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Myeloid-derived suppressor cells (MDSCs) comprise immature myeloid populations produced in diverse
pathologies, including neoplasia. Because MDSCs can impair antitumor immunity, these cells have emerged
as a significant barrier to cancer therapy. Although much research has focused on how MDSCs promote tumor
progression, it remains unclear how MDSCs develop and why the MDSC response is heavily granulocytic.
Given that MDSCs are a manifestation of aberrant myelopoiesis, we hypothesized that MDSCs arise from
perturbations in the regulation of interferon regulatory factor-8 (IRF-8), an integral transcriptional com-
ponent of myeloid differentiation and lineage commitment. Overall, we demonstrated that (a) Irf8-deficient
mice generated myeloid populations highly homologous to tumor-induced MDSCs with respect to phenotype,
function, and gene expression profiles; (b) IRF-8 overexpression in mice attenuated MDSC accumulation and
enhanced immunotherapeutic efficacy; (c) the MDSC-inducing factors G-CSF and GM-CSF facilitated IRF-8
downregulation via STAT3- and STAT5-dependent pathways; and (d) IRF-8 levels in MDSCs of breast cancer
patients declined with increasing MDSC frequency, implicating IRF-8 as a negative regulator in human MDSC
biology. Together, our results reveal a previously unrecognized role for IRF-8 expression in MDSC subset

development, which may provide new avenues to target MDSCs in neoplasia.

Introduction

A major barrier to effective cancer immunotherapy is immune sup-
pression, and the accumulation of myeloid-derived suppressor cells
(MDSCs) has recently been recognized as a major mechanism to
promote immune suppression (1, 2). MDSCs comprise a mixture
of myeloid cells reflecting various stages of differentiation, and in
mouse models, these cells are typically distinguished from other
inhibitory myeloid populations based on their unique coexpression
of macrophage (CD11b) and granulocyte (Gr-1) markers (1).

Tumor-induced MDSCs are further dichotomized into mono-
cytic and granulocytic subsets based on the differential expres-
sion of the Ly6G and Ly6C epitopes (3, 4). Intriguingly, granu-
locytic MDSCs outnumber monocytic MDSCs in numerous
mouse tumor models (3, 5), although the basis for this subset
dichotomy remains unclear. The phenotypes in humans are
more complex and vary with tumor type. However, there is gen-
eral agreement that a common lineage-negative MDSC subset
observed among a range of human cancers bears the core pheno-
type CD33*HLA-DR- (6-11). Interestingly, this subset resembles
promyelocytes, a granulocytic population reflecting an early
stage of differentiation (6, 7).

Although many studies have been dedicated to the phenotypic
characterization of MDSCs and unraveling mechanisms by which
these cells mediate tumor progression, a large gap remains in our
understanding of the mechanisms that initiate their development.
It is known, however, that MDSC subsets emerge in response to
tumor-derived factors (TDFs) and the signaling pathways these
molecules engage. As a number of TDFs engage the STAT3 or
STATS signaling pathway, STAT3 or STATS activation has been
associated with various stages in MDSC biology (1, 12-19).
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Thus, in this study, we sought to further expand our understand-
ing of the transcriptional control of tumor-induced MDSC devel-
opment. To this end, we tested the central hypothesis that tumor-
mediated downregulation of interferon regulatory factor-8 (IRF-8)
facilitates MDSC development and that the loss of IRF-8 is key to
the disproportionate balance of the two major subsets. IRF-8, unlike
other IRF family members, is intimately involved in diverse stages of
myelopoiesis, namely the differentiation and lineage commitment
of monocytes/macrophages versus granulocytes (20-25). IRF-8
deficiency in mice leads to myeloproliferative disorders, largely char-
acterized by the robust expansion of granulocytic and, to a lesser
extent, monocytic cell types, reflecting various stages of differentia-
tion (20, 21). Based on the knowledge that myeloid differentiation
is tightly controlled by IRF-8 expression levels (20-23, 25) and that
MDSCs arise as a consequence of impaired myeloid differentia-
tion (1, 2), we reasoned that tumor-mediated events facilitate IRF-8
downregulation, ultimately leading to the accumulation of MDSCs.

Additional support for this hypothesis comes from our previ-
ous study showing that IRF-8 expression is strongly diminished
in tumor-induced MDSCs and that overexpressing IRF-8 in mice
ameliorated some of the M2-like features of MDSCs (26). Notably,
however, these earlier studies utilized an IRF-8-Tg model driven
by a ubiquitous CMV promoter in which the outcome may have
been influenced through either intrinsic or extrinsic mechanisms.
Furthermore, it remained unclear whether the modulation of the
MDSC response through IRF-8 had any significant bearing on
tumor growth. Therefore, to directly examine the impact of IRF-8
expression on CD11b*Gr-1* MDSC generation and tumor growth,
we produced a new IRF-8-Tg mouse model based on tissue-specif-
ic CD11b expression. Conversely, we also used a loss-of-function
genetic approach to determine whether IRF-8 deficiency produces
CD11b*Gr-1" myeloid cells that phenotypically, functionally, and
molecularly resembled MDSCs of tumor-bearing mice.
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Figure 1

Irf8 expression is downregulated in tumor-
induced MDSC subsets. Irf8 mRNA levels
in purified myeloid subsets from spleen
of non-tumor-bearing or 4T1 (A) or AT-3
(B) tumor—bearing mice (=1,000 mms3).
* The gating strategy for MDSC subset
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In this study, we addressed the following unanswered questions:
(a) Does the expression of IRF-8 provide a molecular basis for the
disproportionate frequencies of the two major MDSC subsets? (b)
Does the modulation of IRF-8 levels in MDSCs affect tumor growth,
suggesting that IRF-8 enhancement has therapeutic implications?
(c) What is the mechanism of IRF-8 regulation, with emphasis on
the roles of STAT3 or STATS, as a number of MDSC-inducing fac-
tors have been shown to act through these signaling pathways? (d)
Does IRF-8 expression have clinical value in human MDSC biology?
Together, our results revealed a previously unrecognized role for
IRF-8 in MDSC subset development, which offers a novel explana-
tion for the robust accumulation of the granulocytic MDSC popu-
lation. Furthermore, we identified IRF-8 as a novel target of STAT3
or STATS signaling, thereby filling a fundamental gap in MDSC
transcriptional biology. Moreover, we showed that IRF-8 expression
in the MDSCs of breast cancer patients (but not of healthy donors)
is inversely correlated with the frequency of these cells, implicating
IRF-8 as an important component in human MDSC tumor biology.
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Results

Irf8 expression is reduced in two murine MDSC subsets. Recently, we
demonstrated a significant reduction in IRF-8 expression in
splenic-derived CD11b*Gr-1* MDSCs of tumor-bearing mice
compared with phenotypically matched populations of non-
tumor-bearing control mice (26). We used two well-established
orthotopic mammary tumor models, 4T1 and AT-3, for MDSC
induction. Although both models were derived from mammary
carcinomas, they were selected largely for their capacity to gener-
ate MDSC responses (27, 28). Here, we determined whether the
loss of IRF-8 expression was MDSC subset specific. Monocytic
(CD11b*Ly6Ch/*Ly6G-) or granulocytic (CD11b*Ly6ClLy6G*)
populations were purified through flow cytometry of the sple-
nocytes from tumor-bearing mice (of the two different mod-
els) or non-tumor-bearing control mice and then analyzed for
IRF-8 expression (Figure 1, A and B, and Supplemental Figure 1;
supplemental material available online with this article;
doi:10.1172/JC168189DS1).
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Figure 2

Irf8-deficient mice harbor MDSC-like cells.
(A) Ability of CD11b*Gr-1+ cells isolated
from WT or /rf8- mice to inhibit anti-CD3—
stimulated T cells at the indicated cell
densities (n = 3 determinations, *P < 0.02;
T cells plus anti-CD3 mAb control, aver-
age cpm, 127,151). (B) Ability of purified
CD11b*Gr-1+* cells from /rf8-- mice to sup-
press alloreactive (H-2° anti—H-29) T cell
proliferation relative to the control, incu-

