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Abstract The mouse 4T1 mammary carcinoma is a
BALB/c-derived tumor that spontaneously metastasizes
and induces immune suppression. Although >95% of
wild type BALB/c mice die from metastatic 4T1 tumor
even if the primary mammary tumor is surgically re-
moved, >65% of BALB/c mice with a deleted Signal
Transducer Activator of Transcription 6 (STAT6) gene
survive post-surgery. STAT6-deficiency also confers
enhanced immunity against spontaneously developing
breast cancer since NeuT "/~ mice that are STAT6-
deficient develop mammary tumors later and survive
longer than NeuT "/~ mice that are STAT6-competent.
Rejection of metastastic disease and survival of STAT6-
deficient mice after removal of primary tumor involve
three mechanisms: (1) The generation of M1 type mac-
rophages that produce nitric oxide and are tumoricidal;
(2) A decrease to normal in the elevated levels of myeloid
suppressor cells that accumulate during primary tumor
growth; and (3) CD8" tumor-specific T lymphocytes.
STAT6-deficient, but not wild type BALB/c, mice gen-
erate nitric oxide producing macrophages because they
lack the STAT®6 transcription factor which is necessary
for signaling through the type 2 IL-4Ra complex, and
which induces the production of arginase instead of ni-
tric oxide.
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Signal Transducer Activator of Transcription 6 deficient
(STAT6™") mice have enhanced immunity
to transplanted tumors

The STAT6 gene transmits IL-4 and IL-13 signals via the
IL-4Ro and is required for the generation of CD4 " Th2
lymphocytes. As a result, STAT6™/~ mice have their
CD4 ™" T cells polarized towards a Type 1 phenotype [12].
Others [11, 32] and ourselves [22] have hypothesized that
STAT6™/~ mice might have enhanced immunity because
they preferentially generate CD4 * Th1 cells that faciliate
CD8 " -mediated tumor rejection. Studies conducted in
multiple laboratories using three different transplanted
tumors (mammary carcinoma, fibrosarcoma, and mast-
ocytoma) demonstrated that STAT6/~ mice have
heightened tumor immunity [10, 11, 22, 32]. Our studies
used the BALB/c-derived mouse 4T1 mammary carci-
noma [19]. This tumor closely models human breast
cancer in its growth in the mammary gland, its pattern of
disease progression, and its ability to metastasize to a
variety of target organs (brain, bone marrow, liver,
lungs, blood, lymph nodes) while the primary tumor is
present, as well as after the primary tumor is surgically
removed [25, 26]. Tumor resistance of STAT6™/~ mice
was particularly effective after primary mammary tumors
were excised, with >65% of STAT6™/~ mice surviving
indefinitely, while >95% of wild type BALB/c mice died
from metastatic disease [23]. Therefore, deletion of the
STATG6 gene provides enhanced tumor immunity.

In a previous report, we described our earlier studies,
demonstrating enhanced immunity to metastatic mam-
mary carcinoma in STAT6™/~ mice. Similar immuno-
surveillance was also observed in CD1™/~ mice, which
lack NKT cells, and therefore, are deficient in 1L-13 [24].
In the present report, we define the mechanisms
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responsible for the increased immunosurveillance in
STAT6™/~ mice.

STAT6™~ mice have enhanced resistance
to spontaneously arising mammary carcinoma

NeuT "/~ mice are transgenic for the transforming rat
her2/neu gene and spontaneously develop multifocal
and metastatic mammary carcinoma, starting at
approximately week 6-8 of age [3]. To determine if
deletion of the STAT6 gene also protects against spon-
taneous cancer, neuT "/~ males were crossed to STAT6™
~ females and the female F1’s PCR screened and selected
for neuT expression (neuT /7). These heterozygotes
(STAT6"/~ neuT"/") were then backcrossed to
STAT6 ™~ females, and the offspring PCR screened for
neuT expression and homozygous deletion of STAT6
(STAT6™™ neuT /™ mice). Female STAT6™'~ neuT "/~
mice were then observed weekly for a minimum of six
months for mammary tumor development and survival.
As seen in Fig. 1A, mammary tumor onset, diameter
(TD) of individual tumors, and total tumor mass is de-
layed in STAT6™/~ neuT "/~ mice vs. STAT6-competent
neuT "/~ mice. Similarly, the survival time of STAT6 ™/~
neuT */~ mice is statistically longer than that of neuT "/~
mice by approximately one month (Fig. 1B). Therefore,
deletion of the STATG6 gene facilitates rejection of met-
astatic disease, and also promotes survival of mice with
spontaneous mammary carcinoma.

