The Journal of Experimental Medicine

CORRESPONDENCE
Weiping Zou:
wzou@umich.edu

Abbreviations used: cpm, counts
per minute; iNOS, inducible
nitric oxide synthase; MDC,
myeloid dendritic cell; SDE
stromal-derived factor; TAA,
tumor-associated antigen; T reg
cell, T regulatory cell; VEGE
vascular endothelial growth
factor.

JEM © The Rockefeller University Press
Vol. 203, No. 4, April 17,2006 871-881

ARTICLE

B7-H4 expression identifies a novel
suppressive macrophage population in human

ovarian carcinoma

Ilona Kryczek,"? Linhua Zou,!? Paulo Rodriguez,’ Gefeng Zhu,*
Shuang Wei,!-?> Peter Mottram,?> Michael Brumlik,? Pui Cheng,?
Tyler Curiel,? Leann Myers,? Andrew Lackner,? Xavier Alvarez,?
Augusto Ochoa,’ Lieping Chen,* and Weiping Zou!-

Department of Surgery, University of Michigan, Ann Arbor, MI 48109

ZTulane University Health Sciences Center, New Orleans, LA 70112

3Louisianna State University Health Sciences Center, New Orleans, LA 70112
“Department of Dermatology, Sidney Kimmel Comprehensive Cancer Center, The Johns Hopkins University,

Baltimore, MD 21287

Tumor-associated macrophages are a prominent component of ovarian cancer stroma and
contribute to tumor progression. B7-H4 is a recently identified B7 family molecule. We
show that primary ovarian tumor cells express intracellular B7-H4, whereas a fraction of
tumor macrophages expresses surface B7-H4. B7-H4+* tumor macrophages, but not primary
ovarian tumor cells, suppress tumor-associated antigen-specific T cell immunity. Blocking
B7-H4-, but not arginase-, inducible nitric oxide synthase or B7-H1 restored the T cell
stimulating capacity of the macrophages and contributes to tumor regression in vivo.
Interleukin (IL)-6 and IL-10 are found in high concentrations in the tumor microenviron-
ment. These cytokines stimulate macrophage B7-H4 expression. In contrast, granulocyte/
macrophage colony-stimulating factor and IL-4, which are limited in the tumor microenvi-
ronment, inhibit B7-H4 expression. Ectopic expression of B7-H4 makes normal macro-
phages suppressive. Thus, B7-H4* tumor macrophages constitute a novel suppressor cell
population in ovarian cancer. B7-H4 expression represents a critical checkpoint in deter-
mining host responses to dysfunctional cytokines in ovarian cancer. Blocking B7-H4 or
depleting B7-H4* tumor macrophages may represent novel strategies to enhance T cell

tumor immunity in cancer.

Tumor stroma is required for the survival,
growth, and progression of cancers. The major
components in tumor stroma are fibroblasts,
neovasculature, and tumor-associated macro-
phages. Stroma inhibits infiltration and ac-
tivation of tumor T cells (1-4). However, it
is poorly understood how each cellular com-
ponent in tumor stroma contributes to tumor
immunopathogenesis (5). Mouse tumor mac-
rophages are proposed to subvert tumor-spe-
cific immunity. However, the suppressive roles
and mechanisms are not well understood in the
immunopathogenesis of human cancers.
APCsare critical for initiating and maintain-
ing tumor-associated antigen (TAA)-specific
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T cell immunity. Tumor macrophages markedly
outnumber other APCs, such as DCs, and
represent an abundant population of APCs in
solid tumors (6-9). Strikingly, numerous studies
have investigated the phenotypes and functions
of DCs in tumor immunity (5, 10-18). Studies
in mice have also revealed that tumor macro-
phages promote tumor growth and metastasis by
directly acting on tumor cells (6-9). Immuno-
histochemical assessment of the number and
the distribution of tumor macrophages in hu-
man tumors has yielded scant, and often con-
tradictory, results regarding any potential role
in tumor pathogenesis (19-21). Thus, immune
functional data are essential for understanding
the roles and potential suppressive mechanisms
of human tumor environmental macrophages
in tumor immunopathogenesis.
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B7-H4 (B7x, B7S1), a recently discovered member of the
B7 family of T cell costimulatory molecules, is a negative
regulator of T cell responses in vitro by inhibiting T cell pro-
liferation, cell cycle progression, and cytokine production
(22-25). Antigen-specific T cell responses are impaired in
mice treated with a B7-H4Ig fusion protein (22). However,
the expression, regulation, and function of B7-H4 are virtu-
ally unknown in the context of human immunity.

We recently described several mechanisms in the human
ovarian cancer microenvironment that actively defeat tumor
immunity (5, 26, 27), including an immunopathologic role
for regulatory T cells (26—28). As tumor macrophages are far
more abundant than regulatory T cells in the highly dysfunc-
tional ovarian cancer microenvironment, we investigated the
possibility that B7-H4* tumor macrophages are a novel reg-
ulatory cell population in ovarian cancer, and also investi-
gated a role for B7-H4 signals in this regard.

RESULTS

Ovarian tumors express intracellular B7-H4

Based on the phenotype of lin"EpCam*CD45-CD14~, we
initially isolated and sorted primary fresh ovarian tumor cells
from ovarian cancer ascites fluid and from the tumor mass.
We observed that fresh ovarian tumors expressed B7-H4
mRNA, and exclusively expressed intracellular rather than
cell surface B7-H4 protein (Fig. 1 a). In support of this, our
established ovarian tumor cell lines expressed B7-H4 mRINA
(Fig. 1 b), but <5% expressed surface B7-H4 and >85%
expressed intracellular B7-H4 (Fig. 1 b).

