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We previously showed that Tie2-expressing
monocytes (TEMs) have nonredundant
proangiogenic activity in tumors. Here, we
compared the gene expression profile of
tumor-infiltrating TEMs with that of tumor-
associated macrophages (TAMs), spleen-
derived Gr1+*Cd11b* neutrophils/myeloid-
derived suppressor cells, circulating
“inflammatory” and “resident” monocytes,
and tumor-derived endothelial cells (ECs)
by quantitative polymerase chain reaction—
based gene arrays. TEMs sharply differed
from ECs and Gr1*Cdi1b* cells but were
highly related to TAMs. Nevertheless, sev-

eral genes were differentially expressed
between TEMs and TAMs, highlighting a
TEM signature consistent with enhanced
proangiogenic/tissue-remodeling activity
and lower proinflammatory activity. We
validated these findings in models of on-
cogenesis and transgenic mice express-
ing a microRNA-regulated Tie2-GFP re-
porter. Remarkably, resident monocytes
and TEMs on one hand, and inflammatory
monocytes and TAMs on the other hand,
expressed coordinated gene expression
profiles, suggesting that the 2 blood
monocyte subsets are committed to dis-

tinct extravascular fates in the tumor mi-
croenvironment. We further showed that
a prominent proportion of embryonic/
fetal macrophages, which participate in
tissue morphogenesis, expressed distin-
guishing TEM genes. It is tempting to
speculate that Tie2+ embryonic/fetal mac-
rophages, resident blood monocytes, and
tumor-infiltrating TEMs represent distinct
developmental stages of a TEM lineage
committed to execute physiologic proan-
giogenic and tissue-remodeling pro-
grams, which can be coopted by tumors.
(Blood. 2009;114:901-914)

Introduction

Experimental data suggest that chronic inflammation promotes
tumor development by recruiting innate immune cells.!> One
mechanism by which these cells may foster tumor progression is
the promotion of angiogenesis.>* Virtually every innate immune
cell type has been implicated in tumor angiogenesis, most notably
mast cells, tumor-associated macrophages (TAMs), Tie2-expressing
monocytes (TEMs), neutrophils, and the so-called “myeloid-
derived suppressor cells” (MDSCs), a heterogeneous population
comprising both immature and differentiated myeloid cells that
expand in tumor-bearing hosts.*¢

Tumors recruit circulating monocytes, which extravasate and differ-
entiate into TAMs. TAMs are thought to produce several growth factors,
cytokines, and extracellular matrix remodeling molecules that together
facilitate tumor angiogenesis, invasion, and metastasis.” Although it is a
common theme in tumor biology that the fate of tumor-homing
monocytes is modulated directly by the tumor microenvironment,>” it is
possible that distinct circulating monocyte subsets may contribute
distinct macrophage subpopulations in tumors. Indeed, circulating
monocytes, as identified by physical properties and Cd115 (Csfl
receptor) expression, can be divided into at least 2 subsets according to
the expression of surface markers. In mice, expression of Grl, Ccr2 (the
receptor of Ccl2, a potent monocyte chemoattractant), Sell (L-selectin,

or Cd62l), Cxserl (the receptor for the chemokine fractalkine), and
Cd43 distinguishes “inflammatory” (Gr1 ™Ccr2 *Cd621TCxser1°¥Cd43 ™)
from “resident” (Gr1~Ccr2~Cd621~ Cxscr1hig"Cd43+) monocytes.®? In-
flammatory monocytes are considered the precursors of macrophages
and dendritic cells (DCs) recruited to inflamed tissues, whereas resident
monocytes patrol blood vessels and perhaps supply certain organs with a
resident population of macrophage-lineage cells.® Pahler et al'® sug-
gested that TAMs mostly derive from Cer2™* inflammatory monocytes;
indeed, tumors grown in Ccr2 null mice, which have reduced numbers
of circulating inflammatory but not resident monocytes,'! recruit few
TAMs.!? In vivo imaging has recently suggested that TAMs/macro-
phages comprise subsets endowed with different migratory activity!?;
whether such heterogeneity of TAM behavior reflects the existence of
developmentally and/or functionally distinct subsets in tumors is cur-
rently unknown. Moreover, the identification of putative monocyte/
macrophage subsets in tumors is currently limited by the paucity of
suitable markers that may distinguish TAM subpopulations.’

TEMs'317 are a subset of circulating and tumor-infiltrating
monocytes expressing the angiopoietin receptor Tie2.'® Our previ-
ous studies indicated that TEMs are proangiogenic when isolated
from either tumors or peripheral blood, suggesting their commit-
ment to a proangiogenic function already in the circulation.
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Figure 1. Gene expression profile of TEMs, TAMs, MDSCs, PMs, and ECs. (A) Flow cytometry analyses of tumors grown subcutaneously in wild-type FVB mice (n = 4) and
made into single-cell suspensions shows that the majority of tumor-infiltrating myeloid cells (gated as Cd11b™* cells, dot plot on the left) are highly enriched in F4/80* or Cd48*
macrophages (dot plots on the right). One representative experiment is shown. (B) Quantitative PCR analysis of TEMs (n = 4), TAMs (n = 4), and ECs (n = 2) showing the
expression level of relevant genes. Results show ACt values (mean + SEM) over endogenous control Gapdh. The lower the AC+, the higher the expression level. TEMs and
TAMs express Cd45 (pan-hematopoietic—specific marker) and F4/80 (macrophage-specific marker) to similar extent. Vegfr2 (endothelial-specific marker) is expressed robustly
only by ECs. TEMs express Tie2 to a significantly higher extent than TAMs (P < .05). (C) Quantitative PCR-based, multigene array analysis of TEMs (n = 3), TAMs (n = 3),
and ECs (n = 1) showing the expression level (ACt vs p2m) of relevant EC (top panel) and hematopoietic/myeloid (bottom panel) genes. TEMs and TAMs robustly express
classic hematopoietic/myeloid genes but not EC genes. (D) Morphology (May-Griinwald-Giemsa staining) of TAMs (top panel) and TEMs (bottom panel) FACS-sorted from
N202 tumors grown for 3 weeks in Tie2-GFP transgenic mice (n = 2 independent experiments). Arrows indicate large macrophages containing conspicuous cytoplasmic
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Although mouse TEMs are a minor proportion of the bulk of
tumor-infiltrating macrophages, fluorescence-activated cell sort-
ing (FACS)-isolated, tumor-derived TEMs enhanced angiogen-
esis to a greater extent than TAMs when coinjected with tumor
cells subcutaneously in mice.!'* Similarly, human blood—derived
Tie2"™ monocytes were more proangiogenic than Tie2-negative
monocytes when coinjected with tumor cells subcutaneously in
athymic mice.!® Moreover, the selective elimination of TEMs by
a conditional suicide gene approach inhibited angiogenesis and
tumor growth in several mouse tumor models, suggesting that
TEMs have nonredundant, proangiogenic activity in tumors.'#
Although TEMs express Tie2, which has long been regarded as
an endothelial cell (EC)-specific molecule, they are distinct
from endothelial progenitor cells? (EPCs) and do not incorporate
in the tumor endothelium.!? Yet, little is known of the molecular
identity of TEMs, and their relationship with TAMs, other
tumor-infiltrating myeloid cells, and circulating monocytes
remains to be investigated.

To address these issues, we isolated TEMs, TAMs, and relevant
myeloid cell populations, including circulating monocyte subsets
and splenic Gr1TCdl1b* neutrophils/MDSCs, and profiled their
gene expression by a quantitative polymerase chain reaction
(PCR)-based multigene array approach. Our data indicate that
tumor-derived TEMs are a subset of TAMs expressing a distinguish-
ing gene signature consistent with proangiogenic and tissue-
remodeling activity. Remarkably, the TEM signature also distin-
guishes resident from inflammatory monocytes in the blood of
tumor-free mice, indicating its association with a specific monocyte
developmental stage or lineage. Moreover, TEM-specific markers
are expressed by a significant proportion of embryonic/fetal
macrophages,'?2% which appear early in development and are found
at sites of angiogenesis and tissue remodeling. Overall, these data
suggest the existence of a TEM lineage of monocytes that play
important roles during organ and tumor development and
vascularization.

Methods

Materials and methods are reported in full as supplemental data (available
on the Blood website; see the Supplemental Materials link at the top of the
online article). A comprehensive list of antibodies used in this study is
presented as supplemental Table 1.

Transgenic mice and lentiviral vector constructs

Briefly, the Tie2-GFPmirl42T lentiviral vector (LV) was generated by
cloning 4 tandem copies of a 23-bp sequence with perfect complementarity
to microRNA-142,2! downstream to the wPRE sequence in the Tie2-GFP
LV.13 CDI1/Tie2-GFPmir142T transgenic mice were generated by LV-
mediated transgenesis, as described previously,'* and bred for 6 generations
before use. All animal procedures were performed according to protocols
approved by the Animal Care and Use Committee of the Fondazione San
Raffaele del Monte Tabor and communicated to the Ministry of Health and
local authorities according to the Italian law.

