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Tumors can evade immune responses through suppressor sig-
nals that dysregulate host effector cell function. In this study we
demonstrate that tumor-derived suppressor molecules impede
host antitumor immune activity through dysregulation of mul-
tiple macrophage (Md¢) pathways, including suppressed pro-
duction of cytotoxic and immunostimulatory agents and im-
paired expression of the interferon regulatory factor-8 (IRF-8)
protein, a critical transducer of interferon-y-mediated activa-
tion pathways. The tumor-derived immunosuppressive cyto-
kines interleukin-10 and transforming growth factor-3, con-
strain IRF-8 production by normal Mds, regardless of priming,
and IRF-8 is also dysregulated in primary Mds from tumor-
burdened hosts. Collectively, these data describe a new mecha-
nism by which tumors disrupt immune function and suggest
that abrogation of tumor-derived immunoregulatory factors
in situ can restore immune function and enhance antitumor
efficacy. Exp Biol Med 228:270-277, 2003
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functional immune system is a potential barrier to
tumor development and progression. To evade im-
mune mechanisms, many tumors release immuno-
suppressive factors that attain high concentration in situ and
inhibit cell-mediated effector function. Suppression of im-
mune responses, coupled with superior growth kinetics of
tumor cells, enable the neoplasm to surpass the control ca-
pacity of the host, leading to progressive decreases in cell-
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mediated antitumor responses and accelerated disease (1).
We and others have shown that tumor cell-derived factors,
such as interleukin (IL)-10 and transforming growth factor
(TGF)-B,, induce both local (2) and systemic (3) immuno-
suppression and selectively alter macrophage (M) expres-
sion of pro-inflammatory cytokines and other potential me-
diators of immunosuppression. Thus, tumors subvert Md
function to suppress T cell function and simultaneously sup-
port tumor growth (4, 5).

A mechanism by which tumors may modulate M¢ ac-
tivation and effector function involves the control of inter-
feron (IFN)-y production and responsiveness. IFN-+y plays a
central role in M¢-T cell interactions. T cells produce
IFN-y in response to antigen stimulation and the antigen-
presenting cell-derived cytokines IL-12 and IL-18 (6, 7); in
turn, T cell-derived IFN-y primes Mds for enhanced pro-
duction of cytotoxic effector molecules and proinflamma-
tory cytokines, including 1L-12 and IL-18. IFN-+y also exerts
direct anti-tumor effector functions and mediates immune
surveillance (8). Thus, tumors may subvert the induction of
innate and adaptive immunity by modulating [FN-vy produc-
tion or dysregulating IFN-y-responsive signal pathways. To
evaluate this possibility, we used our well-established mu-
rine fibrosarcoma model (3, 9) to determine whether tumor-
derived factors interfere with Md responsiveness to, or T
cell production of, IFN-y. In this study, we describe tumor-
induced dysregulation of M¢ effector, pro-inflammatory,
and signaling molecule production. Collectively, these data
suggest that therapies aimed at disrupting tumor cell sup-
pressor activity or restoring tumor-dysregulated M¢ respon-
siveness to IFN-y-mediated signaling may have significant
therapeutic value in the treatment of neoplasia.

Materials and Methods

Murine Tumor Model. Eight to twelve-week-old
Balb/c (H-2Y) male mice (Harlan Sprague-Dawley, Madi-
son, W1) were used. A Balb/c nonmetastatic methylcholan-
threne-induced transplantable fibrosarcoma, designated
Meth-KDE, was used as described (9). The Meth-KDE fi-
brosarcoma induces significant immunosuppression through
the production of IL-10, TGF-B,. and prostaglandin E, (PGE,;



Ref. 3). Meth-KDE tumors were induced by intramuscular
injection of 4 x 10° transplanted cells and palpable tumors
developed within 10 days. Tumor-bearing host (TBH)
Balb/c mice were used 21 days post-tumor induction be-
cause tumor-induced Md suppressor activity is maximal at
this time, without cachexia or necrosis. All protocols were
approved by the Virginia Tech Institutional Animal Care
and Use Committee and conformed to accepted National
Institutes of Health guidelines for animal use.