Ovarian tumor-associated macrophages express surface B7-H4

We then studied ovarian tumor macrophages. >70% of
freshly isolated tumor macrophages expressed cell surface
B7-H4 protein (Fig. 2). Freshly isolated tumor ascites CD14*
tumor macrophages from previously untreated patients with
ovarian cancer (n = 12) expressed significantly more B7-H4
compared with macrophages from nonmalignant ascites (liver
transplant patients, n = 5) or normal peripheral blood mono-
cytes (n = 25; P = 0.02 for both) (Fig. 2, a and b). The prev-
alence of B7-H4* tumor macrophages was markedly higher
than that of CD4*CD257CD3" regulatory T cells (T reg
cells) (n = 12; *, P < 0.001) in tumor ascites (Fig. 2 ¢). Using
confocal microscopy, we confirmed that 70% * 12% of
Ham56* tumor macrophages (n = 60) (Fig. 2 d) and 100%
ovarian epithelial carcinoma cells strongly expressed B7-H4
(Fig. 2 e), whereas tumor-infiltrating CD3" T cells (Fig. 2 e)
and tumor ascites CD3* T cells did not (unpublished data).
Similar levels of B7-H4 expression were observed on CD68*
tumor macrophages. Interestingly, tumor islets were gener-
ally surrounded by B7-H4" tumor macrophages (Fig. 2, d
and e). Together, these data indicate selective cell surface ex-
pression of B7-H4 on tumor macrophages.

Phenotypes of B7-H4* tumor macrophages
To study the nature of B7-H4* tumor macrophages, we com-
pared the phenotypes of B7-H4* tumor macrophages with
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Figure 1. Ovarian tumor cells express intracellular B7-H4. B7-H4
expression was analyzed by RT-PCR and FACS in (a) fresh primary ovarian
tumor cells and (b) ovarian tumor cell lines. FACS results expressed the
mean percentage of B7-H4-expressing cells. 0C8, 0C21, and 0C38 are
three established ovarian tumor cell lines. Fresh primary ovarian tumor cells
were isolated and sorted from ascites and tumor tissues with a phenotype
of linTEpCam*CD45-CD14~. Two of six representative patient samples

are shown for panel a. Three of eight cell lines are shown for panel b. Filled
histogram, B7-H4 expression; open histogram, isotype control.

B7-H4~ tumor macrophages. Most of the T cell activation-
related molecules (HLA-DR, HLA-ABC, CD40, CD54, and
CD80) were expressed at similar levels on B7-H4* tumor mac-
rophages and B7-H4~ tumor macrophages (Table S1, available
at http://www jem.org/cgi/content/full/jem.20050930/DC1).
However, B7-H4* tumor macrophages expressed higher
levels of CD86 than B7-H4~ tumor macrophages (P = 0.04)
(Table S1). Furthermore, after LPS stimulation both B7-H4*
tumor macrophages and B7-H4~ tumor macrophages pro-
duced comparable levels of several cytokines including IL-6,
IL-10, and TNF-a (unpublished data).

Tumor microenvironmental factors induce macrophage
B7-H4 expression

Because tumor macrophages, but not normal macrophages
or monocytes expressed high level B7-H4, we hypothe-
sized that tumor microenvironmental factors may stimulate
B7-H4 expression on tumor macrophages. To test this, we
incubated normal blood monocytes with serum-free me-
dium or tumor ascites. Tumor ascites induced significant
B7-H4 expression (n = 12; P < 0.0001) (Fig. 3 a). Addi-
tion of a neutralizing monoclonal antibody against IL-6
significantly blocked tumor ascites-mediated B7-H4 up-
regulation (n = 5; P < 0.001) (Fig. 3 a), and neutralizing
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Figure 2. Tumor-associated macrophages express B7-H4.

(a and b) Tumor ascites macrophages express B7-H4. FACS analysis showed
that ascites macrophages, but not control nonmalignant ascites macrophages,
or fresh normal blood monocytes expressed B7-H4. Results are expressed
as the mean of the percentage of B7-H4* cells = SEM in total macro-
phages. Filled histogram, B7-H4 staining; open histogram, isotype control.
(c) High prevalence of B7-H4* tumor macrophages in tumor ascites. FACS
analysis was used to determine the prevalence of B7-H4* tumor macro-
phages and CD37CD4+CD25* cells in tumor ascites (¥, P < 0.001). Results
are expressed as the mean of percentage = SEM in tumor ascites

monoclonal antibody against IL-10 partially reduced tumor
ascites-mediated B7-H4 up-regulation (n = 5; P = 0.053)
(Fig. 3 a). Simultaneous blockade of IL-6 and IL-10 com-
pletely abrogated tumor ascites-induced B7-H4 (Fig. 3 a),
suggesting that IL-6 and IL-10 in tumor ascites cooperate
to stimulate macrophage B7-H4 expression. In support, we
detected high levels of IL-6 and IL-10 mRNA in ovarian
tumor tissues (unpublished data) and protein in tumor ascites
fluid (n = 11) (Fig. 3 b). We further incubated ovarian
tumor cells with tumor ascites. Tumor ascites had no effect
on intracellular or cell surface B7-H4 expression in tumor
cells (Fig. S1 A, http://www jem.org/cgi/content/full/
jem.20050930/DC1).