-5~ WT recipient
—— I8 recipient

bated with CD11b*Gr-1+ cells from WT
mice. The CD11b*Gr-1+ cells matched the
haplotype of the responder T cells and
were tested at the indicated lymphocyte
to myeloid cell ratios. Proliferation in A and
B was measured through 3H-thymidine
uptake and is representative of 2 separate
experiments. (C) AT-3 tumor cells were
* co-mixed with or without CD11b*Gr-1+
cells derived from Irf8-- mice, and tumor
growth was recorded. The results rep-
resent the mean + SEM (n = 8 recipi-
ent mice/group pooled from 2 separate
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First, we confirmed that under non-tumor-bearing conditions,
granulocytic cells expressed lower levels of Irf8 compared with
monocytic cells (29). Second, we observed that monocytic and
granulocytic subsets from 4T1 tumor-bearing mice displayed
significantly lower levels of Irf8 compared with phenotypically
matched cells from control mice. Interestingly, the loss of Irf8
expression was greater in the granulocytic fraction compared with
the monocytic fraction (Figure 1A). Similar results were observed
using a second mammary tumor model (AT-3) in a different MHC
haplotype (H-2b) (Figure 1B). Collectively, these data demonstrate
that Irf8 levels are depressed in both murine MDSC subsets under
tumor-bearing conditions.

IRF-8 deficiency results in the accumulation of MDSC-like populations. To
determine a causal link between IRF-8 expression and MDSC devel-
opment, we first employed a loss-of-function approach using an
Irf8-null mouse model (Irf87). Irf87~ mice develop a hematopoietic
disorder characterized by a robust accumulation of myeloid popula-
tions, particularly those of the granulocytic lineage (20). An analysis
of H&E-stained whole spleen sections from Irf87~ mice (~6 months
of age) revealed increased extramedullary hematopoiesis (EMH)
compared with matched WT mice (Supplemental Figure 2A).

We hypothesized that if MDSCs are produced as a result of
tumor-induced IRF-8 downregulation, then IRF-8 loss caused
by other means should elicit myeloid populations that resemble
MDSCs. As expected, Irf87~ mice displayed significant splenomeg-
aly compared with matched WT controls (Figure 1C), primarily
reflecting the expansion of CD11b*Gr-1* myeloid cells (Figure 1C).
Further characterization of the CD11b*Gr-1" myeloid response
in Irf87~ mice revealed an approximately 7-fold expansion of the
granulocytic subset compared with the WT controls. In contrast,
the percentages of cells within the monocytic fraction were simi-
lar between the two genotypes (Figure 1, D and E). Although con-
verting these data to absolute counts showed significant increases
in the total numbers of each myeloid subset compared with the
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10 15 20 25  experiments; *P = 0.002). (D) AT-3 tumor

growth rate in WT versus Irf87-mice (n=5
recipient mice/group; P = 0.02).

WT controls, the rise in the granulocytic subset (~30-fold) still far
exceeded the rise in the monocytic subset (~4-fold) (Figure 1F).

Next, we adopted several functional and molecular assays to
determine whether CD11b*Gr-1 cells from Irf87~ mice displayed
MDSC characteristics. Purified CD11b*Gr-1* cells from Irf8/~
mice were examined for their ability to inhibit polyclonal (anti-
CD3 mAb)- or allogeneic-induced T cell proliferation (Figure 2).
The data indicated that CD11b*Gr-1* cells from Irf87~ mice
strongly inhibited T cell proliferation, compared with T cells
mixed with CD11b*Gr-1* cells from WT mice or T cells stimulated
with anti-CD3 mAb in the absence of CD11b*Gr-1* cells (average
cpm, 127,151) (Figure 2A). These data are also consistent with the
finding that myeloid cells from control mice, comprising the bulk
population or individual subsets, are not suppressive (1). Because
neither subset is suppressive, we concluded that the use of the
bulk population in this particular context was appropriate. Simi-
larly, CD11b*Gr-1" cells from Irf87~ mice also suppressed allore-
active T cell proliferation relative to the controls incubated with
CD11b*Gr-1* cells from WT mice (Figure 2B). Thus, the pattern/
magnitude of suppression observed with CD11b*Gr-1* cells from
Irf8~~ mice (Figure 2, A and B) versus those from tumor-bearing
mice (see additional data below) was similar.

CD11b*Gr-1* cells from Irf8/~ mice were examined for their
ability to enhance tumor growth using a myeloid-tumor adoptive
transfer approach. This proof-of-concept strategy provides a direct
method to determine the impact of the myeloid population on
tumor growth within the tumor microenvironment (13, 26, 28).
Here, CD11b*Gr-1* cells from Irf87~ mice were mixed with AT-3
tumor cells (reflecting the haplotype of the knockout mouse),
followed by the orthotopic implantation of the co-mixture into
syngeneic B6 recipients. We observed that CD11b*Gr-1* cells from
Irf8~~ mice significantly increased tumor growth (Figure 2C) in
a manner similar to that observed with cells from tumor-bearing
mice (ref. 26 and see additional data below), further supporting
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Figure 3

The gene expression profile of
CD11b*Gr-1hi cells from Irf8-/-
mice resembles that of tumor-
bearing mice. (A) Mouse whole-
genome microarray analysis using
purified splenic CD11b+Gr-1hi
cells from WT, Irf8/-, and AT-3
tumor—bearing mice. Three sets of
comparisons were made to obtain
differentially expressed genes
(>2-fold change; P < 0.01): Irf8--
(KO) versus WT; AT-3 versus WT;
and /rf8-- versus AT-3. (B) Hierar-
chical clustering of genes down-
(green) or upregulated (red) from
each sample (>2-fold change;
P < 0.01). Each group was set up
in biological duplicates. (C) As in
Figure 2C, except that AT-3 tumor

cells were co-mixed with the puri-
fied granulocytic fraction from
Irf8-- mice. Purified CD11b+Gr-1+
cells from WT mice were included
as a control. The results represent
the mean + SEM (n=8WT;n=7
Irf8-; *P = 0.005).

WT KO

the hypothesis for a causal link between IRF-8 expression and
MDSC biology. Notably, tumor growth was faster in Irf8/~ mice
compared with WT mice (Figure 2D), consistent with the notion
that IRF-8 deficiency supports a pro-tumor environment.

Global gene expression studies were performed to determine
whether the CD11b*Gr-1* cells from Irf87~ mice resembled those
from tumor-bearing mice more than those from the non-tumor-
bearing control mice (i.e., WT) at a molecular level. To this end, we
focused on the granulocytic population, as these cells represented
the predominant subset. The granulocytic phenotype is defined as
CD11b'Ly6G*Ly6Cl or CD11b*Gr-1M. Here, splenic CD11b*Gr-1"
cell populations from WT, AT-3 tumor-bearing, or Irf87~ mice were
purified in two independent experiments through flow cytometry
(>97% purity; Supplemental Figure 2B) and subjected to whole
genome expression profiling. The post-sort contour plots showed
a high degree of purity and phenotypic similarity between the
CD11b*Gr-1" cells recovered from WT and Irf8~~ mice. Differential
expression analysis of the microarray data revealed that the gene
expression patterns of cells from Irf87/~ mice resembled those of
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AT-3

tumor-bearing hosts more than those of the WT group (Figure 3).
Specifically, we identified 1,332 genes showing significant expres-
sion changes (i.e., >2-fold change, P < 0.01) in tumor-bearing ver-
sus WT mice. Similarly, we identified 1,229 significantly different
genes between and Irf87~ and WT mice. In contrast, only 479 genes
were differentially expressed between tumor-bearing and Irf8~/~
mice using the same significance criteria (Figure 3A).