Media and Reagents. Mds were cultured in serum-
free RPMI-1640 medium with 2 mM L-glutamine (Sigma,
St. Louis, MO). All media contained 50 mg/l gentamicin
sulfate (Tri-Bio Laboratories, State College, PA), 25 mM
sodium bicarbonate (NaHCQO,), and 25 mM HEPES buffer
(Sigma). RPMI-1640 medium was endotoxin-free (<10 pg/
ml) as assessed by the Limulus amebocyte lysate assay
(Sigma). T cell cultures were supplemented with 10% FBS
(Atlanta Biologicals, Norcross, GA). Bacterial lipopolysac-
charide (LPS; Escherichia coli serotype 026:B6) was pur-
chased from Sigma. Recombinant murine IFN-vy (specific
activity 2.98 x 10° U/ml; endotoxin content <10 pg/ml) was
purchased from Genzyme, Inc. (Cambridge, MA). Rabbit
anti-TGF-B, polyclonal Ab (6.5 mg/ml; endotoxin content
<10 pg/ml) was a generous gift from Genentech, Inc. (South
San Francisco, CA). Anti-murine IL-10 mAbs were gener-
ated using SXC-1 (clone HB 10739, American Type Cul-
ture Collection [ATTC], Manassas, VA) hybridoma super-
natants. PGE, and indomethacin were obtained from Sigma.

Tumor Cell Culture and Supernatant Prepara-
tion. Purified Meth-KDE cells were used to generate tu-
mor-derived supernatants. Meth-KDE cultures were estab-
lished as previously described (10) and maintained by di-
luting 1:10 in fresh medium every fifth day. Tumor cell
supernatant was obtained by culturing the purified Meth-
KDE (4 x 10° cells/m} at 37°C, 5% CO,) in 24-well culture
plates (Corning, Corning, NY) for 72 hr in a total volume of
1.0 ml of complete RPMI medium. Cell-free Meth-KDE
supernatants were prepared by centrifugation (400 x g, 5
min) and filtration through a 0.4-micron filter.

Fresh Meth-KDE supernatants were depleted of IL-10
or TGF-B, using plate-bound specific Abs, as described (3).
PGE,-depleted tumor supernatants were prepared by incu-
bating Meth-KDE cells with 1077 M indomethacin (Sigma),
an arachidonic acid pathway inhibitor. Resulting superna-
tants did not contain detectable IL-10, TGF-B,. or PGE,, as
measured by specific enzyme-linked immunosorbent assay
(ELISA: R&D Systems, Minneapolis, MN. and Advanced
Magnetics. Boston, MA).

Immune Cell Collection and Culture. Primary
normal host and TBH peritoneal exudate Mdbs were col-
lected by lavage with cold RPMI-1640 medium 4 days after
intraperitoneal injection with 2 ml of 3% thioglycollate
(Difco, Detroit, MI). Mds were purified by plating perito-
neal exudate cells for 2 hr (37°C. 5% CO,) in glass plates,
washing away nonadherent cells with warm RPMI-1640
medium. and collecting adherent Mds in cold medium us-

ing a rubber cell scraper. The final Md preparations con-
tained cells that were >95% viable, and flow cytometric
analysis with M1/70 and F4/80 mAb (ATCC) showed them
to be >80% Mac-1* and F4/80" respectively (not shown).

T cells were collected by plating pooled normal host or
TBH-derived whole spleen cells for 2 hr in glass plates and
collecting the nonadherent cell fraction. Red blood cells
were lysed with 0.83% ammonium chloride (Sigma). To
obtain purified CD4" T cells, the nonadherent cell fraction
was treated with anti-CD8 (ATCC clone 3.155), anti-IA¢
(ATCC clone MK-D6), and anti-B cell and immature T-cell
(ATCC clone J11d) monoclonal antibodies and complement
(Accurate). The resulting cell population was >90% CD4*
by flow cytometric analysis using GK1.5 mAb (ATCC, not
shown). All cells were cultured at 37°C in a humidified
atmosphere containing 5% CO,.