Tumor environmental IL-6 and IL-10 induce macrophage
B7-H4 expression

In further support of these data, recombinant IL-6 and IL-10
stimulated significant B7-H4 protein expression on normal
blood monocytes in a dose-dependent manner (n = 12; P <
0.05 for all) (Fig. 3 ¢). In further support, recombinant IL-10
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mononuclear cells. (d and e) Tumor tissues were stained with anti-human
B7-H4, anti-human CD3, anti-human-Ham56, and control antibody as
described in Materials and methods, and analyzed with confocal micro-
scope. (d) Tumor mass macrophages and tumor cells express B7-H4.
B7-H4, green; Ham56, red. Tumor macrophages are identified as Ham56*
cells (red). Ham56*B7-H4* cells are yellowish. Large numbers of tumor
macrophages form a barrier surrounding tumor islets. (e) Tumor-
infiltrating T cells are B7-H4~. Tumor cells, but not CD3* T cells (red),
expressed B7-H4 (green). 1 of 60 representative patient samples

is shown for panels d and e.

induced a dose-dependent induction of B7-H4 mRNA ex-
pression (Fig. 3 d). High levels of vascular endothelial growth
factor (VEGF) and stromal-derived factor (SDF)-1 were
found in ovarian tumor environments (11, 29). We observed
that VEGF and SDF-1 had no effects on monocyte B7-H4
expression (unpublished data). Interestingly, IL-4 and GM-
CSF blocked the IL-10-induced B7-H4 expression of
mRNA (Fig. 3 d) and protein (Fig. 3 ¢) (n = 7; P < 0.05 for
all, compared with medium). Finally, negligible levels of IL-4
and GM-CSF were detected in tumor ascites (<10 ng/ml for
each) and tumor tissues (unpublished data). These data indi-
cate that an imbalanced tumor environmental cytokine pat-
tern (high IL-10 and IL-6, low IL-4 and GM-CSF) may
condition local macrophages to become dysfunctional, and
that stimulation of B7-H4 might be a potential mechanism.
As expected, recombinant IL-6, IL-10, IL-4, and GM-CSF
had no effect on B7-H4 mRNA and protein expression in
tumor cells (Fig. S1, b and ¢). The data suggest a distinct reg-
ulatory mechanism for B7-H4 expression on tumor cells
compared with APCs.
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Figure 3. Tumor ascites IL-6 and IL-10 stimulate macrophage
B7-H4 expression. (a) Tumor ascites stimulated macrophage B7-H4
expression. Fresh normal blood monocytes were cultured 72 h with ovarian
tumor ascites in the presence or absence of anti-human IL-6 or anti-
human IL-10 antibodies. B7-H4 expression was analyzed by FACS. Results
are expressed as the mean of B7-H4* cell percentage = SEM in total
macrophages. (b) High concentrations of IL-6 and IL-10 in tumor ascites
were detected by ELISA. (c) Recombinant IL-6 or IL-10 stimulated macro-

B7-H4* tumor macrophages suppress Her-2/neu-specific

T cell immunity

To determine the immunopathological significance of tumor
macrophages, we used our in vitro TAA-specific culture system
(10, 11). Myeloid dendritic cells (MDCs) were differentiated
from HLA-A2" monocytes as we described previously (30),
and loaded with HLA-A2-specific, Her-2/neu peptides (TAA-
MDC) (26, 31). Addition of autologous TAA-MDC induced
specific T cell activation as expected (Fig. 4). Autologous tumor
macrophages isolated from tumor tissues of HLA A2* patients
with Her-2/neu® tumors significantly inhibited MDC-
mediated, Her2/neu-specific T cell proliferation in a dose-
dependent manner (n = 5; P < 0.05) (Fig. 4 a). IFN-y (Fig. 4,
b and ¢) and IL-2 (Fig. 4, b and d) production (n = 5; *, P <
0.01) and Her-2/neu—specific cytotoxicity (n = 5; P < 0.05)
(Fig. 4 e) were also inhibited by addition of autologous tumor
macrophages. Tumor macrophages isolated from tumor ascites
showed similar suppressive effects. MDCs alone did not induce
T cell activation (<2,000 counts per minute [cpm]). Limited
T cell proliferation was observed in the absence of TAA-MDC
stimulation (<1,000 cpm). Further, when tumor macrophages
were replaced with irradiated autologous ovarian tumor cells in
the identical experimental setting, irradiated autologous tumor
cells had no effects on T cell activation (unpublished data).
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phage B7-H4 protein in a dose-dependent manner after a 72 h culture.
B7-H4 expression was analyzed by FACS. Results are expressed as the
mean of B7-H4* cell percentage = SEM in total macrophages.

(d and e) Recombinant IL-4 and GM-CSF reduced macrophage B7-H4
mRNA and protein induction. Fresh blood monocytes were cultured with
different concentrations of cytokines. (d) B7-H4 mRNA was detected by
RT-PCR at 24 h. (e) B7-H4 surface protein was detected by FACS at 72 h.
One of seven independent experiments is shown.