Real-time quantitative PCR analysis and statistical analysis

After cell sorting, cells were washed in low-protein buffer and total
mRNA purified following RNeasy Micro/Mini kit guidelines (QIAGEN).
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RNA was quantified and retrotranscribed with SuperScript III (Invitro-
gen). To obtain adequate amounts of cDNA for each gene profiling
experiment (interrogating 280 genes), 1 to 3 cell sorting sessions were
required. Quantitative PCR analyses were performed with TagMan
assays from Applied Biosystems. We used either single-gene TagMan
assays to analyze the expression of individual genes, or multigene
TagMan low-density arrays. We used 2 custom-made and one premade
(Immune Panel) TagMan low-density arrays, each measuring the
expression of 96 genes in 4 technical replicates. A total of 100 ng to 1 pg
cDNA was loaded on each array. Quantitative PCR was run for
35 (low-density arrays) or 40 to 45 cycles (individual gene assays) in
standard mode using an ABI7900HT apparatus (Applied Biosystems).
The SDS 2.2.1 software was used to extract raw data. The difference
between the threshold cycle (Ct) of each gene and that of the
endogenous controls 32m or Gapdh (ACt) was used to determine gene
expression. The lower the ACr, the higher the gene expression level.
Statistical methods and other relevant information are described in full
in the supplemental data.

Results
Isolation of TEMs and TAMs from murine tumors

To gene profile TEMs and TAMs, we chose a quantitative PCR
approach because it allows for identifying low-abundance tran-
scripts from small amounts of mRNA. We used low-density
quantitative PCR arrays with standardized fluidics, which ensure
reproducibility, intersample comparison, and global analysis. We
sorted TEMs, TAMs, and ECs from N202 mammary tumors grown
subcutaneously in Tie2-GFP transgenic mice'#; in this model, GFP
expression can be conveniently used to discriminate TEMs from
other tumor-infiltrating myeloid cells. However, purification of
tumor-derived TEMs is technically challenging because of their
scarcity and weak GFP expression level. Moreover, both TEMs
and ECs express GFP in Tie2-GFP mice.'* These factors contrib-
ute to increase the risk of contamination from other cell types,
ECs in particular. To address this issue, we first developed a model
to assay the presence of contaminating ECs in our TEM prepara-
tions, and selected a cell sorting formula that enabled the purifi-
cation of EC-free TEM fractions (supplemental data; supplemen-
tal Figure 1).

In N202 tumors, the wide majority of the tumor-infiltrating
Cd11b* cells were Emrl/F4/80" and Cd48* (77% = 6% and
88% * 5%, respectively; mean frequency of marker positive
cells = SD; n = 4), thus representing myeloid cells highly en-
riched in TAMs (Figure 1A). We then sorted TEMs as Tie2-
GFP*Cd11b*Cd31"%/~, TAMs as Tie2-GFP~Cd11b*Cd31V/~,
and ECs as Tie2-GFP*Cd11b~Cd317" cells (supplemental Figure
2). To validate the sorted cell populations, we measured expres-
sion of the hematopoietic lineage-specific marker Ptprc/Cd45,
the macrophage-specific marker F4/80, the EC-specific marker
Vegfr2 (Flkl), and Tie2/Tek, in TEMs, TAMs, and ECs (n = 2-4
biologic samples) by quantitative PCR (Figure 1B). Both TEMs
and TAMs expressed high-level Cd45 and F4/80, which con-
firmed their hematopoietic origin and monocyte/macrophage
identity. Of note, Tie2 expression was significantly higher in
TEMs than in TAMs (z test: P < .05; n = 4).

phagosomes. Scale bar represents 30 wm. Photos are representative of n = 25 photos/sample. (E) One-dot-one-gene representation of the expression profile (280 genes
analyzed) of tumor-derived TEMs (n = 3), TAMs (n = 3), and ECs (n = 1), Gr17Cd11b* neutrophils/MDSCs (n = 2; isolated from the spleen of tumor bearing mice) and PMs
(n = 2), analyzed by quantitative PCR as in panel C. Each one-dot-one-gene plot compares 2 cell types, as indicated. The data show that TEMs are highly related to TAMs
(Pearson linear correlation: 0.926) but sharply differ from Gr1+Cd11b* cells (0.682), PMs (0.701), and ECs (0.240).
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Table 1. Genes differentially expressed between tumor-derived TEMs and TAMs

Gene Fold more Fold less ACt P Gene Fold more Fold less ACt P

Up-regulated
Cd163 15.8 6.3 < .001 Timp2 2.8 4.5 < .01
Lyvet 141 6.1 < .001 Plixnd1 2.8 6.2 <.01
Igft 8.2 9.3 <.001 Efnat 27 12.6 <.01
Stab1 6.4 5.5 < .001 Slamf1 2.6 14.6 <.05
Mrc1 583 3.0 < .001 Fegr3 2.6 3.1 < .05
Sema6d 5.2 15.2 <.001 Angpt1 2.6 14.2 <.05
Nrp1 4.6 6.3 < .001 Sema3c 2.6 12.3 < .05
Cxcl12 4.4 10.6 < .001 Timp3 2.5 12.2 < .05
Thbs3 4.3 121 <.001 Kit 25 14.9 <.05
Cxcl13 4.3 5.1 < .001 Sdc2 25 9.1 <.05
Efnb2 4.2 12.9 < .01 Efnb1 2.5 12.0 < .05
Neot 4.1 15.1 <.01 Cdh5 24 11.6 <.05
PIxna3 4.1 12.8 < .001 PIxnb2 2.4 6.3 < .05
Itga2 4.0 16.3 < .05 ll4ra 2.3 5.1 < .05
Pixnat 3.6 8.1 <.001 I110ra 22 6.5 <.05
Msr2 3.5 4.4 < .001 Arg1 2.2 5.7 <.05
Tir4 B85 7.8 < .01 Hpse 2.1 5.6 < .05
PlIxna4 3.1 10.9 <.01 Serpinb2 2.1 9.8 <.05
Edg1 3.0 8.1 < .01 Itgb1 2.1 5.0 < .05
Fegr2b 2.9 3.9 <.01

Down-regulated
111b —6.6 2.4 < .001 Ptprc —2.7 3.7 < .01
Ptgs2 -5.0 55 < .001 Ctss —2.7 0.8 < .01
114 -4.0 12.0 <.001 Tgfb1 -2.6 4.2 <.05
Nos2 -3.9 8.8 <.001 18 -2.6 8.2 <.05
Cer7 —-3.8 7.6 < .001 Sell —2.5 10.3 < .05
I112a -3.6 16.2 <.01 Cer2 -25 5.8 <.05
Smad7 —3.6 8.2 < .001 1112b =25 11.8 < .05
Bcl2l1 —-3.2 6.6 < .01 Nfkb2 —-2.5 5.9 < .05
Stat4 —3.1 10.7 <.01 Fas —24 9.8 <.05
Tnf —3.1 4.0 < .01 Gusb —24 4.9 <.05
1113 =&L1 12.8 < .01 Smad3 —2.4 9.0 < .05
Actb -3.0 1.0 <.01 Socs1 —24 6.6 <.05
Edn1 —-3.0 11.0 < .01 Bax —24 6.2 < .05
Ccl5 -3.0 4.3 < .01 Pgk1 —2.4 41 < .05
H2-Ea -3.0 5.1 <.01 Ski —23 6.1 <.05
Vegfa —-29 4.5 < .01 Csf1 -2.3 7.8 <.05
I11a —-2.9 5.2 < .01 Ctla4 —2.2 12.9 < .05
Cxcl10 -2.8 29 <.01 Stat1 -2.1 3.7 <.05
Cdso —-2.8 9.1 < .01 Tnfrsf18 —-2.1 12.0 < .05
Ecet —-2.7 13.1 < .05 Tbx21 —-241 121 < .05
Cxcl11 -2.7 6.6 <.01

The expression level of each gene in tumor-derived TEMs is indicated as fold-change versus TAMs. The ACt of each gene was calculated using B2m as endogenous

control.

We then analyzed the clonogenic potential of TEMs and TAMs
in colony-forming cell assays. Sorted TEMs did not generate
hematopoietic colonies (supplemental Table 2), indicating that they
are virtually devoid of hematopoietic progenitors.

Tumor TEMs are monocytes/macrophages expressing a
distinguishing gene signature

To investigate the nature of TEMs, we measured the expression of
280 genes (supplemental Table 3) previously implicated in angio-
genesis, tissue remodeling, immune response, cell adhesion, chemo-
taxis, neural guidance, vascular morphogenesis, in TEMs (n = 3
independent experiments), TAMs (n = 3), and ECs (n = 1). We
extended the gene expression analysis to peritoneal macrophages
(PMs; sorted as Cd11b*F4/807Cd31'%~ cells; n = 2) and neutro-
phils/MDSCs isolated from the spleen of N202 tumor-bearing mice
(sorted as Cd11b*"Grl* cells; n = 2).

