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Tumor-associated macrophages have been associated with a poor prognosis in most types of tumors. However,
tumor-derived signals that activate macrophages have not been well defined. We review our recent finding that tumor-
derived lactic acid is necessary and sufficient to polarize tumor-associated macrophages to a tumor-promoting state.

Introduction

Macrophages play critical roles in the
maintenance of tissue homeostasis." To
perform these roles, macrophages must
sense the functional states of the paren-
chymal cells of the tissues in which they
exist. Upon detection of deviation from
homeostasis, macrophages must provide
appropriate support through the produc-
tion of growth factors or the phagocytosis
of damaged cells. Tumors exhibit many
features of abnormally developed tissues
and organs, including cellular composi-
tion and tissue architecture.” As such,
tumor-associated macrophages perform
homeostatic  functions that facilitate
tumor growth.?”

Tumor-associated Macrophages
Express the Majority of VEGF
in Tumors

To study the paracrine relationship
between tumor-associated macrophages
and tumor cells, we first characterized
tumor-associated macrophages from 3
different syngeneic tumor xenograft mod-
els of Lewis lung carcinoma (LLC), B16-
F1 melanoma (B16), and CT-16.WT
colon carcinoma (CT16).° We deter-
mined that tumor-associated macro-
phages (CD11b* F4/80™) represented a
fixed percentage of cells within the
tumors depending on tumor type, rang-
ing from approximately 1.5% (B16) to

5.5% (LLC and CT26). When we used
fluorescence-activated cell sorting to iso-
late pure cell populations, we found that
macrophages expressed the majority of
the vascular endothelial growth factor
(VEGF) in the tumors compared to all
other cells in the tumor. Landmark stud-
ies by Judah Folkman revealed the critical
role of neovascularization in the growth
of tumors. However, cancer cells have
been generally assumed to be the primary
source of VEGF. Our findings suggest
that, at least in these 3 different tumor
models, tumor-associated macrophages

are the primary source of VEGF.

HIF1« is Required for Tumor-
induced Expression of Vegf by
Tumor-associated Macrophages

Hypoxia is well known to induce Vegf’
and subsequent neovascularization via
HIF1a.” However, some tumors, includ-
ing lung carcinoma, are well oxygenated
and yet still highly vascular. Therefore,
we hypothesized that a soluble factor
from tumor cells was sufficient to induce
Vegf* in macrophages under normoxic
conditions.  Using  tumor-conditioned
media from LLC, B16, and CT26 cells,
as well as more indolent tumor types, we
found that media from the most aggres-
sive cultured tumor cells induced Vegf'in
bone marrow-derived macrophages in
normoxia (20% O,) to similar levels as
those induced by hypoxia (0.1% O,). As
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in hyoxia, we found that tumor superna-
tant stabilized HIFlo protein in bone
marrow-derived macrophages under nor-
moxic conditions. To determine whether
HIFla was required for the induction of
Vegf by tumor supernatant, we generated
mice with macrophages deficient in
HIFla. Induction of Vegf by both hyp-
oxia and tumor supernatant was abro-
gated in these mice, indicating that this
soluble factor signals through stabilization
of HIF1a. Therefore, the tumor superna-
tant can function as a surrogate for hyp-
oxia under normoxic conditions.

Lactic Acid Induces Vegf in
Macrophages via HIF1«

Several molecules have been shown to
stabilize HIFla under normoxic condi-
tions.® To identify the responsible factor
in our tumor supernatant, we first per-
formed fractionation by size and deter-
mined that the factor was < 3 kDa.
There are at least 4 soluble factors that
can stabilize HIF1a under normoxic con-
ditions: lactate, pyruvate, adenosine, and
acidic pH. We determined that the factor
was neither adenosine nor acidic pH and
then focused on lactate and pyruvate.
Otto Warburg observed that cancer cells
preferentially metabolize glucose to lactate
via aerobic glycolysis.” The preferential
production and secretion of lactate in
many rapidly proliferating cells has been
hypothesized to provide a biosynthetic
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building block for an expanding biomass
of proliferating cells. We therefore won-
dered whether lactate could be the active
signaling factor in tumor supernatants.
We determined that the most aggressive
cancer cell lines produced the highest con-
centrations of lactate in conditioned media
and that this correlated with the induction
of Vegf in bone marrow-derived macro-
phages. Consistent with this observation,
stimulation of bone marrow-derived mac-
rophages with lactic acid induced Vegf
under normoxic conditions (Fig. 1).
Therefore, lactic acid might not only pro-
vide a biosynthetic precursor to dividing
cells but might also act as a signaling fac-
tor to support cells such as macrophages.

Lactic Acid is Sufficient to
Polarize Macrophages to an M2-
like Tumor-promoting State

To identify the soluble factor responsi-
ble for macrophage activation, we focused
on Vegf'as a key index gene. However, the

expression of numerous genes, most of
which have unknown functional signifi-
cance in tumor biology, has been associ-
ated with tumor-associated macrophages.
We determined that, in addition to Vegf,
lactic acid was sufficient to induce a
broader set of genes associated with
tumor-associated macrophages in stimu-
lated bone marrow-derived macrophages,
including Argl, Fizzl, Mgll, and Mgi2.
Furthermore, in the absence of HIFlq,
Argl, Fizzl, and Mgl2 were expressed at a
lower level compared to wild-type mice.
The cytokines IL-4 and IL-13 are well
known to induce an M2 phenotype in mac-
rophages.10 Many, but not all, genes associ-
ated with M2 macrophages are also
expressed by tumor-associated macro-
phages, therefore tumor-associated macro-
phages have been described as being “M2-
like.” To determine whether IL-4 or IL-13
signaling played a crucial role in tumor-
associated macrophage gene induction,
CT26 cells were injected into mice deficient
in the IL-4 receptor a chain, which abro-

gates both IL-4 and IL-13 signaling. The

tumor-associated macrophages from these
tumors revealed no reduction in the canoni-
cal M2-associated gene, Argl, and only a
slight reduction in Fizz! compared to wild-
type mice, indicating that neither IL-4 nor
IL-13 signaling was necessary for our phe-
notype. Conversely, macrophages deficient
in HIFla showed reduced induction of
Argl, Fizzl and Mgl2 upon IL-4 stimula-
tion. Taken together, these findings indicate
that IL-4 and IL13 signaling is dispensable
for the tumor-associated macrophage phe-
notype. However, HIFla is required for
the M2-like macrophage phenotype,
whether induced by lactic acid or IL-4.
Although the function of VEGF in
tumor biology has been well established,
the function of ARGI1 was unknown.
ARGI catalyzes key steps in the urea cycle
and in polyamine synthesis. To determine
the functional significance of ARGI, we
generated mice with macrophages deficient
in Argl and found that the tumors were
approximately half the mass of tumors in
WT mice at 3 weeks. To determine whether
lactic acid was required for macrophage
polarization in vivo, we gen-
erated LLC cells with
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knockdown of the Pkm2
splice isoform of pyruvate
kinase associated with aero-
bic glycolysis, and thus with
lactic acid  production.
Pkm2 knockdown tumors
produced less lactic acid,
had macrophage
expression of Argl, and
were half the size of Pkm2
wild-type tumors. These in

lower

vivo findings demonstrated
that lactic acid induction of
macrophage Argl is critical
for tumor growth.
Tumor-associated mac-
rophages are known to be
important in tumor pro-
gression. The significance
of our findings is that lactic
acid, a by-product of cancer
cell metabolism via aerobic
glycolysis, also functions as
a critical signaling factor to

macrophages,  indicating

associated Macrophages.

Figure 1. Schematic of a Proposed Tumor-promoting Paracrine Relationship Between Neoplastic Cell and Tumor-

the presence of either pro-
liferating or hypoxic tissue.

In either case, macrophages
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