We then sorted B7-H4* and B7-H4~ tumor macro-
phages to define their functional characteristics. Normal pe-
ripheral blood monocytes were cultured for 48 h with M-CSF
to generate normal macrophages (26). Normal macrophages
induced dose-dependent T cell proliferation (Fig. 4 f). How-
ever, both B7-H4" and B7-H4~ tumor macrophages signi-
ficantly suppressed T cell proliferation in a dose-dependent
manner (n = 5; P < 0.01 for all, compared with normal mac-
rophages and no macrophages) (Fig. 4 f). Furthermore, B7-
H4* tumor macrophages were two- to sixfold more potent
than B7-H4~ tumor macrophages in mediating T cell sup-
pression (n = 5; P < 0.01 for all, compared with normal
macrophages and no macrophages) (Fig. 4 f). Further, >70%
tumor macrophages express B7-H4 (Fig. 2). These data
suggest that total tumor macrophage-mediated immuno-
suppression comes predominantly from the B7-H4" tumor
macrophage subset.

Role of B7-H4 on macrophages mediates
immunosuppression in vitro

We then focused on B7-H4* tumor macrophages to deter-
mine their role in T cell suppression. As blocking B7-H4
antibody is not available, we designed B7-H4—specific mor-
pholino antisense oligonucleotides (B7-H4 blocking oligos)

MACROPHAGE B7-H4 AND TUMOR IMMUNITY | Kryczek et al.
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Figure 4. Tumor macrophages suppress TAA-specific T cell immu-
nity in vitro. (a-e) Autologous tumor ascites CD3*CD25~ T cells were
stimulated with Her-2/neu peptide-loaded MDC (TAA-MDC) as described
in Materials and methods. (a) Tumor T cell proliferation was detected by
[*H]thymidine incorporation (CPM). Results are expressed as the mean of
cpm * SEM. TAA-specific T cell IFN-y (b and ¢) and IL-2 (b and d) produc-
tion was detected by intracellular staining (FACS) and ELISA. (e) Tumor
macrophages inhibited Her-2/neu-specific T cell cytotoxicity. MDC-acti-
vated Her-2/neu-specific T cells were effector cells, and Her-2/neu peptide-
loaded T2 cells were target cells. Her-2/neu-specific cytotoxicity was
determined by FACS (see Materials and methods). Tumor macrophage to
TAA-MDC ratio was 1:1 for panels b-e. (f) B7-H4™ tumor macrophages
significantly suppress T cell proliferation. B7-H4* or B7-H4~ tumor macro-
phages were sorted from malignant ascites using a FACSaria. Normal
macrophages were from M-CSF-treated normal peripheral blood mono-
cytes. Tumor ascites CD3™ T cells were stimulated with anti-CD3 antibody
and blood monocytes for 3 d in the presence of different concentrations
of tumor macrophages or normal macrophages. T cell proliferation was
detected by [*H]thymidine incorporation. Results are expressed as the
mean of cpm = SEM. TAM, tumor macrophages; macrophage, M®.

and an inverted control oligonucleotide (control oligos). We
initially studied the effect of medium, IL-10, and tumor ascites-
conditioned macrophages. The B7-H4-blocking oligos, but
not control oligos, significantly inhibited basal, IL-10, and
tumor ascites-induced B7-H4 mRNA expression by over
1,000-fold (Fig. 5 a) and B7-H4 protein expression by over
3-fold (n = 6; P < 0.05) (Fig. 5 b). Neither B7-H4-blocking
oligos nor control oligos affected macrophage CD14, CD40,
CDS80, CD86, B7-H1, HLA-ABC, HLA-DR, or IL-6 and
TNF-a expression (unpublished data). These data indicate
that our B7-H4-blocking oligos selectively block B7-H4
expression in macrophages.

We further tested whether B7-H4-blocking oligos
affected tumor ascites-conditioned macrophage function.

JEM VOL. 203, April 17, 2006

T cell proliferation was significantly increased when stimu-
lated with tumor ascites-conditioned macrophages initially
exposed to B7-H4-blocking oligos compared with con-
trol oligos (n = 4; P < 0.001) (Fig. 5 ¢). This coincided
with a significant decrease in B7-H4 expression (Fig. 5,
a and b). Further, B7-H4-blocking oligos promoted T cell
exit from GO/G1 phase and entry into S phase (n = 3;
P < 0.05) (Fig. 5 d). Together, these data indicate that
B7-H4contributesto tumormacrophage-mediated immuno-
suppression in vitro.

B7-H4+ macrophages mediate an immunosuppression
independent of B7-H1, arginase and inducible nitric oxide
synthase (iNOS)

B7-H1, arginase, and iNOS were reported to be implicated
in dendritic cells, mouse macrophage, and myeloid suppres-
sor cell-mediated T cell suppression (32—41). To study the
additional suppressive mechanism of tumor macrophages, we
first analyzed the expression of B7-H1, arginase, and iNOS
in B7-H4* macrophages from ovarian cancer ascites. Flow
cytometry analysis demonstrated that the levels of B7-H1
expression were significantly low (20% in average, P < 0.05)
and variable (from 2 to 51%) on B7-H4" macrophages (Fig.
6 a). Western blot analysis revealed limited arginase expres-
sion and variable iINOS expression in macrophages among
patients (Fig. 6 a). We further tested the role of B7-H1,
arginase, and iNOS in T cell activation. We observed that
blocking B7-H1 with specific B7-H1-neutralizing antibody
(anti-B7-H1) (10, 42, 43), the addition of selective inhibitors
of iNOS (L-NMMA) and of arginase (nor-LOHA) (32—41)
slightly (<13%), but not significantly, reduced macrophage-
mediated T cell suppression compared with treatment with
isotype-matched control antibody and control oligos (Fig. 6 b).
As expected, blocking B7-H4 with B7-H4—specific oligos
significantly reduced the suppression (n = 5; *, P < 0.05)
(Fig. 6 b). The data indicate that B7-H4, but not B7-H1,
arginase, and iNOS, play a predominant role in B7-H4*
macrophage-mediated suppression.