The expression profile of TEMs clearly indicated that they
belong to the monocyte/macrophage lineage and are distinct from

ECs. Indeed, TEMs robustly express typical “myeloid genes,” but
low to negligible amounts of “EC genes” (Figure 1C). A list of the
genes highly expressed in TEMs and grouped by function is shown
in supplemental Table 4. Among the highly expressed monocyte/
macrophage genes were Csf1 receptor (Csf1r/Cdl115), Fc receptors
(Fegrl, Fcgr2b, Fcgr3), fractalkine receptor (Cx;crl), macrosialin
(Cd68), F4/80, Cdl4, scavenger receptors (mannose receptor
Mrcl, macrophage scavenger receptors Msrl and Msr2, hemoglobin/
haptoglobin scavenger receptor Cd163, membrane-bound scaven-
ger receptor/cytokine Cxcl16), endopeptidases (metalloproteases,
cathepsins), and several integrins. In addition, TEMs express
monocyte/macrophage-derived cytokines (/lla, Il1b, 116, Tnf,
Tgfbl), chemokines (Ccl4, Ccl3/Mipla/b, Cxcll0, Cxcl9, Cxclll),
and classic proangiogenic factors (Vegfa, Vegfb, Sema4d, Pdgfb,
lactadherin [MfgeS8], thymidine phosphorylase [EcgfI], placen-
tal growth factor [Pgf]).

Morphologic analysis of FACS-sorted cells (n = 2 independent
experiments; Figure 1D) showed that TEMs are a homogeneous
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Figure 2. Confocal immunofluorescence analysis of mouse tumors identifies a distinguishing TEM signature. (A) N202 mammary tumors (n = 5) grown
subcutaneously in Tie2-GFP transgenic mice and analyzed for GFP (green) and Cd68 (red) expression. Confocal planes are shown individually and after merging (merge). The
left panels show GFP* blood vessels and abundant Cd68* macrophages; scale bar represents 120 um. High-magnification photos (right panels) show perivascular
Tie2-GFP*Cd68* TEMs (arrows); scale bar represents 60 um. For each tumor, at least 3 sections were analyzed. (B) Mammary tumors spontaneously arising in MMTV-PyMT
transgenic mice (n = 4) previously transplanted with Tie2-GFP BM cells and analyzed for GFP (green), Lyve1 or Mrc1 (red), and F4/80 (blue) expression. Abundant F4/80*
macrophages are evenly distributed within the tumor mass, whereas GFP*Lyve1* or GFP*Mrc1* TEMs cells are mainly found in stromal septa surrounding tumor cell nests.
Virtually all the Tie2-GFP* cells express Lyve1 and Mrc1. Note that some of the Tie2-GFP~ Lyve1* or Mrc1* cells may represent host-derived, nontransgenic TEMs. Scale bar

represents 60 um. For each tumor, at least 10 sections were analyzed for each marker.

cell population with typical monocyte/macrophage morphology
(> 94% of the cells with bean-shaped nucleus and large cyto-
plasm). On the other hand, TAMs displayed a greater extent of
morphologic heterogeneity and contained both monocyte-like cells
and large macrophages with features of activated phagocytes
(rounded nucleus; large cytoplasm with numerous vacuoles). The
cell morphology corroborated the gene expression data that both
TEMs and TAMs belong to the monocyte/macrophage lineage.

A comparison between the gene expression profile of TEMs and
TAMs revealed that the 2 monocyte/macrophage subsets were
highly related (Figure 1E). However, TEMs differed significantly
from spleen-derived Gr1*Cd11b™ neutrophils/MDSCs, PMs, and
tumor-derived ECs. To rigorously identify differences between
TEMs and TAMs, we implemented in R (http://www.R-project.
org) a multivariate regression model, similarly to the model
implemented in sas,??> to compute over the whole dataset and
estimate the fold change in gene expression for each single target
gene. This model jointly evaluates the role of different variables of
interest providing for (1) statistical significance of the observed
differences in expression level across the whole set of experimental
samples, (2) identifying the experimental variables that contribute
to each individual measurement, and (3) subtracting experimen-
tally introduced biases to obtain a stringent estimate of the actual
biologic differences. Statistical analysis of the data revealed several
differentially expressed genes between TEMs and TAMs (29% at
P < .05; Table 1). Among these, Arginasel (Argl) and several
scavenger receptors® (Cd163, stabilin-1 [Stabl], Mrcl, Msr2)

were up-regulated, whereas Nos2, proinflammatory?* and antian-
giogenic? molecules (/11b, Ptgs2/Cox2, I112a, Tnf, Ccl5, Cxcll0,
Cxclll) were down-regulated in TEMs versus TAMs. With
reference to the M1-M2 polarization paradigm proposed by
some authors,? the enhanced expression of scavenger receptors
and the down-regulation of inflammatory mediators by TEMs
would place them at the M2 extreme of the polarization window
(ie, TEMs are significantly more M2-skewed than TAMs),
consistent with their marked proangiogenic and protumoral
activity.'»!> Among the most differentially expressed genes
were also the hyaluronan receptor-1 (Lyvel), neuropilin-1 (Nrpl),
stromal cell derived factor-1 (Cxcli2/Sdf-1), insulin growth
factor-1 (Igf1), and Toll-like receptor-4 (Tir4), all of which were
up-regulated in TEMs. The finding of several differentially ex-
pressed genes strongly suggests that TEMs represent a distinct
subset or differentiation state of TAMs.

We then validated the gene expression results by protein
analysis, either by immunofluorescence staining (IFS) and confocal
microscopy of tumor sections (Figure 2) or by flow cytometry of
tumor-derived cell suspensions (Figure 3). We used 2 different
tumor models: N202 tumors grown subcutaneously in Tie2-GFP
transgenic mice'* (n = 5 for IFS; n = 3-7 for flow cytometry); and
mammary tumors spontaneously arising in MMTV-PyMT trans-
genic mice? previously transplanted with Tie2-GFP bone marrow
(BM) cells (n = 4 tumors from 4 mice for IFS), as described.?’
Whereas in Tie2-GFP mice both TEMs and ECs express GFP
(Figure 2A), in BM-transplanted mice only TEMs are GFP*
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Figure 3. Flow cytometric analysis of tumors identifies a distinguishing TEM signature. (A) Flow analysis of some of the genes that were either differentially expressed or
not differentially expressed between TEMs and TAMs. N202 mammary tumors grown subcutaneously in Tie2-GFP transgenic were made into single-cell suspensions and
TEMs and TAMs gated as Tie2-GFP*Cd11b*7AAD~ and Tie2-GFP~Cd11b*7AAD cells, respectively. In agreement with the mRNA data, TEMs but not TAMs robustly and
uniformly express Tlr4, Mrc1, ll4ra, and Cd163 (left panels). Genes not differentially expressed by quantitative PCR are similarly expressed by TEMs and TAMs (right panels).
For each marker, at least 3 independent analyses were performed; for each analysis, at least 3 tumors were pooled together and made into single-cell suspensions. (B) Further
phenotypic characterization of TEMs and TAMs. Note that TEMs do not express c-kit or granulocyte (Ly6G), inflammatory monocyte (Ly6C), DC (Cd11c), mast cell (FceRI), and
megakaryocyte/platelet (Cd41) markers. For each marker, at least 3 independent analyses were performed.

(Figure 2B, supplemental Figure 3). GFP*F4/80" TEMs were
frequently located in stromal tumor areas, whereas GFP~F4/80"
TAMs were evenly distributed throughout the tumor mass (Figure
2B). IFS and/or flow analyses showed differential expression of
Lyvel, Mrcl, TIr4, interleukin-4 receptor-alpha (I14ra), Cd163, and
Stabl but not of F4/80, Tlr2, Itga4 (Cd49d), and Cd86, between
TEMs and TAMs, in agreement with the RNA data (Figures 2B,
3A, supplemental Figure 3). Although the Itgax (Cdllc) mRNA
was expressed similarly in TEMs and TAMs (Table 1), TEMs were
Cd11c*¥~ and TAMs markedly Cdllc* by flow cytometry and
IFS (Figure 3B; and data not shown). TEMs were c-kit™ and did not
express FceR1, Ly6G, Ly6C, and Cd41, which are mast cell-,
neutrophil-, inflammatory monocyte-, and megakaryocyte/platelet-
specific markers, respectively (Figure 3B). Together with the
mRNA data, these results identify a unique TEM surface marker

profile, which distinguishes them from the bulk of TAMs and
related myeloid-lineage cells.