Unbiased pathway gene set enrichment analysis (GSEA) revealed
a similar pattern. Among the 268 curated pathways analyzed, we
identified 57 pathways different between WT and tumor-bearing
mice, 42 pathways different between WT and Irf87~ mice and 18
pathways different between tumor bearing and Irf8~~ mice (Sup-
plemental Figure 2C). The identities of these pathways, in order
of statistical significance, are illustrated in Supplemental Tables
1-3. Hierarchical clustering based on the identified differentially
expressed genes showed that Irf87~ and tumor-bearing mice were
clustered into a group separate from that of the WT samples
(Figure 3B). Taken together, the results of the microarray gene
expression profiling analysis showed that CD11b*Gr-1" cells
Number 10 4467
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Figure 4

MDSC accumulation is diminished in /rf8-Tg mice. (A) Splenocyte counts (on the right y axis) from AT-3 tumor—bearing WT mice or /rf8-Tg mice
of the indicated founder line. The data are shown for mice with larger tumor volumes (>1,200 mm?) to illustrate the impact of /rf8 under the most
advanced tumor conditions. *P < 0.003. (B) Relationship between tumor size and splenocyte number for all mice, including those with smaller
tumor volumes (<1,200 mm?3) to generate a broader curve (Spearman r value = 0.59; *P = 0.008 for WT; not significant for either Tg line). Each
symbol represents a single mouse. (C) Quantification of CD11b*Gr-1+ cells from bone marrow of WT or Irf8-Tg mice with (TB) or without (NTB)
tumor growth (>1,200 mm?). (D) Representative contour plots of Ly6C and Ly6G expression on the CD11b-gated splenic fraction. (E) Upper panel:
quantification of splenic granulocytic and monocytic subsets using a gating strategy similar to that described in Supplemental Figure 1 (n = 4 mice
each; in the case the Tg group, 3 from line 370 and 1 from line 371). Lower panel: tumor sizes in individual mice. (F) Granulocytic (left y axis) and
monocytic (right y axis) MDSC subsets plotted in relation to their respective tumor sizes from E. *P < 0.04 for WT subsets; not significant for Tg
subsets. The data are reported as the mean + SEM for the number of mice or experiments shown.

from Irf8~~ mice resembled those of tumor-bearing mice consid-
erably more than those from the non-tumor-bearing control mice.
Myeloid-tumor adoptive transfer experiments confirmed that this
purified granulocytic fraction possessed pro-tumor activity, as
these cells enhanced the tumor growth rate relative to AT-3 cells
co-transferred with myeloid cells from WT mice (Figure 3C).
IRF-8 overexpression reduces MDSC accumulation. We used a gain-
of-function approach to further explore the causal relationship
between IRF-8 expression and MDSC development. To this end,
we generated an IRF-8-Tg mouse driven by the murine CD11b pro-
moter. We first compared basal Irf8 mRNA levels in purified CD11b*
myeloid cells among several founder mice against those of an Irf8-Tg
mouse model driven by the CMV promoter (CMV-IRF8 mice) (26).
Two founder lines (lines 370, 371) exhibited substantially higher
Irf8 levels compared with several other founder lines, and they were
comparable to those of CMV-IRF8 mice (Supplemental Figure 3A).
Further characterization of these two founder lines revealed that the
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Irf8 transgene did not alter steady-state hematological parameters
(Supplemental Figure 3, B-D, and Supplemental Table 4).

To determine whether IRF-8 modulation influenced MDSC devel-
opment, we first quantified the frequencies of MDSCs in the spleens
of Tgand WT cohorts harboring similar AT-3 tumor loads (Figure 4,
A and B). All Tg progeny were produced in a founder line-specific
manner, and the data represent the results from separate founder
lines (i.e., either 370 or 371 distinguished with different red sym-
bols). We observed that Irf8 overexpression significantly attenuated
splenomegaly in either founder line (Figure 4A and Supplemental
Figure 4A). We then evaluated changes in splenocyte number as a
function of tumor load (Figure 4B). In WT mice, increasing tumor
volume was accompanied by a significant increase in the number of
splenocytes. In contrast, the correlation between tumor size and sple-
nocyte number observed in WT mice was greatly reduced in Irf8-Tg
mice (in either founder line), indicating that IRF-8 expression mod-
ulated hematopoiesis under tumor-bearing conditions.

Volume 123

Number 10 October 2013



research article

A B (o]
0. P<0.02 S e P<002 Qe P<0.02
RS 26 ° 25
s 0 o ] [ A
25 o ° a7 4 by
- ) oo ]
0 < =X () -
(SN a) — 0 o — 0O
= O 1 QO L Lyb— 0O
[h O c T O ¢ 24
§';, 204 ) S w A
[ 5 g © g © +
* O o . . = o . . = . .
R S

WT Tg WT Tg WT Tg

D E F
NS
t 35- NS = 30~ 25000~ NS
S5 2 o W wr
S8 30 o <2 20000+ [
38 08 20 A
v AA Is g 150001
22 * 5% &
a8 ° 28 o 10000+ NS
O c - Q© o
5o o c 5000+
I A G 2
I2 © 15 T T g 8 0 v ' 0-
o
& wT Tg i wT Tg CD11b*Gr-1*  Nontumor-  AT-3 tumor-
° cells from:  bearing mice  bearing mice

Figure 5

Intratumoral MDSC accumulation is also diminished in /rf8-Tg mice. Flow analysis of the indicated myeloid populations from primary tumor tissue
of WT or Irf8-Tg mice at endpoint, as shown in Figure 4, A or C. Total live cells were first gated on the CD45+ leukocyte fraction. The gated CD45+
fraction was then plotted in relation to the myeloid markers shown in a manner similar to that in Supplemental Figure 1. The data are illustrated for
total MDSCs (A), MDSC subsets (B and C), macrophages (D), and total DCs (E). (F) Ability of CD11b*Gr-1+ cells from AT-3 tumor—bearing WT or
AT-3 tumor—bearing /rf8-Tg mice to suppress T cell proliferation in response to immobilized anti-CD3 mAb. T cells (1 x 105/well) and CD11b*Gr-1+
cells (5 x 10%/well) (n = 3 determinations; *P < 0.01; T cells + anti-CD3 mAb without any CD11b*Gr-1+ cells, 23,212 + 1,865).

Further analysis revealed significant reductions in the percent-
age of CD11b*Gr-1* cells from Irf8-Tg mice compared with the WT
controls, as measured in the spleen (Supplemental Figure 4, B and
C), bone marrow (albeit to a lesser extent) (Figure 4C), and tumor
site (see Figure 5). In tumor-draining lymph nodes, we observed that
the frequency of CD11b*Gr-1" cells was low (<2%), and there was no
observed difference from non-tumor-bearing control mice (data not
shown). Although it remains unclear why MDSCs did not signifi-
cantly accumulate in the draining lymph nodes, our data are consis-
tent with previous studies (30, 31). Detailed MDSC subset analysis
performed in the spleen showed a significant decrease in the per-
centage of granulocytic cells and a slight increase in monocytic cells
in Irf8-Tg mice compared with tumor sized-matched WT controls
(Figure 4, D and E, and Supplemental Figure 4D). Although con-
verting these data to absolute numbers revealed significant decreases
in the total numbers of each subset compared with the WT con-
trols, the largest decline was observed with the granulocytic subset
(~10-fold) compared with the monocytic subset (~4.5-fold) (Figure 4E).
Furthermore, as observed with total splenocytes (Figure 4B), the rela-
tionship between tumor size and MDSC subset frequency was signif-
icantly reduced in Irf8-Tg mice compared with WT mice (Figure 4F;
red versus black data points), indicating that IRF-8 indeed modu-
lated MDSC subset accumulation under tumor-bearing conditions.