Ectopic B7-H4 expression confers macrophage

suppressive capacity

We tested whether B7-H4 expression was sufficient to
confer a suppressive phenotype on B7-H4—negative normal
cells by transducing normal blood monocytes with human
B7-H4 ¢cDNA. 20 h after transfection, 50-70% cells ex-
pressed B7-H4 or GFP (positive control), whereas <5%
B7-H4 expression was observed on cells without transfec-
tion (negative control) (Fig. 7 a). We observed similar trans-
fection efficiency with B7-H1 transfection (unpublished
data). B7-H4—transfected cells were subject to coculture
with T cells. As expected, B7-H4—transfected cells, but not
control-transfected cells or nontransfected cells, suppressed
T cell proliferation in a dose-dependent manner (n = 4;
P < 0.05 for all, compared with controls) (Fig. 7 b). These
data indicate that ectopic B7-H4 expression confers macro-
phage suppressive capacity.
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Figure 5. Blockade of B7-H4 improved macrophage-mediated

T cell activation. (a and b) B7-H4-blocking oligos reduced macrophage
B7-H4 expression. Fresh blood monocytes were exposed to B7-H4-
blocking oligos and control oligos with medium, tumor ascites, and IL-10.
(a) B7-H4 mRNA was detected at 24 h by RT-PCR with serial dilutions

of cDNA. (b) B7-H4 protein was detected at 72 h by FACS. One of nine
independent experiments is shown. (c and d) Blockade of B7-H4 improved
tumor ascites-conditioned macrophage-mediated T cell activation in vitro.

Blocking B7-H4 on macrophages improves TAA-specific

T cell immunity in vivo

To test the effect of macrophage B7-H4 on TAA-specific
T cell immunity in vivo, we treated tumor ascites-conditioned
macrophages with B7-H4-blocking oligos or control oligos
and then injected them plus autologous TAA-specific T cells
into our established human NOD/SCID mice bearing the
corresponding ovarian tumors (26). As expected, mice with-
out T cell transfusion, and mice treated with TAA-specific
T cells plus control oligo-treated macrophages, showed pro-
gressive tumor growth. Supporting our hypothesis that tumor
macrophage B7-H4 signals are immunopathologic in vivo,
mice treated with TAA-specific T cells plus B7-H4-blocking
oligo-treated macrophages showed reduced tumor volumes
at each time point from day 7 (n = 5-7 mice per group;
* P < 0.05, compared with B7-H4-blocking oligo) (Fig. 8 a).
These data indicate that tumor macrophages defeat TAA-
specific T cell immunity in vivo through B7-H4 signals and
contribute to tumor growth. Further, confocal microscopic
analysis showed that macrophages and T cells were localized
in the tumors and the engagement between macrophages and
T cells were found in the tumor (Fig. 8 b).

DISCUSSION
After several decades of neglect, immune suppressor cells
are once again an area of active research interest. The best

studied immune suppressor population is the well-known
yet still relatively newly described CD4*CD25% T reg cells
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Tumor ascites-conditioned macrophages were previously treated with
B7-H4-blocking oligos or control oligos and were subsequently

subject to activating T cells for 72 h. (c) T cell proliferation was measured
by [*H]thymidine incorporation. Results are expressed as the mean of
cpm = SEM. (d) Cell cycle in T cells was analyzed by FACS. Results are ex-
pressed as the mean of the percentage of T cells = SEM in each cycle phase.
The ratio between macrophages and T cells was 1:1 for panel d. n = 4-8;
*, P < 0.05 compared with control oligos.

(44—46). Human T reg cells (26, 47) disable TAA-specific
T cell immunity (5, 27). We now report a novel suppressive
cell population in patients with ovarian carcinoma, namely
B7-H4" macrophages.

Based on studies in murine systems, macrophages are func-
tionally classified into M1 and M2 (48). Functionally, M1s
may produce IL-12, TNF-a, and nitric oxide and induce
T helper 1 responses, whereas M2s may produce arginase,
but not IL-12, and play an important role in tissue repair and
development. Analogously, in the context of tumor immunity,
M1s were suggested to induce protective tumor immunity
and result in tumor regression, whereas M2s were suggested
to promote tumor growth and tumor angiogenesis (6, 7, 32,
34, 48). For example, studies in murine tumor models dem-
onstrate that myeloid suppressor cells, including immature
macrophages, suppress T cell activation by various mecha-
nisms including releasing NO and arginase (32—41, 49). In-
terestingly, a recent study demonstrated that human prostate
cancer cells apply similar mechanisms to induce T cell un-
responsiveness (39, 40). Strikingly, immunohistochemical
assessment of the number and the distribution of tumor
macrophages in human tumors has yielded scant and often
contradictory results regarding any potential role in tumor
immunopathogenesis (19-21). To address the functional rel-
evance of human tumor macrophages, we sorted human
ovarian tumor—associated macrophages to conduct in vitro
and in vivo immune functional experiments. We now docu-
ment that a fraction of tumor macrophages that expresses