Mo Nitrite Production. Either 4 x 10° normal host
or TBH peritoneal Mds were cultured in 96-well flat-
bottom tissue culture plates (Corning Cell Wells) without or
with 72-hr Meth-KDE supernatants (1:2 dilution). 50 U/ml
IFN-v, or a combination of 50 U/ml IFN-y and 1 pg/ml LPS
was added at the start of incubation. Supernatants were
collected after 48 hr (optimal incubation time) for nitrite
assessment following centrifugation (400 x g, 5 min). M
viability remained >95% throughout the culture period
as determined by the MTT assay. Nitrite level in culture
supernatants was measured using Griess reagent, as de-
scribed (9).

Md-Mediated Cytotoxicity Assays. To assess di-
rect cytotoxic activity of Mds against Meth-KDE tumor
cells, Mds (2 x 10° cells) were added to 1 x 10° tumor cells.
Cytotoxicity was measured using a modification of the Ala-
mar blue™ (Biosource International, Camarillo, CA) col-
orimetric viability assay, as described (7).

Quantification of Cytokine Production. IL-12,
IL-18, and tumor necrosis factor (TNF)-a production was
induced by culturing Mds as described for nitrite produc-
tion. [IFN-y production was measured by culturing 4 x 10°
purified CD4" T cells from either normal host or TBH
Balb/c mice with 8 pg/ml Con A or a combination of PMA
+ Cal; after 12 h, cell-free supernatants were collected for
analysis. For all cytokines, supernatants were assayed by
specific ELISA (R&D Systems) per the manufacturer’s rec-
ommended protocol.

Western Blot Analysis of IL-18 and Interferon
Regulatory Factor-8 (IRF-8). For Western blot analysis
of Mé IRF-8 and IL-18, normal host and TBH peritoneal
Més were cultured as described. Cells were lysed with 50
mM Tris-Cl, pH 7.6, containing 10 pg/ml leupeptin and
aprotinin (Sigma) and 300 mM NaCl. Membranes were pel-
leted by centrifugation (12,000 x g). and protein concentra-
tion was determined using the Lowry method. Protein (15
pg) was denatured by boiling in 8-mercaptoethanol (2-ME,
5%) and separated by sodium dodecyl sulfate polyacryl-
amide gel electrophoresis using a 10% ProtoGel (National
Diagnostics, Atlanta, GA) vertical gel. and transferred to
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nitrocellulose. The membrane was blocked using 5% nonfat
milk (for IRF-8 visualization) or PBS supplemented with
0.5% Tween-20 (for IL-18 visualization). IRF-8 was spe-
cifically detected using polyclonal rabbit anti-mouse IRF-8
Ab (Zymed Laboratories, Inc., South San Francisco, CA) at
2 pg/mt and HRP-conjugated goat-anti-rabbit IgG (Trans-
duction Laboratories) at 1:2,000 dilution. IL-18 was de-
tected using polyclonal goat anti-mouse IL-18 (R&D Sys-
tems) at 0.2 mg/ml and horseradish peroxidase-conjugated
rabbit-anti-goat I1gG (Jackson Immunoresearch Laborato-
ries, West Grove, PA) was used at 1:20,000 dilution. Bound
IRF-8 and IL-18 were visualized using Luminol reagent
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA) and docu-
mented on Kodak Biomax film after 30 sec of exposure.
Statistics and Calculations. Cells from four to six
normal host or TBH mice were pooled for each experiment.
Triplicate cultures were tested in the specific ELISA, Griess
reagent test, and cytotoxicity assays. Data are presented as
means + SEM of triplicate independent determinations. All
experiments were repeated at least three times; representa-
tive experiments are shown. All comparisons were tested for
significance by Student’s ¢ test, and all comparisons are
significant at the P < 0.05 level, unless otherwise stated.