Myeloid-derived suppressor cells inhibit T cell activation
and immunity in mice with large, primary mammary
tumors

Myeloid-derived cells that suppress the immune system
have been identified in many patients and experimental
animals with tumors [1, 5, 9, 13, 15, 29]. These so-called
myeloid suppressor cells (MSC) are immature myeloid
cells that suppress the activation of CD4" and CD8* T
lymphocytes and thereby inhibit immune surveillance [4,
9, 16, 18]. The accumulation of MSC in the spleen and
blood of tumor-bearing individuals is associated with
increased tumor burden. Since removal of primary 4T1
tumor partially restores immunocompetence [6], we have
hypothesized that immunity in STAT6~ mice with
primary tumor is inhibited by the presence of MSC. To
test this hypothesis, BALB/c and STAT6 ™/~ mice were
inoculated with 4T1 tumor in the mammary gland and
their splenocytes tested by flow cytometry for the pres-
ence of Grl" CDI11b" MSC. In some groups, the pri-
mary tumor was surgically removed according to the
schedule shown in Fig. 2A, and 10-12 days after sur-
gery, the spleens were removed and tested for MSC.
Mice that were never exposed to tumor, have less than
8% Grl* CDI11b" cells in their spleens. In contrast,
BALB/c and STAT6/~ mice with primary 4T1 mam-
mary carcinomas, have 30-60% Grl™ CDIlb™
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Fig. 1 Deletion of the STAT6 gene delays tumor progression and
extends survival time of mice that spontaneously develop mam-
mary carcinoma. NeuT "/~ mice, which spontaneously develop
multifocal breast cancer, were crossed and backcrossed to
STAT6 '~ mice to obtain STAT6 '~ neuT "/~ mice. The STAT6™/
~ neuT"/~ and neuT ™/~ mice were observed weekly for A the
number of primary mammary tumors per mouse, the mean tumor
diameter (7D) of individual tumors, and the sum of the diameters
of all tumors per mouse; and B survival time

splenocytes. Although these levels decline after surgery,
80% of BALB/c mice retain elevated levels of MSC,
while only 33% of STAT6/~ mice have above normal
levels of Grl™ CD11b™ splenocytes (Fig. 2B). There-
fore, the retention of high levels of MSC, after surgery,
is associated with shortened survival, while a decrease to
baseline levels of MSC is associated with resistance to
metastatic disease
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Fig. 2 Resistance to metastatic mammary carcinoma requires M1
macrophages and CD8" T cells and is counter-acted by myeloid
suppressor cells (MSC). A Mice are inoculated in the mammary
gland on day 0 with 7000 4T1 mammary carcinoma cells; primary
tumors are surgically removed on day 21-28; and mice are either
followed for survival or sacrificed 10 days after surgery and their
spleens analyzed for MSC or their bone-marrow-derived macro-
phages assayed for arginase and iNOS activity. B BALB/c,
STAT67~, and STAT6 '~ IFNy™/~ mice were treated according
to the schedule shown in Part A, and their splenocytes were
analyzed by flow cytometry for Grl™ CDI11b™ MSC. Data are
shown as percentage of mice that have normal levels of MSC
(< 8% of splenocytes are Grl™ CD11b*"). C STAT6™/~ mice were
treated according to the schedule in Part A and concomitantly
depleted for CD4" or CD8™ T cells (left hand panel), or depleted
for phagocytic cells/macrophages (right-hand panel)

Although a reduction in MSC after removal of pri-
mary tumor is associated with resistance to metastatic
disease, this alone is not sufficient for resistance since
BALB/c mice treated with all trans retinoic acid [14]
have greatly reduced levels of MSC, but still die from
metastatic 4T1 [31]. This finding has led us to examine
other effector mechanisms that might be responsible for
resistance of STAT6™/~ mice.