MACROPHAGE B7-H4 AND TUMOR IMMUNITY | Kryczek et al.
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Figure 6. B7-H4* macrophages mediate an immunosuppression
independent of B7-H1, arginase, and iNOS. (a) B7-H1, arginase, and
iNOS expression on tumor ascites-associated macrophages. B7-H1 expres-
sion was analyzed by FACS. Arginase | and iNOS expression was detected
by Western blot. A, B, C, D, and E represent 5 individual patients with
ovarian cancer. (b) Tumor ascites-conditioned macrophages mediated

T cell suppression through B7-H4. T cells were stimulated with tumor
ascites-conditioned macrophages for 72 h in the presence of the indicated
conditions. T cell proliferation was measured by [*H]thymidine incorporation
in the last 16 h. The results were expressed as the percentage of suppres-
sion (mean = SEM). The ratio between macrophages and T cells was 1:2 for
paneld. n = 5;% P < 0.05.

B7-H4 significantly inhibits TAA-specific T cell prolifera-
tion, cytokine production, and cytotoxicity in vitro. These
B7-H4" tumor macrophages also inhibit TAA-specific im-
munity in vivo and foster tumor growth in chimeric SCID/
NOD mice bearing autologous human tumors, despite the
presence of potent TAA-specific effector T cells. The notion
that tumor macrophage B7-H4 signals contribute to immuno-
pathology is supported by several lines of evidence. First,
B7-H4" tumor macrophages are significantly more suppres-
sive than B7-H4~ tumor macrophages. Second, blocking
B7-H4 on tumor-conditioned macrophages disables their
suppressive capacity. Third, forced B7-H4 expression renders
normal macrophages suppressive. Fourth, blocking B7-H1
and inhibiting iNOS and arginase have minor effects on
B7-H4" macrophage-mediated T cell suppression. It remains
to be defined whether ovarian tumor—associated myeloid
suppressor cells and ovarian tumor cells would release iNOS
and arginase and, in turn, result in T cell suppression.

These findings establish B7-H4" tumor macrophages as
a novel immune regulatory population in human ovarian
cancer. Our data here indicate that the suppressive potency of
B7-H4* macrophages is similar to that of CD4* T reg cells
(26). Interestingly, B7-H4" tumor macrophages and CD4*
T reg cells, the two functionally suppressive immune cell
populations, are not only physically localized in ovarian
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Figure 7. Forced B7-H4 expression confers suppressive capacity of
normal macrophages. Fresh blood monocytes were transfected using a
plasmid encoding human B7-H4 or EGFP ¢cDNA or control plasmid carried
the reversed cDNA sequence of B7-H4. (a) 20 h after transfection, B7-H4
and GFP expression were detected by FACS. One of five experiments is
shown. (b) Different concentrations of the transfected cells were added
into T cell culture in the presence of anti-human CD3 and normal mono-
cytes. T cell proliferation was detected by [*H]thymidine incorporation on
day 3. One of five experiments is shown.

tumor environment (26), but our recent observations also
suggest a mechanistic link between B7-H4* APCs (including
macrophages) and CD4" T reg cells (27, 28). In fact, CD4*
T reg cells stimulate APC B7-H4 expression and enable APC
suppressive activity through B7-H4 induction (28). B7-H4*
tumor macrophages significantly outnumber CD4" T reg
cells in ascites and the solid tumor mass. Thus, their contribu-
tion to tumor immune evasion is likely substantial. Our find-
ings clearly establish the presence of a novel suppressor cell
population in human cancer that forces a reexamination of
the relative importance of T reg cells in the immunopatho-
genesis of cancer, and a rethinking of strategies to improve
TAA-specific immunity through abrogation of suppressor
cell function (2, 13-17, 50-53).

B7-H4 is a newly identified B7 family member (22-24).
Although mouse B7-H4 ligation of T cells has an inhibitory
effect on T cell activation (22, 23), the regulatory mecha-
nisms and the function of human B7-H4 remain to be de-
fined in human immunology. We show for the first time that
recombinant and tumor environmental IL-6 and IL-10
stimulate monocyte/macrophage B7-H4 expression, and that
GM-CSF and IL-4 reduce B7-H4 expression. We also
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Figure 8. Blockade of B7-H4 improved macrophage-mediated

T cell activation in vivo. (a) Blocking tumor ascites-conditioned macro-
phage B7-H4 results in tumor regression in vivo. Mice were injected with
human primary ovarian tumors as described in Materials and methods.
Controls received no additional injection (A, group 1). Treatments were
tumor-specific T cells plus B7-H4-blocking oligo-treated macrophages
(O, group 2), and tumor-specific T cells plus control oligo-treated macro-
phages (M, group 3). Mean = SD of tumor volumes is shown (n = 5-7
mice per group). The T cell injection day was counted as day 0. Macro-
phage, M®. (b) Macrophages and T cell were colocalized in tumor tissue.
Similar results were observed in group 2 and 3. Macrophages were identi-
fied as Ham56* cells (green) and T cells as CD3* cells (red). n = 5.

observed similar regulatory mechanism for B7-H4 expression
on myeloid dendritic cells (28). Tumor cells, tumor-associ-
ated macrophages, and T reg cells may be the source for IL-6
and IL-10 (11, 26). These data provide mechanisms for how
tumor environmental IL-6 and IL-10 induce immune dys-
function. GM-CSF has been used to boost TAA-specific
immunity in mouse cancer models (54, 55). A proposed
mechanism for GM-CSF efficacy in these models is differen-
tiation or attraction of DCs that boost TAA-specific immu-
nity. In light of our present work, it will be interesting and
worthwhile to reexamine these GM-CSF studies to deter-
mine whether a GM-CSF—mediated reduction in APC
B7-H4 expression accounts for efficacy.

