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Abstract
Tumors elicit an immune response in hosts and yet, paradoxically, often grow progressively with fatal
consequences. This phenomenon has been attributed to the possible expression by tumor cells of
immunomodulatory factors that overcome the anti-tumor effector functions of both specific and non-specific
immune cells. This study reports on the ability of the methylcholanthrene-induced fibrosarcoma, Meth A, as well
as other tumors of varied histological origins to downregulate the lytic activity of CD8+ T cells. The suppressive
activity is contact-dependent and reversible. As tumor-bearing hosts are rarely immunosuppressed systemically,
these findings may explain how local events within the tumor bed subvert the specific anti-tumor immune
response.

Introduction
Tumor cells are capable of evading the immune system by numerous methods (1). These include: (i)
downregulation of cell surface molecules (MHC class I proteins) which would otherwise alert the immune system
to the presence of tumor antigens; (ii) secretion of immunomodulatory cytokines which impede anti-tumor
effector cells; (iii) activation of host cells which suppress anti-tumor immunity, including T cells (2, 3), B cells (4)
or macrophages (5, 6, 7, 8, 9); and (iv) expression of FasL which induces apoptosis in anti-tumor T cells (10).
Despite the mechanisms of immune evasion which allow tumors to grow progressively in naive hosts, a
fundamental observation demonstrated in multiple tumor systems is the ability to specifically immunize against a
viable tumor challenge. This phenomenon was defined classically using the methylcholanthrene-induced tumors.
Thus, it has been shown that BALB/c mice which are immunized with irradiated Meth A tumor cells are rendered
resistant to challenges with live Meth A cells (11). This protection is tumor-specific since other
methylcholanthrene-induced tumors, such as CMS4 or CMS5, grow progressively in Meth A-resistant mice.
It has been shown by depletion experiments in vivo that both CD4+ and CD8+ cells are required for the rejection
of Meth A tumors (12). To further elucidate this pathway, attempts have been made to generate CTLs in vitro
which are capable of lysing Meth A cells. This has led to the surprising observation that although immunization of
syngeneic mice with Meth A cells elicits potent CD8+ anti-Meth A T cells in vivo, it has not been possible to
generate anti-Meth A CTLs in vitro. Further studies demonstrated that Meth A is also resistant to lysis by
allo-reactive C57BL/6 anti-BALB/c CTLs. These results have led to identification of a Meth A-associated
immunosuppressive activity described in this report.
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Results
CTLs against high MHC I-expressing Meth A cells could not be generated following Meth A tumor
rejection in syngeneic hosts
Three groups of five BALB/cJ (H-2d) mice were immunized subcutaneously with buffer or 2 x 107 irradiated
whole Meth A cells twice, at a one week interval. One week after the second immunization, all mice were
challenged intradermally with 1 x 105 live Meth A cells. Tumor diameter was measured at bi-weekly intervals
(Fig. 1A). On day 10 post-tumor challenge, mixed lymphocyte tumor cultures (MLTCs) were subsequently
performed with splenocytes of five mice which had rejected Meth A. Stimulator cells in MLTCs were irradiated
Meth A cells. After six days culture, a 51Cr release assay was performed with Meth A targets (Fig. 1B). The
tumor rejection data show that it is possible to induce tumor rejection in mice immunized with irradiated Meth A
whole cells (Fig. 1A). However, after establishing MLTCs it has proven impossible to generate CTLs capable of
lysing Meth A tumor cells in vitro (Fig. 1B). This is not due to the protocol employed for the MLTC reaction, since
tumor-specific CTLs have been generated in other systems by the same method (13 and unpublished
observations).

Figure 1. Inability to generate CTLs against high MHC I-expressing Meth A cells after Meth A
tumor rejection in syngeneic hosts. (A) Tumor diameter measured at bi-weekly intervals. (B)
51Cr release assays performed with Meth A targets.

A number of factors may explain this observation: (i) Meth A cells may not provide adequate stimulation in
MLTCs, or may serve as a poor target during CTL assays because of loss of MHC I or adhesion molecules. This
possibility has been ruled out by FACS analysis which reveals abundant MHC I expression on Meth A cells (data
not shown); (ii) It is possible that an antigen processing defect could prevent peptides from being charged onto
MHC molecules, thus blinding T cells to the presence of Meth A cells. However, as stable expression of MHC
molecules is dependent on their being charged with peptides, it is unlikely that peptides are a limiting factor.
Furthermore, an abundance of MHC I-extractable peptides were detected on Meth A cells in studies involving
peptide sequencing (unpublished data); (iii) Meth A cells could actively suppress cell-mediated immune
responses through an inhibitory molecule which is either secreted, or which is activated upon cell-cell contact.
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While the first two possibilities have been discounted, the third one remains plausible: in order to test if such
suppressive activity would also be seen in other T cells assays, an allogeneic system was used. Meth A cells are
expected to be killed by allogeneic CTLs induced in C57BL/6 mice which had rejected a challenge of Meth A
cells. To test this, mice were challenged intradermally with 2 x 106 live Meth A cells. After complete tumor
regression, splenocytes of mice were cultured with mitomycin C-treated Meth A stimulator cells in MLTCs. It is
observed that while CTLs are generated, they paradoxically killed all 51Cr-labeled H-2d-expressing cells in vitro
except Meth A cells (Table 1).

