor progression. Second,
and more tellingly, we found that the response of mice
made resistant to a normally lethal challenge had been
modulated towards the Thl pole. We consider that these
observations provide strong support to the idea that the
tumor progression, seen in unprimed mice implanted with a
normally lethal challenge, is a consequence of the response
evolving into one with a mixed Th1/Th2 or predominant
Th2 mode. Our observations also provide a rationale for the
protocol by which resistance is established. This implanta-
tion with a number of tumor cells, below the number which
would give rise to progressive tumor growth and an
immune response with a significant Th2 component, is
expected, according to a low-dose vaccination strategy, to
generate a Thl response and “Thl imprint” upon the
immune system [8]. Such an imprint guarantees a Thl
response on subsequent challenge.

We would like to address some points on the relation-
ship between IgG isotypes and the Th1/Th2 phenotype of

the response, before discussing the potential use of IgG
isotypes to monitor the nature of anti-tumor immune
responses. There is compelling evidence that the relative
preponderance of different IgG isotypes reflect the Th1/Th2
nature of the immune response [20, 34, 43, 45, 51]. The
predominant presence of IgG2a antibodies is sometimes
said to reflect an exclusive Thl response, and an exclusive
Th1 response to reflect a state of DTH. However, classical
studies in both people and animals show that there is a ten-
dency for exclusiveness between the expression of DTH
and production of IgG antibody. It would thus seem that
there could be a state of DTH, presumably mediated by
Thl-like cells, without the production of measurable IgG
antibody. Indeed, we found in our studies on responses by
BALB/c mice to infection with very low numbers of Leish-
mania major parasites that such an infection could generate
an exclusive DTH, Th1 response, as assessed by the expres-
sion of DTH and presence of parasite-specific IFN-y-pro-
ducing, but not of IL-4-producing, CD4 T cells, with
undetectable production of IgG2a antibody [49]. Infection
with low, but slightly higher numbers of parasites, resulted
in predominant production of IFN-y and IgG2a antibodies
and some IL-4 production [8, 25, 26]. These observations
show that the direct equating of Thl responses with IgG2a
production is invalid. These considerations might well be
pertinent to an understanding of the murine antibody
immune response to tumors. Thus, we do find situations in
which mice resist a tumor upon exposure to a normally
lethal challenge and where the inferred Thl response fol-
lowing priming is not associated with detectable production
of IgG2a antibody (see Fig.4b for an example). There
clearly are different reasons for progressive tumor growth
even in the two tumor systems we studied. Thus, we would
agree with North that the initial increase in tumor growth,
evident in the first few days after implantation of a lethal
challenge, was due to a lag period before sufficient immunity
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had been generated. This is clearly different from the later
phase of progressive tumor growth associated with a mixed
Th1/Th2 response that often occurs after a period of slower
or of little net tumor growth. This semi-stationary phase of
tumor growth, when it is evident, is, we would suggest, due
to a less rapid switch of the response from a predominant
Thl to a mixed Th1/Th2 or predominant Th2 response,
than in mice in which this semi-stationary phase is less evi-
dent (see Figs. 5, 6).

Three interconnected questions are raised by the obser-
vations reported here. First, are our observations reflective
of immune responses to a significant proportion of other
animal tumors? This question can only be answered by
appropriate observation; however, as we suggested in
“Introduction”, the common features of concomitant immu-
nity and its regulation, as well as the rather general applica-
bility of strategies of tumor prevention or treatment, lead us
to suggest that there indeed may be only a few major mech-
anisms of tumor escape. Our findings in these two tumor
systems make us eager to explore whether they might bear
on immune responses to a significant fraction of other
murine tumors. If this proves to be the case, it leads to the
second question: how relevant might our findings be to
human cancer? Some reports would favor such a possibil-
ity. There are observations in the literature suggesting
that containment and progression of cancer are associated
in humans with predominant Thl and mixed Th1/Th2
responses in some cases [10, 17, 28]. Furthermore, it
appears that cancer patients very often have tumor-specific
antibodies [40]. Studies on the Th1/Th2 nature of the anti-
tumor response of cancer patients would appear to be both
very interesting, but quite difficult to realize. We think an
examination of the prevalence of different IgG isotypes in
anti-tumor antibody might provide a very simple way of
examining whether such immune correlates of progression/
containment hold more widely. Moreover, as patients with
the same type of cancer often respond to the same antigens
[6], it may be possible to carry out such assessments with-
out extracting antigens from the patient’s own cancer cells
but with antigens from tumor cell lines of the same type of
cancer. The third question is related to why treatments,
known to be effective in preventing or causing the regres-
sion of murine tumors, work. It would appear possible, for
those tumors whose anti-tumor immune responses conform
to our working hypothesis, that the net effect of such treat-
ments is to modulate the long-term immune response
against a normally lethal challenge from a mixed Th1/Th2
or predominant Th2 to a cell-mediated, Thl mode. North
et al. [30] showed that a standard dose of whole body radia-
tion of mice bearing established tumors could cause tumor
regression in three of five tumor systems studied. The
regression of established L5178Y could be achieved in this
manner. We have confirmed that whole body radiation of
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DBA mice bearing L5178Y can cause tumor regression.
We also found that this regression resulted in a modulation
of the response towards the Thl pole, with the expected
change in expression of the IgG isotype of the anti-tumor
antibody (Hamilton and Bretscher, unpublished observa-
tion).

Our observations led us to speculate that, in those tumor
systems where Th2- deviation is associated with tumor pro-
gression, it may be possible to monitor the changes in IgG
isotype expression of the anti-tumor antibody during treat-
ment. Cancer treatment usually involves a reduction in
tumor burden and therefore antigen load, and often the
depletion of dividing cells, including CD4+ T cells. Both
maneuvers are known, when optimal, to switch mixed Th1/
Th2 responses to a Thl mode [2, 15, 16, 21, 31, 49, 50].
Could such monitoring of the relative prevalence of IgG
isotypes be useful in guiding immunotherapy to optimize
the effectiveness of the host’s immune response against the
tumor? In this case, though the IgG antibodies associated
with cancer may not be very effective in directly containing
the tumor, they could become an essential clinical tool in
optimizing treatment by optimally harnessing the host’s
immune response against the tumor.
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