Results

Tumor Cell-Derived Supernatants Downregu-
late M$ Cytotoxic Effector Functions. IFN-y prim-
ing of normal host Més leads to enhanced cytotoxic and
effector function following LPS activation; however, tu-
mors induce functional and phenotypic changes that alter
M responsiveness to activating agents in tumor-associated
(2. 11) or tumor-distal (12) compartments. Furthermore, tu-
mor-derived supernatants inhibit in vitro activation of RAW
264.7 Mds (10) and primary ex vivo Més (13). To further
define the negative impact of tumor-derived cytokines on
Md activation and effector function, normal host-derived
peritoneal Ms were cultured either without or with 72-hr
Meth-KDE-derived cell-free supernatants (normal host
Mds were used to avoid the interference of in vivo activa-
tion from systemically-acting tumor-derived cytokines; Ref.
5). Although tumor supernatant did not decrease nitric oxide
(NO) production by naive Mds, tumor factors suppressed (P
< 0.05) LPS-triggered NO production by IFN-y-primed
Mds (Fig. 1A), almost to basal levels. Regulation of TNF-a
is fundamentally coupled to NO production (13), and tumor
supernatant also suppressed (P < 0.05) LPS-triggered
TNF-a production by IFN-y-primed Ms (Fig. 1B), al-
though the level did remain greater than basal. Priming and
activation with higher doses of IFN-y (up to 100 U/ml) and
LPS (up to 10 pg/ml) further enhanced normal host Mdé NO
and TNF-«a production, but tumor supernatant-induced sup-
pression of NO or TNF-a production could not be reversed,
even with optimal priming and activation (not shown).

To evaluate whether tumor-derived factors dysregulate
direct Mdb-mediated antitumor cytotoxicity, primed and ac-
tivated primary Mds were added to growing Meth-KDE
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Figure 1. Tumor cell-derived supematants inhibit M¢ activation and
effector function. (A) Four x 108 thioglycollate-elicited Balb/c normal
host peritoneal Mdbs were cultured in 200 pl of serum-free medium
without (0J) or with () 72-hr Meth-KDE supernatants (1:2 dilution).
IFN-y (50 U/ml) and 1 pg/ml LPS were added to some cultures at
the start of incubation, and supernatants were collected after 48 hr
(optimal incubation time) for nitrite assessment using the Griess re-
agent test. (B) Four x 10°® peritoneal M$s were cultured and acti-
vated, as described, and TNF-a levels assessed after 12 hr of incu-
bation. (C) Mds (2 x 10° cells) were cultured and activated, as de-
scribed, then added to 1 x 10° Meth-KDE tumor cells and cultured for
24 hr in the presence of 10 nM actinomycin-D. Cm)toxicity was
measured using a modification of the Alamar blue'™ colorimetric
viability assay. Percent cytotoxicity was caiculated using the formula
{1- [(control - test) / test]} x 100. *P < 0.05 compared with untreated.

tumor cells and cytotoxicity measured (14). Mds cultured
with 72-hr Meth-KDE-derived cell-free supematants killed
significantly (P < 0.05) fewer tumor cells than untreated
Mds (51.4% and 47.1% decrease in cytotoxic activity of
naive and activated Mds, respectively, Fig. 1C). Meth-KDE
cells were sensitive to exogenous TNF-a and an NO source
(sodium nitroprusside) added to cultures (not shown), sug-
gesting that Md production of these factors could account
for cytotoxic effector activity. Interestingly, in this system,
unactivated Mds demonstrate cytotoxic activity, which is
diminished by tumor supernatant. Likely, tumor cell co-
culture with Mbs leads to M activation and effector func-
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Figure 2. M¢ IL-12p70 and IL-18 production are impaired by tumor cell-derived factors. (A) Four x 10° normal host peritoneal Ms were
cultured in 200 pl of serum-free medium without (00) or with (B} 72-hr Meth-KDE supernatants (1:2 dilution). IFN-y (50 U/ml) and 1 ug/ml LPS
were added to some cultures at the start of incubation; supernatants were collected after 12 hr and assayed for I1L-12 heterodimer by
. p70-specific ELISA. ND, not detected. (B) 4 x 10® normal host peritoneal Mds were cultured, as described for IL-12. Supematants were
collected at 12 hr, and IL-18 protein levels were determined by specific ELISA. In both panels, data are averages + SEM of triplicate
independent determinations from one of three similar experiments. *P < 0.05 compared with untreated.