Table 1. Resistance of Meth A tumor cells to lysis by H-2d-specific CTLs1
% 51Cr release at E:T ratios:
Target Cells

Exp. 1

Exp. 2

20

10

5

20

10

5

BALB/cJ Con A blasts2

68

65

52

69

55

27

C57BL/6 Con A blasts2

0

0

1

4

0

0

C3H-HeN Con A blasts2

12

10

0

20

14

11

10ME

73

62

49

72

51

29

Meth A ascites

12

8

0

0

0

3

Meth A cultured

25

19

9

17

10

7

CMS4

60

49

37

-

-

-

CMS5

46

34

23

50

34

20

1C57BL/6 mice were challenged intradermally with 2 x 106 live Meth A cells. After tumor rejection, spleen cells were harvested and cultured with
mitomycin C-treated Meth A cells (responder to stimulator ratio 20:1). On day 6 CTLs were tested against the indicated targets in 51Cr release assays.
Shown are two representative experiments, of a total of five.
2Con A blasts was prepared by culturing 2 x 107 whole spleen cells in 10 ml complete RPMI with Concanavalin A (final concentration 5 µg/ml). Blasts
were harvested after 48 hours and 51Cr-labeled for use as target cells in CTL assays.

Additional experiments were carried out with H-2d-specific CTLs generated in mixed lymphocyte reactions
(MLRs). C57BL/6 splenocytes were cultured with mitomycin C-treated BALB/cJ splenocytes, and on day five,
CTLs were harvested and tested for cytolytic activity against a panel of 51Cr-labeled target cells. A similar pattern
of cytolytic activity was observed, where all H-2d-expressing cells are killed except Meth A cells (not shown).
Collectively, observations in this allogeneic system suggest that Meth A is an adequate stimulator of
H-2d-specific CTL in MLTCs, but Meth A cells themselves are resistant to lysis by such CTLs.
To confirm that CD8+ T cells are involved in mediating allogeneic rejection of Meth A cells, in vivo depletion of T
cell subsets was performed after tumor challenge. C57BL/6 mice were challenged intradermally with 2 x 106 live
Meth A cells. To deplete cellular subsets, groups of five mice each received retro-orbital injection of serum-free
RPMI, anti-CD8, anti-CD4, or both anti-CD8 and anti-CD4 monoclonal antibodies. Antibody injections were
repeated at weekly intervals to assure depletion of T cell subsets. Perpendicular tumor diameters were
measured at two to three day intervals until tumors were rejected, or reached approximately 20 mm in diameter.
It is observed that CD8+ T cells are the primary effectors in allogeneic tumor rejection, since tumors grow
progressively when CD8+ cells are depleted (Fig. 2). Some T cell help is supplied by CD4+ cells, since tumor
rejection takes three to four days longer in CD4-depleted mice compared to non-depleted mice. Furthermore,
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depletion of both CD4+ and CD8+ cells enhances tumor growth compared to CD8-depletion alone. Collectively,
these observations suggest that CD8+ T cells are required for rejection of Meth A tumor cells in both syngeneic
and allogeneic hosts; further, although Meth A cells are adequate stimulators of H-2d-specific CTLs in MLTCs,
Meth A cells themselves are resistant to lysis by such CTLs.

Figure 2. CD8+ T cells are required for allogeneic rejection of Meth A tumor cells. C57BL/6
mice (H-2b) were challenged intradermally with 2 x 106 live Meth A cells (H-2d). To deplete various
T cell subsets, the indicated antibodies or RPMI were injected at the time of tumor challenge, and
each week thereafter, in the retro-orbital sinus. Tumor diameter was measured every two to three
days. Each line represents the average measurement of five mice.

Meth A cells can block killing of other targets non-specifically in bystander assays
To test the generality of Meth A cell-induced suppression observed in allogeneic T cell assays, a panel of
bystander assays was established. In four separate experiments combinations of splenocytes from BALB/c,
C57BL/6, and C3H-HeN mice were cultured in MLRs with mitomycin C-treated stimulator cells (C57BL/6
anti-BALB/c, C57BL/6 anti-C3H-HeN, BALB/c anti-C57BL/6, and BALB/c anti-C3H-HeN). On day five, CTL
assays were performed with 51Cr-labeled targets consisting of splenocytes of the stimulating haplotype
stimulated with Concanavalin A (Con A). "Cold" bystander targets consisted of Con A-stimulated splenocytes
from H-2d, H-2b, and H-2k mice, and various tumor lines.