In primary tumor tissue, CD11b*Gr-1* cells represented a sub-
stantial portion of the overall CD45* leukocyte population. Impor-
tantly, the extent of CD11b*Gr-1* cell accumulation was significantly
reduced in Irf8-Tg mice (Figure SA; gating strategy shown in Supple-
mental Figure 5), similar to what we observed systemically in the
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spleen and, to a lesser extent, the bone marrow (Figure 4C). And as
with the spleen, the decrease in MDSC load of tumor-bearing Irf8-Tg
mice was observed in the granulocytic subset (Figure 5B). Interesting-
ly, a small yet significant increase in the percentage of the monocytic
subset was observed (Figure 5C), similar to the pattern in the spleen
(Figure 4D). Because the tumor volumes at the time of these analyses
were comparable, the increase in the percentage of the tumor-infil-
trating monocytic subset is consistent with a concomitant increase
in the relative cell number. We also evaluated the impact of trans-
genic Irf8 expression on the frequencies of two other major tumor-
infiltrating myeloid populations, macrophages and DCs. In contrast
to the MDSC analysis, no significant differences were noted in the
percentages of intratumoral macrophages (CD11b*F4/80*Gr-1") or
total DCs [(CD11c"MHC class II* (I-AP)] (Figure S, D and E). Fur-
ther analyses of both MDSC subsets revealed a lack of MHC class II
expression (i.e., average [-A> MFI values for each MDSC subset were
less than 150, which was similar to the unstained samples). Together,
these data suggest that under these tumor-bearing conditions, IRF-8
expression selectively altered the frequency of MDSCs compared
with several other major myeloid subsets.

Interestingly, the tumor-induced CD11b*Gr-1* cells from Irf8-Tg
mice still blocked T cell proliferation (Figure SF), despite their
ability to maintain high Irf8 levels (data not shown, but see Sup-
plemental Figure 4E for expression patterns in single- versus dou-
ble-Tg MTAG mice). Nonetheless, these data demonstrated that
IRF-8 expression can significantly mitigate MDSC load systemi-
cally and in the tumor microenvironment, but not necessarily the
immunosuppressive behavior of the residual population.
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Influence of Irf8 enhancement on tumor growth during immunosurveillance orimmunotherapy. (A) Tumor growth rate of AT-3 cells in WT versus Irf8-Tg
mice (n =9 for WT and n = 10 for Tg line 370). (B) WT or Tg mice (line 370) were treated with either anti-Ly6G mAb or an isotype control after the
tumors became palpable. The data are representative of 2 experiments (n = 10 mice/group). *P = 0.009 for differences in tumor growth rate between
anti-Ly6G—treated /rf8-Tg mice versus all other cohorts. (C) As in B, except that the mice were treated with either anti-CTLA-4 mAb or an isotype
control. The data are representative of 2 separate experiments (n = 5 mice/group). *P < 0.04 for differences in tumor sizes between anti-CTLA-4—
treated and vehicle-treated /rf8-Tg mice at days 18, 21, 27, and 30; P < 0.05 at day 15. (D) Tumor growth rate of 4T1 cells in WT versus /rf8-Tg mice
(Tg line 370). (E) Spontaneous lung metastasis was quantified at endpoint tumor volumes for mice in D (n =12 WT; n = 14 Tg). (E) H&E-stained lung
tissues were used to quantify metastasis. (F) Representative H&E-stained lung images (left; original magnification, x20) and representative images
of anti-Gr-1 staining (1 of 3 mice tested), analyzed through IHC (right; original magnification, x400). The arrows indicate examples of discrete foci; Tu,
tumor; Pa, parenchyma. H&E analysis comfirmed myeloid morphology. (G) Quantification of IHC data in F, based on the average number of stained
cells per high-power field (x400) from 5 random sections of each slide. The data represent the mean + SEM of 3 mice per group.

Combinatorial strategies enbance antitumor activity. Thus far, our With regard to cell depletion, we employed a mAb-based approach

data demonstrate an inverse causal relationship between IRF-8
expression and the accumulation of MDSCs. However, no signifi-
cant impact was observed in tumor growth rate (Figure 6A). These
data suggested the following two hypotheses: (a) the remaining
MDSCs were still sufficient to impede host immunosurveillance;
and/or (b) alterations in MDSCs alone were insufficient to enable
direct antitumor effects but might predispose the host to increased
susceptibility to immunotherapy. To test and distinguish between
these two possibilities, we took advantage of two distinct biologi-
cal strategies: cell depletion and immune stimulation.
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to deplete Ly6G* MDSCs after AT-3 tumor implantation (32), as
this subset constituted a larger proportion of the remaining MDSCs
(Figure 4, D and E, and Supplemental Figure 4D). We postulated
thatanti-Ly6G mAD in concert with IRF-8 enhancement would have
a greater antitumor effect in I7f8-Tg mice compared with WT mice,
as fewer MDSCs would have to be depleted to relieve suppression.
Our results indicated that treatment of Irf8-Tg mice with anti-Ly6G
mAD significantly reduced the tumor growth rate compared with
treatment with the isotype control (Figure 6B). Under these experi-
mental conditions, we observed no appreciable antitumor effect in
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Irf8 enhancement slows autochthonous tumor growth. (A) Tumor growth rate in double-Tg versus single-Tg mice, as determined after tracking the
single largest tumor. Each symbol denotes a tumor measurement in a single mouse over time (n = 13 mice each; all /rf8-Tg mice from line 370).
(B) Kaplan-Meier plot of the data in A, based on time to progression to approximately 50% of maximal tumor growth as a surrogate endpoint. (C)
Each data point represents flow analysis of the indicated myeloid subset from single-Tg or double-Tg mice at endpoint. (D) Myeloid/tumor admix-
ture experiments, as in Figure 2. AT-3 cells were mixed with splenic CD11b*Gr-1+ cells recovered from single-Tg, double-Tg, or non-tumor-bearing
mice (WT), and tumor growth was recorded. The cells from single-Tg mice, but not those of double-Tg mice, showed a significant (*P < 0.001)
increase in the AT-3 tumor growth rate relative to cells from WT mice (n = 5 mice/group; one of 2 separate experiments). The data are expressed
as the mean + SEM for the indicated number of mice. (E) Quantification of lung metastasis using histology (termed cohort 1) or CD11b*Gr-1+* cell
frequency using flow cytometry analysis of total lung digests (termed cohort 2) from single-Tg or double-Tg mice. NTB, non-tumor-bearing WT
mice. Both cohorts were matched based on age and primary tumor burden, as indicated in Results. (F) Representative H&E-stained images of
metastatic foci in MTAG mice (upper left, original magnification, x40; upper right, original magnification, x100) and flow plots of CD11b*Gr-1+ cell

populations (bottom panel).

WT mice treated with the anti-Ly6G mAb. With regard to the sec-
ond approach (i.e,, immune stimulation), we tested anti-CTLA-4
mADb as an immunotherapy agent, in part because of the well-docu-
mented ability of this antibody to boost antitumor responses under
certain preclinical and clinical settings (33). Here, we observed that
CTLA-4 blockade significantly inhibited tumor growth at multiple
time points in I7f8-Tg mice, but not in the WT controls.

As in the AT-3 model, the growth rate of the 4T1 primary tumor
was unaltered in Irf8-Tg mice (Figure 6, A versus D). However, in
contrast to AT-3, 4T1 tumors metastasize to the lungs, even when
the primary tumor remains intact. Therefore, we examined whether
transgenic Irf8 expression influenced the extent of lung metasta-
sis at the experimental endpoint tumor measurement. The lungs
were removed, and the degree of metastatic burden was histologi-
cally quantified in a blinded fashion. Our findings demonstrated
that the extent of metastatic disease was significantly lower in
Irf8-Tg mice compared with the WT controls, as determined after
counting total lung nodules (Figure 6, E and F) or estimating the
percentage of lung tissue occupied by cancer (WT: 8.4% = 3%; Tg:
2.9% + 0.5%; P = 0.016). Moreover, the reduction in lung metas-
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tasis was accompanied by a significant reduction in the presence
of Gr-1-expressing myeloid populations, as determined through
immunohistochemistry (IHC) (Figure 6, F and G). Thus, our data
suggest that enhancement of IRF-8 is bioactive and effective against
tumor growth under certain circumstances of immune surveillance
(i.e., metastasis) or immunotherapy (i.e., combination strategies
that further reduce MDSCs or activate host immune responses).
IRF-8 enhancement reduces autochthonous tumor growth rate. Next,
we examined the impact of IRF-8 enhancement in a mouse tumor
model of autochthonous tumor development and progression,
termed MTAG. MTAG mice develop multifocal mammary tumors
as a result of tissue-specific transgene expression of the polyomavirus
middle T antigen (34). Moreover, the vast majority of MTAG mice
eventually develop lung metastasis (26, 34). We previously showed
that MTAG mice develop MDSCs and that MDSC burden is propor-
tional to tumor load (26). To determine the impact of IRF-8 expres-
sion on MDSC accumulation and tumor growth, we bred MTAG
mice with CD11b-IRF8 mice to generate single-Tg mice (MTAG) and
double-Tg mice (MTAG expressing the Irf8 transgene). In these stud-
ies, we randomly chose founder line 370 for breeding. Interestingly,
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to absolute cell counts (*P < 0.02; NS, not significant).