CD8"* T cells are required for immunity to metastatic
disease in post-surgery STAT6™~ mice

In earlier studies, we noted that STAT6™/~ mice have a
modest immune response against primary tumor, and in
vivo antibody depletion experiments demonstrated that
this immunity was mediated by CD8 " T cells, and that
CD4" T cells were not involved [22]. The lack of
involvement of CD4" T cells was surprising and dem-
onstrated that our original hypothesis that heightened
immunity was due to polarization towards a type 1
CD4" T cell response was incorrect. In addition, deple-
tion of CD4" CD25" T regulatory cells had no impact
on 4T1 tumor growth in BALB/c mice, demonstrating
that regulatory T cells were also not involved [23].
Since immunity after removal of primary tumor is
much more effective than immunity in mice with pri-
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mary tumor in place, we have also monitored T cell
activity in post-surgery STAT6 '~ mice that are resistant
to 4T1 metastatic disease. STAT6™/~ and control BALB/
¢ mice were inoculated in the mammary gland with 4T1
cells according to the schedule shown in Fig. 2A, and
concomitantly in vivo depleted for CD4" or CD8" T
cells using antibodies to CD4 and CDS as previously
described [22]. All BALB/c mice died by day 47,
regardless of antibody treatment, and all CD8-depleted
STAT6™™ mice died by day 66. In contrast, all of the
CD4-depleted STAT6™™ mice survived (Fig. 2C, left-
hand panel). Therefore, CD8 ™, but not CD4™, T cells
are essential for immunity to metastatic disease in
STAT6™'~ mice.

Cytotoxic nitric oxide producing M1 macrophages are
required for immunity to metastatic disease
in post-surgery STAT6™~ mice

Macrophages can also be key players in tumor immu-
nity. Macrophages polarized towards an M1 phenotype
produce nitric oxide (NO) and are cytotoxic for tumor
cells, whereas M2 macrophages produce arginase which
facilitates tumor growth and progression [17, 20, 21].
Since earlier studies demonstrated that macrophages are
involved in immune surveillance against the 4T1 tumor
[27], we have examined the role of macrophages in
STAT6”~ mice. To determine if macrophages are
required for resistance to metastatic 4T1 tumor,
STAT6™/~ mice were inoculated with 4T1 cells and pri-
mary tumors removed and mice followed for survival
according to the schedule shown in Fig. 2A. One group
of mice was also treated with carrageenan, which de-
pletes for phagocytic cells such as macrophages [31].
Macrophage/phagocytic cell depletion was monitored
by measuring reduced susceptibility to lipopolysaccha-
ride-induced toxic shock [27]. Seventy-five percent of the
non-carrageenan treated STAT6~ mice survived;
whereas only 45% of the carrageenan-treated mice
survived (Fig. 2C, right-hand panel). Mice in the
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carrageenan-treated group also developed more rapidly
growing tumors than the mice in the non-carrageenan-
treated group. Therefore, macrophages appear to be
required for resistance to metastatic disease in STAT6™/~
mice.

Since M1 macrophages are associated with tumor
regression while M2 macrophages are associated with
tumor progression, we have analyzed the phenotype of
macrophages from tumor-bearing and post-surgery
BALB/c and STAT6/~ mice. Although non-activated
bone marrow-derived macrophages (BMDM) from ei-
ther strain had no NO activity, lipopolysaccharide and
[FNy-activated macrophages from STAT67~ mice
made high levels of NO, while activated macrophages
from BALB/c mice produced arginase [31]. Therefore,
STAT6™~ mice produce M1 macrophages which are
essential for resistance to established metastatic disease,
while BALB/c mice which are not resistant, produce M2
macrophages.

STAT6™~ mice generate M1 macrophages because
they cannot transmit IL-13 signals which polarize
macrophages towards an M2 phenotype

The production of arginase, which is a characteristic of
M2 macrophages, is induced by IL-4 and/or IL-13 when
these cytokines bind to the IL-4Ro/~ and signal
through the JAK3/STAT6 pathway [28, 33]. Since
STAT6 ™/~ mice are deficient for STAT6, this 51gna11ng
pathway is inoperative in STAT6™/~ mice. Hence, argi-
nase production does not occur. In other studies, we
have observed that IL-4Ra~/~ mice, which also cannot
transmit IL-4 and/or IL-13 signals because they lack the
requisite receptor, make M1 macrophages that produce
NO (Sinha and Ostrand-Rosenberg, unpublished re-
sults). Interestingly, although IL-4Ro~~ mice make M1
macrophages, they are not resistant to metastatic 4T1
tumor because they retain high levels of MSC after re-
moval of primary tumor (Sinha and Ostrand-Rosenberg,
unpublished results). Therefore, STAT6™~ mice have
M1 macrophages because they lack the signaling
machinery to stimulate arginase production; however,
the generation of M1 macrophages without concomitant
reduction in MSC is not sufficient for resistance to
metastatic disease.