tion, and tumor-derived suppressor factors are not suffi-
ciently concentrated in the culture to mediate suppression;
however, addition of tumor supernatant prevents M¢ acti-
vation and cytolytic function. Collectively, these data sug-
gest that Mds possess the potential to mediate anti-tumor
cytotoxic function, but tumor-derived factors substantially
reduce Mé cytotoxic activity regardless of priming and
activation.

Tumor-Derived Factors Downregulate M¢ Pro-
duction Of Proinflammatory Effector Cytokines. In
addition to direct cytotoxic activity, Mds perform a critical
support role for induction of active T cell-mediated helper
and anti-tumor functions. To determine whether tumor-
derived factors also compromise primary M¢ production of
proinflammatory effector cytokines capable of promoting T
cell function, normal host M¢s were cultured, as described,
in the absence or presence of 72-hr Meth-KDE supernatants,
and M¢ IL-12 (p70) and IL-18 production was assessed.
Tumor-derived factors strongly inhibited IL-12 production
(P < 0.05) by primary normal host M, regardless of acti-
vation (Fig. 2A), in agreement with observations using the
RAW?264.7 M cell line (15). Tumor-derived factors also
strongly inhibited normal host M IL-18 production (Fig.
2B), and activation in the presence of tumor supernatant
failed to increase IL-18 levels. Thus, IL-12 and IL-18 are
suppressed by tumor-derived factors in a manner that cannot
be reversed or compensated by activation. Similar inhibition
of IL-12 and IL-18 were observed in tumor supernatant-
treated splenic M¢ populations (not shown).

To determine whether tumor growth impairs the capac-
ity of primary Mé to generate 1L-12 and IL-18 in situ.
peritoneal Mds from normal host and TBH were treated as
described. and evaluated for cytokine production. The pres-
ence of tumor significantly inhibited M IL-12 production
capacity ex vivo, regardless of in vitro activation. The level
of IL-12 production was significantly (P < 0.05) less than
similarly treated normal host Més (Fig. 3A). Both priming
with IFN-vy alone or priming and activation with LPS en-
hanced Mo IL-18 protein production (Fig. 3B), but tumor
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Figure 3. M¢ IL-12p70 and IL-18 production are impaired by tumor
growth. (A) Four x 10% normal host (O) or TBH (M) peritoneal Ms
were harvested, then cultured and activated as described. After 12
hr, supernatants were collected and assayed for IL-12 heterodimer
by p70-specific ELISA. Data are averages + SEM of triplicate inde-
pendent determinations from one of three similar experiments. *P <
0.05 compared with normal host (NH). (B). Four x 10® normal host
(N, 3, lanes 1, 3, 5) or TBH (T, B, lanes 2, 4, 6) peritoneal Mds were
cultured in fresh medium (lanes 1 and 2), IFN-y (50 U/ml, lanes 3 and
4), or LPS (1 pg/mi) + IFN-y (50 U/ml, lanes 5 and 6). Cell lysates
were obtained after 12 hr, and IL-18 was visualized by Western
blotting with specific antibody. Each lane was loaded with 15 g of
total protein, as determined by Lowry microassay. Densitometry, ex-
pressed as relative densitometic units, was calculated using NiH
Image software and normalized to untreated normal host responses
(relative densitometic unit value of 1). Data are from one of three
experiments with similar results.
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growth inhibited activation-induced increases in IL-18 lev-
els as compared to similarly treated normal host Mds. IL-
18-specific ELISA confirmed tumor-induced inhibition of
activation-induced IL-18 production from TBH Més (not
shown). These data demonstrate a lesion in both IL-12 and
IL-18 production during tumor outgrowth, even by Mds
derived from distinct immunologic compartments distal
from the tumor.