Figure 3. Meth A cells block CTL activity in an MHC-unrestricted manner in bystander
assays. Shown is a representative experiment with H-2d anti-H-2b CTLs. The 51Cr-labeled target
consists of Con A-stimulated H-2b splenocytes, which in an unlabeled form serves as the control
"cold" bystander target. Other cold targets are listed at the bottom of the figure. The diamond
indicates CTL killing in the absence of cold target (effector to target ratio of 10).
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Shown in Figure 3 is a representative experiment with BALB/c anti-C57BL/6 CTLs. The 51Cr-labeled target
consists of Con A-stimulated H-2b splenocytes. Other cold targets are indicated in the figure. It is observed that
the presence of cold Meth A cells inhibits cytolysis of labeled Con A targets, even more than the C57BL/6 Con A
control cold target. In MLRs with H-2d-specific CTLs, Meth A cells are expected to be inhibitors since Meth A
cells express H-2d molecules. However, in MLRs with H-2b or H-2k-specific CTLs, Meth A cells are observed to
inhibit CTLs in a non-MHC restricted manner (Fig. 3). Still, these experiments have not eliminated the possibility
that Meth A cells suppress CTLs by secreting cytokines, with or without prior cell-cell contact.
Meth A cell-induced T cell suppression is not mediated by transforming growth factor type beta
(TGF-beta)
Numerous tumor types secrete TGF-beta (14, 15, 16, 17, 18, 19, 20, 21). To test if the suppressive activity of
Meth A cells is due to autocrine secretion of TGF-beta, a neutralization assay was employed using monoclonal
anti-TGF-beta antibody (Fig. 4). Furthermore, to test if Meth A cells secrete a suppressor factor into the blood of
tumor-bearing hosts which could suppress T cell function, serum from a Meth A tumor-bearing mouse (day 28)
was analyzed. A cold target inhibition assay was performed as described in Figure 3 with H-2d anti-H-2b CTLs.

Figure 4. Inhibition of cytolytic activity by Meth A cells cannot be neutralized by
anti-TGF-beta antibody. A cold target inhibition assay was carried out with H-2d anti-H-2b CTLs
and EL-4 target cells. Cold target cells, antibody, and the buffer control are listed. The diamond
indicates CTL killing in the absence of cold target (effector to target ratio 10).

It is observed that Meth A cells mixed with anti-TGF-beta inhibit cytotoxicity to the same degree as Meth A cells
alone. To confirm that TGF-beta was not an active component of the suppressive activity, the supernatant of
short-term cultured Meth A cells, as well as the supernatant of a Meth A-CTL mixture, were added to
TGF-beta-sensitive mink lung epithelial cells for quantification of TGF-beta release in a bioassay. No TGF-beta
was detected (data not shown). The serum from a tumor-bearing mouse has only a mildly suppressive effect
(data not shown). These results show that TGF-beta is not responsible for the inhibitory activity mediated by
Meth A tumor cells.
Inhibition of cytolytic activity by Meth A cells requires cell-cell contact
To determine whether or not Meth A cells inhibit CTLs through secretion of some soluble product other than
TGF-beta, a cold target inhibition assay was performed using a 96-chamber, round-bottomed transwell with a 45
µM membrane. On a per plate basis, this prevents cell-cell contact, yet does not inhibit passage of secreted
products between the two compartments (Fig. 5). H-2d anti-H-2b CTLs were tested in this device using a
modification of a cold target inhibition assay. The 51Cr-labeled target consisted of EL-4 (H-2b) cells, while cold
targets consisted of (i) Meth A cells, (ii) B/c-N cells (a normal, non-transformed immortalized clone), or (iii) EL-4
cells. Cells were arranged in the compartments as indicated in the figure.
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Figure 5. Inhibition of cytolytic activity by Meth A cells requires cell-cell contact. H-2d
anti-H-2b CTLs, generated as described in Materials and Methods, were tested in a transwell plate
using a modification of a cold target inhibition assay. The 51Cr-labeled target consisted of EL-4
(H-2b) cells; cold targets are listed across the top of the figure. Cells were arranged in the
compartments as indicated in the diagram at the bottom of the figure. In one experiment 50 µl of
K44 (10 µg/ml), an MHC class I blocking antibody, was added to each well of the underlying
compartment to demonstrate that soluble molecules pass through the transwell membrane. The
diamond indicates CTL killing in the absence of cold target (effector to target ratio 10).

It is observed that Meth A cells have no inhibitory effect on cytolysis when separated from CTLs by the
membrane. However, Meth A cells clearly inhibit CTL activity when cocultured with the CTLs in the upper
compartment. EL-4, a positive control for CTL inhibition, similarly inhibits CTLs when cocultured in the upper
compartment, while B/c-N has no inhibitory effect. B/c-N was chosen as a negative control for suppression in this
assay based on experiments described further on.
It is possible that Meth A cells secrete a suppressive factor only upon contacting CTLs. To test this, cold targets
were cocultured with CTLs in the underlying compartment while additional CTLs and 51Cr-labeled target were
added to the upper compartment. No inhibition of CTL activity was observed. To confirm that the membrane
allows passage of soluble molecules, K44 antibody specific for the alpha3 domain of MHC I was added in the
underlying compartment, in the absence of cold target. It is observed that CTL activity is blocked, indicating that
the antibody passed through the membrane and bound to MHC I molecules on the target cell in the upper
compartment, inhibiting target cell-T cell interaction.
Other cold targets have been tested in this system, including an adherent Meth A line derived from a solid tumor,
as wells as Con A-stimulated BALB/c splenocytes (negative control for suppression). The adherent Meth A line
shows the same contact-dependent inhibitory effect, while the Con A-stimulated splenocytes do not (data not
shown). These experiments suggest a cell-cell contact-dependent mechanism of T cell suppression.
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Meth A cell membranes inhibit cytotoxicity
The observations described above suggest that a non-secreted molecule contained within the cell surface of
Meth A tumor cells mediates inhibition of CTL activity. It is possible that this molecule functions independently, or
there may exist a cascade of intracellular signaling events which links the putative suppressive factor at the cell
surface to downstream events within the tumor cell, ultimately leading to T cell suppression. To distinguish
between these two scenarios, Meth A cells were metabolically fixed with paraformaldehyde prior to their inclusion
in a cold target inhibition assay with alloreactive CTLs. It is observed that the paraformaldehyde-treated Meth A
cells suppress CTL activity as effectively as non-treated Meth A cells (Fig. 6). These results favor the hypothesis
that a suppressive factor residing at the surface of Meth A cells functions independently, without a requirement
for intracellular signaling events.