TEMs are refractory to proinflammatory stimuli

The gene expression data indicated that TEMs have a Th2/M2
phenotype. We wondered whether Th1 stimulation could modulate
this phenotype. To this aim, we stimulated (or left unstimulated)
tumor-derived TEMs, TAMs, and PMs with either Th1 (LPS + Ifng)
or Th2 (Il4) cytokines (n =3 independent experiments) and
evaluated the expression of established responder genes®?* (Nos2
and /112a for Thl responses; Argl and Ccll7 for Th2 responses).
Thl stimulation elicited minor responses in TEMs and TAMs,
compared with PMs (Figure 4). Conversely, TEMs and TAMs were
more responsive than PMs to Th2 stimulation. These results
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Figure 4. TEMs, like TAMs, are refractory to proinflammatory stimuli. In vitro stimulation of PMs, TEMs, and TAMs with Th1 (LPS + Ifng) and Th2 (I14) cytokines, or the
same cells left unstimulated (Ctrl). Top and bottom panels show the expression of Th1 (Nos2, I12a) and Th2 (Arg1, Ccl17) responder genes, respectively. The expression of
each gene is indicated as fold change (mean = 2 X SD of 3 independent experiments) over its expression in unstimulated PMs (for PMs) or unstimulated TAMs (for TEMs and
TAMs); endogenous control: B2m. Note that TEMs and TAMs are much less responsive than PMs to Th1 cytokine treatment. Conversely, Th2 cytokine stimulation elicits a

greater response in TEMs and TAMs than in PMs.

indicated that both tumor-derived TEMs and TAMs display
defective Th1 responses but can respond to Th2 stimuli. Of note,
both unstimulated and Th2-stimulated TEMs had higher Argl
and lower Nos2 expression than TAMs, in agreement with the
gene profile data.

Circulating TEMs belong to the resident monocyte subset

We then analyzed the circulating TEMs, which may be the
precursors of tumor TEMs.!* We previously speculated that circu-
lating TEMs belong to the myeloid lineage based on their
expression of Cdl1b and CD14 in mice and humans, respec-
tively.'#16 However, several cell surface-associated markers are
coexpressed by endothelial- and hematopoietic-lineage cells.’ To
rigorously demonstrate that TEMs belong to the hematopoietic
lineage, we used a genetic approach. MicroRNAs (miR) regulate
networks of gene expression and help determining cell identity and
lineage specification. miR-142 is specifically expressed in the
hematopoietic lineage?3; we previously showed that expression of a
GFP reporter gene containing miR-142 target sequences was
suppressed specifically in all hematopoietic-lineage cells of trans-
genic mice,?! indicating stringent association of miR-142 expres-
sion with hematopoietic cell specification. Here, we incorporated
miR-142 target sequences (miR142T) downstream to the Tie2-GFP
reporter and generated Tie2-GFPmiR142T transgenic mice by
LV-mediated transgenesis. In the progeny of these mice, GFP was
efficiently expressed in Cd31" ECs (Figure 5A) but, as opposed to
mice carrying the unmodified transgene, it was completely sup-
pressed in circulating monocytes (n = 3; Figure 5B). These results
indicate robust miR-142 activity in circulating TEMs, providing
genetic evidence for their hematopoietic lineage and further
clarifying that they are distinct from circulating ECs. In agreement
with these findings, the majority of circulating GFP* cells in
Tie2-GFP mice expressed the monocyte-specific marker Csflr/
Cd115 (84% = 5%, mean £ SD;n = 16; Figure 5C). Of note, only
30% plus or minus 6% (n = 13) of the total Cd115" monocytes
were GFP™, indicating that TEMs represent a subset of circulating
monocytes (Figure 5D). The GFP* TEMs were mostly Grl~
(84% = 5%, n = 10), Cd621~ (74% = 6%, n =T7), and Cd43*

(80% = 6%, n = 10), thus expressing a resident monocyte marker
profile (Figure SF).

Common gene signature of circulating resident monocytes and
tumor-infiltrating TEMs

We then analyzed gene expression (39 genes of interest, selected
among those analyzed in tumor-derived cells) in Cd115*Grl~
resident and Cd115Gr1* inflammatory monocytes obtained from
the blood of tumor-free mice (n = 4 independent experiments), and
compared the results with those obtained with tumor-derived TEMs
and TAMs (Table 2). Remarkably, 22 of 39 genes displayed
concordant expression in resident versus inflammatory monocytes
and TEMs versus TAMs (exact binomial test; P = .003). These
included Argl, Igfl, Cxcli2, Lyvel, Stabl, Cd163, Edgl, Mrcl
(up-regulated in resident monocytes and TEMs vs inflammatory
monocytes and TAMs, respectively), and Sell, Ccr2, Ptgs2/Cox2
(down-regulated). Only one gene, I/12a, displayed discordant
expression, whereas the remainder genes were differentially ex-
pressed in either resident versus inflammatory monocytes or TEMs
versus TAMs. The association of the TEM gene expression
signature, which enriches for tissue-remodeling versus proinflam-
matory genes, with resident monocytes suggests that resident and
inflammatory blood monocytes represent 2 functionally distinct
subsets that may be differentially committed to generate tumor-
infiltrating TEMs and TAMs, respectively.

A prominent macrophage population expresses typical TEM
genes in developing embryos

The physiologic role of TEMs is unknown. We investigated the
presence and distribution of TEMs during embryonic/fetal develop-
ment and analyzed embryos of Tie2-GFP transgenic mice'* from
E7.5 to E15.5 (n = 1-4 litters/stage) by IFS and confocal micros-
copy. Starting from ES8.5 and throughout embryonic development,
GFP was consistently expressed in Cd31" ECs forming vascular
structures and in scattered hematopoietic cells expressing Cd45,
Cdl11b, or F4/80 (Figure 6A-B; and data not shown). Anti-Tie2
immunostaining confirmed expression of the Tie2 receptor by the
GFP™ cells (supplemental Figure SA). The GFP*Cd45* or GFPF4/
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Figure 5. Circulating TEMs are bona fide hematopoietic cells distinct from circulating ECs and express a resident monocyte phenotype. (A) Analysis of mouse liver
by IFS (left) and flow cytometry (right). (Left panels) Expression of GFP (green) in Cd31* (red) liver sinusoids of Tie2-GFPmir142T mice (n = 2). Scale bar represents 60 pm.
Dot plots on the right show liver tissue—derived single-cell suspensions of representative wild-type (n = 1), Tie2-GFP (n = 2), and Tie2-GFPmir142T (n = 3) mice. Note that
GFP is expressed robustly in the Cd31* ECs of both Tie2-GFPmir142T and Tie2-GFP mice. (B) Flow cytometry analysis of blood cells of representative wild-type (n = 1),
Tie2-GFP (n = 2), and Tie2-GFPmir142T (n = 3) mice. Cd11b* myeloid cells are gated (dot plot on the left) and GFP expression analyzed in this hematopoietic subset (dot
plots on the right). Note that GFP is expressed in the Cd11b* SSC'°* monocytes of Tie2-GFP, but not Tie2-GFPmir142T mice. Ly indicates lymphocytes; Gr, granulocytes; Mo,
monocytes. (C-E) Flow cytometry analysis of the blood of Tie2-GFP transgenic mice. (C) Virtually all the Tie2-GFP* TEMSs (green gate in the dot plot on the left; n = 16) are
Cd11b*Cd11577AAD~ monocytes (dot plot on the right). (D) Only a fraction (~ 30%; n = 13) of the Cd11b*Cd115*7AAD~ monocytes (dot plot on the left) are Tie2-GFP* (dot
plot in the middle). Monocytes from wild-type mice (n = 5) were used to set the gate for GFP-positive events (dot plot on the right). (E) Dot plots show the expression of surface
markers that can distinguish resident from inflammatory monocytes (n = 7-10). The Cd115*GFP*7AAD~ cells were gated and the expression of Cd43, Gr1, and L-selectin

(Cd62l) analyzed. The majority of Tie2-GFP*Cd115*7AAD~ TEMs are Cd43*Gr1-Cd62l~ resident monocytes. Representative experiments are shown.

80" cells were particularly abundant in the mesenchyme surround-
ing the developing neural organs, between somites and in interdigi-
tal zones, but were hardly found in the fetal liver, a major
hematopoietic organ (Figure 6A-C; and data not shown). In several
instances, GFP*F4/807 cells were found intermixed with develop-
ing blood vessels, eg, in the meninges, mesencephalic flexure of the
brain, and hyaloid cavity of the eye. A large proportion of the
embryonic/fetal Cd11b* or F4/80* cells (such as those of the fetal
liver) did not express GFP (supplemental Figure SB-C). Of note,
the GFP™ (or Tie2™) F4/80% cells expressed typical TEM markers,
including Mrcl (Figure 6C), Cd163, and Lyvel (supplemental
Figure 5D-E, Figure 7C).