Tumor Growth Limits Activation-Induced Mé
IRF-8 Expression. Because tumor growth can inhibit
M production of IFN-y-inducible factors, such as IL-12
and IL-18, we asked whether tumor growth dysregulates the
crucial signal transduction molecule IRF-8. Primary normal
host or TBH peritoneal Mds (4 x 106 cells) were treated
with IFN-y, LPS, or IFN-y and LPS, and then assayed for
IRF-8 (Fig. 4A). Although the presence of tumor did not
diminish the basal level of IRF-8 in unactivated cells, IFN-
~y-induced IRF-8 expression was impaired by tumor growth,
in a manner consistent with tumor-induced modulation of
NO production. Further, the IRF-8 dampening effect of tu-
mor was not overcome by activation of IFN-y-primed Mds
with LPS. These data demonstrate a lesion in M¢ IRF-8
production in response to immuno-stimulatory signals, and
soluble effectors mediate this phenomenon, as IRF-8 dys-
function is observed in Mds from tumor-distal immuno-
logic compartments. The Meth-KDE fibrosarcoma produces
several immunomodulatory factors, including TGF-B, and
IL-10 (5, 16), and these factors could potentially modulate
Mo production of IRF-8.

To determine the role of TGF-B, and IL-10 in the tu-
mor-induced modulation of activation-induced IRF-8 pro-
duction, Meth-KDE supernatants were depleted of these cy-
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tokines (as described in Ref. 10) and used to treat normal
host-derived Mds. Tumor cell-derived supernatant down-
regulated Md¢ IRF-8 protein expression, even after priming
and activation with IFN-y and LPS (Fig. 4B). Recombinant
TGF-B, (10.0 ng/ml; Ref. 13) or recombinant IL-10 (3.0
U/ml; Ref. 13) suppressed activated M IRF-8 expression.
Unlike TGF-B, and IL-10, exogenous PGE, (also produced
by Meth-KDE fibrosarcoma cells) failed to suppress IRF-8.
We have observed, in separate experiments, that a combi-
nation of TGF-B, and IL-10 yields IRF-8 levels that are
approximately equivalent to the level achieved in the pres-
ence of unabsorbed tumor supernatant (not shown). To our
surprise, depletion of either TGF-B, or IL-10 from tumor
supernatant reversed suppression and almost fully restored
IRF-8 levels to full expression; these data suggest that the
doses of recombinant cytokines used in these experiments
can mask a synergistic suppressive activity of TGF-8, and
IL-10 in tumor supernatant on IRF-8 expression. Collec-
tively, these data demonstrate that TGF-B, and IL-10—but
not PGE,—are significant mediators of tumor-induced sup-
pression of primary Md responsiveness to IFN-y priming
and subsequent activation.

Tumor Growth Downregulates T Cell IFN-y Pro-
duction and Costimulatory Molecule Expression.
In situ, M antitumor activity and cytokine expression are
reliant upon priming by IFN-y. Mé-derived IL-12 and IL-
18 both promote cell-mediated immune responses and syn-
ergize to induce or enhance T cell IFN-y production (17,
18), which in turn is crucial for antitumor function. Because
IFN-vy is a pivotal mediator of immune responses to tumor,
we evaluated the impact of tumor growth on T cell function
in our model. Normal host or TBH CD4" T cells were
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Figure 4. Tumor-derived TGF-8, and IL-10 impair M¢ IRF-8 production. (A) Either 4 x 10° normal host () or TBH (W) peritoneal Més were
cultured in fresh medium (lanes 1 and 2), LPS (10 ug/mi, lanes 3 and 4), IFN-y (50 U/mi, lanes 5 and 6), or LPS (10 pg/mi) + IFN-y (50 U/mi,
lanes 7 and 8). After 12 hr of incubation, lysates were obtained and IRF-8 was detected by Westemn analysis. Each lane was loaded with 15
ug of total protein, as determined by Lowry microassay. Representative data from one of three similar experiments are shown. (B) 4 x 108

primary normal host peritoneal

| Mdbs were primed and activated with 10 pg/ml LPS + 50 U/ml IFN v, either without (lane 1) or with (lane 2) 72-hr