Figure 6. Meth A cells fixed with paraformaldehyde suppress CTL activity. A cold target
inhibition assay was performed as described in Figure 3 with H-2d anti-H-2b CTLs and EL-4
51Cr-labeled target cells. Cold target cells are listed in the figure. The diamond indicates CTL killing
in the absence of cold target (effector to target ratio 10).

Figure 7. Meth A cell whole membranes suppress CTL lytic ability while B/c-N membranes
do not. Whole membranes were prepared as described in Materials and Methods. A cold target
inhibition assay was prepared with H-2d anti-H-2b CTLs and EL-4 51Cr-labeled target cells. The
diamond indicates CTL killing in the absence of cold target (effector to target ratio 10).
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To confirm that a cell surface-derived molecule mediates suppressive activity, whole membranes were prepared
from Meth A tumor cells. In designing these experiments it was necessary to find a cell type which was negative
for suppressive activity. While splenic B cells and peritoneal exudate cells (PEC) fit such criteria (see Table 2),
the non-transformed, immortalized fibrosarcoma B/c-N was chosen due to its similarity to Meth A in terms of
tissue origin. Thus, whole membranes were similarly isolated from B/c-N cells and tested in parallel with Meth A
membranes. Cold target inhibition assays were performed with H-2d anti-H-2b CTLs and 51Cr-labeled EL-4
(H-2b) target cells. Included in the assay as cold targets were intact EL-4 cells, Meth A cells, B/c-N cells, Meth A
membranes or B/c-N membranes. It is observed that Meth A whole membranes mediate a powerful suppressive
activity which is titratable, while B/c-N membranes do not (Fig. 7).
Kinetics of Meth A-induced T cell suppression
In the experiments described above (Figs. 3-6), Meth A cells remain in continuous contact with CTLs for the
duration of the cold target inhibition assay. It is possible, however, that the suppression of CTLs by Meth A cells
requires only short term cell-cell contact. Further, the preceding assays did not address whether or not CTLs
might recover cytolytic activity after tumor cells were removed from the assay. Two experiments were thus
designed where Meth A cells were cultured with CTLs for variable amounts of time, followed by separation and
testing of isolated CTLs in 51Cr release assays. In the first experiment, fresh Meth A cells were cocultured with
H-2d anti-H-2b CTLs in round-bottomed tubes for 0.5, 1, 2 or 3 hours, followed by positive selection of CTLs
using a high gradient magnetic cell sorter (MACS) and anti-Thyl.2 antibody. Isolated Thyl.2+ cells were then
tested immediately for cytolytic activity against 51Cr-labeled EL-4 target cells in a 4 hour 51Cr release assay (Fig.
8). Separated T cells were checked for purity (>95% CD3+) by FACS analysis. T cells alone were similarly
cultured, applied to the separating column, and tested for cytolytic activity. Suppressive activity is observed only
when Meth A is cultured with CTLs for 3 hours; no suppressive activity was observed for coculture periods of 0.5,
1, or 2 hours. The reduction in CTL activity is most pronounced at effector to target ratios of 10:1 and 5:1, where
it approaches 50%, as compared to T cells cultured alone.

Figure 8. Kinetics of CTL suppression induced by coculture with Meth A tumor cells.
Coculture assays were performed with H-2d anti-H-2b CTLs as described in the text. T cells were
cultured alone, or with Meth A cells for 0.5, 1, 2, or 3 hours, as indicated. CTLs were then positively
selected by MACS and tested immediately in a 4 hour chromium release assay against EL-4 target
cells.

In the second experiment the possibility that CTLs might recover lytic ability after separation from Meth A cells
was addressed. CTLs were cultured alone, with Meth A cells, or with purified normal B cells, for 3 hours. After
separation by MACS, CTLs were divided into two groups. The first group was tested immediately in a 4 hour 51Cr
release assay. The second group was allowed to recover for 24 hours in the presence of 5% Con A supernatant,
followed by a CTL assay. Con A supernatant contains IL-2 and was included to maintain T cell viability during the
recovery period. It is observed that CTL activity is reduced by 50% after 3 hour coculture with Meth A cells (Fig.
9a). In contrast, T cells cocultured with B cells demonstrate heightened cytolytic activity. After overnight recovery,
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T cells which were previously cultured with Meth A cells recover 90% of their activity; T cells cultured alone or
with B cells retain cytolytic activity at least as strong as was observed immediately after the coculture period. The
reversibility of Meth A cell-induced suppression is also observed with the CT26-specific CTLs, confirming the
non-specific nature of this CTL downregulation (data not shown).

Figure 9. CTL suppression induced by tumor cells in coculture assays is reversible. CTLs
were cultured alone, with Meth A cells, or with purified normal B cells for three hours (A). After
isolation of T cells by MACS, half of the CTLs were tested immediately in a 4-hour chromium
release assay against EL-4 target cells. The remaining cells were cultured overnight with 5% IL-2
and tested in a similar chromium release assay (recovery). A similar 3-hour coculture assay was
established to test whether or not CTL suppression induced by other tumors is reversible (B).