We then performed flow cytometry on embryos from ES8.5 to
E15.5 (n = 1 or 2 samples/stage, by pooling = 8 embryos/stage).
As expected, the GFP™ cells, which comprise both ECs and F4/80*
macrophages, uniformly expressed the Tie2 receptor (Figure 7A).
Whereas only 10% plus or minus 5% of the total myeloid-lineage
cells (as stained by Cdl1b) expressed GFP (n =5 at different
stages), a greater proportion of the F4/80" cells were GFP*
(27% * 4%; n = 7). Several F4/80" macrophages coexpressed
Lyvel (Figure 7B); the F4/80"Lyvel* cells, which were mostly
excluded from the fetal liver, were virtually all GFP* (Figure 7B).
We confirmed these findings by IFS of wild-type embryos (n = 3 at
E8.5, E10.5, and E13.5), which showed colocalization of Lyvel
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Table 2. Genes expressed either differentially or not between resident and inflammatory monocytes

Up-regulated Down-regulated

Fold more ACt P Fold less ACt P
Arg1 58.7 11.5 < .001 Chi3I3/Ym1 -18.0 6.4 < .001
Cxcl12 20.5 15.1 < .001 Sell -95 8.1 < .001
Lyvet 14.7 12.8 < .001 Ccr2 =55 7.6 < .001
Stab1 141 16.7 <.001 Ptgs2 -4.5 18.1 <.001
Igf1 13.6 15.3 < .001 Not differentially expressed
Cd163 5.2 13.3 < .001 Angpt1 Cx3cr1 Itga4 Tbx21
Edg1 47 9.0 < .001 Angpt2 Egf 114 Tgfb1
1o 4.4 16.0 < .001 Cer7 Fgf2 Vegfr2 Tir4
Mmp9 3.1 12.3 < .05 Csf1R Vegfr1 Mmp12 Tnf
Mre1 27 9.9 < .05 Cdso Ifng Nos2 Tnfrsf18
12a 2.6 14.0 < .05 Cdsé 111b Nrp1
Mmp2 2.5 17.6 < .05

Bold text indicates concordant expression in resident versus inflammatory monocytes and TEMs versus TAMs. Text without bold or underlining indicates significantly
up-regulated/down-regulated either in resident versus inflammatory monocytes or TEMs versus TAMs. Underlined text indicates discordant expression in resident versus
inflammatory monocytes and TEMs versus TAMs.

Figure 6. Characterization of mouse embryonic/fetal macrophages. (A) A representative E13.5 Tie2-GFP transgenic embryo analyzed for GFP (green), Cd45 (red), and
Cd31 (blue) expression. The dorsal area of the embryo is shown. GFP is uniformly expressed by Cd31* blood vessels and by scattered Tie2-GFP*Cd45*Cd31~ hematopoietic
cells (arrows). Note that several Cd457Cd31~ hematopoietic cells are GFP~ (arrowheads). Scale bar represents 60 wm. Similar results were obtained in E8.5 to E15.5
embryos. Results are representative of n = 8 litters (each including 2 or 3 embryos) analyzed. For each embryo, at least 3 sections were analyzed. (B) A representative E14.5
Tie2-GFP transgenic embryo analyzed for GFP (green), Cd31 (red), and F4/80 (blue) expression. The brain of the embryo is shown. GFP is uniformly expressed by Cd31+*
blood vessels and by scattered Tie2-GFP*F4/80*Cd31~ macrophages (arrows). Note that several F4/80*Cd31~ macrophages are GFP~ (arrowheads). Scale bar represents
60 pm. Embryos were analyzed as described in panel A. (C) A representative E12.5 Tie2-GFP transgenic embryo analyzed for GFP (green), Mrc1 (red), and F4/80 (blue)
expression. The spinal cord of the embryo is shown. GFP is expressed by Mrc17F4/80" macrophages that are intermixed with GFP*Mrc1~F4/80~ blood vessels in the
meninges (inset). Scale bar represents 60 pm. The 2 bottom panels show a high-power magnification of the inset shown above. Note the perivascular GFP*Mrc1*F4/80*
macrophages. Embryos were analyzed as described in panel A.
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Figure 7. A distinguishing TEM signature expressed by mouse embryonic/fetal macrophages. (A) Flow cytometry analysis of representative E14.5 Tie2-GFP transgenic
embryos (> 8 embryos pooled together). Virtually all GFP* cells express the Tie2 receptor. Whereas a small proportion of the Cd11b™ cells are GFP*, a substantial proportion
of the F4/80" cells are GFP*. The Cd11b~ or F4/80—, GFP™* cells mostly represent ECs. Similar results were obtained in E8.5 to E14.5 embryos. Results are representative of
n = 11 litters analyzed. (B) Flow cytometric analysis of representative E12.5 Tie2-GFP transgenic embryos (> 8 embryos pooled together), analyzed as whole embryos (total
cells), or embryos without fetal liver (total cells without fetal liver), or fetal liver alone (fetal liver). In whole embryos, the majority of Lyve1* cells are F4/80* macrophages. In
embryos without fetal liver, virtually all the Lyve1* cells are F4/80* macrophages. In the fetal liver, the majority of the Lyve1* cells are F4/80~ cells, probably representing
lymphatic ECs. The Lyve1*F4/80* macrophages (green gate in the dot plot at bottom left) display enhanced GFP expression (histogram at bottom right, open green line)
compared with the Lyve1~ cells (red gate and filled red line). (C) A representative E12.5 wild-type embryo analyzed for Lyve1 (green), Tie2 receptor (red), and F4/80 (blue)
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Table 3. Genes expressed either differentially or not between Tie2-GFP+* and Tie2-GFP—, Cd11b* embryonic/fetal macrophages

Up-regulated

Down-regulated

Fold more ACt P Fold less ACt P
Mmp12 39.3 2.3 <.001 Sell —35.1 8.8 < .001
Igf1 25.0 7.4 < .001 Chi3I3/Ym1 -15.2 6.1 <.001
Lyvet 21.0 3.7 <.001 Mmp9 -8.3 6.6 < .001
Arg1 11.6 4.9 <.001 Egf -7.3 12.3 <.01
Mre1 7.2 2.6 <.01 Angpt1 —4.4 11.5 < .05
Cd163 6.4 7.0 <.01 Not differentially expressed
Stab1 3.7 1.0 < .05 Angpt2 Edg1 I112a Nrp1
Cx3crt 3.5 1.0 <.05 Csfir Fgf2 Vegfr2 Tfrc

Cxcl12 Vegfr1 Mmp2 Tir4

Bold text indicates concordant expression in embryo TEMs versus embryonic macrophages and tumor TEMs versus TAMs. Text without bold or underlining indicates
significantly up-regulated/down-regulated either in embryo TEMs versus embryonic macrophages or tumor TEMs versus TAMs. Underlined text indicates discordant
expression in embryo TEMs versus embryonic macrophages and tumor TEMs versus TAMs.

and Tie2 receptor by a fraction of the F4/80% macrophages
(Figure 7C).

The early time of appearance, morphology, and distribution of
the GFP*F4/80* cells within the embryo were consistent with
those of embryonic/fetal macrophages.!*?*3% FACS sorting (after
pooling 8 E13.5 embryos depleted of the fetal liver) and morpho-
logic analysis (Figure 7D) showed that the embryonic/fetal
GFP*Cdl1b* cells were a homogeneous population of large
phagocytes (> 95% macrophages with rounded nucleus, large
cytoplasm filled with phagosomes and vacuoles). Flow cytometry
indicated that the GFP*F4/80" macrophages did not express the
hematopoietic progenitor markers c-kit and Sca-1 (n = 2 samples
analyzed at E13.5 and E14.5; supplemental Figure 6), corroborat-
ing the notion that they represent mature macrophages. FACS-
sorted GFP~Cd11b™ cells were also highly enriched in macro-
phages (> 80%) but contained a measurable fraction of immature
myeloid elements.

We did not detect GFP*™ macrophages in Tie2-GFPmiR142T
embryos by IFS (Figure 7E); of note, these embryos showed
uniform and robust vascular GFP marking. In agreement with the
IFS data, flow cytometry analyses showed that the Cdl11b* or
F4/80% myeloid cells of Tie2-GFPmiR142T embryos were uni-
formly GFP~ (Figure 7F), whereas the Cdl1b-GFP* (or F4/
80 "GFP*) ECs from either Tie2-GFPmiR142T or Tie2-GFP
transgenic mice displayed similar GFP mean fluorescence activity.
These data indicate robust activity of miR-142 in embryonic/fetal
Tie2*F4/807 cells, further confirming that they represent bona fide
hematopoietic-lineage cells.

Finally, we analyzed gene expression (25 selected genes,
selected among those analyzed in tumor-derived cells) in
GFP*Cd11b* and GFP~Cd11b* macrophages obtained from E13.5
Tie2-GFP transgenic embryos (n = 2 independent experiments,
each by pooling 15 E13.5 embryos depleted of the fetal liver) and
compared the results with those obtained with tumor-derived TEMs
and TAMs (Table 3). Fourteen of 25 genes displayed concordant
expression in GFP* versus GFP~ embryonic/fetal macrophages
and tumor-derived TEMs versus TAMs (exact binomial test;

P = .02). These included Igfl, Lyvel, Argl, Mrcl, Cdl163, and
Stabl (up-regulated in GFP* embryonic/fetal macrophages and
TEMs versus GFP~ embryonic/fetal macrophages and TAMs,
respectively) and Sell (down-regulated). Remarkably, when we
extended the analysis to include gene expression data obtained
from circulating monocytes (Table 2), 12 of 24 analyzed genes
were found to be coordinately expressed in GFP* embryonic/fetal
macrophages, resident monocytes, and tumor-derived TEMs versus
GFP~ embryonic/fetal macrophages, inflammatory monocytes, and
TAMs (exact binomial test; P < .001).