Meth-KDE supematants (1:2 dilution). Additional cultures were supplemented with TGF-B, (10.0 ng/ml, lane 3) IL-10 (3.0 U/ml, lane 5), and
PGE, (25.0 ng/ml, lane 7), and parallel cultures were treated with Meth-KDE supematants depleted of TGF-B, (lane 4), IL-10 (lane 6), or PGE,
(lane 8) After 12-hr lysates were prepared and assayed for IRF-8 production. Each lane was loaded with 15 pg of total protein, as determined
by Lowry microassay. Representative data from one of three similar experiments are shown.
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Figure 5. Tumor growth compromises T cell IFN-y production. Four
x 10° purified CD4"* T cells from normal host (O) or TBH () Balb/c
mice were cultured with 8 ug/mt Con A or a combination of PMA +
Cal. After 12-hr supernatants were collected and assayed for IFN-y
production by specific ELISA. ND, not detected. Data are averages
+ SEM of triplicate independent determinations from one of three
similar experiments. *P < 0.05 compared with normal host (NH).

stimulated with Con A or a combination of PMA + Cal, and
IFN-y production was measured using an IFN-y-specific
ELISA. Tumor growth significantly impaired T cell IFN-y
production, regardless of activation (Fig. 5), suggesting that
CD4* T cell-mediated helper activities may be significantly
compromised during tumor outgrowth. This paucity of T
cell-derived IFN-y may contribute to the apparent lack of
activation and effector function by TBH-derived Ms.

Discussion

The cytokine IFN-vy is a central and vital mediator of
anti-tumor immune responses and tumor surveillance (Fig.
6A). Here, we demonstrate that a nonmetastatic fibrosar-
coma, through the production and release of immunomodu-
latory cytokines, adversely alters IFN-y-associated func-
tions of Mds and T cells (Fig. 6B). The resultant failure of
the anti-tumor response may allow for unchecked growth of
cancerous lesions.

In this study, we have investigated several mechanisms
of immune dysfunction related to the response to, or pro-
duction of, IFN-y by immune cells functioning in the con-
text of a tumor-burdened immune system. First, tumor-
derived cytokines suppress priming- and activation-induced
TNF-a and NO production from Mds, with a corresponding
decrease in direct Md-mediated cytotoxicity. TNF-a pro-
motes the generation of CD8" T cell-mediated antitumor
cytotoxicity through reversal of TGF-B,-induced inhibition
(19), and TNF-a-dependent production of reactive nitrogen
intermediates can mediate M¢ tumoricidal activity through
IFN-y and IL-2 (20). Additionally, TNF-a may enhance
tumor cell sensitivity to NO, rendering tumors susceptible
to even moderate levels of NO. Thus, abrogation of these
factors significantly impedes anti-tumor responses, as tu-
mors likely escape Mdé-mediated cytotoxicity by overpro-
ducing Md-deactivating cytokines that inhibit local NO and
TNF-a production.

Another mechanism by which tumors evade immune
response involves limiting or abrogating the production of T
cell-stimulating agents by Mds. Mds may well provide
both chemotactic signals to guide T cell migration into tu-
mors, as well as immunostimulatory factors that promote T
cell IFN-y production, activation, and effector function. Tu-
mor cell-derived factors downregulate IL-12 and IL-18 pro-
duction by both normal Mds exposed to supernatant in
vitro, as well as TBH Mds examined ex vivo. Downregu-
lation of 1L-12 production may contribute to lowered T cell
IFN-v production and subsequent loss of a variety of anti-
tumor effects. Likewise, IL-18 induces IFN-y production by
activated murine and human T cells, in synergy with IL-12
(6, 21); upregulation of IL-18Ra gene expression by IL-12
may explain its capacity to increase IL-18-induced IFN-y
production by T cells (22). When administered to mice as an
adjuvant for increased tumor immunogenicity, IL-18 en-
hanced natural killer (NK) cell activation, induced IL-2 re-
lease, and decreased IL-10 levels. Against Meth-A sarcoma,
IL-18 stimulated NK-mediated antitumor effects, induced
cytotoxic CD4" T cells, and evoked immunologic memory
(1). Abrogation of IL-18 production will likely have pro-
found detrimental effects on tumor control. Furthermore,
NO and TNF-a induce or enhance the production of other
cytokines that mediate antitumor immune responses (in-
cluding IL-12), both directly (10) and indirectly through