To test the generality of the short-term suppression induced by tumor cells, H-2b-specific CTLs were cocultured
with CMS4 or CMS5, two antigenically distinct methylcholanthrene-induced tumors. It is observed that after
coculture with CMS4, CMS5, or Meth A cells, CTLs are suppressed by at least 50% compared to CTLs cultured
alone (Fig. 9b). After separation with MACS and overnight recovery in the presence of 5% Con A supernatant,
CTLs recover to within 85-90% of their maximal activity.
A large panel of tumor cells, but not normal cells, is found to suppress CTLs in coculture assays
The experiments described above (Figs. 8 and 9) provided additional basis for expanding the investigation of
tumor-induced suppression to include a large panel of tumor cells. In total, two normal, tissue-derived cell types
(splenic B cells and peritoneal exudate cells, consisting primarily of macrophage), one normal, non-transformed
immortalized clone (B/c-N), and 8 transformed tumor cell lines were tested. Three-hour coculture assays were
established utilizing anti-H-2b CTLs, as described in Figure 8.
Of the nine tumor and transformed lines tested in 3 hour coculture assays, eight are observed to suppress CTL
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lytic ability by at least 25% at all effector to target ratios (Table 2). Of three normal cells (B/c-N, B cells, and
peritoneal exudate cells) none exhibit suppressive activity. These results show that tumor-associated
suppressive activity can be detected in nearly all transformed lines.

Table 2. A large panel of tumor cells suppresses CTL activity in short-term coculture assays1
Suppression of CTL lytic ability2
Tumor lines
Meth A3

+

CMS43

+

CMS53

+

UV-5117

+

UV-5125

-

10ME

+

10CR

+

63

+

A20

+
Normal cells

B cell

-

PEC4

-

B/c-N

-

1H-2d anti-H-2b CTLs were cocultured with the indicated tumor lines or normal cells for three hours, followed by selection of T cells with Thy1.2
antibody and the MACS cell sorting system. CTLs were immediately tested in a four hour 51Cr release assay against EL-4 target cells.
2Greater than 25% suppression of CTL lytic ability is indicated by a "+"; Less than 25% suppression is indicated by a "-".
3In further analyses, the CTL suppression induced by these tumor lines was observed to be reversible. Thus, CTLs which are allowed to recover
overnight in the presence of IL-2 regain 95% of their lytic ability (see Fig. 9b).
4Peritoneal exudate cells.

Discussion
Identification of structural mediators of immune suppression, of tumor or host origin, has remained particularly
elusive. The studies presented here approach tumor-associated suppression from the perspective of the tumor
cell, and began with the observation that although mice inoculated with whole irradiated Meth A tumor cells are
able to reject a subsequent challenge with live Meth A cells, it is not possible to generate anti-Meth A CTLs in
vitro. This observation raises the possibility that tumor-derived factors suppress the generation and activity of
CTLs in vitro. Experiments were designed to characterize the activity of such factors on Meth A cells, and have
subsequently demonstrated that many different tumor cells, of distinct histological origins, are capable of
suppressing CTL activity.
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The most detailed analyses of suppression were carried out with methylcholanthrene-induced tumors: live Meth
A cells and two additional tumors, CMS4 and CMS5, were observed to downregulate T cell lytic ability in
coculture assays. The nature of the suppressive activity can be summarized as follows: (i) suppression is
observed only after CTLs are cocultured with tumor cells for at least three hours; (ii) CTLs recover 60 to 95% of
their cytolytic activity after separation from tumor cells; (iii) Meth A-induced suppression requires continuous
contact between tumor cells and T cells, and is not mediated by secretion of soluble factors; and (iv) suppressive
activity is retained in the membrane component of Meth A tumor cells.
It is necessary to reconcile a key observation reported here, the inability to generate Meth A-specific CTLs, with
the previously observed requirement for CD8+ T cells in the rejection of Meth A tumors in Meth A-immunized
mice (12). It is possible that tumor-specific CD8+ T cells in vivo, although suppressed with regard to lytic activity,
might still recruit non-specific effector cells to the site of tumor growth through secretion of cytokines. Evidence
supporting such a role for non-specific effectors in tumor cell death derives from the observation that mice
immunized with irradiated Meth A cells are capable of rejecting a subsequent challenge with a mixture of Meth A
and CMS4 cells (unpublished data). The lack of an in vitro CTL-based correlate for CD8-dependent tumor
rejection suggests that assays which measure other CD8+ T cell functions, such as cytokine secretion, may be a
more appropriate indicator of lymphocyte activity in tumor response.
The phenomenon of immune suppression in the tumor-bearing state has been extensively investigated for at
least forty years, and it is now clear that both the host immune system and the tumor itself can contribute to
growth of tumor cells through the secretion of immunomodulatory cytokines. TGF-beta secretion by tumor cells
can downregulate Thl cytotoxic T cells, thus inhibiting important effector populations which mediate tumor
eradication (15). IL-10 secretion by keratinocytes in mice exposed to UV light was observed to decrease APC
function and suppress tumor rejection (22). Non-cytolytic CD8+ T cell clones secrete IL-10 which suppresses
IFN-gamma secretion and anti-tumor activity of antigen-specific CTLs (23). While macrophage are capable of
secreting nitric oxide which has tumoricidal activity against a mammary adenocarcinoma, both nitric oxide mRNA
and protein are downregulated during tumor progression (24, 25). This downregulation appears to be mediated
by a lipid factor secreted by the tumor (26). In at least one system, tumor-derived IL-10, TGF-beta, and
prostaglandin E2 were responsible for decreased nitric oxide and TNF-alpha production by macrophages (14).
Downregulation of T cell function, as reported here, is not an all or none event since T cells recover 60 to 95% of
their cytolytic activity after separation from tumor cells contained in coculture assays. This finding is consistent
with the ability of lymphocytes infiltrating some cancers to recover activities such as cytokine secretion and
proliferation when placed in culture (27, 28, 29). The suppressive activity described here differs from those
described above in that downregulation of T cells by Meth A tumor cells requires cell-cell contact and is not
mediated by a soluble factor. This report adds a new dimension to the phenomenon of suppression in the
tumor-bearing state, and directs attention to tumor-associated factors which downregulate T cell lytic ability in
vitro, and possibly in vivo, through contact-dependence. Such a mechanism could explain the specificity of
immunosuppression in tumor-bearing hosts wherein antigen-specific tumor infiltrating lymphocytes are rendered
dysfunctional through contact with the tumor while circulating lymphocytes with other specificities remain
functional.

