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Introduction

Summary

It is well recognized that tissue microenvironments are involved in regu-
lating the development and function of dendritic cells (DC). Oxygen
supply, which varies in different tissues, has been accepted as an impor-
tant microenvironmental factor in regulating the biological functions of
several immune cells and as being involved in tumour progression and
metastasis. However, little is known about the effect of hypoxia on the
biological functions of DC and the effect of these hypoxia-conditioned
DC on tumour metastasis. In this study, we analysed the transcriptional
profiles of human monocyte-derived immature DC (imDC) and mature
DC (mDC) cultured under normoxia and hypoxia by microarray, and
found a body of potential targets regulating the functions of DC during
hypoxia. In addition, the phagocytic ability of hypoxic imDC markedly
decreased compared with that of normoxic imDC. Importantly, hypoxic
DC poorly induced the proliferation of allogeneic T cells, but polarized
allogeneic CD4" naive T cells into a T helper type 2 (Th2) response.
Moreover, hypoxic DC secreted large amounts of osteopontin, which were
responsible for the enhanced migration of tumour cells. Therefore, our
study provides new insights into the biological functions of DC under
hypoxic conditions and one of mechanisms underlying tumour immune
escape during hypoxia.
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Tumour progression results from cross-talk between
different cell types in the tumour and the surrounding

Tissue oxygen status is an important factor in regulating
cell behaviour. Oxygen tension varies in different tissues,
from 90-100 mmHg in arterial blood, to 20-70 mmHg in
most normal tissues, and as low as 4 mmHg in lymphoid
organs.' Extremely low oxygen tension (< 1%) has been
found in many compartments of normal, inflamed and
tumour tissues. The procession of tumour progression is
characterized by rapid cellular growth, leading to an
imbalance between cellular O, consumption and the O,
supply and thereby a hypoxic microenvironment.>?
Hypoxia worsens as the diffusion distances increase with
tumour expansion.* Adaptation to hypoxia promotes the
progression of a malignant tumour, including promoting
angiogenesis and metastasis and rendering tumours more
resistant to radiation and chemotherapy.””’

supporting tissue, the stroma, comprising fibroblast-like
cells and specific extracellular matrix components, as well
as inflammatory and immune cells. Immune cells, includ-
ing T cells, macrophages, B cells and granulocytes, must
adapt to differing oxygen concentrations as they develop
and migrate in different tissues. Hypoxia impacts immune
cell development as well as function. For example, B cells
still produce immunoglobulins under hypoxia,® whereas
T-cell functions are downregulated by low oxygen levels
in vitro. Although cytotoxic T cells that develop at low
oxygen levels have a higher lytic capacity, fewer T cells
become activated at low oxygen levels, and hypoxia could
cause prolonged impairment of T-cell cytokine expres-
sion.” When mice are exposed to hypoxic conditions, the
proinflammatory response of neutrophils is inhibited,

Abbreviations: imDC, immature dendritic cells; mDC, mature dendritic cells; OPN, osteopontin.
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which protects lung tissue against excessive damage.'
Hypoxia also not only decreases the phagocytic activity of
macrophages, but also can kill them.'"'> So, hypoxia may
contribute to homeostasis and maintenance of tolerance
by controlling and regulating inflammatory and immune
cell functions.

Dendritic cells (DC) are important in the control of
the developing immune response because they govern
both initiation and polarization of adaptive immunity."’
Their functions and polarizing capacities are decisive for
the outcome of T helper-mediated immunity.'*'® In their
immature state, DC have a high capacity to capture anti-
gens, but a low T-cell stimulatory capacity.'”'® Upon
antigen uptake, DC undergo a progression of maturation,
expressing high levels of major histocompatibility com-
plex (MHC), CD40, CD80 and CD86 and having a strong
T-cell stimulatory ability. Then DC migrate to secondary
lymph nodes as their maturation progresses, where they
prime T-cell responses and drive their differentiation
toward T helper type 1 (Thl), Th2, Th17 or regulatory T
cells."*'® The activation stimulus in concert with tissue
environmental factors encountered by the DC instructs
them to polarize T cells toward a phenotype that initiates
Thl, Th2, or regulatory T cells."” During migration, DC
will experience rapid changes of oxygen supply in differ-
ent tissues, so, adaptation to hypoxia is an important
mechanism for DC to fulfil their functions. It is still
unclear about the phenotype and functional characteris-
tics of DC under hypoxic conditions.

Most tumours can efficiently escape from the surveil-
lance of the host immune system. Inhibition of DC func-
tion by the tumour environment could be involved in the
escape of tumour cells from host immune surveillance. A
recent report has asserted that injection of DC generated
in vitro into tumour tissues cannot initiate a systemic
response because the DC cannot migrate normally to
regional lymph nodes.”® These data suggest that the
migration and antigen-presenting function of DC may be
inhibited in tumour environments. Therefore, it remains
to be determined whether hypoxic conditions for tumours
modified the functions of some DC. Moreover, there is
limited knowledge on whether hypoxia-modified DC can
promote the progression and metastasis of tumour cells.
Herein, we report for the first time that hypoxia inhibits
the maturation of DC and direct DC to polarize T cells
to a Th2 response, and osteopontin (OPN) derived from
hypoxia-conditioned DC promotes the migration of
tumour cells.

Materials and methods

Reagents, monoclonal antibodies and cell culture

Recombinant human interleukin-4 (IL-4), recombinant
human granulocyte—-macrophage colony-stimulating factor

(GM-CSF), OPN-neutralizing antibody and the isotype-
matched control were purchased from R&D Systems.
(Minneapolis, MN) Lipolysaccharide (LPS) from Escheri-
chia coli was purchased from Sigma-Aldrich (St Louis,
MO). Antibodies specific for CD14, CD80, CD86, human
leucocyte antigen DR (HLA-DR), CDla, CD40, CD209,
CCR7 and their isotype-control antibodies were pur-
chased from BD-Pharmingen. (San Diego, CA) The
sources of other reagents is indicated in the text.

RPMI-1640 was supplemented with 10% heat-inacti-
vated fetal calf serum (FCS), 1 mMm non-essential amino
acids, 45 pg/ml penicillin and streptomycin, and 2 mm
L-glutamine (all from Gibco, Gaithersburg, MD complete
RPMI medium). Dulbecco’s modified Eagle’s minimal
essential medium (DMEM) was purchased from Gibco.
The human breast tumour cell line MDA-MD-231 and
mouse embryonic fibroblast cell line NIH/3T3 were rou-
tinely grown in DMEM supplemented with 100 U/ml
penicillin and streptomycin and 10% fetal bovine serum
at 37° in humidified air containing 5% CO,.

Generation of human monocyte-derived DC

The use of human peripheral blood monocytes from
healthy donors was approved by the Institutional Review
Board of Shandong University. Monocyte-derived DC
were prepared as described previously.”' Briefly, CD14"
cells from peripheral blood mononuclear cells were
enriched with a bead-labelled anti-CD14 monoclonal anti-
body (mAb; Miltenyi Biotec, Bergisch-Gladbach, Ger-
many) using the magnetic antibody cell sorting (MACS)
system (Miltenyi Biotec). The purity of CD14" monocytes
was routinely over 93%. CD14" monocytes were cultured
for 5 days in complete RPMI medium containing GM-
CSF (1000 units/ml) and IL-4 (500 units/ml) under
hypoxia or normoxia. According to the previous defini-
tion of tumour hypoxia,® the cells in the hypoxic group
were incubated at 1% O, in a humidified incubator
(HERA Cell 150; Heraeus, Osterode, Germany) with 5%
CO,, and 94% N,. To induce maturation, LPS (1 pg/ml)
was added on day 5, and the cells were cultured for
another 2 days. Cell morphology and viability were deter-
mined by light microscopy (Olympus CKX31, Tokyo,
Japan) and flow cytometry (FACSCalibur; Becton Dickin-
son, San Jose, CA).

Flow cytometry

Surface receptor expression on DC was detected on
days 5 and 7. Cells were stained using mAbs labelled
with fluorescein isothiocyanate (FITC), phycoerythrin
(PE) or PE-carbocyanin 5. Isotype controls were run in
parallel. After incubation, the antigenic expression on
DC was detected using a FACSCalibur flow cytometer
(Becton Dickinson, CA) and mean fluorescence intensi-
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ties were determined with CELLQUEST software (Becton
Dickinson).

RNA preparation and complementary RNA synthesis

Total RNA was prepared from three different donor-
derived immature DC (imDC) or mature DC (mDC)
using the RNeasy Mini Kit (Qiagen Inc., Valencia, CA)
and purified using RNeasy mini spin columns (Qiagen
Inc.) according to the manufacturer’s protocol. Sample
concentrations and quality were assessed by measuring
the optical density (OD) at 260 nm, and 280 nm with an
Aligent 2100 Bioanalyzer (Aligent Technologies, Palo Alto,
CA). The 260/280 nm ratios of the samples were > 1-8.
Sample purity was confirmed by electrophoresis on an
agarose gel. All samples contained 18S and 28S ribosomal
RNA peaks with no visible degradation products. A mini-
mum of 20 pg of pooled RNA from each experimental
condition was subsequently processed. RNA was reverse
transcribed into double-stranded complementary DNA
(cDNA) on a GeneAmp polymerase chain reaction system
2700 thermal cycler (Applied Biosystems, Foster City, CA)
using the SuperScript Double-Stranded ¢cDNA Synthesis
kit (Invitrogen Life Technologies, Carlsbad, CA) accord-
ing to the manufacturer’s instructions. The cDNA was
purified and used for in vitro transcription with the
BioArray High Yield RNA Transcript Labeling kit (Enzo
Life Sciences Framingdale, New York). Labelled comple-
mentary RNA (cRNA) was purified using the Qiagen
RNeasy Mini kit (Qiagen Inc.).

Genechip hybridization and data analysis

Purified cRNA probes were used for hybridization to
Affymetrix U133 plus2-0 GeneChips (Affymetrix Inc.,
Santa Clara, CA). Each RNA pool was hybridized to an
individual chip. The hybridization was performed at 45°
for 16 hr in the presence of herring sperm DNA. Chips
were then stained with streptavidin-PE and scanned using
an Agilent Genearray Scanner (Agilent technologies, Palo
Alto, CA). The GENECHIP® MICROARRAY SUITE v5-0 software
program (Affymetrix Inc.) was used to analyse the data
for subsequent statistical analysis. Differential expression
was assessed by pairwise comparisons of normoxic sam-
ples to hypoxic samples. The primary index of gene
expression was determined by the average difference in
fluorescence between matched positive and negative con-
trol probes for each gene product on the array to deter-
mine the relative expression level. An average difference
> 500 indicates detectable expression of a given gene
product. Differential expression required a greater than
twofold increase or decrease in messenger RNA expres-
sion levels.”> The significance of gene expression differ-
ences between the two experimental conditions was
calculated using a one-way analysis of variance (ANOvA).

Hypoxia induces Th2-stimulatory phenotypes of DC

Endocytic ability assay

FITC-dextran (molecular weight 40 000; Molecular
Probes, Eugene, OR) was used to assess mannose receptor-
mediated endocytosis as previously described.”” Briefly,
approximately 2 x 10° cells per sample were incubated in
medium containing 1 mg/ml FITC-dextran for 0, 60 or
120 min at 37° or 4° After incubation, uptake was
stopped by adding ice-cold phosphate-buffered saline
containing 5 mM ethylenediamine tetraacetic acid and 2%
FCS followed by extensive washes. Then the samples were
analysed by flow cytometry as described above. At least
10 000 cells per sample were analysed. The level of anti-
gen uptake by imDC was assessed on the FITC channel
and expressed as the difference in mean fluorescence
intensity between the test (37°) and control (4°) tubes for
each sample.

Mixed lymphocyte reaction (MLR)

T cells were enriched by immunomagnetic positive selec-
tion from peripheral blood mononuclear cells using a
bead-labelled anti-CD3 mAb (Miltenyi Biotec) and MACS
separation columns (Miltenyi Biotec). The DC were incu-
bated with CD3" T cells at ratio of 1 : 20 under normoxia
or hypoxia for 96 hr. Supernatants were obtained after
72 hr to determine cytokine secretion. To assess T-cell
proliferation, cells were pulsed with 0-5 uCi of [*H]thy-
midine (Amersham Biosciences) during the last 16 hr of
culture and [3H]thyrnidine incorporation was measured
using a TopCount (Canberra Pacard, Dreieich, Germany).

Th-cell polarization assay

Naive CD4" CD45RA™ T cells were enriched using an
immunomagnetic naive CD4" T-cell isolation kit (Milte-
nyi Biotec). The purity of naive CD4" CD45RA™ T cells
was > 95% as determined by flow cytometry. Naive T cells
were cultured with DC at a ratio of 5 : 1 under normoxic
or hypoxic conditions. On day 5, IL-2 (50 U/ml; R&D
Systems) was added. Cytokine secretion was induced by
phorbol 12-myristate 13-acetate (PMA, 100 nm) and iono-
mycin (1 pg/ml; both from Sigma-Aldrich) on day 9. The
supernatant was obtained on day 10 and the secretions of
IL-4 and interferon-y (IFN-y) were determined using a
Bio-Plex Protein Array system (Bio-Rad Laboratories,
Hercules, CA).

Bio-Plex analysis

Supernatants from DC, MLR and Th-cell polarization
assay were harvested at the indicated time-points and
were assayed in duplicate. Concentrations of 1L-4, IL-10,
IL-12 (p70), IFN-y, monocyte chemotactic protein-1
(MCP-1), macrophage inflammatory protein-18 (MIP-
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1B), and tumour necrosis factor-oo (TNF-o) were simulta-
neously evaluated using commercially available multiplex
bead-based sandwich immunoassay kits (Bio-Rad Labora-
tories). The assay was performed following the manufac-
Briefly, samples (50 pl/ml) or
standards (50 pl/ml) were incubated with 50 pl of pre-
mixed beads into the wells of a 96-well microtitre plate.
After incubation for 30 min at room temperature with

turer’s instructions.

agitation, the mixture was washed with wash buffer. Then
25 pl of detection antibody was added to each well and
incubated for another 30 min at room temperature with
agitation. After washing and incubation with streptavidin-
PE, the mixtures were washed and resuspended in assay
buffer. For each cytokine, eight standards with concentra-
tions ranging from 0-2 to 3200 pg/ml were used. The
plate was read using the Bio-Plex Protein Array system.

Enzyme-linked immunosorbent assay (ELISA)

The OPN protein concentration in the culture super-
natants harvested from DC was measured using the
Quantikine ELISA kit (R&D Systems) according to the
manufacturer’s instructions. Briefly, a mouse mAb specific
for OPN was coated onto a microplate. Standards and
samples proteins were added to each well and incubated
for 2 hr at room temperature. After washing to remove
unbound proteins, an enzyme-linked polyclonal antibody
specific for OPN was added to the wells and incubated
for 2 hr at room temperature. Following a wash to
remove unbound antibody—enzyme reagent, the substrate
solution was added to the wells and incubated for 30 min
at room temperature in the dark. The OD (450 nm) of
each sample was determined using a microplate reader
and the mean concentration of OPN was calculated.

Matrigel invasion assay

The ability of the tumour cells to migrate was quantified
using Transwell inserts fitted with polycarbonate filters
(8-um pore size, Costar, Cambridge, MA) coated with
30 pg Matrigel diluted in phosphate-buffered saline as
described previously.** Briefly, tumour cells preincubated
for 4 hr in complete DMEM or DC-conditioned medium
collected from imDC or mDC cultured under hypoxia or
normoxia (1 x 10° cells in 100 pl incubation media)
were added to the upper compartment of the insert. The
lower compartment was filled with 600 pl of conditioned
medium collected from 3 x 10° NIH/3T3 fibroblasts
incubated overnight in growth medium containing 10%
FCS. After incubation at 37° for 12 hr, non-migrating
cells that remained on the upper of surface of the
filter were removed and the migrated cells on the lower
surface of the filter were stained with Eosin Y (Sigma-
Aldrich) and counted using a light microscope (Olympus
CKX31).

Statistical analysis

Data are presented as mean + SD. The Student’s t-test
was used for statistical analysis where P-values of < 0-05
were considered statistically significant.

Results

Viability and phenotype of DC cultured under
hypoxic conditions

After 5 days of culturing with GM-CSF plus IL-4 or stim-
ulation by LPS for another 2 days, the viability of both
hypoxic and normoxic DC exceeded 90% (normoxic
imDC: 95-2%, hypoxic imDC: 94:5%, normoxic mDC:
93-2%, hypoxic mDC: 92-35%). The cells had typical DC

imDC

o‘@’“
2% 8
@5%

CD40

HLA-DR

CD209

CCR7

Badd |

Figure 1. Morphology and phenotypes of human monocyte-derived
dendritic cells (DC) under normoxia or hypoxia. Human monocyte-
derived DC were cultured under normoxic (N) or hypoxic (H)
conditions for 5 days in the presence of granulocyte-macrophage
colony-stimulating factor and interleukin-4 and induced for further
maturation by the treatment with lipopolysaccharide for 48 hr, as
described in the Materials and methods section. (a) Morphology of
immature DC (imDC) and mature DC (mDC) under normoxic or
hypoxic condition (200X magnification). (b) Surface marker expres-
sion on immature and mature DC under normoxia (thin and filled
line) and hypoxia (bold and open line). The grey lines represent
staining with a control isotype-matched antibody. Results are repre-
sentative of four separate experiments.
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morphology: were non-adherent, clustered and had pro-
truding veils (Fig. 1a). Flow cytometry revealed that
CD14 was not expressed, while CD80, CD86 and CDla
were expressed on both immature and mature DC cul-
tured under normoxia and hypoxia. There were no signif-
icant changes in the expression levels (data not shown).
However, hypoxia significantly inhibited the expression of
CD40 and HLA-DR on immature or LPS-stimulated
mDC. The expression of CD209 on immature DC and
the CCR7 expression on mature DC were also reduced
under hypoxic conditions (Fig. 1b). These results suggest
that hypoxia inhibited DC maturation, migration and the
ability to capture antigen.

Gene expression profile of DC cultured in a hypoxic
microenvironment

The transcriptional profile of hypoxic DC was investi-
gated by microarray analysis. Equal amounts of RNA
from the different samples were pooled and hybridized to
human Affymetrix U133 plus2-0 GeneChips. The results
showed that 8067 genes (42-7%) were expressed by imDC
and 7551 genes (39-9%) were expressed in mDC cultured
under normoxia. After restricting the profile to those
sequences exhibiting at least twofold expression differ-
ences between hypoxic and normoxic samples, we identi-
fied that hypoxia modulated the expression of 658 genes
(up to 3-48%) in imDC and 896 genes (up to 4-73%) in

Hypoxia induces Th2-stimulatory phenotypes of DC

mDC relative to normoxic conditions. These modulated
genes were grouped into four categories:

(1) Silenced genes, which were detectable in normoxic
DC but undetectable in hypoxic DC, included 147
genes (1-82%) in imDC and 145 genes (1-92%) in
mDC

(2) Induced genes, which were undetectable in normoxic
DC but detectable in hypoxic DC, included 133 genes
(1-22%) in imDC and 172 genes (1-51%) in mDC

(3) Downregulated genes, which exhibited a greater than
twofold decrease in expression in hypoxic DC relative
to normoxic DC, included 169 genes (2:09%) in
imDC and 274 genes (3:63%) in mDC

(4) Upregulated genes, which exhibited a greater than
twofold increase in expression in hypoxic DC relative
to normoxic DC, included 209 genes (2:59%) in
imDC and 305 genes (4-04%) in mDC (Fig. 2).

Hypoxia-modulated genes were classified according to
their known biological functions, such as apoptosis, cell
growth and maintenance, signal transduction, immune
response, biosynthesis, cell adhesion, cell-cell signalling
and their response to stress and metabolism. Genes
encoding products involved in protein metabolism were
prominent among the hypoxia-modulated genes in both
immature and mature DC. However, imDC had more
alterations than mDC in hypoxia-modulated genes, impli-
cated mainly in immune response, cell-cell signalling and

(@)
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Normoxic imDC * *

_> | —10 849 non-expressed genes: 57-30%

Non-expressed under
hypoxia: 98-78%

“Induced” (expression under
hypoxia): 1-22%

—8067 expressed genes: 42-70%
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“Augmented” (increased
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Unchanged under
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under hypoxia): 2:09%

Figure 2. Gene expression profiles in dendritic

. . b
cells (DC) modulated by hypoxia environment. ® —18 913 genes > | —11 362 non-expressed genes: 60-08%
This schematic illustrates gene expression pro- Normoxic mDC 17 17
files in normoxic DC and hypoxic DC. Based
on a greater than twofold difference in expres- ¢ Non-expressed under “Induced” (expressed under
. . . . . hypoxia: 98-:49% hypoxia): 1-51%
sion in hypoxic DC relative to normoxic DC,

—7551 expressed genes: 39-92%

genes significantly altered were categorized as

‘silenced’, ‘downregulated’, ‘upregulated’ and
‘induced’. (a) The gene expression profiles in
immature DC (imDC) cultured under norm-

S N
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oxia or hypoxia. (b) The gene expression pro-
files in mature DC (mDC) cultured under
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the cellular response to stress, suggesting that imDC were
more sensitive to hypoxia.

Classification of known DC function-associated genes
modulated by hypoxia

To better understand the biological functions of prod-
ucts encoded by these hypoxia-modulated genes, we
further classified these genes according to known DC-
associated  biological behaviours, including antigen
uptake and presentation, cytokine and chemokine secre-
tion and receptor production, secretion of extracellular
matrix and adhesion molecules, matrix metalloproteinas-
es (MMPs) and tissue inhibitors of metalloproteinases
(TIMPs), regulation of both apoptosis and the cell cycle,
and signal transduction (Tables 1 and 2). We found that
genes encoding receptors for antigen-uptake, such as
CD209 and CLECSF12 (DECTIN-1), and genes for non-
classical antigen-presentation, such as CD1b and CDIE,
were significantly downregulated in hypoxia-conditioned
imDC, suggesting a reduced ability to capture and pres-
ent bacterial antigens in imDC under hypoxic condi-
tions. However, the expression of the HLA-E gene,
which encodes the cellular ligand of CD94/NKG2A, was
enhanced in imDC under hypoxic conditions. Killing of
imDC is confined to the CD94/NKG2A(+)KIR(-) natu-
ral killer (NK) cell subset.”> So, the upregulation of
HLA-E in hypoxia-conditioned imDC might enhance
their resistance to autologous NK cell-mediated lysis. As
for mDC, hypoxia inhibited the transcription of genes
encoding TAP and LAMP implicated in assembling the
MHC-I-peptide complex, and the gene encoding CD80,
responsible for costimulating T cells, suggesting that
hypoxia-modulated DC might be poor stimulators for
T-cell activation. On the other hand, hypoxia upregulat-
ed the expression of the HLA-DQBI1 and CD74 (invari-
ant chain Ii) genes in mDC, both of which were
involved in the presentation of MHC-II-restricted anti-
genic peptide. Such an increase in HLA-DQ expression
can also be seen in interstitial cells and endothelium in
the synovial membrane of patients with rheumatoid
arthritis, a typical hypoxic disease.’® Similar to imDC,
hypoxia-conditioned mDC expressed a higher level of
HLA-E than normoxic DC. Of the genes related to sur-
vival and apoptosis, we found a marked reduction of
the Bax/Bcl2 ratio in both immature and mature DC,
suggesting that hypoxia-conditioned DC were more
resistant to apoptosis.

Among the cytokines and chemokines and their recep-
tors related to inflammatory and immune responses,
hypoxia significantly inhibited the expression of chemo-
kine (C-C motif) ligand 2 (CCL2), CCL4 and CCL13 in
imDC. In mDC, hypoxia upregulated the expression of
C-C chemokine receptor 2 (CCR2), CCR3, and CCRS5,
which are normally downregulated in mDC, and, in con-

trast, markedly inhibited the expression of CCR7 and
IL-12p40, which are normally upregulated in mDC.
Hypoxia led to a severe reduction in the expression of
chemokine genes, including CCL2, CCL13 and CCL23.
Interestingly, vascular endothelial growth factor, a well-
established hypoxia-modulated molecule able to impair
DC maturation and function,” also was induced signifi-
cantly in both immature and mature DC under hypoxic
conditions. These data suggest that hypoxia may interfere
with DC maturation.

The majority of hypoxia-modulated adhesion molecules
were upregulated, including integrin o5 (ITGA5) and
integrin B, (ITGB2) in both immature and mature DC,
selectin P ligand (SELPLG) in imDC, and integrin oy
(ITGAy) in mDC. However, ITGA; was downregulated
in mDC. Hypoxia enhanced TIMP-1 expression in both
immature and mature DC, but inhibited MMP9 expres-
sion in mDC and increased macrophage migration inhibi-
tory factor expression in imDC, suggesting that hypoxia
might impair the migratory ability of DC, as we reported
previously.”®

Interestingly, hypoxia-inducible factor 1o (HIF-1a),
which is induced in response to the stress of oxygen
depletion, was downregulated. It is critically involved in
the function of phagocytes, especially at sites of inflam-
mation and HIF-1o gene-depleted phagocytes were com-
promised in their ability to migrate, to aggregate and to
kill bacteria.”® The decreased expression level of HIF-1a
indicated that the hypoxic environment has an impact
on the function of DC. Nevertheless, adenosine A2b
receptor (ADORA2B), one of the HIF-a-inducible ele-
ments, displayed a threefold and 21-fold increase in both
immature and mature DC under hypoxia, respectively
(Table 2).

Impaired maturation and production of cytokines in
DC cultured under hypoxic conditions

To determine whether hypoxia affects the maturation
and activation of DC, we examined the phenotype and
cytokine production of DC. As shown in Fig. 1(b),
hypoxia significantly inhibited the expression of CD40
and HLA-DR on both immature and mature DC.
Under hypoxic conditions, the secretion of Thl-type
cytokines, including IFN-y, TNF-o. and IL-12p70, was
inhibited significantly in mDC. In contrast, the secre-
tion of IL-10, the antagonist of IL-12-induced Thl-cell
polarization, was not significantly modulated by hypoxia
(Fig. 3a). In addition, CCR7 expression was also down-
regulated in hypoxia-conditioned mDC (Fig. 1b). Thus,
hypoxia may inhibit DC maturation and induce a Th2
response by DC.

CCL2 (MCP-1) and CCL4 (MIP-1B) are involved in
the recruitment of T cells, NK cells or monocytes and
macrophages. The results from the microarray analysis
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Table 1. Relative expression of selected genes in hypoxic dendritic cells (DC) compared to normoxic DC

Hypoxia induces Th2-stimulatory phenotypes of DC

Immature DC Mature DC
Gene Fold UniGene Gene Fold
UniGene ID  symbol Gene description change ID symbol Gene Description change
Antigen uptake, procession, and presentation
Hs.381008 HLA-E MHC, class I, E 2-5 Hs.409934 HLA-DQBI1 MHC, class II, DQ beta 1 4.5
Hs.1310 CD1B CD1B antigen, b polypeptide ~ 0-32 Hs.446471  CD74 CD74 antigen 2:2
Hs.278694 CD209 CD209 antigen 0-57 Hs.381008  HLA-E MHGC, dlass I, E 2:0
Hs.143929 CLECSF12  C-type (calcium dependent, 0-50 Hs.502 TAP2 Transporter 2, ATP-binding 0-50
carbohydrate- recognition cassette, sub-family B
domain) lectin, superfamily (MDR/TAP)
member 12
Hs.249217 CDIE CDIE antigen, e polypeptide 0-25 Hs.838 CD80 CD80 antigen (CD28 antigen ~ 0-50
ligand 1, B7-1 antigen)
Hs.10887 LAMP3 Lysosomal-associated 0-45
membrane protein 3
Apoptosis and cell cycle
Hs.79241 BCL2 B-cell CLL/lymphoma 2 2-12 Hs.79241 BCL2 B-cell CLL/lymphoma 2 2:0
Hs.159428 BAX BCL2-associated X protein 0-31 Hs.159428  BAX BCL2-associated X protein 0-23
Cytokine/chemokine and receptors
Hs.624 1L8 Interleukin 8 82 Hs.511794 CCR2 Chemokine (C-C motif) 93
receptor 2
Hs.511794 CCR2 Chemokine (C-C motif) 65 Hs.506190 CCR3 Chemokine (C-C motif) 5.6
receptor 2 receptor 3
Hs.1722A IL1 Interleukin 1o 6-0 Hs.407995  MIF Macrophage migration 5.7
inhibitory factor
Hs.506190 CCR3 Chemokine (C-C motif) 3.5 Hs.73793 VEGF Vascular endothelial growth 4.5
receptor 3 factor
Hs.407995 MIF Macrophage migration 3:5 Hs.54443 CCR5 Chemokine (C-C motif) 43
inhibitory factor receptor 5
Hs.73793 VEGF Vascular endothelial growth 3.5 Hs.313 OPN Secreted phosphoprotein 1 3.5
factor
Hs.2161 C5R1 Complement component 5 2:2 Hs.1652 CCR7 Chemokine (C-C motif) 0-50
receptor 1 (C5a ligand) receptor 5
Hs.54443 CCR5 Chemokine (C-C motif) 2-1 Hs.674 1IL12B Interleukin 12B (natural 0-35
receptor 5 killer cell stimulatory factor 2,
cytotoxiclymphocyte
maturation factor 2, p40)
Hs.313 OPN Secreted phosphoprotein 1 2:0 Hs.414629  CCL13 Chemokine (C-C motif) 0-28
ligand 13
Hs.174142 CSFIR Colony stimulating factor 1 1-8 Hs.303649  CCL2 Chemokine (C-C motif) 0-28
receptor ligand 2 (MCP-1)
Hs.414629 CCL13 Chemokine (C-C motif) 0-25 Hs.169191 CCL23 Chemokine (C-C motif) 0-1
ligand 13 ligand 23
Hs.303649 CCL2 Chemokine (C-C motif) 0-28 Hs.75703 CCL4 Chemokine (C-C motif) 0-5
ligand 2 (MCP-1) ligand 4
Hs.75703 CClL4 Chemokine (C-C motif) 0-5
ligand 4
Adhesive molecular
Hs.149609 ITGAS Integrin o5 (fibronectin 23 Hs.149609  ITGAS Integrin o5 (fibronectin 4-6
receptor, o-polypeptide) receptor, o-polypeptide)
Hs.375957 ITGB2 Integrin B, (antigen CD18 2-1 Hs.172631  ITGAM Integrin oy (complement  3-0
(p95) component receptor 3, oL
Hs.423077 SELPLG Selectin P ligand 2:0 Hs.375957  ITGB2 Integrin P, (antigen CD18 2.5
(p95),
© 2008 The Authors Journal compilation © 2008 Blackwell Publishing Ltd, Immunology, 128, e237-e249 e243
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Table 1. (Continued)

Immature DC Mature DC
Gene Fold UniGene Gene Fold
UniGene 1D symbol Gene description change ID symbol Gene Description change
Hs.145140 ITGA4 Integrin oy (antigen CD49D, 0-50
o4 subunit of VLA-4
receptor)
MMPs/TIMPs
Hs.446641 TIMP1 Tissue inhibitor of 3-0 Hs.446641 TIMP1 Tissue inhibitor of 3-8
metalloproteinase 1 metalloproteinase 1
Hs.245188 TIMP3 Tissue inhibitor of 0-33 Hs.151738 MMP9 Matrix metalloproteinase 9 0-50
metalloproteinase 3
Others
Hs.126384 FCGR2B Fc fragment of IgG, 109 Hs.126384 FCGR2B Fc fragment of IgG, low 94-1
low affinity IIb, affinity IIb, receptor for
receptor for (CD32) (CD32)
- FCGR2C Fc fragment of IgG, 88 - FCGR2C Fc fragment of IgG, low 44
low affinity Ilc, receptor affinity Ilc, receptor for
for (CD32) (CD32)
Hs.897 FCERIA Fc fragment of IgE, high 3-0 Hs.445466 FPRL2 Formyl peptide receptor-like 2 4.9
affinity I, receptor
for; alpha polypeptide
Hs.433300 FCERIG Fc fragment of IgE, high 2:6
affinity I
Hs.897 FCERIA Fc fragment of IgE, high 2:4
affinity I
Hs.97199 CI1QR1 Complement component 1, 2-4

q subcomponent,
receptor 1

IgG, immunoglobulin; MHC, major histocompatibility complex.

show a significant downregulation of CCL2 and CCL4
genes in hypoxic DC. To confirm these results, we analy-
sed the production of CCL2 and CCL4 using the Bioplex
Protein Array system. We found that hypoxia significantly
inhibits the production of MCP-1 and MIP by both
immature and mature DC (Fig. 3b). These findings sug-
gest that hypoxia affects the recruitment of other immune
cells to the tissue environment.

Hypoxia affected the phagocytic ability of imDC and
skewed mDC to mediate a Th2-polarizing response

Antigen uptake is a functional characteristic of imDC. To
study the endocytic ability of hypoxic imDC, we used
FITC-dextran, which is taken up mainly through the
mannose receptor. Dextran endocytosis of hypoxic DC
was decreased markedly compared to normoxic DC
(Fig. 4a). Confirming the microarray data, the expression
level of CD209 in imDC was decreased in hypoxic DC as
compared with normoxic DC (Fig. 1b).

To further investigate the effect of hypoxia on the DC-
mediated T-cell response, we first examined the effect of
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hypoxia on the ability of mDC to stimulate the prolifera-
tion of allogeneic T cells using [*H]thymidine incorpora-
tion. Hypoxia severely inhibited the ability of DC to
induce the proliferation of allogeneic T cells (Fig. 4b). We
next analysed the cytokine expression in the MLR system,
including IFN-y, IL-4, IL-12p70 and IL-10. We found
that IL-10 and IL-4 obviously increased, whereas IFN-y
and IL-12p70 significantly decreased in a DC-T-cell co-
culture system (Fig. 4c). The DC have the unique ability
to induce a primary immune response through activation
and polarization of naive T cells. Therefore, we evaluated
the ability of hypoxia-conditioned DC to stimulate the
primary allogeneic T-cell response. When cytokine secre-
tion was induced by the addition of PMA and ionomycin,
we found that naive T cells cocultured with hypoxic DC
preferentially secreted the Th2 cytokine IL-4, but minimal
amounts of the Thl cytokine IFN-y (Fig. 4d). The same
experiment was performed with autologous T cells and
culture supernatant; it obtained the same trend, although
with a lower rate of polarization (data not shown). These
results indicate that hypoxia skewed DC to polarize the
T-cell response toward a Th2 phenotype.
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Table 2. Hypoxia signal pathway protein expression by dendritic cells (DC) under hypoxic conditions

Hypoxia induces Th2-stimulatory phenotypes of DC

Immature DC Mature DC
Gene Fold UniGene Gene Fold
UniGene ID  symbol Gene Description change ID symbol Gene Description change
Hs.509554 HIF1A Hypoxia-inducible factor 1, 0-48 Hs.509554  HIF1A Hypoxia-inducible factor 1, 0-41
o subunit o subunit
Hs.73793 VEGF Vascular endothelial growth 3-12 Hs.73793 VEGF Vascular endothelial growth 45
factor factor
Hs.473721 SLC2A1 Solute carrier family 2, 31 Hs.473721  SLC2A1 Solute carrier family 3.7
member 1 2, member 1
Hs.441047 ADM Adrenomedullin 2-4 Hs.441047 ADM Adrenomedullin 52
Hs.45743 ADORA2B Adenosine A2b receptor 2:5 Hs.45743 ADORA2B  Adenosine A2b receptor 22:1
Hs.445563 ADRBK2 Adrenergic B receptor 2:1 Hs.78465 JUN v-jun sarcoma virus 17 49
kinase 2 oncogene homologue
(avian)
Hs.288555 ELK3 ELK3, ETS-domain protein 3.7 Hs.172674 NFATC3 Nuclear factor of activated T 4.3
(SRF accessory protein 2) cells, cytoplasmic,
calcineurin-dependent 3
Hs.34516 CERK Ceramide kinase 2-5 Hs.288555 ELK3 ELK3, ETS-domain protein 25
(SRF accessory protein 2)
Hs.135457 USP53 Ubiquitin specific protease 2:3 Hs.9754 ATF5 Activating transcription 2:1
53 factor 5
Hs.272210 ATF71P Activating transcription 2:2 Hs.64056 PAK1 p21/Cdc42/Racl-activated 2:1
factor 7 interacting protein kinase 1 (STE20
homologue, yeast)
Hs.64056 PAK1 p21/Cdc42/Racl-activated 2:0 Hs.271980  MAPK6 Mitogen-activated protein 2:1
kinase 1 (STE20 kinase 6
homologue, yeast)
Hs.284275 PAK2 p21 (CDKNI1A)-activated 2:0 Hs.246842  ATF1 Activating transcription 2:0
kinase 2 factor 1
Hs.297343 CAMKK2 Calcium/calmodulin-depen- 2:1 Hs.268675  MEF2A MADS box transcription 2:0
dent protein kinase kinase enhancer factor 2,
2B polypeptide A (myocyte
enhancer factor 2A)
Hs.170610 MAP3K1 Mitogen-activated protein 2-0 Hs.515157  JUNB jun B proto-oncogene 2-0
kinase kinase kinase 1
Hs.46743 MKKS McKusick—Kaufman 0-45 Hs.50649 TP5313 Tumour protein p53 0-48
syndrome inducible protein 3
Hs.324178 MAPKAP1 Mitogen-activated protein 0-5 Hs.324178  MAPKAP1  Mitogen-activated protein 0-5
kinase associated protein 1 kinase associated protein 1
Hs.413901 MAPKAPK5  Mitogen-activated protein 0-46 Hs.134106 ~ MAP2K4 Mitogen-activated protein 0-5
kinase-activated protein kinase kinase 4
kinase 5
Hs.9754 ATF5 Activating transcription 2-7 Hs.114062  PTPLA Protein tyrosine 0-46
factor 5 phosphatase-like (proline
instead of catalytic
arginine), member a
Hs.515157 JUNB jun B proto-oncogene 2:0 Hs.397465  HIPK2 Homeodomain interacting 0-48
protein kinase 2
Hs.78465 JUN V-jun sarcoma virus 17 2-1 Hs.440315  MAP3K14 Mitogen-activated protein 0-4
oncogene homologue kinase kinase 14
(avian)
Hs.5613 CRKL v-crk sarcoma virus CT10 2:0 Hs.135457  USP53 Ubiquitin-specific protease 0-41
oncogene homologue 53
(avian)-like
© 2008 The Authors Journal compilation © 2008 Blackwell Publishing Ltd, Immunology, 128, e237-e249 e245
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Table 2. (Continued)

Immature DC Mature DC
Gene Fold UniGene Gene Fold
UniGene 1D symbol Gene Description change ID symbol Gene Description change
Hs.81328 NFKBIA Nuclear factor of kappa light 2:0 Hs.11114 TP53INP2 Tumour protein p53 0-29
polypeptide gene enhancer inducible nuclear protein 2
in B-cells inhibitor o
Hs.433046 ATF6 Activating transcription 0-5 Hs.81328 NFKBIA Nuclear factor of kappa light 2:1
factor 6 polypeptide gene enhancer
in B cells inhibitor o
Hs.460 ATF3 Activating transcription 0-45 Hs.431926 NFKB1 Nuclear factor of kappa light 0-47
factor 3 polypeptide gene enhancer
in B cells 1 (p105)
(a) TNF-o. (pg/ml) IFN-y (pg/ml) (a) FITC-dextran (b)
40 100
imDC aN OH imDC sN oH 8 30 —— N ——H 75
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Figure 3. Cytokine secretion by dendritic cells (DC). The DC were
induced under hypoxia (H) or normoxia (N). The supernatants were
analysed by Bio-Plex Protein Array system for the secretion of tumour
necrosis factor-o (TNF-a.), interferon-y (IFN-y), interleukin-12 (IL-12)
p70, IL-10 (a), and monocyte chemotactic protein 1 (MCP-1), macro-
phage inflammatory protein 1B (MIP-1p) (b). The results are shown as
the mean + SD.*P < 0-05.

Hypoxic DC promoted the migration of tumour cells
through production of OPN

Genechip analysis showed that hypoxic DC expressed
more OPN than normoxic DC and OPN plays an impor-
tant role in enhancing tumour cell migration, therefore,
we first determined the amount of OPN expressed by DC
under hypoxic conditions. Compared with normoxia,
hypoxia significantly increased the production of OPN in
both imDC and mDC (Fig. 5a). We next used the Trans-
well system (Costar) to determine the migration ability
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Figure 4. Hypoxia inhibited the phagocytic ability of immature den-
dritic cells (imDC) and skewed mature dendritic cells (mDC) to
mediate a T helper type 2 (Th2)-polarizing response. (a) The imDC
were induced under hypoxia (H) or normoxia (N). The cells endo-
cytic ability was evaluated by the uptake of 1 mg/ml fluorescein iso-
thiocyanate (FITC)-dextran measured using flow cytometry. Results
were expressed as the mean + SD of the fluorescence intensity. (b)
The mixed lymphocyte reaction (MLR) test was performed with allo-
geneic T cells and hypoxic mDC (H) or normoxic mDC (N).
[3H}Thymidine was added 16 hr before cells were collected and pro-
liferation was assessed. (c) The supernatants were collected after 72 hr
of culture and analysed for the production of interleukin-4 (IL-4),
IL-10, IL-12p70 and interferon-y (IFN-y). (d) Naive CD4" CD45RA*
T cells isolated by immunomagnetic negative depletion were polarized
by culture with hypoxic or normoxic mDC. Production of the cyto-
kines IL-4 and IFN-y was induced by adding phorbol 12-myristate
13-acetate and ionomycin on day 9. The supernatant was collected
after 24 hr and analysed using the Bio-Plex Protein Array system as
described in the Materials and methods section. Data are expressed as
the mean + SD of four independent experiments. *P < 0-05.

of tumour cells in the presence or absence of DC-condi-
tioned medium. Hypoxic DC-conditioned medium signif-
icantly enhanced the migratory ability of tumour cells
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Hypoxia induces Th2-stimulatory phenotypes of DC

(a) OPII (ng/ml) (b) 25 (©
60 5 . 3r
50 oN =mH = * >
. . 31 =
40 g 15 S 2}
30 2 1 g
20 x T 1}
P o : m B
0 0 0
imDC mDC 1 2 3 4 5 cM CM+OPII CM+1gG  OFPIl

Figure 5. Hypoxic dendritic cells (DC) promoted the motility of the breast tumour cells MDA-MD-231 by producing osteopontin (OPN).
(a) The migratory activity of tumour cells was analysed in Transwell chambers in vitro as described in the Materials and methods section. Tumour
cells were preincubated with or without DC-conditioned media collected from normoxic immature DC (imDC) (2), hypoxic imDC (3), normoxic
mature DC (mDC) (4) or hypoxic mDC (5) for 4 hr. Complete RPMI medium served as a control (1). The number of cells migrating through
the Matrigel-coated membranes was counted. (b) OPN production by imDC and mDC induced under normoxia (N) or hypoxia (H). Human
CD14" monocytes were incubated for 5 days and matured using lipopolysaccharide for another 2 days. OPN in the culture supernatant was
quantified with using an enzyme-linked immunosorbent assay kit. (c) Tumour cells preincubated with imDC-conditioned medium with or with-
out the OPN neutralizing antibody. (CM) hypoxic DC-conditioned medium; (IgG) normal goat immunoglobulin G served as isotype-matched
control (10 pg/ml); (OPN Ab) OPN neutralizing antibody (10 pg/ml); (OPN) recombinant human OPN served as positive control (5 pg/ml).

Data are the mean + SD of five independent experiments. *P < 0-05.

(Fig. 5b). To confirm whether OPN was responsible for
the enhanced migration of tumour cells, a neutralizing
antibody against OPN was added to the DC-conditioned
medium. As shown in Fig. 5(c), the OPN neutralizing
antibody obviously prevented the increased migration of
tumour cells. These results indicate that hypoxia-condi-
tioned DC promote tumour cell migration in an OPN-
dependent manner.

Discussion

This study, for the first time, provides a wealth of infor-
mation on hypoxia-modulated genes for further investi-
gation of the molecular mechanisms underlying the
adaptation of DC to hypoxia. We observed that mono-
cytes still differentiated into DC under hypoxia, but these
hypoxia-conditioned DC displayed poor T-cell-stimulatory
activity and shifted towards a Th2-stimulating phenotype,
possibly as the result of a marked reduction in expression
of MHC class II and costimulatory molecules as well as of
Thl cytokines. Furthermore, we confirmed that hypoxic
DC did promote tumour cell migration through increased
secretion of OPN.

Immature DC sense chemotactic signals from inflam-
matory sites by constitutive expression of CCR2, CCR3,
CCR5, C5R1 and FMLPR.’** These genes were upregu-
lated in imDC by hypoxia, suggesting that imDC had a
strong ability to sense inflammatory chemokines under
hypoxic conditions. Mature DC upregulate the expression
of CCR7, which allows DC to migrate to draining lymph
nodes in response to lymph node-derived chemokines
such as MIP-3B.°>** In our study, we found a decrease
in CCR7 expression in mDC under hypoxia, and also
confirmed that hypoxia-modulated mDC displayed poor

chemotactic ability in response to MIP-3B.*® However,
hypoxia-conditioned imDC also displayed poor chemo-
taxis to RANTES, a primary chemoattractant for imDC
(data not shown). This is not surprising, because the traf-
ficking of DC is a complicated event, not only dependent
on the expression of chemokine receptors but also on the
extracellular matrix, adhesion molecules and reorganiza-
tion of the cytoskeleton. Our previous studies, as well
as those of others,”® showed that hypoxic DC exhibit
markedly reduced expression of MMP9 and upregulated
TIMP-1 transcripts, which was confirmed by the DNA
array.

We identified a number of hypoxia-responsive genes
involved in intracellular signalling cascades or transcrip-
tion factor activity. One of the most intensively studied is
HIF-1a, whose stability is regulated by oxygen. However,
we found that HIF-lao was downregulated in hypoxia-
conditioned immature and mature DC. This might result
from long-term hypoxia exposure, because the monocytes
were cultured under hypoxia from the onset of differenti-
ation into DC. Nevertheless, the genes of some proteins
involved in oxygen delivery and glucose metabolism were
upregulated, such as vascular endothelial growth factor,
adrenomedullin and GLUT-1, which are also the targets
of HIF-1. The upregulation of these genes shows that,
from monocytes to DC, common mechanisms are used to
overcome oxygen deficiency. It has been shown that
extracellular adenosines through binding the A2 class of
adenosine receptors inhibit the Thl-cell response that is
induced by antigen-presenting DC.*® Moreover, we
observed that some members of the ERK, JNK and p38
pathways, as well as transcription factors, were inhibited
or enhanced in DC under hypoxia, suggesting that
hypoxia-conditioned DC had different responses to
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inflammatory cytokines, such as IL-1 and TNF-a, growth
factors, mitogens, or other extracellular stresses compared
to normoxia-conditioned DC.

Data from the microarray give a strong indication that
DC are reprogrammed at transcriptional levels under
hypoxia, and suggest that hypoxic DC have different
bioactivities. Immature DC have a potent ability to cap-
ture antigens from bacteria, viruses and dead or dying
cells by phagocytosis, pinocytosis and receptor-mediated
endocytosis. Our results reveal that hypoxia-conditioned
DC have a weaker phagocytic ability than normoxic DC.
DC-SIGN (CD209) and dectin play key roles in the con-
trol of pathogenic infection by recognizing and binding
to antigens derived from bacteria and fungi.””*® Micro-
array data demonstrated that DC-SIGN and dectin were
downregulated, whereas FcyRII FceRI, and CIqR1 were
upregulated in hypoxia-conditioned DC. The results from
flow cytometry also confirmed that the expression level
of CD209 was decreased in hypoxic DC as compared
with normoxic DC. Thus, long-term hypoxia may
decrease the ability of DC to capture foreign pathogenic
antigens. On the other hand, some FcRs and C1qRs bind
to and mediate the clearance of immune complex or
Clg-coated apoptotic cells. Hypoxia upregulated the
expression of FcyRII and ClgR1 in DC at the mRNA
level, suggesting that hypoxic DC might assist in main-
taining immunological homeostasis by eliminating
immune complexes or apoptotic cells.

After antigen uptake, DC undergo maturation and acti-
vation with upregulation of MHC class II molecules,
CD80, CD83, CD86 and CD40, which not only trigger
the TCR-CD3 first signal but also provide costimulatory
signals to T cells. Data from the microarray and flow
cytometry analysis showed that MHC class II and the co-
stimulatory molecule CD40 were downregulated, suggest-
ing that hypoxia-modulated DC were poor stimulators of
T cells. Indeed, we observed a marked reduction in the
proliferation of allogeneic T cells stimulated by hypoxia-
conditioned DC. Recently, Jantsch et al®® reported that
hypoxia combined with LPS led to marked induction of
allogeneic lymphocyte proliferation compared with LPS
alone. These differences in data may result from the dif-
ferent methods used. In our study, DC were induced
under hypoxic conditions and Jantsch et al. first derived
immature DC under normoxia, and then subjected them
to hypoxia.

In addition, DC also govern the polarization of Th
responses via the secretion of different cytokine profiles.
In our study, we found that hypoxia caused a shift
towards a Th2-driving phenotype of DC, decreasing the
secretion of IFN-y and increasing the secretion of IL-10
and IL-4 from DC-stimulated T cells, possibly as the
result of a reduction of IL-12 and upregulation of IL-10
by hypoxia-conditioned DC. These results suggest that
under physiological hypoxia, DC may be mainly involved

in the maintenance of immune homeostasis and toler-
ance, and that under pathogenic hypoxia, such as in a
tumour, the inhibition of DC function can be one of the
reasons why the tumour escapes immune surveillance.

Hypoxia is reported to promote the metastasis of
tumour cells. Accumulative evidence suggests that OPN
overexpression is closely associated with the metastatic
phenotype of cancer cells.** We found that hypoxic DC
produced significantly elevated amounts of OPN and
hypoxic DC-conditioned medium could promote the
motility of tumour cells. These findings suggest that stro-
mal environments are not the bystanders but rather the
active regulators of tumour metastasis.

In this study, we provide large amounts of information
on the gene expression of human DC modulated by
hypoxia and document the inhibitory regulatory effect of
hypoxia on the function of DC, providing new insight
into the mechanisms underlying the role of hypoxia in
immune homeostasis or tumour progression. Better
understanding of the biological characteristics of hypoxia-
conditioned DC will offer new targets for DC-based anti-
tumour therapy. Simultaneously targeting non-malignant
cells within the tumour stroma should be considered
whenever developing anticancer strategies.
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