the tumor growth rate under autochthonous conditions was sig-
nificantly reduced in double-Tg compared with single-Tg mice. This
pattern was observed after recording the growth of the largest single
tumor or monitoring its “time to progression” to approximately
1,000 mm?, a surrogate endpoint reflecting approximately 50% of
the maximal limit (Figure 7, A and B). We observed that double-Tg
mice took approximately 2 weeks longer to achieve this burden com-
pared with single-Tg mice, suggesting a delay in the onset of tumor
growth. Similar patterns were observed after summing the growth of
all measurable tumors at each time point (data not shown).

At endpoint, we evaluated three additional parameters of IRF-8
bioactivity: (a) impact on the frequencies of the CD11b*Gr-1* cells
compared with two other CD11b* myeloid subsets, myeloid DCs
and macrophages, as in Figure 5; (b) impact on MDSC function;
and (c) impact on metastasis. Indeed, we observed that double-
Tg mice harbored a significantly lower frequency of CD11b*Gr-1*
cells compared with single-Tg mice (Figure 7C). In contrast, no
significant differences in the percentages of myeloid DCs or mac-
rophages were observed (Figure 7C and Supplemental Figure 4F),
similar to what we observed in tumor-infiltrating myeloid popula-
tions of the AT-3 model (Figure 5). These data suggest that under
these autochthonous tumor-bearing conditions, transgenic Irf8
expression selectively altered the frequency of MDSCs compared
with two other major myeloid populations. These relationships are
further explored in Figure 8.

With regard to MDSC function, we performed in vivo admix
experiments instead of suppression assays, as our earlier data
revealed that IRF-8 modulation did not affect the immune sup-
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pressive behavior of MDSCs. Interestingly, we observed that while
CD11b*Gr-1" cells from single-Tg mice enhanced tumor growth
rate, the cells from double-Tg mice showed no effect (Figure 7D).
Together, these results indicate that under autochthonous neoplas-
tic conditions, myeloid IRF-8 levels can modulate primary tumor
growth rate, accompanied by alterations in MDSC numbers and/or
certain MDSC functional properties. These observations also
strengthen the notion that autochthonous tumor growth operates
under a host-tumor dynamic somewhat different from that under
implantable conditions (“chronic” versus “acute”), likely impact-
ing how the immune response is ultimately shaped. Notably,
CD11b*Gr-1* cells from double-Tg mice maintained high Irf8 lev-
els compared with the non-tumor-bearing WT or Irf8-Tg controls
(Supplemental Figure 4E). In contrast, I7f8 levels were significantly
reduced in single-Tg mice compared with the WT controls.
Because MTAG mice can develop lung metastasis, we examined
whether IRF-8 expression also influenced the extent of disease
in the lungs at endpoint tumor measurements. Furthermore,
we extended this analysis to characterize the frequency of lung-
derived CD11b*Gr-1" cells using flow cytometry analysis of total
lung digests. However, as we wanted to use the entire lung tissue
for each read-out, we established two groups of mice: one group
for histological assessment of lung metastasis (i.e., cohort 1)
and a second group (i.e., cohort 2) for CD11b*Gr-1* cell quan-
tification (Figure 7, E and F). Both groups were matched based
on age (range 132-138 days) and primary tumor burden (range
1,580-2,300 mm?) at endpoint. Similar to what we observed in
the 4T1 model, double-Tg mice displayed a significant decrease
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in the number of lung metastasis compared with single-Tg mice
(cohort 1; left axis of Figure 7E). Moreover, the decline in metas-
tasis was accompanied by a significant reduction in the frequency
of CD11b*Gr-1* cells within the lung tumor microenvironment
(cohort 2; right axis of Figure 7E), approaching the levels observed
in the non-tumor-bearing controls. Figure 7F shows representative
images of metastatic foci in the MTAG model and contour plots of
the CD11b*Gr-1* cell populations.

To further test the hypothesis that IRF-8 selectively impacts
MDSC accumulation, we evaluated changes in the frequencies of
splenic CD11b*Gr-1* cells, myeloid DCs, macrophages, T cells, and
B cells as functions of tumor load (Figure 8). As the slope of the
line shows, increasing tumor volume in single-Tg mice was accom-
panied by a significant increase in the percentage of CD11b*Gr-1*
cells (Figure 8A). In contrast, in double-Tg mice, the slope of the
line remained virtually unchanged, despite increases in tumor
load, indicating that IRF-8 was able to modulate the accumulation
of CD11b*Gr-1* cells under tumor-bearing conditions. Different
patterns, however, were observed with myeloid DCs, macrophages,
total CD3* T cells (Figure 8, B-D), and NK cells (data not shown).
Here, the slope of the lines for both genotypes paralleled each
other and generally declined with increasing tumor burden. An
exception was observed with B cells, although the increase in dou-
ble-Tg mice was not significantly associated with increasing tumor
load (Figure 8E). In addition, there were no significant differences
in the percentages of these leukocyte subsets between non-tumor-
bearing WT and Irf8-Tg mice (Supplemental Figure 3D). Thus, the
impact of IRF-8 expression on tumor-induced myelopoiesis selec-
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tively targeted the CD11b*Gr-1* population. The decline in other
leukocyte subsets largely reflected the disproportionate increase
in the frequency of CD11b*Gr-1* cells, a finding common in the
MDSC field (1, 2). Analysis of total cell counts confirmed signifi-
cant differences between genotypes for CD11b*Gr-1" cells but not,
for example, T and B cells (Figure 8F).

Myelopoietic growth factors downregulate Irf8 expression. After estab-
lishing that IRF-8 plays an integral role in MDSC development, we
next investigated the potential mechanisms underlying IRF-8 reg-
ulation. Because MDSC development can be initiated by various
STAT3- or STATS-activating TDFs, namely G-CSF and GM-CSF
(1,12-18,28), in vitro or in vivo, we hypothesized that these signal-
ing events converge at the level of Irf8 transcription. To test this
hypothesis, we first analyzed the effects of recombinant G-CSF
treatment on Irf8 levels in vitro and in vivo. Exposure of bone mar-
row-derived CD11b*Gr-1* cells to G-CSF in vitro significantly
reduced Irf8 levels as early as 2 hours after treatment relative to
the untreated (media) control (Figure 9A). Although Irf8 levels in
the controls declined somewhat over time, the Irf8 levels in the
G-CSF-treated samples remained significantly lower compared
with the time point-matched controls.