Abbreviations
Con A, Concanavalin A; MACS, high gradient magnetic cell sorter; Meth A, methylcholanthrene-induced
fibrosarcoma; MLTC, mixed lymphocyte tumor culture; MLR, mixed lymphocyte reaction

Acknowledgements
The authors are grateful to Irene Nunes for carrying out the TGF-beta bioassays. This work was supported by
National Institutes of Health grants CA23753 to D.L.L. and CA44786 to P.K.S. P.K.S. also acknowledges the
support from a research agreement with Antigenics Inc, New York, in which he has a significant financial interest.

http://www.cancerimmunity.org/v1p5/010306.htm (11 of 14)

Cancer Immunity 1:5 (2001) - ARTICLE

References
1. Schreiber H 1993. Tumor Immunology. In: Paul WE, editor. Fundamental Immunology. 4th ed. New York (NY): Raven Press; 1999. p.1237-1270.
2. Bursuker I, North RJ. Suppression of generation of concomitant antitumor immunity by passively transferred suppressor T cells from tumor-bearing
donors. Cancer Immunol Immunother 1985; 19: 215-218. (PMID: 3159472)
3. North R J and Bursuker I. T cell-mediated suppression of the concomitant antitumor immune response as an example of transplantation tolerance.
Transplant Proc 1984; 16: 463-469. (PMID: 6609455)
4. Rudczynski AB, Mortensen RF. Suppressor cells in mice with murine mammary tumor virus-induced mammary tumors. I. Inhibition of
mitogen-induced lymphocyte stimulation. J Natl Cancer Inst 1978; 60: 205-211. (PMID: 203703)
5. Alleva DG, Walker TM, Elgert FD. Induction of macrophage suppressor activity by fibrosarcoma-derived transforming growth factor-beta 1:
contrasting effects on resting and activated macrophages. J Leukoc Biol 1995; 57: 919-928. (PMID: 7790775)
6. Alleva DG, Elgert FD. Promotion of macrophage-stimulated autoreactive T cell proliferation by interleukin-10: counteraction of macrophage
suppressor activity during tumor growth. Immunobiology 1995; 192: 155-171. (PMID: 7782092)
7. Garner RE, Malick AP, Yurochko AD, Elgert KD. Shifts in macrophage (M phi) surface phenotypes during tumor growth: association of Mac-2+ and
Mac-3+ M phi with immunosuppressive activity. Cell Immunol 1987; 108: 255-268. (PMID: 2957065)
8. Fujii T, Igarashi T, Kishimoto S.. Significance of suppressor macrophages for immunosurveillance of tumor- bearing mice. J Natl Cancer Inst 1987;
78: 509-517. (PMID: 2950265)
9. Watson GA, Fu YX, Lopez DM. Splenic macrophages from tumor-bearing mice co-expressing MAC-1 and MAC- 2 antigens exert immunoregulatory
functions via two distinct mechanisms. J Leukoc Biol 1991; 49: 126-138. (PMID: 1991996)
10. Walker PR, Saas P, Dietrich PY. Tumor expression of Fas ligand (CD95L) and the consequences. Curr Opin Immunol 1998; 10: 564-572. (PMID:
9794830)
11. Srivastava PK, DeLeo AB, Old LJ. Tumor rejection antigens of chemically induced sarcomas of inbred mice. Proc Natl Acad Sci USA 1986; 83:
3407-3411. (PMID: 3458189)
12. Udono H, Levey DL, Srivastava PK. Cellular requirements for tumor-specific immunity elicited by heat shock proteins: tumor rejection antigen gp96
primes CD8+ T cells in vivo. Proc Natl Acad Sci USA 1994; 91: 3077-3081. (PMID: 7909157)
13. Heike M, Blachere NE, Wolfel T, Meyer zum Buschenfelde KH, Storkel S, Srivastava PK. Membranes activate tumor- and virus-specific precursor
cytotoxic T lymphocytes in vivo and stimulate tumor-specific T lymphocytes in vitro: implications for vaccination. J Immunother Emphasis Tumor
Immunol. 1994; 15: 165-174. (PMID: 8032539)
14. Alleva DG, Burger CJ, Elgert KD. Tumor-induced regulation of suppressor macrophage nitric oxide and TNF- alpha production. Role of
tumor-derived IL-10, TGF-beta, and prostaglandin E2. J Immunol 1994; 153: 1674-1686. (PMID: 8046239)
15. Young MR, Wright MA, Lozano Y, Matthews JP, Benefield J, Prechel MM. Mechanisms of immune suppression in patients with head and neck
cancer: influence on the immune infiltrate of the cancer. Int J Cancer 1996; 67: 333-338. (PMID: 8707405)
16. Sasaki A, Naganuma H, Satoh E, Nagasaka M, Isoe S, Nakano S, Nukui H. Secretion of transforming growth factor-beta 1 and -beta 2 by
malignant glioma cells. Neurol Med Chir (Tokyo) 1995; 35: 423-430. (PMID: 7477684)
17. Sehgal I, Baley PA, Thompson TC. Transforming growth factor beta1 stimulates contrasting responses in metastatic versus primary mouse
prostate cancer-derived cell lines in vitro. Cancer Res 1996; 56: 3359-3365. (PMID: 8764134)
18. Lieubeau BL, Garrigue L, Barbieux I, Meflah K, and Gregoire M. The role of transforming growth factor beta 1 in the fibroblastic reaction associated
with rat colorectal tumor development. Cancer Res 1994; 54: 6526-6532. (PMID: 7987852)
19. Fischer JR, Schindel M, Stein N, Lahm H, Gallati H, Krammer PH, Drings P. Selective suppression of cytokine secretion in patients with small-cell
lung cancer. Ann Oncol 1995; 6: 921-936. (PMID: 8624296)
20. van Roozendaal CE, Klijn JG, van Ooijen B, Claassen C, Eggermont AM, Henzen-Logmans SC, Foekens JA. Transforming growth factor beta
secretion from primary breast cancer fibroblasts. Mol Cell Endocrinol 1995; 111: 1-6. (PMID: 7649348)
21. Sargent ER, Gomella LG, Wade TP, Ewing MW, Kasid A, Linehan WM. Expression of mRNA for transforming growth factors-alpha and -beta and
secretion of transforming growth factor-beta by renal cell carcinoma cell lines. Cancer Commun 1989; 1: 317-322. (PMID: 2488683)
22. Ullrich SE. Mechanism involved in the systemic suppression of antigen-presenting cell function by UV irradiation. Keratinocyte-derived IL-10
modulates antigen-presenting cell function of splenic adherent cells. J Immunol 1994; 152: 3410-3416. (PMID: 8144924)
23. Rohrer JW, Coggin JH, Jr. CD8 T cell clones inhibit antitumor T cell function by secreting IL-10. J Immunol 1995; 155: 5719-5727. (PMID:
7499859)
24. Dinapoli MR, Calderon CL, Lopez DM. The altered tumoricidal capacity of macrophages isolated from tumor- bearing mice is related to reduce
expression of the inducible nitric oxide synthase gene. J Exp Med 1996; 183: 1323-1329. (PMID: 8666890)
25. Sotomayor EM, DiNapoli MR, Calderon C, Colsky A, Fu YX, Lopez DM. Decreased macrophage-mediated cytotoxicity in mammary-tumor-bearing