Additionally, we show for the first time that dysfunctional
tumor microenvironmental cytokine balances significantly
inhibit TAA-specific immunity by stimulating macrophage
B7-H4 expression. This conclusion is supported by the fol-
lowing evidence. First, tumor macrophages, but not normal
macrophages, strongly express B7-H4 that inhibits TAA-
specific immunity. Second, we found high concentrations of

878

IL-6 and IL-10, but not GM-CSF and IL-4, in the tumor
microenvironment. IL-6 and IL-10 strongly stimulate mac-
rophage B7-H4 expression, whereas IL-4 and GM-CSF
strongly suppress it. Third, GM-CSF and IL-4 reduce tumor
microenvironmental cytokine-induced macrophage B7-H4
expression. Fourth, tumor-conditioned macrophages impair
TAA-specific T cell immunity through B7-H4 signals. Our
data and those of others collectively demonstrate a new im-
mune evasion strategy whereby tumors maximize local toler-
izing conditions through suppressing DC differentiation
while simultaneously inducing macrophage B7-H4 expres-
sion. These ends are mediated through maximal local accu-
mulation of B7-H4-inducing cytokines, IL-6 and IL-10,
in the virtual absence of B7-H4-reducing and DC differen-
tiation cytokines, GM-CSF and IL-4. Strikingly, although
ovarian tumor cells express B7-H4, it appears that tumor
B7-H4 expression is exclusively intracellular and unable to
induce T cell suppression in our in vitro culture system.
Further, cytokines IL-4, GM-CSF, IL-6, and IL-10 have no
regulatory effects on tumor B7-H4 expression. Although
the potential in vivo pathological relevance of tumor
B7-H4 remains to be defined, our data suggest that tumor
B7-H4 and APC B7-H4 may be functionally distinct and
differentially regulated.

In summary, our study defines the B7-H4" macrophage
as a novel suppressive cell population, and the inhibitory
molecule B7-H4 is essential for their suppressive activity.
The ovarian cancer microenvironment presents an over-
whelming arsenal of actively tolerizing mechanisms, includ-
ing an imbalance of plasmacytoid versus myeloid DCs (11),
costimulatory molecules versus coinhibitory molecules (this
work) (10, 25), and regulatory versus effector T cells (26).
Although of important concern for the prospects to use ef-
fective immune-based therapy against ovarian cancer, these
mechanisms provide many new avenues for development of
novel immune-based therapies.

MATERIALS AND METHODS

Human subjects. We studied previously untreated patients with epithelial
ovarian carcinomas (International Federation of Gynecology and Obstetrics
stage III or IV). Patients gave written, informed consent. The study was
approved by the Tulane Institutional Review Board.

Cells and tissue biopsies. Cells were obtained from ascites, fresh ovar-
ian tumor tissues, and peripheral blood as described (11). CD3" T cells
and CD14% cells were purified with paramagnetic beads (StemCell
Technology) and sorted with FACSaria using DiVa software (Becton
Dickinson Immunocytometry Systems). B7-H4" and B7-H4~ ascites
macrophages, lin"TEpCam*CD45-CD14~ epithelial ovarian tumor cells
were sorted on a FACSaria using DiVa software (Becton Dickinson). Cell
populations were >98% pure as confirmed by flow cytometry (FACSCal-
ibur; Becton Dickinson).

Phenotypes of tumor cells and macrophages. The phenotypes of
tumor cells and tumor ascites-conditioned macrophages were determined
by RT-PCR or FACS. B7-H4 mRNA was detected by RT-PCR with
specific primers: 5'-GTCGGAGCAGGATGAAATGT-3' (sense) and 5'-
CAGGAGTATGTGTTGTTGAT-3' (antisense). The surface expression
of B7-H4, CD40, CD54, CD80, CD86, B7-H1, HLA-ABC, and HLA-DR.
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protein was detected by FACS. All the antibodies were from BD PharMingen
except mouse anti-human B7-H4 (clone, hH4.1) (10).

Regulation of B7-H4 expression. Fresh blood monocytes, tumor macro-
phages, and primary ovarian tumor (1-5 X 10°/ml) were cultured for differ-
ent time with cell-free malignant ascites, or different concentrations of
recombinant human IL-10, IL-6, IL-4, and GM-CSF (R & D Systems).
Neutralizing monoclonal antibody against human IL-6 (anti-IL-6, clone
6708; 500 ng/ml) and IL-10 (anti-IL-10, clone 23738; 50 ng/ml) (all from
R & D Systems) and B7-H1 (clone, 5H1; 500-1000 ng/ml) (10) were used
as indicated. Cells were subject to RT-PCR to detect B7-H4 mRNA and
to FACS analysis to detect surface or intracellular B7-H4 protein.

Immunofluorescence analysis. Immunofluorescence analysis was per-
formed as described (10). Tissues were stained with polyclonal rabbit anti—
human-CD3 (1/10 dilution; Dako), mouse anti-human B7-H4 (hH4.1,
IgG1; 4 pg/ml) (22), mouse anti-human Ham56 (Ham56, IgM, 1/20;
Dako) followed by Alexa Fluor 633—conjugated goat anti—rabbit IgG, Alexa
Fluor 568—conjugated goat anti-mouse IgM, Alexa Fluor 488—conjugated
goat anti-mouse IgG1, and Alexa Fluor 568—conjugated goat anti-mouse
IgG2b (all 2 pg/ml; Molecular Probes). Positive cells were quantified by
ImagePro Plus software and expressed as the mean of the percentage of posi-
tive cells = SD in 10 high-powered fields using confocal microscopy.