Discussion

Our gene expression data demonstrate that TEMs are distinct from
endothelial-lineage cells and represent a subset of tumor-
infiltrating macrophages expressing a distinguishing gene signa-
ture, which is consistent with enhanced proangiogenic and tissue-
remodeling activity and lower proinflammatory activity. The “TEM
gene signature” also distinguishes resident from inflammatory
monocytes in the peripheral blood and identifies a population of
embryonic/fetal macrophages that appear early during mouse
development (starting from ES8.5) and are preferentially associated
with areas of active tissue remodeling and angiogenesis.

Several studies have reported that mononuclear cells expressing
a reporter gene from Tie2 transcription regulatory elements are
recruited to tumors and ischemic tissues.!>1531-34 Based on the
assumption that Tie2 expression is specific of ECs, these Tie2*
cells were often interpreted as EPCs, even if they expressed
hematopoietic/myeloid markers®® and were often found outside of
the vessel wall.3'33 By implementing stringent combinations of
gene marking and imaging approaches, we previously showed that
these Tie2* mononuclear cells indeed represent myeloid cells.!+13
Here, we conclusively demonstrate that Tie2-expressing cells
recruited to tumors do not belong to the EC lineage and are bona
fide monocytes/macrophages. By comparing tumor-derived TEMs,
TAMs, and ECs, we show that the gene expression profile of TEMs

expression. The dorsal area of the embryo is shown. Note the Lyve1*Tie2*F4/80" macrophages scattered among Tie2*Lyve1~F4/80~ blood vessels. Scale bar represents
60 pm. Results are representative of n = 2 litters (each including 3 embryos) analyzed. For each embryo, at least 3 sections were analyzed. (D) Morphology
(May-Grunwald-Giemsa staining) of Tie2-GFP~Cd11b* (left) and Tie2-GFP*Cd11b* (right) cells sorted from E13.5 Tie2-GFP transgenic embryos depleted of the fetal liver.
Scale bar represents 30 wm. Photos are representative of n = 25 photos/sample. (E) A representative E12.5 Tie2-GFPmir142T transgenic embryo analyzed for GFP (green)
and Mrc1 (red) expression. The spinal cord of the embryo is shown. Note that the Mrc1* macrophages do not express GFP in this mouse model, whereas ECs do. The bottom
right panel shows a high-power magnification of the inset indicated in the bottom left panel. Similar results were obtained in all analyzed embryos (E12.5-E15.5). Results are
representative of n = 4 litters (each including 3 embryos) analyzed. For each embryo, at least 3 sections were analyzed. (F) Flow cytometric analysis of representative E12.5
Tie2-GFP and Tie2-GFPmir142T transgenic embryos (> 8 embryos pooled together). Note that in Tie2-GFPmit142T embryos (n = 8 litters analyzed at different stages) there

are no Cd11b* or F4/80* cells expressing GFP.
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is similar to that of TAMs but clearly distinct from that of ECs.
Further data support the non-EC nature of TEMs. Indeed, TEMs
(1) robustly express hematopoietic-specific markers (eg, Cd45,
F4/80, and miR-142, the latter shown using a microRNA-regulated
reporter transgenic mouse line), (2) express low to negligible levels
of EC-specific genes (eg, Vegfr2 and VE-cadherin/Cdh5), and
(3) do not incorporate in the tumor endothelium and often reside in
perivascular spaces. These findings strongly support the notion that
Tie2-expressing cells repeatedly observed in tumors!3-1527:34.35 gre
not EPCs. Whether true EPCs contribute to tumor angiogenesis is
still a matter of debate, with recent reports showing a contribution
limited to selected experimental conditions, such as tumors treated
by vascular-disrupting agents or chemotherapy.>13-36-37

Although TEMs do not physically incorporate in the tumor
endothelium, they seem required for tumor angiogenesis.'> Within
the panel of interrogated genes, many genes previously implicated
in tumor angiogenesis were among the most differentially ex-
pressed between TEMs and TAMs. One such gene is Lyvel
(14-fold up), which encodes for the hyaluronan receptor-1 ex-
pressed on lymphatic ECs and subsets of macrophages. Because
TEMs also express Stabl (stabilin-1, a hyaluronan receptor;
6.4-fold up) and Cd163 (hemoglobin/haptoglobin scavenger recep-
tor; 15.8-fold up), it is probable that the previously described
Lyvel *Stabl1 *Cd163* macrophages observed in tumors, wounds,
and remodeling adipose tissue®3? indeed represent TEMs. Tlr4, a
Toll-like receptor implicated in tumorigenesis,* is also preferen-
tially expressed by TEMs (3.5-fold up). Whereas Lyvel binds
hyaluronic acid (HA), TIr4 binds to its low-molecular-weight
fragmentation products. The preferential expression of Lyvel,
Stabl, and TIr4 by TEMs among tumor macrophages suggests a
role of TEM-HA interactions in tumor angiogenesis. Indeed, HA
fragments stimulate MMP production, cell migration, and angiogen-
esis in tumors,*! and up-regulate Irak-M expression by monocytes,
deactivating them and down-regulating their expression of the
antiangiogenic molecules Tnfa and Il12a.** Interestingly, Tlr4
expression by macrophages has been found to mediate remodeling
of the lung microenvironment and favor subsequent colonization
by tumor cells.¥* The expression of Nrpl (Neuropilin-1, a Vegf
coreceptor; 4.6-fold up) by TEMs might enhance angiogenesis by
clustering Vegf in contact with Vegfr2® ECs, as previously
described.* Efnb2 (Ephrin-B2; 4.2-fold up) encodes for a transmem-
brane ligand of Ephrin receptors expressed on ECs; the bidirec-
tional signaling between ephrin-B2 and Ephrin receptors modulates
angiogenesis and the development of arteries and veins.*> Sema-
phorin 6D (Sema6d; 5.2-fold up), a transmembrane protein that
binds to membrane-bound plexinB1, may also have proangiogenic
activity in tumors, as it activates Vegfr2-mediated signal transduc-
tion.*® The enhanced expression of Nrpl, Efnb2, and Sema6d by
TEMs may suggest activation of ECs by cell-to-cell contacts.
Another gene up-regulated in TEMs is Cxcli2 (4.4-fold up),
encoding for the stromal cell-derived factor-1 (Sdfl); Cxcl12
released by TEMs may promote angiogenesis by attracting Cxcrd*
ECs and other proangiogenic cells in the tumor microenviron-
ment.*” Angptl (angiopoietin-1, a Tie2 ligand; 2.6-fold up) ex-
pressed by TEMs may also promote tumor angiogenesis, as
Angptl-expressing hematopoietic cells stimulate EC sprouting in
embryonic tissues.** TEMs display up-regulated expression of
Edgl (sphingosine-1-phosphate receptor; 3.0-fold up). Edgl
null embryos are hemorrhagic and die in utero, a phenotype
associated with impaired vascular maturation and defective recruit-
ment of perivascular cells to angiogenic blood vessels.*® Moreover,
sphingosine-1-phosphate induces macrophages to acquire an anti-
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inflammatory phenotype* (high Argl, low Nos2 activity). Vegfa,
which is among the most expressed genes in TEMs, was however
down-regulated in TEMs versus TAMs (2.9-fold down), suggesting
that TEMs are exposed to a less hypoxic microenvironment in
tumors, consistent with their preferential localization in peritu-
moral areas and their exclusion from necrotic regions. Interest-
ingly, the ELR-negative CXC chemokines Cxcl/10 and Cxclll were
down-regulated in TEMs versus TAMs (2.8- and 2.7-fold down,
respectively). These chemokines are transcribed on Irf3/Statl
activation and are potent inhibitors of angiogenesis.?>>% Overall,
the enhanced expression of several proangiogenic molecules by
TEMs, together with the down-regulation of potent antiangioge-
neic mediators (also including 7/12a, 3.6-fold down; 1112b, 2.5-fold
down; Tnfa, 3.1-fold down), may account for their nonredundant
proangiogenic activity in tumors.'

Both mouse and human monocytes can be grouped into
functional subsets.$?31-33 We found that circulating TEMs belong
to the Gr1~Cd621~Cd43* resident monocyte subset. In addition to
our previous data showing that TEMs are proangiogenic,'*!> a
recent report indicated that resident monocytes promote tissue
angiogenesis in the postischemic myocardium.>* Together, these
data may suggest a developmental and functional relationship
between circulating resident monocytes and tumor-infiltrating
TEMs. Our new findings further show that resident monocytes
isolated from the blood of tumor-free mice and tumor-derived
TEMs display a coordinated expression profile, which points to a
commitment of TEM phenotype/function in the peripheral blood.
Argl, Cxcll2, Lyvel, Igfl, Stabl, Cd163, Mrcl, and Edgl, all
significantly up-regulated in tumor-derived TEMs versus TAMs,
were markedly up-regulated in resident versus inflammatory mono-
cytes. Expression of [l/2a (an antiangiogenic molecule) was
down-regulated in TEMs versus TAMs but unexpectedly up-
regulated in resident versus inflammatory monocytes. However,
2 recent reports have shown that both mouse resident and human
blood monocytes rapidly down-regulate ///2 expression on their
extravasation in vivo®> or when exposed in vitro to experimental
conditions mimicking the hypoxic tumor microenvironment.!” The
coordinated expression profiles of resident monocytes/TEMs and
inflammatory monocytes/TAMs suggest that monocyte heterogene-
ity in the peripheral blood may reflect the existence of precursor
populations that are committed to distinct, nonredundant functions
in tumors and growing/regenerating tissues. Yet, the developmental
relationship between the 2 main monocyte subsets remains to be
clarified. It has been proposed that resident monocytes derive from
Grl™* inflammatory monocytes,'’-> implying that the 2 phenotypes
may represent distinct developmental stages along the monocyte
lineage. Further studies will clarify whether TEMs represent a
distinct resident monocyte subpopulation.