http://www.cancerimmunity.org/v1p5/010306.htm (12 of 14)

Cancer Immunity 1:5 (2001) - ARTICLE
mice is related to alteration of nitric-oxide production and/or release. Int J Cancer 1995; 60: 660-667. (PMID: 7860141)
26. Calderon C, Huang ZH, Gage DA, Sotomayor EM, Lopez DM. Isolation of a nitric oxide inhibitor from mammary tumor cells and its characterization
as phosphatidyl serine. J Exp Med 1994; 180: 945-958. (PMID: 8064242)
27. Shimizu YS, Iwatsuki R, Herberman RB Whiteside TL. Effects of cytokines on in vitro growth of tumor-infiltrating lymphocytes obtained from human
primary and metastatic liver tumors. Cancer Immunol Immunother 1991; 32: 280-288. (PMID: 1847844)
28. Schultze JL, Seamon MJ, Michalak S, Gribben JG, Nadler LM. Autologous tumor infiltrating T cells cytotoxic for follicular lymphoma cells can be
expanded in vitro. Blood 1997; 89: 3806-3616. (PMID: 9160688)
29. Kooi S, Zhang HZ, Patenia R, Edwards CL, Platsoucas CD, Freedman RS. HLA class I expression on human ovarian carcinoma cells correlates
with T-cell infiltration in vivo and T-cell expansion in vitro in low concentrations of recombinant interleukin-2. Cell Immunol 1996; 174: 116-128. (PMID:
8954611)