To demonstrate a role for STAT3 in G-CSF-induced IRF-8 down-
regulation, we repeated the experiments in the absence or presence
FLLL32, arecently characterized JAK2/STAT3 inhibitor (35). Indeed,
FLLL32 blocked the ability of G-CSF to alter Irf8 expression, thereby
implicating IRF-8 as a downstream target of the STAT3 pathway
(Figure 9B). Interestingly, FLLL32 treatment alone increased Irf8
expression, implicating a basal level of STAT3 activity. Prior con-
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Relationship between MDSC frequency and IRF-8 expression. (A) The percentage of CD33*HLA-DR- cells in the peripheral blood of stage Il1/IV
breast cancer patients and matched healthy controls was determined using multicolor flow cytometry. (B) Quantification of the IRF-8 levels in A,
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free survival (E) or overall survival (F) of all patients stratified into 2 MDSC cohorts based on the MDSC load. The median was used to define

high (n = 14) versus low (n = 16) patient subgroups.

trol experiments in a myeloid cell line model (KG1a; a constitu-
tively active STAT?3 variant of KG1) revealed the ability of FLLL32
to inhibit STAT3 phosphorylation in a dose-dependent manner
relative to total STAT3 or B-actin (Supplemental Figure 6A). We
then evaluated Irf8 levels in mice after G-CSF treatment in vivo to
complement our recent study showing that purified CD11b*Gr-1*
myeloid cells from G-CSF-treated mice strongly resemble tumor-
induced MDSCs at phenotypic, functional, and gene expression
levels (28). Here, we observed that the Irf8 levels in both monocytic
and granulocytic subsets were significantly diminished in G-CSF-
treated mice compared with the vehicle-treated controls (Figure 9C),
a pattern similar to that observed in tumor-bearing mice (Figure 1).
Thus, the loss of Irf8 expression in CD11b*Gr-1* cells of both tumor-
bearing and G-CSF-treated mice occurred in both myeloid subsets,
implicating STAT3-activating cytokines, such as G-CSF, as relevant
players in IRF-8 downregulation.

We expanded this analysis to GM-CSF treatment in vitro, and
as with G-CSF, we observed a significant decrease in Irf8 expres-
sion (Figure 9D). To determine whether the GM-CSF-induced
Irf8 downregulation was STATS dependent, we repeated these
experiments in the absence or presence pimozide, a newly identi-
fied STATS inhibitor (36). We observed that pimozide treatment
prevented Irf8 downregulation in response to GM-CSF exposure,
implicating STATS as a potential negative regulator of IRF-8
expression (Figure 9E). Prior control experiments in K562 cells,
a STATS constitutively active cell line model, indicated the ability
of pimozide to block STATS phosphorylation (Supplemental Fig-
ure 6B). Similar to what we found, Esashi et al. (37) reported that
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activation of STATS by GM-CSF represses Irf8 transcription in a
mouse dendritic cell system.

Because G-CSF and GM-CSF preferentially activate STAT3 and
STATS, respectively (38, 39), we next examined whether these STATs
directly bind to elements of the Irf8 promoter using the macrophage
cell line model J774.2, treated with or without cytokines (Figure 9F).
Based on an in silico analysis of the murine Irf8 promoter (40),
the PCR step of the ChIP assay was performed using primer pairs
encompassing putative STAT3 or STATS binding elements (ref. 41
and see Supplemental Data for details regarding the location of
these sites). In untreated cells, a weak but specific Irf8 signal was
detected following IP with the STAT3 Ab, suggesting a low level of
basal STAT3 activity. Importantly, a strong Irf8 band was detected
in G-CSF-treated cells following IP with ChIP-certified STAT3 Ab,
butnot with the STATS Ab (Figure 9F), indicating that STAT3 is the
preferential mediator between G-CSF signaling and Irf8 promoter
engagement. Furthermore, IP with the isotype-matched Ab revealed
only a weak, nonspecific signal evident at the incorrect product size
(Figure 9F). Similarly, in GM-CSF-treated cells, we detected a strong
Irf8 band following IP with the STATS Ab, but not the isotype-
matched Ab (Figure 9F). Collectively, these data suggest that myelo-
poietic growth factors associated with MDSC development, such as
G-CSF or GM-CSF, downregulate Irf8 transcription via previously
undefined STAT3- or STATS5-dependent mechanisms.

IRF-8 levels are depressed in MDSCs of breast cancer patients. Although
monocytic (CD33*CD14*CD15-HLA-DR") and granulocytic
(CD33*CD14 CD1S5*HLA-DR") MDSC subsets have been described
in humans, it has been suggested that both subsets originate
Number 10
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from a common lineage-negative progenitor population, termed
CD33*CD14-CD15-HLA-DR- (6-11). Because this MDSC-like pro-
genitor precedes bifurcation into lineage-defined subsets and is
commonly observed in the peripheral blood of patients with breast
cancer and other solid tumor types, we investigated the relation-
ship between IRF-8 status and MDSC frequency in this popula-
tion. First, we retrospectively analyzed the banked peripheral blood
leukocytes of breast cancer patients with advanced disease (stage
III/IV) for the presence of this common MDSC subset (6-8, 10, 11)
relative to healthy controls. We reasoned that this comparison,
based on sampling sources of cells from contrasting ends of the
health spectrum, was appropriate to determine the impact of dis-
ease on the frequency of MDSCs and their IRF-8 status. Patient
characteristics are shown in Supplemental Table 5.

Because patient materials were limiting, we developed a multi-
color, flow-based assay to quantify intracellular IRF-8 levels in the
gated population. To optimize the IRF-8 staining step of the assay,
however, we initially used THP-1 cells, a myeloid cell line model
that constitutively expresses high levels of IRF-8. Furthermore, in
these pilot experiments, IRF-8 expression was analyzed using Image
Stream instrumentation, which distinguishes Ab localization in
the nucleus versus the cytoplasm. To validate specificity, we modi-
fied the assay to impede Ab binding to its target using peptide com-
petition. In this case, we preincubated THP-1 cells with the IRF-8
peptide sequence, reflecting the immunogen used to generate the
original Ab. Our data indicated that IRF-8 strongly stained THP-1
cells and staining was strongly localized to the nucleus (Supple-
mental Figure 6C), determined according to the similarity score,
a measure of the coincidence of IRF-8 localization with a nuclear
dye (DAPI). Specificity of staining was validated through peptide
competition, which greatly attenuated the similarity score.

We subsequently analyzed the patient samples, which were batch
tested using flow cytometry (see gating strategy in Supplemental Fig-
ure 7). Consistent with previous reports (6-10), we observed a signifi-
cant increase in the percentage of this MDSC subset compared with
female age- and race-matched controls (Figure 10A). Surprisingly,
no significant difference in IRF-8 expression was observed between
healthy donors and patients (Figure 10B). However, when the patient
IRF-8 data were plotted versus the corresponding cell percentages, we
observed a strong negative correlation between these two parameters
(with or without the highest MDSC value). In contrast, no inverse
correlation was observed with the controls (Figure 10, C and D).
Indeed, these latter data showed a trend toward a positive correlation,
suggesting that the inverse relationship between MDSC frequency
and IRF-8 status is disease dependent. To determine whether MDSC
presence conveyed clinical significance, we stratified the patient
MDSC population into high and low fractions in a manner similar
to that employed for intratumoral macrophage or T cell quantifica-
tion (42, 43). These data were plotted in relation to progression-free
or overall survival (Figure 10, E and F). Interestingly, we observed
statistically significant inverse correlations between MDSC levels
and progression-free or overall survival, reinforcing the notion that
MDSC levels have prognostic merit. Collectively, these data support
the hypothesis that MDSC frequency is IRF-8 dependent and that
higher MDSC frequencies coincide with poorer patient outcomes.

Discussion

Here, we provide the first evidence of a critical role for IRF-8
expression in the transcriptional control of MDSC subset devel-
opment. We also observed an inverse relationship between IRF-8
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levels and MDSC frequency in patients with breast cancer, but
not healthy controls, and that elevated MDSC frequencies coin-
cided with a poorer prognosis. While these results reflect a limited
number of patients, the findings are consistent with our mouse
studies. These data also strengthen the hypothesis that IRF-8
downregulation can occur through STAT3- or STATS-dependent
mechanisms. Taken together, these findings provide new insights
into potential therapeutic options that target MDSC-driven tran-
scriptional pathways.