IL-12

NO
TNF-a

Cyrodmcity

Effator
furgeron

Impaired M3 immungo
stimulatory molecule
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Figure 6. Mode! of tumor-induced immune suppression. (A) Im-
mune responses to tumors. (B) Tumor-induced dysfunction (dys-
regulated functions indicated by dashed lines). Through TGF-8, and
IL10, tumors inhibit M responsiveness through downregulation of
IRF-8, leading to a loss of effector function and diminished support of
T cell activity.
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increased T cell production of IFN-y (23). Thus, loss of
Md-derived cytotoxic effector molecules may also contrib-
ute to decreased immunostimulatory function.

Compounding the tumor-induced defects in Mé func-
tion, the suppressive effect of the tumor cell-derived factors
on T cells provides yet another mechanism of immune eva-
sion. T cell-derived IFN-y promotes immune recognition of
tumor cells by enhancing MHC expression, and IFN-y
stimulates cytotoxicity mediated by NK cells, T lympho-
cytes, and Mds (24). IFN-y promotes tumor regression
through the inhibition of cell proliferation, direct toxic ef-
fect on cells in combination with TNF-a, and induction of
Mo inducible NO synthase expression (24) and NO pro-
duction. We showed a deficit in IFN-y production in TBH
T cells, potentially compromising Md activation in situ.

To further understand the mechanisms of tumor-
induced dysregulation of immune responses, we evaluated
Md expression of IRF-8, a molecule in the IFN-y-induced
signal cascade. The transcription factors that control IFN-y
activity form an integral part of a host’s immune response.
IRF-8 is unique among these factors in that it is expressed
exclusively in cells of the immune system (25). IFN-y in-
duces IRF-8 expression in cells of lymphocyte or macro-
phage lineage through the GAS sequence in its promoter
(26). In turn, IRF-8 regulates IL-12 (25, 27) and IL-18 (28)
gene expression through the interferon-stimulated response
element in the promoter of these genes. IRF-8 regulates
IL-12p40 gene activation in Mds and, consequently, IFN-
~v-dependent host resistance (25). IRF-8 is a critical factor
for IL-18 promoter activity, performing a dominant regula-
tory role in the inducible expression of IL-18 (28). We
observed that tumor growth disrupted the IFN-vy signaling
pathway through downregulation of IRF-8. Activation-
induced expression of IRF-8 was diminished in TBH Més,
and tumor supernatants inhibited IRF-8 expression in pri-
mary Mds. Cytokines, including but not limited to TGF-B,
and IL-10, are responsible for dysregulated activation of
IRF-8 expression. Thus, tumors disrupt immune responses
by altering M responsiveness to IFN-y through downregu-
lation of an integral signaling molecule.

Collectively, tumor-induced downregulation of IFN-y
production by T cells, and disruption of M¢ cytotoxic,
stimulatory, and signaling pathways may effectively break
the M&-T cell interactive cycle, leading to profound loss of
immune-mediated tumor control. These data further empha-
size the importance of IFN-y in antitumor activity, suggest-
ing that abrogation of tumor-derived TGF-B, and IL-10
may provide a therapeutic approach to restoration of effec-
tive anti-tumor responses. Likewise, therapeutic restoration
of IRF-8 production in situ could enhance the tumoricidal

activity of primary Mds.
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