Although it has been predicted that TAMs comprise distinct
functional subsets,” very little is known of the actual functional
heterogeneity of TAMs in tumors. Live imaging analysis'> of
monocyte/macrophage subpopulations expressing the newly identi-
fied cell-surface markers (eg, Mrc1, Lyvel, Tlr4) may better clarify
macrophage heterogeneity and dynamics in tumors. It has been
established that tumors induce macrophages to acquire an immuno-
suppressive function.”?> Moreover, tumor-derived factors promote
the expansion of MDSCs, a heterogeneous myeloid population that
can suppress T-cell function,® in BM, blood, and lymphoid organs.
Inhibition of effective antitumor T cell-dependent immunity by
TAMs and MDSCs may occur in several ways, including produc-
tion of indoleamine dioxygenase and nitric oxide, inhibition of DC
maturation, and attraction of T regulatory cells to the tumor site.
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Interestingly, among the down-regulated genes in TEMs versus
TAMs were Ccr7 (3.8-fold down), Cd80 (2.8-fold down), Thx21
(T-box 21 transcription factor; 2.1-fold down), and H2-Ea (class 11
major histocompatibility complex, antigen E alpha; 3.0-fold down),
which are all expressed by antigen-presenting cells. Conversely,
1l4ra, which encodes for the type I interleukin-4 receptor previ-
ously shown to be expressed by immunosuppressive MDSCs,>
was up-regulated in TEMs (2.3-fold up). Because tumor TEMs do
not express Cdllc and express low levels of mature antigen-
presenting cell markers (compared with TAMs), it can be envisaged
that they represent deactivated or immature cells. Together, our
findings suggest that TEMs have little ability, if any, to commence
immune responses in tumors, and may well represent an innate
immunosuppressive cell type.

Both mRNA and protein expression data indicated that a
substantial fraction of the F4/80* embryonic/fetal macrophages
express a TEM phenotype (Tie2*Lyvel *Mrcl1*Cd163%). This
finding points to a functional similarity between embryonic/fetal
macrophages, which have unique developmental and biologic
features among phagocytes,'*2%2% and adult proangiogenic TEMs.
Whereas TEMs represent a minor proportion of the tumor-
infiltrating F4/80% cells and are mostly restricted to viable,
angiogenic tumor areas,'> TEM-like cells appear to be a major
macrophage subset in embryos. Of note, Ojalvo et al recently
reported that the gene expression profile of TAMs significantly
overlaps with enriched transcripts in fetal macrophages.’* By
further narrowing down the gene expression analysis to tumor-,
blood-, and embryo-derived monocyte/macrophage subpopula-
tions (ie, by comparing the Tie2(GFP)* with Tie2(GFP)~
fraction of each subpopulation), we identified stringent concor-
dance in gene expression/regulation among the Tie2™ myeloid
subpopulations analyzed. The identification of “embryonic/fetal
TEMSs” extends their role to a physiologic process characterized
by dramatic rates of cell turnover, tissue morphogenesis, and
remodeling, which occur in the absence of exogenous inflamma-
tory stimuli. mRNA data indicated that Tie2-GFP* embryonic/
fetal macrophages display greatly enhanced expression of
Mmpl12 (metalloelastase; 39-fold up vs GFP~ counterpart),
suggesting the importance of this protease in physiologic tissue
remodeling®’ by embryonic/fetal TEMs.

It is tempting to speculate that TEMs play primary functions in
developing tissues, where they might execute proangiogenic and
proinvasive programs that are coopted by tumors.!> Taken together,
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our findings suggest that TEMs represent a circulating reservoir of
monocytes actively recruited to extravascular tissues by noninflam-
matory signals produced not only by tumors, but also by develop-
ing or regenerating tissues. Future studies will be devoted to the
identification of the signals that govern the lineage determination
of TEMs and their recruitment to sites of active tissue
morphogenesis.

Acknowledgments

The authors thank Roberta Mazzieri, Chiara Porta, and Silvia
Nucera for help with some experiments; Alessio Palini for cell
sorting; Elisa Allievi (CFCM facility, San Raffaele) for mouse
transgenesis; Maurilio Ponzoni (Department of Pathology, San
Raffaele) for morphologic analysis of cytospins; Sergij Goerdt
(Mannheim, Germany) for providing the anti—stabilin-1 antibody;
Elisabetta Dejana (FIRC Institute of Molecular Oncology, Milan,
Italy); Claire Lewis (University of Sheffield, United Kingdom) for
helpful discussions; and Luca Libelli for excellent secretarial
assistance.

This work was supported by the Associazione Italiana per la
Ricerca sul Cancro, European Union (Tumor-Host Genomics), and
the Italian Ministry of Health (Challenge in Oncology) (L.N.).

Authorship

Contribution: F.P. designed research, performed research, analyzed
data, and drafted the manuscript; M.A.V. designed research,
performed research, and analyzed data; D.B. performed research;
A.N. and C.D.S. developed statistical models and analyzed gene
expression data; D.M. managed mouse colonies; A.S. provided
vital reagents and analyzed data; and L.N. and M.D.P. conceived
and coordinated research, analyzed data, and wrote the paper.

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.

Correspondence: Luigi Naldini, Angiogenesis and Tumor
Targeting Research Unit, San Raffaele Institute, Olgettina, 58,
20132 Milan, Italy; e-mail: naldini.luigi@hsr.it; or Michele De
Palma, Angiogenesis and Tumor Targeting Research Unit, San
Raffaele Institute, Olgettina, 58, 20132 Milan, Italy; e-mail:
depalma.michele @hsr.it.

1. de Visser KE, Eichten A, Coussens LM. Paradoxi-
cal roles of the immune system during cancer de-
velopment. Nat Rev Cancer. 2006;6:24-37.

2. Mantovani A, Allavena P, Sica A, Balkwill F. Cancer-

Blood monocytes: distinct subsets, how 13.
they relate to dendritic cells, and their

possible roles in the regulation of T-cell

responses. Immunol Cell Biol. 2008;86:398-

De Palma M, Venneri MA, Roca C, Naldini L. Tar-
geting exogenous genes to tumor angiogenesis
by transplantation of genetically modified hema-
topoietic stem cells. Nat Med. 2003;9:789-795.

related inflammation. Nature. 2008;454:436-444. 408. 14. De Palma M, Venneri MA, Galli R, et al. Tie2

3. Kerbel RS. Tumor angiogenesis. N Engl J Med. 9. Sunder!(otter C, Nikolic T, Dillon MJ, et al.l Sut.)- identifies a hematopoietic lineage of proangio-
2008;358:2039-2049. populations of mouse blood monocytes differ in genic monocytes required for tumor vessel forma-

4. Murdoch C, Muthana M, Coffelt SB, Lewis CE. T;:x;a;%?‘ sétggz-?;g::\ﬂagzit;ry response. tion a”‘f' amesenchymal POPU|?t!0n of pericyte
The role of myeloid cells in the promotion of tumour ’ o progenitors. Cancer Cell. 2005;8:211-226.
angiogenesis. Nat Rev Cancer. 2008;8:618-631. 10. Pahler JC, Tazzyman §, Erez N, etal. Plasticityin 45 g pajma M, Murdoch C, Venneri MA, Naldini L,

. L tumor-promoting inflammation: impairment of . ) . X 3

5. De Palma M, Naldini L. Role of haematopoietic macrophage recruitment evokes a compensatory Lewis CE. Tie2-expressing monocytes: regulation
cells and endothelial progenitors in tumour angio- neutrophil response. Neaplasia. 2008;10-329- of tumor angiogenesis and therapeutic implica-
genesis. Biochim Biophys Acta. 2006;1766:159- 340. tions. Trends Immunol. 2007,28:545-550.
1§6- ) . 11. Qu C, Edwards EW, Tacke F, et al. Role of CCR8 16. Venneri MA, De Palma M, Ponzoni M, et al. Iden-

6. SicaA, Bronte V. Altered macrophage differentia- and other chemokine pathways in the migration tification of proangiogenic TIE2-expressing
tion and immune dysfunction in tumor develop- of monocyte-derived dendritic cells to lymph monocytes (TEMs) in human peripheral blood
ment. J Clin Invest. 2007;117:1155-1166. nodes. J Exp Med. 2004;200:1231-1241. and cancer. Blood. 2007;109:5276-5285.