TAA-specific T cell immunosuppression. MDCs were differentiated
from monocytes with GM-CSF and IL-4 as described (30). DCs were loaded
with three distinct HLA-A2-binding Her-2/neu peptides (31) at 5 pg/ml
each: p369-384 (KIFGSLAFLPESFDGDPA), p688-703 (RRLLQETELVE-
PLTPS), and p971-984 (ELVSEFSRMARDPQ), or HLA-A2 influenza virus
matrix control peptide GILGFVFTL (Multiple Peptide System). Peptide-
loaded myeloid DCs (TAA-DCs) (1-10 X 10°/ml) were used to activate
autologous tumor CD37CD25™ T cells (10°/ml). The tumor macrophage
to TAA-DC ratio was 0:1, 0.1:1, or 1:1. On day 6, TAA-specific T cell
proliferation and cytokines were detected as described (10, 11). T2 cells
(5 X 10°/ml) (American Type Culture Collection) were labeled with 10 pm
CFSE (Molecular Probes) for 10 min in the dark at 37°C. Cytotoxicity was
assessed using CFSE-labeled T2 cells bearing all three Her-2/neu peptides
or matrix control by annexin V staining (26, 56).

Tumor environmental cytokines. The mRNA expressions of IL-6, IL-10,
IL-4, and GM-CSF were detected by RT-PCR as described (57). IL-6, IL-10,
IL-4, and GM-CSF proteins were detected by ELISA (R & D Systems).

Polyclonal T cell immunosuppression. Polyclonal T cell immunosup-
pression was tested in a co-culture system. CD3™ T cells (2 X 10%/ml) were
stimulated with 2.5 pwg/ml anti-human CD3 (BD Biosciences PharMingen)
and blood monocytes (2 X 103/ml) in the presence or absence of freshly iso-
lated tumor macrophages or conditioned macrophages as indicated. 72 h after
co-culture, T cell proliferation, cellular cycle, and cytokine production were
evaluated as described (10). The selective arginase inhibitor, N-hydroxy-
nor-L-arginine (50 wM) (Calbiochem) and the selective iNOS inhibitor,
N-monomethyl-r-arginine (1 mM) (Calbiochem) were added into some
cultures to investigate macrophage-mediated suppressive mechanisms.

B7-H4 blocking experiments. Antisense morpholino oligonucleotide
specific for B7-H4 (GAGGATCTGCCCCAGGGAAGCCATG) (B7-H4
blocking oligo) and the inverted control oligonucleotide (control oligo)
were produced by GeneTools. To block macrophage B7-H4, monocytes or
macrophages were incubated for 3 h with 0.6 uM oligo in serum-free me-
dium (X-VIVO 15; Biowittaker) supplemented with 0.2 pM ethoxylated
polyethylenimine (GeneTools). Cells were washed twice, before use in vitro
and in vivo assays.

Western blot analysis. Macrophages were resuspended in lysis buffer
(50 mM HEPES, 150 mM NaCl, 5 mM EDTA, 1 mM NaOV,, and 0.5%

JEM VOL. 203, April 17, 2006

Triton X-100) containing 50 pg/ml aprotinin, 50 pg/ml leupeptin, 100 pg/ml
trypsin-chymotrypsin inhibitor, and 2 mM PMSEF. Lysates were centrifuged
at 3,000 ¢ for 10 min at 4°C. The expression of arginase and iNOS was
detected by immunoblot using GAPDH as a housekeeping protein.

B7-H4 transfection. Fresh monocytes or macrophages were transfected
with 2.5 pg plasmid DNA encoding either human B7-H4 (pcDNA3.1-B7-
H4), the corresponding vector plasmid (pcDNA3.1), or GFP-labeled control
plasmid as directed (Nucleovector kit; Amaxa Inc.). 20 h after transfection,
viable cells were subject to in vitro suppression assays.

In vivo tumor regression assay. Primary ovarian tumor cells (107) in 200 pl
of buffered saline were subcutaneously injected into dorsal tissues of
female NOD.CB17-SCID mice (6—8 wk old; Jackson Laboratories) (10).
Autologous tumor-specific T cells (6 X 10°) (10, 26) plus macrophages
(3 X 10% were injected intravenously into mice on day 12 after human
tumor inoculation. Tumor size was measured twice weekly using calipers
fitted with a Vernier scale. Tumor volume was calculated based on three
perpendicular measurements (10, 26).

Statistical analysis. Differences in cell surface molecule expression were
determined by x? test and in other variables by unpaired Student’s ¢ test, with
P < 0.05 being considered significant.

Online supplemental material. Fig. S1 shows the regulation of tumor
B7-H4 expression. Table S1 displays the phenotype of B7H4" and B7H4~
tumor-associated macrophages. Tumor ascites macrophages and tumor cells
were isolated and sorted as described in Materials and methods. Phenotypes
of fresh tumor ascites macrophages and B7-H4 in primary and cultured
tumor cells were determined by FACS. Online supplemental material is
available at http://www jem.org/cgi/content/full/jem.20050930/DC1.
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