Materials and methods
Animals and tumor cells
BALB/cJ and C57BL/6 mice were obtained from Jackson Laboratories (Bar Harbor, ME) and C3H-HeN mice
from Harlan Sprague Dawley, Inc. (Indianapolis, IN). CMS4, CMS5, 10ME, 10CR, UV-6139, UV-5117, UV-5125,
macrophage line 63, RBL (gift of Richard Klausner), CT26, B/c-N, and B/c-NP were maintained in vitro in DMEM,
and EL-4 thymoma and A20 lymphoma in RPMI, supplemented with 5% FCS, penicillin/streptomycin (50 U/ml),
L-glutamine, sodium pyruvate (1 mM), nonessential amino acids (1 mM), 2-mercaptoethanol (5.5 x 10-5 M) and
grown at 37°C, 5% CO2. Meth A cells were serially passaged as ascites in the peritoneum of BALB/cJ mice.
Tumor Cell Immunization and Challenges
To induce tumor rejection, BALB/cJ mice were immunized two times at a one week interval with 2 x 107
irradiated tumor cells. Mice were challenged intradermally on the dorsum one week after the last immunization
with 1 x 105 live Meth A cells suspended in serum-free RPMI. To induce alloreactive rejection of Meth A cells, 2 x
106 live cells were injected intradermally on the shaved dorsum of C57BL/6 mice.
Mixed Lymphocyte Reactions (MLR) and Mixed Lymphocyte Tumor Cultures (MLTC)
To establish MLRs, BALB/cJ (H-2d), C57BL/6 (H-2b), or C3H-HeN (H-2k) spleens were removed from mice and
red blood cells were expelled by perfusing with plain RPMI. After mechanical disruption of spleens, lymphocytes
serving as stimulators were incubated with mitomycin C (50 µg/ml) for 45 min. at 37°C followed by three washes
with plain RPMI. Cells were counted and plated in 24-well plates at 4 x 106 stimulator cells/ well to which
responder cells were added at 6 x 106 cells/well. On day 5, CTLs were harvested and tested for cytolytic activity
against 51Cr-labeled target cells as described below.
For establishing MLTCs, splenocytes (responders) were isolated from BALB/cJ mice which had been immunized
two times at a one week interval with 2 x 107 irradiated Meth A cells or from C57BL/6 which had rejected
challenges of live Meth A cells. Stimulating tumor cells (Meth A) received 8000 rads and were cultured with
responding spleen cells in upright T30 flasks at a responder to stimulator ratio of 40:1 or in round-bottomed tubes
at a responder to stimulator ratio of 200:1. On day 6, CTLs were tested in 51Cr release assays as described
below.
Chromium release and cold target inhibition assays
For cytotoxicity assays, CTLs were serially diluted and plated in 96-well microtiter plates. Target cells were
incubated in 200 µl volume RPMI with 100 µCi 51Cr for 45 minutes, followed by two washes with RPMI. Cells
were counted and added to the CTLs. After a 4-hour incubation, supernatants were harvested and counted in a
gamma counter for determination of specific killing of target cells. For cold target inhibition assays, cold targets
were plated by serial dilution in 96-well round-bottomed plates. Effector cells were added and the plate was
incubated at room temperature for 30 min, followed by addition of 51Cr-labeled target cells and incubation at
37°C for 3 hours. 100 µl of supernatant was counted in a gamma counter.
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Transwell assays
A 96-well filtration plate (transwell) was supplied by Millipore Corp. (Bedford, MA). For separation assays, 160 µl
medium or medium with cold targets was plated in the underlying 96-well plate. After overlaying the 96-well
membrane, CTLs and the 51Cr-labeled target, was added in 120 µl medium to the upper compartment. After 4
hours, 100 µl supernatant was collected from the underlying plate and counted in a gamma counter.
Antibodies
Anti-TGF-beta monoclonal antibody, specific for TGF-betal, TGF-beta2, and TGF-beta3, was purchased from
Genzyme (Cambridge, MA). Rat anti-mouse CD4 monoclonal antibody GK1.5 and anti-mouse CD8 Lyt2.2 were
obtained as ascites fluid from E. Nakayama (Okayama University School of Medicine, Okayama, Japan). For
testing the permeability of transwell membranes to soluble molecules, we used hybridoma supernatant of K44,
which was concentrated 10-fold by 50% ammonium sulfate precipitation and dialyzed against PBS.
T cell depletion
C57BL/6 mice receiving retro-orbital antibody injections were anesthetized with ether. Antibodies (anti-CD4 and
anti-CD8) were suspended in RPMI and injected in 200 µl volume.
Purification of T cells and FACS analysis
T cells were separated from tumor cells after coculture assays or were isolated from splenocytes by positive
selection using magnetic bead-coupled anti-Thy1.2 antibody and the MACS cell sorting system (Miltenyi Biotec
Inc., Auburn, CA). The purity of enriched T cells (>95%) was assessed by FACScan (Becton Dickinson, San
Jose, CA) using PE-conjugated anti-CD3epsilon antibody (clone 145-2C11, Pharmingen, San Diego, CA).
Membrane purification
Cells were removed from tissue culture flasks by trypsinization or harvested from peritoneal cavities of mice and
washed twice with PBS. Cells were lysed by Dounce homogenization (10-20 strokes) after incubation in 5
volumes of 30 mM sodium bicarbonate buffer, l mM PMSF. Residual intact cells and nuclei were removed by
consecutive centrifugations at 1000 g for 5 min until pellets were free of nuclei and cells as determined
microscopically. This procedure ensured that less than 100 cells or nuclei remained in 2 x 108 cell equivalent of
membrane material. The postnuclear supernatant was pelleted by centrifugation at 100,000 g for 90 min.
Membranes were resuspended in 8% sucrose, 5 mM Tris, pH 7.6 and frozen at -80°C until use.
Paraformaldehyde treatment of Meth A cells
5 x 106 Meth A tumor cells were suspended in 1 ml 1% paraformaldehyde in PBS (Sigma). Cells were incubated
on ice for 15 minutes and subsequently washed three times with RPMI.
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