IFNy is essential for resistance and is required
for the reduction in MSC and may be required
for the activation of M1 macrophages

IFNy is a pleiotropic cytokine that affects a wide variety
of genes and is instrumental in immune surveillance [7,
8, 30]. To determine if IFNy is also required for resis-
tance to metastatic disease in STAT6™/~ mice, we have
crossed STAT6/~ mice with BALB/c IFNy™/~ mice and
intercrossed the F1’s to obtain double knockout

STAT6™~ IFNy™~ mice. The STAT6™/~ IFNy ™/~ mice
were then inoculated with 4T1 in the mammary fat pad,
primary tumors removed and mice followed for survival
according to the schedule shown in Fig. 2A. Not sur-
prisingly, the STAT6~ IFNy™/~ mice have the same
survival times as wild type BALB/c mice, indicating that
IFNy is essential for STAT6™/™ resistance to metastatic
disease [31]

Experiments tracking MSC in STAT6”/~ mice dem-
onstrate that the decrease to normal levels, after removal
of primary tumor, is dependent on IFNy because MSC
levels remain highly elevated in post-surgery STAT6 ™/~
IFNy™~ mice (Fig. 2B). In addition to its role in
reducing MSC, IFNy may also drive M1 macrophage
production in STAT6™/~ mice since it is re%ulred in vitro
to activate macrophages from STAT6 mice [31].
Therefore, IFNy appears to be a critical regulatory
molecule in the induction of resistance to metastatic
disease and it mediates its effects by reducing MSC levels
and activating M1 macrophages.

Concluding remarks

Figure 3 shows a schematic model of how M1 macro-
phages, MSC levels, and activated CD8™ T cells may
interact to provide effective immune surveillance against
metastatic disease. Under ideal conditions, tumor anti-
gens of primary tumor cells would be processed and
presented by professional antigen presenting cells (APC)
and activate tumor-specific CD8" T cells. However,
many tumors, including the 4T1 mammary carcinoma,
produce cytokines and/or growth factors that
up-regulate Grl™ CD11b* MSC in both BALB/c and
STAT6 ™/~ mice. The MSC produce arginase and reac-
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Fig. 3 Proposed pathways for immunological resistance to meta-
static mammary carcinoma in post-surgery mice. Resistance
requires three mechanisms: (1) Reduction in tumor-induced
myeloid suppressor cells (MSC); (2) Activation of tumor-specific
CD8* T lymphocytes; and (3) Activation of tumoricidal M1
macrophages. See text for detailed description



tive oxygen species (ROS) which then inhibit T cell
activation; thereby blocking immune surveillance and
favoring tumor progression. Concomitantly, in BALB/c
mice IL-4 and IL-13 induce the production of M2
macrophages which also promote tumor progression. In
contrast, STAT6™™ mice generate M1 macrophages,
because they lack the machinery to transmit IL-4 and/or
IL-13 signals. Although the M1 macrophages are cyto-
toxic for tumor cells, they alone are insufficient for tu-
mor rejection. When primary tumor is surgically
removed, the quantities of tumor-produced cytokines
and/or growth factors decrease and the levels of MSC
decrease to baseline in STAT6™/~ mice, permitting tu-
mor-specific CD8 " T cells to differentiate. However, the
level of MSC does not decrease sufficiently in BALB/c
mice after surgery, so tumor-specific CD8" T cells do
not develop. The combination of activated, tumor-spe-
cific CD8™ T cells and M1 macrophages in STAT6 /™
mice is then sufficient to mediate complete rejection of
metastatic disease. Therefore, effective immune surveil-
lance requires a decrease to baseline levels of MSC
coupled with the activation of tumor-specific CD8" T
cells and cytotoxic M1 macrophages.

The increase in immune surveillance associated with
deletion of the STAT6 gene could potentially be
exploited for immunotherapy, and we are currently
exploring the use of small interfering RNAs (siRNA or
RNAI) [2] to down-regulate STAT6 in selected target
cells as a strategy to promote immune surveillance. Al-
though this approach is technically feasible, it is not
clear as to ‘in which cells STAT6 should be deleted’. Our
data suggest that enhanced immunity is associated with
deletion of the STAT6 gene in MSC and macrophages.
However, STAT6/~ mice are globally deleted for the
STATG6 gene, so optimal immunity may require deletion
of the STAT6 gene in these and/or other cells. Indeed,
previous studies with bone marrow chimeras indicate
that effective immune surveillance requires both hema-
topoietic and non-hematopoietic components [23].
Studies are in progress to further clarify the role of the
STATG6 gene in inhibiting immune surveillance, to
identify the relevant target cells, and to apply this
information for cancer therapy.
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