Studies have long revealed an essential role for IRF-8 in regulating
myelopoiesis (20-25). This seminal finding was made in Irf8~~ mice,
which exhibit a myeloproliferative phenotype consisting predomi-
nantly of granulocytic cells and, to a lesser extent, macrophages,
reflecting diverse stages of myelopoiesis (20, 21). The observation
that MDSC accumulation is a manifestation of aberrant myelopoi-
esis, coupled with the observation that IRF-8 deficiency profoundly
impairs myeloid differentiation, established a rationale to test the
hypothesis that MDSCs arise as a consequence of tumor-induced
IRF-8 downregulation. Loss-of-function studies using Irf87~ mice
revealed that resident myeloid populations resembled tumor-
induced MDSCs at phenotypic, functional, and molecular levels.
These data also provided evidence for a previously undescribed
consequence of IRF-8 deficiency. For the molecular analyses, we
focused on the granulocytic fraction, as these cells represented
the predominant subset present in both I7f87~ and tumor-bearing
mice. While the gene expression profiles were similar between both
groups of cells, they were not identical, consistent with the notion
that MDSCs arise via IRF-8-dependent and -independent mecha-
nisms. Whether the monocytic fraction of Irf8~7~ mice is similar to
monocytic MDSCs remains to be explored in detail.

Conversely, we showed that IRF-8 overexpression attenuated
tumor-induced MDSC development in both implantable and
autochthonous mouse tumor models. An analysis of the MDSC
subsets revealed that transgenic IRF-8 expression reduced the num-
bers of both granulocytic and monocytic subsets. However, the mag-
nitude of the contraction was greater with the former than with the
latter subset, consistent with the observation that IRF-8 deficiency
in null mice conversely favors granulocytic expansion (20). In addi-
tion to the effects on cell numbers, we showed that MDSCs derived
from tumor-bearing IRF-8-Tg mice were less pro-tumorigenic in
vivo compared with those from tumor-bearing WT mice.

Unexpectedly, IRF-8 enhancement did not lessen MDSC-medi-
ated immunosuppression, whereas IRF-8 deficiency effectively
elicited immunosuppressive MDSC-like populations. Although it
remains unclear why IRF-8 enhancement did not alter the immune
suppressive behavior of the remaining MDSC fraction, it is pos-
sible that the magnitude of IRF-8 enhancement in this transgenic
model remained below the functional threshold required to ame-
liorate all MDSC characteristics. In contrast, IRF-8 expression in
Irf8/~ mice is completely compromised, likely rendering a more
profound impact on myeloid function. Nonetheless, the decrease
in MDSC numbers was accompanied by improved tumor growth
control under autochthonous conditions, spontaneous metastasis,
or implantable conditions when combined with an additional anti-
MDSC strategy or an immunotherapy. These data are consistent
with other studies showing that immune-based therapies mediate
stronger antitumor effects when combined with strategies that
eliminate MDSCs or inhibit their pro-tumor behavior (44-47).

Notably, IRF-8 overexpression was targeted to CD11b" cells,
which reduced the likelihood of “off-target” cellular effects com-
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pared with the use of a more ubiquitous CMV promoter. We used
the CD11b promoter to drive IRF-8 expression for at least two
major reasons: (a) CD11b expression is common to the broad
MDSC population (1); and (b) to our knowledge, no MDSC-spe-
cific marker has been reported for use as a promoter. Despite the
additional advantages of the CD11b promoter over the CMV pro-
moter, the CD11b marker can also be expressed in macrophages,
NK cells, and myeloid DCs. However, our data showed that IRF-8
did not alter the frequency of other leukocyte subsets, either sys-
temically or intratumorally, supporting the hypothesis that IRF-8
selectively modulates the dynamics of the CD11b*Gr-1* response.
Although IRF-8 did not modulate the numbers of macrophages
or various DC subsets, these data do not necessarily preclude the
possibility that IRF-8 levels influence the functionality of these
cells. Thus, this hypothesis requires further detailed investigation.

Moreover, we sought to identify the mechanisms underly-
ing IRF-8 downregulation. Based on the knowledge that G-CSF
and GM-CSF are relevant MDSC-inducing TDFs (1, 12-18, 28)
that preferentially signal through STAT3 or STATS (38, 39), we
hypothesized that IRF-8 is a downstream target (direct or indirect)
of STAT-based mechanisms. Indeed, our findings indicated that
treatment of bone marrow-derived CD11b*Gr-1* cells with G-CSF
or GM-CSF invitro led to a rapid decline in IRF-8 levels. Additional
experiments showed that G-CSF treatment in vivo decreased IRF-8
levels in both granulocytic and monocytic subsets. The results of
pharmacological studies supported a causal role for STAT3 or
STATS signaling in cytokine-induced IRF-8 downregulation, while
ChIP assays illustrated direct binding interactions between STAT3
or STATS protein and elements of the IRF-8 promoter. In addition
to IRF-8, the S1I00A9 protein (48) or the CCAAT/enhancer-bind-
ing protein-f (C/EBPf) (49) have recently been identified as down-
stream targets of STAT3 signaling, although their relationship
with each other or with IRF-8 has not been studied in detail. None-
theless, it is unlikely that C/EBP is a direct repressor of IRF-8,
as IRF-8 transcription/expression in C/EBPB-knockout mice
remains unimpaired (50). One possibility, however, is that these
proteins (as well as other yet unidentified transcription factors) are
regulated independently through a common STAT3-based mecha-
nism, and that each protein, in turn, might act at discrete stages in
monocytic and/or granulocytic MDSC differentiation.

Taken together, the results of the present study have provided
new insights into the transcriptional control of MDSC biology,
namely (a) the identification of IRF-8 as a transcriptional regula-
tor of MDSC subset development, which offers a novel explana-
tion for the predominance of the granulocytic over the monocytic
subset; (b) the conceptual value of IRF-8 enhancement to ame-
liorate granulocytic MDSC accumulation, which has potential
therapeutic implications; and (c) MDSC-inducing factors that act
through STAT3 or STATS pathways that converge at the level of
IRF-8 transcription, thereby providing a mechanistic underpin-
ning for the importance of such STATs in MDSC biology. Future
studies, however, are warranted to identify events downstream of
IRF-8 that positively or negatively regulate myeloid differentia-
tion. Indeed, our microarray data reveal a significant downregula-
tion of activators of myeloid differentiation (e.g., Egrl, Egr2, and
RARa), and the upregulation of repressors of myeloid differen-
tiation (e.g., NAB2), common to cells of both Irf8~~ and tumor-
bearing hosts. While further studies are required to examine these
events, this study revealed a previously undescribed role for IRF-8
in myeloid-tumor biology.
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Methods
Mice. Female BALB/c and C57BL/6 (B6) mice, 6-8 weeks of age, were
obtained from the NCI-Frederick Cancer Research Animal Facility. The pro-
cedures for developing and genotyping CD11b-Irf8-Tg and MTAG-Irf8-Tg
(double-Tg) mice are detailed in the Supplemental Data. Irf87~ mice on
a B6 background (20) were a gift of K. Ozato (NIH, Bethesda, Maryland,
USA). The MTAG (MMTV-PyMT) Tg mouse (34) on a B6 background was
a gift of S. Gendler (Mayo Clinic, Scottsdale, Arizona, USA). WT littermates
were used as controls.

Patient samples. Clinical data and samples were obtained from breast can-
cer patients (all with invasive ductal carcinoma, stage III/IV; see Supple-
mental Table 5) at diagnosis, and all patients provided informed consent to
the Data Bank and Biorepository (DBBR) at RPCI, as previously described
(51), via a de-identified IRB-approved protocol. The blood samples were
processed within 1 hour to collect buffy coats, which were then stored in
liquid nitrogen. A total of 30 breast cancer patients were analyzed com-
pared with female age- and race-matched healthy donor samples stored
under the same conditions.