7. Lewis CE, Pollard JW. Distinct role of macro- 12. Egeblad M, Ewald AJ, Askautrud HA, et al. Visu- 17. Murdoch C, Tazzyman S, Webster S, Lewis CE.
phages in different tumor microenvironments. alizing stromal cell dynamics in different tumor Expression of Tie-2 by human monocytes and
Cancer Res. 2006,66:605-612. microenvironments by spinning disk confocal mi- their responses to angiopoietin-2. J Immunol.

8. Geissmann F, Auffray C, Palframan R, et al. croscopy. Dis Model Mech. 2008;1:155-167. 2007;178:7405-7411.


http://bloodjournal.hematologylibrary.org/
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl

914

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

From bloodjournal.hematologylibrary.org at ECOLE POLYTECHNIQUE FEDERALE DE LAUSANNE on June 12,

PUCCl et al

Augustin HG, Koh GY, Thurston G, Alitalo K. Con-
trol of vascular morphogenesis and homeostasis
through the angiopoietin-Tie system. Nat Rev Mol
Cell Biol. 2009;10:165-177.

Ovchinnikov DA. Macrophages in the embryo and
beyond: much more than just giant phagocytes.
Genesis. 2008;46:447-462.

Rae F, Woods K, Sasmono T, et al. Characterisa-
tion and trophic functions of murine embryonic
macrophages based upon the use of a Csf1r-
EGFP transgene reporter. Dev Biol. 2007;308:
232-246.

Brown BD, Venneri MA, Zingale A, Sergi Sergi L,
Naldini L. Endogenous microRNA regulation sup-
presses transgene expression in hematopoietic
lineages and enables stable gene transfer. Nat
Med. 2006;12:585-591.

Yuan JS, Reed A, Chen F, Stewart CN Jr. Statisti-
cal analysis of real-time PCR data. BMC Bioinfor-
matics. 2006;7:85.

Mantovani A, Sozzani S, Locati M, Allavena P,
Sica A. Macrophage polarization: tumor-associ-
ated macrophages as a paradigm for polarized
M2 mononuclear phagocytes. Trends Immunol.
2002;23:549-555.

Dranoff G. Cytokines in cancer pathogenesis and
cancer therapy. Nat Rev Cancer. 2004;4:11-22.

Strieter RM, Belperio JA, Burdick MD, Keane MP.
CXC chemokines in angiogenesis relevant to
chronic fibroproliferation. Curr Drug Targets In-
flamm Allergy. 2005;4:23-26.

Lin EY, Jones JG, Li P, et al. Progression to ma-
lignancy in the polyoma middle T oncoprotein
mouse breast cancer model provides a reliable
model for human diseases. Am J Pathol. 2003;
163:2113-2126.

De Palma M, Mazzieri R, Politi LS, et al. Tumor-
targeted interferon-alpha delivery by Tie2-ex-
pressing monocytes inhibits tumor growth and
metastasis. Cancer Cell. 2008;14:299-311.

Chen CZ, Li L, Lodish HF, Bartel DP. MicroRNAs
modulate hematopoietic lineage differentiation.
Science. 2004;303:83-86.

Pollard JW. Trophic macrophages in develop-
ment and disease. Nat Rev Immunol. 2009;
9:259-270.

Ojalvo LS, King W, Cox D, Pollard JW. High-den-
sity gene expression analysis of tumor-associ-
ated macrophages from mouse mammary tu-
mors. Am J Pathol. 2009;174:1048-1064.
Asahara T, Masuda H, Takahashi T, et al. Bone
marrow origin of endothelial progenitor cells re-
sponsible for postnatal vasculogenesis in physio-
logical and pathological neovascularization. Circ
Res. 1999;85:221-228.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

2012. For personal use only.

Tepper OM, Capla JM, Galiano RD, et al. Adult
vasculogenesis occurs through in situ recruit-
ment, proliferation, and tubulization of circulating
bone marrow-derived cells. Blood. 2005;105:
1068-1077.

Modarai B, Burnand KG, Sawyer B, Smith A. En-
dothelial progenitor cells are recruited into resolv-
ing venous thrombi. Circulation. 2005;111:2645-
2653.

Ahn GO, Brown JM. Matrix metalloproteinase-9 is
required for tumor vasculogenesis but not for an-
giogenesis: role of bone marrow-derived my-
elomonocytic cells. Cancer Cell. 2008;13:193-
205.

Du R, Lu KV, Petritsch C, et al. HIF1alpha in-
duces the recruitment of bone marrow-derived
vascular modulatory cells to regulate tumor an-
giogenesis and invasion. Cancer Cell. 2008;13:
206-220.

Shaked Y, Henke E, Roodhart JM, et al. Rapid
chemotherapy-induced acute endothelial pro-
genitor cell mobilization: implications for antian-
giogenic drugs as chemosensitizing agents.
Cancer Cell. 2008;14:263-273.

Purhonen S, Palm J, Rossi D, et al. Bone mar-
row-derived circulating endothelial precursors do
not contribute to vascular endothelium and are
not needed for tumor growth. Proc Natl Acad Sci
U S A. 2008;105:6620-6625.

Schledzewski K, Falkowski M, Moldenhauer G, et
al. Lymphatic endothelium-specific hyaluronan
receptor LYVE-1 is expressed by stabilin-1+, F4/
80+, CD11b+ macrophages in malignant tu-
mours and wound healing tissue in vivo and in
bone marrow cultures in vitro: implications for the
assessment of lymphangiogenesis. J Pathol.
2006;209:67-77.

Cho CH, Koh YJ, Han J, et al. Angiogenic role of
LYVE-1-positive macrophages in adipose tissue.
Circ Res. 2007;100:e47-e57.

Chen R, Alvero AB, Silasi DA, Steffensen KD,
Mor G. Cancers take their Toll: the function and
regulation of Toll-like receptors in cancer cells.
Oncogene. 2008;27:225-233.

Toole BP. Hyaluronan: from extracellular glue to
pericellular cue. Nat Rev Cancer. 2004;4:528-
539.

del Fresno C, Otero K, Gomez-Garcia L, et al.
Tumor cells deactivate human monocytes by up-
regulating IL-1 receptor associated kinase-M ex-
pression via CD44 and TLR4. J Immunol. 2005;
174:3032-3040.

Hiratsuka S, Watanabe A, Sakurai Y, et al. The
S100A8-serum amyloid A3-TLR4 paracrine cas-

44.

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

BLOOD, 23 JULY 2009 - VOLUME 114, NUMBER 4

cade establishes a pre-metastatic phase. Nat Cell
Biol. 2008;10:1349-1355.

Takakura N. Role of hematopoietic lineage cells
as accessory components in blood vessel forma-
tion. Cancer Sci. 2006;97:568-574.

Carmeliet P. Angiogenesis in life, disease and
medicine. Nature. 2005;438:932-936.

Neufeld G, Kessler O. The semaphorins: versatile
regulators of tumour progression and tumour an-
giogenesis. Nat Rev Cancer. 2008;8:632-645.
Petit I, Jin D, Rafii S. The SDF-1-CXCR4 signal-
ing pathway: a molecular hub modulating neo-
angiogenesis. Trends Immunol. 2007;28:299-
307.

LiuY, Wada R, Yamashita T, et al. Edg-1, the G
protein-coupled receptor for sphingosine-1-phos-
phate, is essential for vascular maturation. J Clin
Invest. 2000;106:951-961.

Hughes JE, Srinivasan S, Lynch KR, Proia RL,
Ferdek P, Hedrick CC. Sphingosine-1-phosphate
induces an antiinflammatory phenotype in macro-
phages. Circ Res. 2008;102:950-958.

Biswas SK, Gangi L, Paul S, et al. A distinct and
unique transcriptional program expressed by tu-
mor-associated macrophages (defective NF-kap-
paB and enhanced IRF-3/STAT1 activation).
Blood. 2006;107:2112-2122.

. Passlick B, Flieger D, Ziegler-Heitbrock HW.

Identification and characterization of a novel
monocyte subpopulation in human peripheral
blood. Blood. 1989;74:2527-2534.

Gordon S, Taylor PR. Monocyte and macrophage
heterogeneity. Nat Rev Immunol. 2005;5:953-
964.

Auffray C, Fogg D, Garfa M, et al. Monitoring of
blood vessels and tissues by a population of
monocytes with patrolling behavior. Science.
2007;317:666-670.

Nahrendorf M, Swirski FK, Aikawa E, et al. The
healing myocardium sequentially mobilizes two
monocyte subsets with divergent and comple-
mentary functions. J Exp Med. 2007;204:3037-
3047.

Varol C, Landsman L, Fogg DK, et al. Monocytes
give rise to mucosal, but not splenic, conventional
dendritic cells. J Exp Med. 2007;204:171-180.
Gallina G, Dolcetti L, Serafini P, et al. Tumors in-
duce a subset of inflammatory monocytes with
immunosuppressive activity on CD8+ T cells.

J Clin Invest. 2006;116:2777-2790.

Shipley JM, Wesselschmidt RL, Kobayashi DK,
Ley TJ, Shapiro SD. Metalloelastase is required
for macrophage-mediated proteolysis and matrix
invasion in mice. Proc Nat/ Acad Sci U S A. 1996;
93:3942-3946.


http://bloodjournal.hematologylibrary.org/
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl

