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Abstract

Rationale: An increased cancer aggressiveness and mortality have
been recently reported among patients with obstructive sleep apnea
(OSA). Intermittent hypoxia (IH), a hallmark of OSA, enhances
melanoma growth and metastasis in mice.

Objectives: To assess whether OSA-related adverse cancer
outcomes occur via IH-induced changes in host immune responses,
namely tumor-associated macrophages (TAMs).

Measurements andMain Results: Lung epithelial TC1 cell tumors
were 84% greater in mice subjected to IH for 28 days compared with
room air (RA). In addition, TAMs in IH-exposed tumors exhibited
reductions in M1 polarity with a shift toward M2 protumoral
phenotype. Although TAMs from tumors harvested from RA-exposed
mice increased TC1 migration and extravasation, TAMs from IH-
exposed mice markedly enhanced such effects and also promoted
proliferative rates and invasiveness of TC1 cells. Proliferative rates of
melanoma(B16F10)andTC1cells exposed to IHeither in single culture
or in coculture with macrophages (RAW 264.7) increased only when
RAW 264.7 macrophages were concurrently present.

Conclusions: Our findings support the notion that IH-induced
alterations in TAMs participate in the adverse cancer outcomes
reported in OSA.

Keywords: sleep apnea; intermittent hypoxia; cancer;
inflammation; tumor-associated macrophages.

At a Glance Commentary

ScientificKnowledge on the Subject: An increased incidence
of andmortality from cancer have been recently reported among
patients with obstructive sleep apnea (OSA). In a rodent
model, intermittent hypoxia can promote melanoma tumor
growth and metastasis.

What This Study Adds to the Field: Changes induced by
intermittent hypoxia during sleep on host immunity appear
to underlie some of the adverse cancer outcomes reported in
patients with OSA.

Obstructive sleep apnea (OSA) is a highly
prevalent disorder affecting at least 4 to 10%
of all adults and is associated with a large
array of end-organ morbidities affecting

multiple organ systems (1). OSA is
characterized by repetitive obstructions of
the upper airway during sleep that result in
intermittent hypoxia (IH), increased

inspiratory efforts, and sleep fragmentation
(2), all of which have now been extensively
examined in both patients and murine
models aiming to identify the mechanisms
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underlying the extensive cardiovascular,
cognitive, and metabolic comorbidities (3).
In two recent seminal epidemiological
studies, OSA has been associated with
enhanced cancer aggressiveness (4) and
mortality (5), whereby the cyclical hypoxia
that characterizes OSA has been proposed
as the major determinant of processes
involving tumor invasion and metastasis
(6, 7). Initial studies using animal models of
OSA suggest that IH during the sleep cycle
promotes increased melanoma tumor
growth and metastatic potential, thereby
lending biological plausibility to the
epidemiological studies (8, 9), and further
supporting the putative role of hypoxia
in tumor biology (10–12). However, the
potential mechanisms involved in IH-
induced changes in tumor growth have not
yet been explored.

It is now well established that the
immune system participates in cancer
processes, including angiogenesis, invasion,
and metastasis (13). Regulatory T cell
lymphocytes (Tregs), myeloid-derived
suppressor cells (MDSCs), and tumor-
associated macrophages (TAMs) have been
extensively examined and shown to support
tumor progression and survival in most
cancers (14–16). TAMs are a major
component of tumor stroma and can
gradually polarize into two functionally
distinct phenotypes as dictated by the
tumor microenvironment, namely tumor-
inhibitory (M1) and tumor-promoting
(M2) phenotypes (17). In fact, TAMs can
secrete mitogenic factors, proangiogenic
cytokines, and immunosuppressive agents
in response to hypoxia (16, 18). MDSCs
have the ability to suppress T-cell responses
and can also differentiate into TAMs within
the tumor (19, 20). However, the effects
of IH on the host immune system and its
possible role in tumor aggressiveness are
unknown. Therefore, we hypothesized
that the adverse effects of IH on tumor
proliferation and invasion would be
mediated via alteration in TAM phenotypes
rather than via a direct effect on tumor
cells.

To assess the effect of IH on the
immune system in the context of cancer, we
used a lung epithelial tumor model (TC1
cells) and assessed tumor growth under IH
or RA conditions, as well as changes in
TAMs, MDSCs, and Tregs within the tumor.
To determine whether TAMs exhibit altered
phenotype and/or function under IH
conditions, purified TAMs from tumors

were interrogated using quantitative plasma
membrane proteomics and M1/M2 cell
surface markers with flow cytometry.
Isolated TAMs from tumors of mice
exposed to RA and IH were further
evaluated in the context of tumor
proliferation, migration, invasion, and
extravasation properties in vitro. Finally, we
developed an in vitro model to further
investigate the effects of IH on tumor cells
using single or coculture approaches with
macrophages.

Methods

Animals, In Vivo IH, and Epithelial
Lung Tumor Model
Eighty C57BL/6J male mice (7 weeks old)
were obtained from Jackson Laboratories
(Bar Harbor, ME). All experimental
procedures were approved by The
Institutional Animal Care and Use
Committee of the University of Chicago.

Forty mice were placed in
commercially designed environmental
chambers (21) (see online supplement) and
were subjected to IH with alternating cycles
of 90 seconds (6% FIO2

followed by 21%
FIO2

, 20 cycles/h) for 12 h/d. This IH profile
is associated with reproducible nadir of
oxyhemoglobin saturations in the 65 to
72% range (21). A control group (n = 40)
was exposed to continuous circulating
room air (RA). Mice were preexposed
during 2 weeks to either RA or IH and were
then injected with 105 TC1 cells (diluted
in 200 ml of phosphate-buffered saline) in
the left flank. Every 3 days, tumor volume
(V) was estimated by externally measuring
its length (L) and width (W) with an
electronic caliper (V = W2 3 L/2). After 4
weeks from tumor injection, mice were
killed and tumors excised and weighed. The
presence of invasion toward the skeletal
muscle was also assessed. Tumor samples
were used for flow cytometry analyses,
proteomics, immunohistochemistry (F4/80
staining), and/or for isolation of CD11b1
cells (TAMs) (see online supplement for
detailed protocol).

Isolation of Macrophages and
Proteomic Analysis
Macrophages were purified using magnetic
beads coupled to anti-CD11b antibody
(see online supplement).

Plasma membrane proteomics on
isolated TAMs (see online supplement) was

performed essentially as previously
described (22). Proteins were detected by
liquid chromatography–electrospray
ionization–tandem mass spectrometry
and quantified by spectral counting.
Differences in relative protein abundance
were assessed with t test and G test (22),
such that the false discovery rate was less
than 0.05. For full details, see online
supplement. Purified resting bone
marrow–derived macrophages (M0)
were classically activated by treatment
with LPS (5 ng/ml) and IFN-g (12 ng/ml)
for 24 hours as previously described
(22) (for full details, see online
supplement).

Quantification of Tregs, MDSCs, and
TAMs and Assessment of M1 and M2
Phenotypes by Flow Cytometry
The total number of each cell type and their
density (cells/g tumor) was initially assessed
from several segments of each tumor using
flow cytometry (see online supplement).
The median fluorescent intensity (MFI) for
CD86 and CD40 were used as M1 markers,
whereas CD206 and TFRC served as M2
markers (22, 23).

Effects of TAMs on Proliferation,
Migration, Invasion, and
Extravasation Properties of TC1 Cells

Proliferation assay. TC1 cells were
cultured either in single culture or
coculture with TAMs (ratio 1:4) isolated
from tumors of mice exposed to either IH
or RA. After 48 hours, both populations
were counted by flow cytometry
(see online supplement).

Migration tests. To study the migration
properties of TC1 cells and TAMs, two
different assays on permeable Transwells
were performed: (1) TC1 cells were cultured
on top in serum-free medium either in
single culture or in coculture with RA- or
IH-exposed TAMs. Cells were allowed to
migrate to the lower compartment by using
10% fetal bovine serum as chemoattractant
for 18 hours. (2) RA- or IH-exposed
TAMs were cultured for 24 hours to
collect conditioned medium. TC1 cells
were placed in the upper chamber, and the
conditioned medium was placed in the
bottom as chemoattractant. In both
migration assays, the cells were harvested
after 18 hours from the bottom surface
and counted by flow cytometry (see online
supplement).
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Three-dimensional spheroid invasion
test. To assess the invasiveness of tumor
cells in coculture with TAMs, a three-
dimensional (3D) spheroid cell invasion
assay was used. Green fluorescent
protein–TC1 cells were seeded with RA- or
IH-exposed TAMs, and the invasion was
monitored until Day 6 after adding the
invasion matrix (see online supplement).
The use of fluorescence microscopy for
green fluorescent protein–labeled TC1 cells
allowed for discerning tumor cells within
the 3D structure. The area of invasion was
determined as the area of the spheroid
embedded in the invasion matrix minus its
corresponding control without invasion
matrix.

Transendothelial extravasation assay.
The ability to extravasate the endothelial
layer by TAMs and tumor cells either
alone or in coculture with TAMs was
evaluated using an electrical substrate-
impedance sensing system (ECIS;
Applied Biophysics, Troy, NY). Mouse
brain endothelial bEnd.3 cells were
seeded during 24 hours until reaching
confluence. Then, TC1 cells and either
RA- or IH-exposed TAMs were added
alone or together. Resistance values were
normalized relative to an undisturbed
confluent endothelial monolayer just
before to cell additions (see online
supplement).

Proliferation of Tumor Cells and
Macrophages in Single Culture and
Coculture Using an IH In Vitro Model
A total of 5 3 104 macrophages (RAW
264.7) were preexposed to either IH (30
min 5% O2 followed by 30 min 21% O2

balanced in 5% CO2, 1 cycle/h) or RA (21%
O2 balanced in 5% CO2) (see online
supplement). The IH paradigm used herein
is accompanied by progressive reductions
or increases in medium FIO2

for 15 minutes
followed by stable target FIO2

conditions
until the end of the cycle. After 48 hours,
RAW 264.7 cells were maintained either in
single culture or in coculture with tumor
cells (B16F10 or TC1; ratio 1:8) for an
additional 48-hour period in the same
conditions (IH or RA). In parallel, both
tumor cells were also subjected to either
IH or RA in isolation. At the end of
each experiment, cells were identified,
counted, and percentage of RAW 264.7
cells expressing high levels of CD86
and CD206 was assessed by flow
cytometry.

Statistical Analysis
Data are presented as mean 6 SEM. For
in vivo studies, t tests were used to compare
between IH and RA groups. Group
comparisons for proliferation, migration,
invasion, and extravasation assays were
conducted using one-way analysis of
variance or t tests as appropriate. For
in vitro studies, two-way repeated measures
analysis of variance was performed where
treatment (RA vs. IH) and single versus
coculture conditions constituted the
primary variables. Student-Newman-Keuls
post hoc tests were used for multiple
comparisons. A two-tailed P value
of , 0.05 was considered to achieve
statistical significance.

Results

IH Promotes In Vivo Increased
Tumor Growth and Invasion
toward Adjacent Tissues
Mice exposed to IH exhibited accelerated
tumor growth and weight at Day 28 after
tumor injection (0.66 6 0.06 g in RA vs.
1.22 6 0.09 g in IH, P , 0.001; Figures 1A
and 1B). In addition, the number of
animals presenting invasion into the muscle
was threefold higher (P = 0.001) in those
animals subjected to IH (24 of 40) when
compared with those exposed to RA (9
of 40) (Figure 1C). Staining of TAMs
as F4/801 cells revealed that they are
highly concentrated in the periphery of
the tumor, suggesting their active roles
in tumor-related invasion processes
(Figure 1D).

Immune Cells in Tumors during IH
Tumors from mice exposed to IH exhibited
2.2-fold (P, 0.02), 3.7-fold (P, 0.02), and
2.6-fold (P , 0.02) increases in Tregs,
MDSCs, and TAMs populations,
respectively (see Figure E1 in the online
supplement). However, these findings
canceled out when they were normalized
for tumor weight (Figure 2A), suggesting
that differences in immune cell infiltration
cannot explain per se the more aggressive
phenotype observed.

To test whether TAMs exhibit
a different phenotype and/or function, we
purified TAMs from tumors (Figure 2B)
and interrogated them using quantitative
plasma membrane proteomics (22). Using
stringent statistical criteria (22), we
identified 66 proteins that were down-

regulated and 19 proteins that were up-
regulated in IH relative to control TAMs
(Figure 2C, Table E1). Interestingly, IFIT1,
IFIT3, TAP1, and TAP2, which are proteins
involved in the IFN response and antigen
processing and presentation, respectively,
were markedly decreased in TAMs isolated
from IH-treated mice (Figure 2D). Because
treating macrophages in vitro with LPS
and IFN-g (classical activation; M1)
induces expression of all of these proteins
(Figure 2D), we hypothesized that IH
attenuates the proinflammatory phenotype
in TAMs.

To confirm this hypothesis, we
measured cell surface expression of CD86
and CD40 (M1 markers) and TFRC and
CD206 (M2 markers) in TAMs (22, 23).
Consistent with the proteomic analyses,
down-regulation of M1 markers and no
effect on M2 marker expression emerged in
IH-exposed tumors (Figure 2E).

Isolated TAMs from Mice Subjected
to IH Increase Proliferation,
Migration, Invasion, and
Extravasation Properties of
Tumor Cells
Coculture of TC1 cells with RA-exposed
TAMs was associated with a trend toward
increased TC1 cell proliferation versus
isolated TC1 cell cultures (z7%). However,
TAMs obtained from tumors exposed to IH
substantially increased TC1 proliferation
compared with single culture (z49%, P ,
0.01; Figure 3A).

Compared with isolated cultures,
cocultures of TAMs with TC1 tumor cells
increased their migration 2.1-fold (P ,
0.05) when fetal bovine serum was used as
chemoattractant in the lower chamber of
the Transwell system. However, the
migration processes were markedly
enhanced when IH-exposed TAMs were
used (3.3-fold compared with single
culture, P , 0.05; Figure 3B). Also, IH-
exposed TAMs exhibited a 2.2-fold increase
in migration compared with RA-exposed
TAMs (P , 0.005). Similarly, additional
migration tests revealed that normoxic
TAMs are able to secrete motility factors that
facilitate tumor migration (57%, P , 0.05).
However, migration of TC1 cells was further
increased by conditioned medium from
IH-exposed TAMs (2.2-fold versus no-
conditioned medium, P , 0.05; Figure 3C).

We further used a 3D-culture assay to
assess invasion of TC1 cells in coculture with
TAMs. In this setting, IH-exposed TAMs
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facilitated TC1 cell invasion, as
demonstrated by higher areas of invasion
(3.75 6 0.21 mm2) compared with RA-
exposed TAMs (2.87 6 0.23 mm2, P ,
0.02; Figure 3D), thereby lending support to
the in vivo observations suggesting
increased invasion rates.

TC1 cell addition to the endothelial
layer decreased monolayer resistance by
3.4% with respect to control conditions
(i.e., no cell addition). Similar approaches
and magnitude of changes have been
reported with human H358 lung tumor cells
(24). Addition of RA-exposed TAMs alone
decreased the electrical resistance by 7.2%
and by 9.3% when TC1 tumor cells and
RA-exposed TAMs were applied together.
IH-exposed TAMs demonstrated increased
ability to extravasate through the
endothelial monolayer, as indicated by the
largest decreases in endothelial electrical
resistance values at 4 hours, either alone
(13.8%, P , 0.01) or together with TC1
tumor cells (18.6%, P , 0.01; Figure 3E).

IH Increases Tumor Proliferation
In Vitro but Only in Coculture
with Macrophages
Recent studies in a mouse model of OSA
consisting of environmental IH exposures

have demonstrated accelerated B16F10
melanoma tumor growth (9, 25). Here we
assessed proliferative rates of both B16F10
and TC1 cells in the presence or absence
of a macrophage cell line (RAW 264.7).
Compared with RA, IH did not alter
proliferative rates of either B16F10 or
TC1 cells when cultured alone. However,
coculture with RAW 264.7 cells promoted
increased cellular proliferation of B16F10
cells by z15%, (P , 0.01; Figure 4A), and
a similar trend was observed in TC1 cells
during RA conditions (z10%, P = 0.13;
Figure 4B).

RAW 264.7 proliferative rates were
increased in coculture with both B16F10
(z64%, P , 0.01) and TC1 cells (2.5-fold,
P , 0.01) in RA. However, proliferation of
RAW 264.7 cells was markedly enhanced
by IH (3.1-fold when cocultured with
B16F10 cells, P , 0.01 and 7.6-fold when
cocultured with TC1 cells, P , 0.01,
respectively). Furthermore, IH induced
phenotypic changes in RAW 264.7 cells
with a lower M1/M2 ratio during coculture
(P , 0.001) (Figure E3). These findings
recapitulate the shifts toward the
protumoral M2 macrophage subtype
reported above in in vivo IH conditions.
Similarly, the growth of B16F10 and TC1

cells in coculture with RAW 264.7 cells was
further accelerated in the presence of IH
(z40%, P , 0.04 and z28%, P , 0.04,
respectively) when compared with isolated
conditions in IH (Figure 4).

Discussion

This study shows that murine epithelial lung
tumors exposed to IH exhibit increased
growth and invasiveness. The accelerated
tumor growth is remarkably similar to that
previously reported in melanoma cells
(9, 25). The more aggressive tumor phenotype
associated with IH can be explained in part
by alterations in TAMs. Our findings
provide a working model and biological
plausibility to the adverse cancer outcomes
reported in patients with OSA.

The presence of hypoxia is a common
feature of human solid tumors, even if
hypoxic regions are not homogenously
distributed across the tumor and are usually
confined to the core, where blood supply
is less abundant (26). The content and
location of TAMs within the tumor is
positively correlated with the degree of
overall hypoxia in liver metastases from
breast and colorectal tumors (27). Because

Figure 1. Tumor growth and invasion frommice exposed to room air (RA) and intermittent hypoxia (IH). (A) Tumor volume measured every 3 days from Day 17 after
tumor injection. IH induced an accelerated growth of tumors with respect to that observed in RA (n = 40). (B) After 4 weeks of tumor growth, tumors exposed to
IH were 84% greater than controls (n = 40). (C) The number of cases with tumor invasion toward adjacent muscles was more than double in IH than in RA (n = 40).
(D) Representative immunohistological sections of the tumor and adjacent muscle. Tumors from mice in RA have reduced invasion rates. Tumor-associated
macrophages (TAMs) (brown arrows) are highly present in the connective tissue. However, tumors from IH-exposed mice presented more frequent invasion toward
the muscle and included disruption of the tumor capsule and infiltration of tumor cells and TAMs in the muscle (black arrows). Scale bar, 1 mm (right image) and
200 mm (left image). Data are presented as mean 6 SE. ***P , 0.001 by unpaired Student t test.
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TAMs are able to respond to hypoxia and
represent a major component of the tumor
stroma (18, 28), we explored their potential
role in a model of OSA to identify their
potential contributory role associated with
accelerated cancer growth and invasiveness
during IH. However, as shown herein, the
interactions and specific functions assumed
by the parallel alterations in Tregs and
MDSCs in the context of IH will definitely
have to be examined in greater detail in
future studies, particularly considering how
these host-derived immune cells operate in
an exquisitely coordinated fashion within
the tumor microenvironment (29). Indeed,
the increased numbers of Tregs and
MDSCs within the tumors of mice exposed
to IH and their ability to suppress the
immune system and to develop a protumor
environment would justify such efforts
(14, 20, 30).

Although it is highly likely that a large
spectrum of macrophage phenotypes exists
(31–33), two major phenotypes have been
recognized in tumors (17), namely the
classically activated (M1) and the
alternatively activated (M2) macrophage
phenotypes. Although both phenotypes
share many common cellular markers and

functions, these cells can be readily
classified based on the expression patterns
of now well-characterized singular surface
proteins (34). M1 macrophages primarily
upregulate proinflammatory cytokines and
induce increased formation of reactive
oxidative species, ultimately promoting
inflammation and apoptosis. Conversely,
M2 macrophages enhance angiogenesis, cell
proliferation, and protumoral functions
(17). Here, we selected four major
macrophage surface proteins (i.e., CD86,
CD40 and CD206, TFRC), which have been
previously used as specific M1 or M2
markers, respectively (22, 23). Heightened
recruitment of TAMs within the tumor,
and their shift in phenotype (mainly by
a reduction in M1 markers), may be
explained in part by differential hypoxic
maps within the tumor elicited by IH (28).
Indeed, hypoxia can activate mitogenic,
proinvasive, proangiogenic, and
prometastatic genes in TAMs through
hypoxia-inducible transcription factors
such as HIF-1a and HIF-2a (28). However,
although TAMs phenotype can be affected
by hypoxia, the major role of these cells is
not exclusively restricted to those hypoxic
areas, but, perhaps even more importantly,

they play critical functions within those
regions in the outer boundaries of the
tumor, where not only a higher blood
supply is present but also the invasion
process occurs. Patients with OSA typically
manifest repetitive blood oxygen
desaturation events during sleep, and such
relapsing swings in oxygen supply are more
prominent in tissues with high perfusion
and increased metabolic rates (35).
Therefore, intermittent oscillations in
oxygen tension in the peripheral circulation
will more readily be apparent in highly
perfused areas in the periphery of the
tumor, and such oscillations will therefore
alter macrophage phenotype and function.
Chronic IH, such as in OSA, has been
implicated in the generation of excessive
reactive oxygen species through various
sources (36), all of which could in turn
participate in the signaling cascades
underlying the changes in various different
immune responses observed with IH.
Indeed, our findings from the in vitro IH
experiments clearly establish that IH per se
modifies the phenotype of macrophages
and that such alterations appear to be
critically involved and upstream from the
changes in tumor proliferation. The

Figure 2. Regulatory T cell lymphocytes (Tregs), myeloid-derived suppressor cells (MDSCs), and tumor-associated macrophages (TAMs) within the
tumor. (A) Immune cells, namely Tregs, MDSCs, and TAMs, showed no statistically significant differences in cell population density (cells/g) in tumors from
intermittent hypoxia (IH)- or room air (RA)-exposed mice (n = 7). (B) Isolation of CD11b1 cells from tumor. (C) IH induces numerous changes to the
plasma membrane proteome of TAMs (n = 4). (D) Left: IFIT1and3 and TAP1and2 proteins were markedly decreased in TAMs isolated from IH-treated
mice. Right: Macrophages treated in vitro with LPS and IFN-g induced the expression of all of these proteins. (E) Assessment of CD86 and CD40
(M1 markers) and TFRC and CD206 (M2 markers) by flow cytometry in TAMs. Down-regulation of both M1 markers was observed but no effect in either
of both M2 markers (For CD86 and CD206, n = 7; for CD40 and TFRC, n = 4). Data are presented as mean 6 SE. *P , 0.05 and **P , 0.01 by unpaired
Student t test. MFI = mean fluorescence intensity.
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absolute higher content of TAMs in tumors
subjected to IH, and more importantly their
enhanced ability to migrate, and their
role in the other malignant properties
assessed in this study can be all explained
by their change in phenotype. To further
understand whether the recurrent cycles
of hypoxia-reoxygenation are a critical
component of OSA-enhanced
tumorigenesis, we performed
complementary experiments involving
sustained hypoxia (5% O2) (Figure E3).
Increases in tumor proliferation either in
single or coculture with macrophages
occurred in sustained hypoxia, whereas

increased proliferation of tumor cells did
not occur in IH (Figures 4 and E3). During
IH, the presence of macrophages is essential
and is the major contributor to the
increased tumor growth observed during
IH conditions (Figure E3A). In addition,
our findings suggest that the increase in the
proliferation is due to hypoxia rather than
to reoxygenation events (Figure E3B).
Furthermore, other less-explored stromal
elements within and surrounding the
tumor, such as other immune cells,
adipocytes, endothelial cells, cancer-
associated fibroblasts, and external
angiogenic modulators (25), could all be

concomitantly modified by the IH
exposures and ply synergistically to induce
accelerated cancer progression, invasion,
and resistance (37, 38). As shown here, in-
depth proteomic analysis clearly depicts
a complex cascade of macrophage
alterations by IH and identifies surface
macrophage proinflammatory proteins
(e.g., IFIT1, IFIT3, TAP1, TAP2) that may
potentially represent therapeutic targets.
The down-regulation of these macrophage
membrane proteins may indicate decreased
antigen presentation capacity, which may
contribute to the altered tumor phenotype
observed in IH. Cells isolated using CD11b

Figure 3. Effects of tumor-associated macrophages (TAMs) on malignant properties of TC1 cells. (A) Proliferation of TC1 in single culture and in coculture
with room air (RA) TAMs and intermittent hypoxia (IH) TAMs. TC1 cells increased their proliferation only in coculture with IH TAMs (n = 6). (B) Number of
TAMs and TC1 cells in the bottom chamber after 18 hours of migration. TC1 cells were cultured either alone or in coculture with RA or IH TAMs. IH
TAMs migrated faster than RA TAMs. Higher migrated TC1 cells were found in coculture with RA TAMs with respect to TC1 in single culture, but also their
migration was enhanced further by IH TAMs (n = 7). Representative phase contrast images from the bottom well surface (scale bar, 200 mm) and Giemsa
staining (scale bar, 150 mm) of cells attached to the bottom surface of the polycarbonate membrane for all three groups. (C) Migration of TC1 cells
induced by TAMs-conditioned medium (n = 7). Tumor cells migrated faster in response to RA TAMs-conditioned medium compared with regular medium.
IH TAMs promoted higher increase with respect to that obtained from RA TAMs. (D) TC1–green fluorescent protein cells presented more invasiveness in
coculture with IH TAMs compared with RA TAMs (n = 8). Fluorescent images of three-dimensional spheroid cultures showing TC1–green fluorescent
protein cell invasion in coculture with RA TAMs and IH TAMs. Scale bar, 500 mm. *P , 0.05 by unpaired Student t test. (E) Continuous sampling of
endothelial resistance after 4 hours of adding TC1 cells alone, RA or IH TAMs alone, and TC1 with RA or IH TAMs. TC1 cells are able to disrupt the
endothelial monolayer. Application of TAMs (either alone or mixed with TC1) decreased the transendothelial electrical resistance, which was much lower
from IH TAMs than from RA TAMs (n = 4). Data are presented as mean 6 SE. (*P , 0.05, **P , 0.01, ***P , 0.001 by one-way repeated analysis of
variance unless otherwise noted.)
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beads also uniformly express CD45 and
F4/80 (Figure E2). Such markers are
extensively used to define TAMs in vivo
(39). However, some dendritic cells and
TAMs share common cell surface markers
including F4/80, such that there are
probably a small number of dendritic cells
that could be included by this approach
(40).

To ascertain that the IH-induced
functional changes on TAMs indeed
enhance tumor malignant properties, we
performed a series of in vitro experiments
and assessed proliferation, migration,
invasion, and extravasation. Coculture of
TC1 cells with RA-exposed TAMs
promoted a trend toward increased TC1
cell proliferation when compared with
isolated TC1 cells. Interestingly, similar
responses emerged when TC1 cells were
cocultured with RAW 264.7 cells in RA.
Similar responses have been reported when
RAW 264.7 cells were cocultured with
breast tumor cells (41), thereby confirming
previous findings that macrophages can

respond to tumor cells and induce their
proliferation (42). In addition, coculture of
TAMs with TC1 tumor cells increase their
migration, implying that the presence of
macrophages will increase tumor cell
migration toward adjacent tissues via
TAMs secretion of motility factors that
facilitate tumor migration. Comparable
increases were reported with conditioned
medium of RAW 264.7 on CT26 colon
tumor cells using similar approaches (43).
Globally, similar effects occurred when we
tested the ability of TC1 cells to disrupt an
endothelial cell monolayer and the effect of
TAMs on such properties. Analogous
changes have been reported with human
H358 lung tumor cells (24). The higher
disruption triggered by TAMs may
illustrate their recruitment within the
tumor during tumor development (18) and
the possible role of leadership during
invasion and metastasis processes (16).
Taken together, the findings obtained from
TAMs and RAW 264.7 cells support the
now widely accepted concept that

macrophages enhance tumor progression
and invasion. Most importantly, however,
here we show how IH can modify the
function of those macrophages and increase
their ability to proliferate, migrate, and
extravasate compared with macrophages
exposed to RA conditions. Considering that
TAMs were isolated from tumors and
cultured in the same conditions and with
the same ratio (TAMs vs. tumor cells)
in vitro, the changes in tumor cell
malignant properties can only be explained
by the changes in TAMs phenotype, rather
than by their number. Therefore, the
in vitro experimental data support the
functional changes in TAMs observed
in vivo. In addition, IH-exposed TAMs
facilitated TC1 cell invasion, as
demonstrated by a novel coculture 3D
system, thereby confirming the in vivo
increased invasion rates. We also presume
that the effect of IH on TAMs as far as their
ability to disrupt and extravasate an
endothelial monolayer may explain, at
least in part, the higher frequency of
metastases previously reported in
a melanoma mouse model of OSA (8).
Therefore, these studies clearly implicate
IH-induced host immune responses on
the overall adverse changes in the
biological properties of solid tumors.

The enhanced and accelerated tumor
progression and invasion induced by IH and
described herein provides biological
plausibility to recent epidemiological data
obtained from two separate cohorts in
patients with OSA. In these studies, strong
and independent severity-dependent
associations emerged between OSA and
cancer aggressiveness and mortality,
particularly with the index of hypoxemia
(i.e., the frequency of hypoxemic events per
hour of sleep) (4, 5). However, such studies
did not examine whether measures of
sleep integrity also accounted for the
variance in cancer outcomes. In the current
studies, we used a well-established murine
model that is restricted to IH and that
mimics the oxyhemoglobin desaturations of
patients with moderate to severe OSA (21).
Thus, it is unclear whether milder or
more severe degrees of hypoxemia and
changes in the frequency of such events
would yield parallel changes in the
magnitude of the changes in tumor biology.
Furthermore, because the current model is
unavoidably accompanied by persistent
alterations in sleep architecture (44, 45),
the contributions of underlying sleep

Figure 4. B16F10 and TC1 tumor cells in single culture and in coculture with RAW 264.7 cells. (A)
Cell count of RAW 264.7 cells and B16F10 cells either in single culture (dashed line, open symbols) or
in coculture (solid line, filled symbols). RAW 264.7 cells proliferate faster in coculture with B16F10
cells in room air (RA) (circles) compared with in single culture. However, intermittent hypoxia (IH)
(triangles) enhanced their proliferation in single culture and in coculture. B16F10 increased their
proliferation in coculture with macrophages when compared with single culture conditions, and these
features were further enhanced in IH. (B) Cell count of RAW 264.7 cells and TC1 cells either in single
culture or in coculture. These results show the same behavior of TC1 cells in response to RAW 264.7
and IH to that obtained from B16F10.
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disruption cannot be separated from those
of IH. Finally, although we have
demonstrated that host immune responses
are critical to hypoxia-mediated tumor
responses, the molecular mechanisms
involved are still unclear. Based on the
wide range of alterations in mechanistic
pathways induced by IH, including
oxidative stress, metabolic, autonomic
nervous system, and hormonal changes, the
elucidation of the pathways mediating the
coordinated repertoire of such responses

will require an extensive effort that clearly
is beyond the scope of the current study.

In summary, our findings support
the notion that the more aggressive
tumor phenotype observed in the context
of IH conditions is dependent on IH-
induced alterations in the host immune
response in general and, more
specifically, in a shift in macrophage
polarity from M1 to M2. These findings
are closely aligned with our current
understanding of the role of host

immunity in cancer malignancy and
prognosis (46, 47) and further indicate
that alteration in TAMs by IH underlie
the enhanced proliferation, migration,
invasion, and extravasation properties of
tumor cells. n
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