Tumor growth studies. The AT-3 tumor cell line was established from a
primary mammary gland carcinoma of MTAG mice (26). The J774.2 mac-
rophage cell line and 4T1 mammary carcinoma cells (52) were obtained
from Sigma-Aldrich and ATCC, respectively. AT-3 and 4T1 tumor cells
were implanted orthotopically (5 x 10% and 5 x 10 cells, respectively) into
a single mammary gland. For the myeloid/tumor admix experiments,
2.5 x 105 splenic CD11b*Gr-1* cells were mixed with 5 x 105 AT-3 cells
and implanted orthotopically as previously described (26). Tumor growth
was measured 2-3 times weekly, and the volumes were calculated using
the formula (#? x [)/2. Although female MTAG mice can develop multiple
tumors, the mice were euthanized when any single tumor mass approached
2 cm in diameter or when signs of morbidity were observed. The volume
of the largest tumor was calculated over time, and the total tumor burden
reflecting the sum of all tumors was determined. In the anti-Ly6G studies,
when AT-3 tumors became palpable (~5-10 days after implantation), the
mice were injected i.p. with either 250 ug of anti-Ly6G mAb (clone IA8)
or rat IgG2a (clone 2A3), as previously described (32). The injections were
continued biweekly until differences in tumor growth between groups
showed significant separation. In the anti-CTLA-4 studies, the mice were
injected i.p. with either 100 ug of anti-CTLA-4 (clone 9H10) or hamster
IgG (polyclonal isotype control) when AT-3 tumors first became palpable.
A total of 3 injections were administered at 3-day intervals, as previously
described (26). All Abs used in vivo were purchased from BioXcell.

Isolation of myeloid subsets. CD11b* myeloid cells were isolated from
lymphoid tissues using double-column magnetic bead technology
(AutoMACS; Miltenyi Biotec) as previously described (28) or through flow
cytometry, as outlined below. In the case of the former approach, greater
than 90% of the CD11b* cells coexpressed Gr-1 (26).

Flow analyses. Cells were analyzed using a FACSCalibur flow cytometer
(BD). The data were analyzed using FCS Express software (De Novo Soft-
ware). Directly conjugated Abs (and isotype controls) included those reac-
tive with CD11b (BioLegend), Gr-1, Ly6C, Ly6G, F4/80, CD11c, CD3, CDA4,
CD8, B220 (CD45R), CD19, MHC class II (I-AY), or CD45.2 (BD Biosci-
ences). All preparations were preincubated with CD16/32 antibody (BD
Biosciences) to reduce Fc receptor binding. The FACSAria cell sorter was
used for aseptic sorting, and the data were analyzed using FACSDiva soft-
ware. The purified cells (>97%) were used for the indicated experiments.
Colocalization studies were performed using Image Stream Instrumenta-
tion (Amnis/EMD Millipore).

Human blood leukocyte samples were analyzed for CD33, HLA-DR (BD
Biosciences), and IRF-8 expression. The samples were first surface stained for
CD33 and HLA-DR, followed by intracellular staining for IRF-8 (C-19; Santa
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Cruz Biotechnology Inc.), as previously described (53). To control for nonspe-
cific IRF-8 staining, a matched sample was incubated with an IRF-8-blocking
peptide (Santa Cruz Biotechnology Inc.) for 2 hours prior to staining. Specific
IRF-8 reactivity was determined after correcting for the difference between
unblocked and blocked samples. Kolmogorov-Smirnov (KS) statistics, a non-
parametric test to measure the difference between two sample distributions,
generated D-value scores ranging from 0 (i.e., no difference) to 1 (i.e., maxi-
mum difference). All human samples were collected using an LSR Fortessa
(BD Biosciences) and statistically analyzed using WinList (Verity Software).

Phenorypic analyses of tumor-infiltrating myeloid populations. Tumor masses
were removed at the indicated time points and fragmented into smaller
pieces, followed by enzymatic digestion for 4-6 hours at room tempera-
ture using a sterile mixture consisting of collagenase type IA (1 mg/ml)
and hyaluronidase type V (0.1 mg/ml) (both from Sigma-Aldrich) to form
single-cell suspensions. After digestion, the cell suspensions were collected,
washed, and prepared for flow cytometry, as described above.

TImmune suppression assays. T cell populations (Thy1.2*) were isolated from
the spleens of naive mice using an AutoMACS system. Before culture, anti-
CD3 mAD (1 ug/well) was added to 96-well, flat-bottomed plates for over-
nightincubation at 4°C. T cells (5 x 10%/well) and syngeneic CD11b*Gr-1*
splenocytes were added at the indicated ratios from the different groups.
3H-thymidine (1 uCi/well) was dispensed during the final 18-24 hours of
a 72-hour culture period (28).

Molecular analyses. RNA was isolated using an RNeasy Mini kit (QIAGEN).
The ¢cDNA was synthesized using the iScript ¢cDNA synthesis kit
(Bio-Rad). The cDNA was then used for all gene expression studies,
as described in the Supplemental Data. All data were deposited in a
MIAME-compliant manner and are publically available in the GEO data-
base under accession #GSE39228.

ChIP assay.]774.2 cells (5 x 10%/sample) were treated with vehicle, recom-
binant G-CSF, or GM-CSF (each at 50 ng/ml; Peprotech) for 1 hour at
37°C. The cytokine concentrations were consistent with those used in
other studies concerning myeloid cell biology (39, 54). Chromatin was pre-
pared using the EZ ChIP kit (Millipore) according to the manufacturer’s
instructions. Protein-bound chromatin was immunoprecipitated using
either rabbit IgG (Cell Signaling Technology), ChIP-certified STAT3 Ab
(C-20X; Santa Cruz Biotechnology Inc.), or phospho-STATS Ab (Tyr694,
Cell Signaling Technology). PCR analysis of the purified chromatin was
conducted as described in the Supplemental Data.

Histology. Four-micrometer sections were cut from formalin-fixed, par-
affin-embedded lung tissues of tumor-bearing WT or IRF-8-Tg mice, as
indicated in Results. The specimens were stained with H&E for histology
or prepared for immunohistochemistry using purified rat anti-mouse
Gr-1 Ab (clone RB6-8CS5; 1:100 dilution, BioLegend). The sections were
first deparaffinized and rehydrated. No pretreatment for antigen retrieval
was required. Endogenous peroxidase was quenched with aqueous 3%
hydrogen peroxide. The specimens were incubated for 60 minutes with the
primary Ab (or rat IgG2b isotype control; Invitrogen), rinsed, and stained
with an appropriate secondary Ab (biotinylated goat anti-rat IgG, 1:500
dilution; BD Biosciences — Pharmingen). Elite ABC kits were used for the
blocking, secondary Ab, and immunoperoxidase steps according to the
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manufacturer’s instructions (Vector Laboratories). Color was developed
after incubation with 3'3-diaminobenzidine, followed by counterstaining
with hematoxylin. The positive cells were quantified in a blinded manner
by averaging the number of cells counted in 5 random fields, reflecting
regions of similar cell densities under high power (x40).

Statistics. Pairwise comparisons of the mean measurements between
groups were analyzed using 2-sided unpaired ¢ tests or exact 2-sided Wil-
coxon rank-sum tests. Linear mixed model methods were used to assess
the effect of IRF-8 expression (i.e., transgenic IRF-8 versus non-transgenic
IRF-8 expression) on tumor growth rate. The tumor size measurements
were modeled as a function of a random mouse effect, and fixed effects
for an IRF-8 exposure indicator, mouse age at the time of measurement,
and the interaction. The age and tumor size measurements were log-trans-
formed to satisfy linearity and distributional assumptions. The statistical
significance of the IRF-8 effect on the tumor growth rate was determined
by the P value of the interaction term. The survival outcomes were deter-
mined using log-rank tests. Modeling was performed using SAS version
9.3. In all figures where error bars are shown, the data are recorded as the
mean + SEM of the indicated number of mice or biological replicates.
Pvalues less than 0.05 were considered statistically significant.

Study approval. All studies performed on mice were approved by the
Institutional Animal Care and Use Committee (under protocol 1117M)
of the Roswell Park Cancer Institute, and all studies performed on
archived human specimens were approved through our IRB (under pro-
tocol NHR 008510) in accordance with NIH and Public Health Service
policies. Informed consent was not required for the experiments per-
formed in this study, as this research fulfilled the criteria as de-identified,
non-human subject research.
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