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ABSTRACT. Objective. Inflamed tissues are usually characterized by low oxygen levels. We investigated whether

pathophysiological hypoxia (pO, < 1%) as found in the rheumatoid synovium modulates the tran-
scriptome of human CD4+ T cells.

Methods. We analyzed the extent to which hypoxia influences the transcriptome in the rheumatoid
synovium according to a gene cluster reflecting adaptation to low oxygen levels. Hypoxia-inducible
factor-1o. (HIF-101) was detected in the rheumatoid synovium using immunohistochemistry. Isolated
human CD4+ T cells were exposed to hypoxia and analyzed using microarray analysis, quantitative
polymerase chain reaction, and immunoblot detection.

Results. In theumatoid arthritis (RA) synovial tissue samples, hypoxia modulates the transcription
profile. This profile is similar, but not identical, to that found in isolated CD4+ T cells incubated
under hypoxic conditions. We show that HIF-1o. is expressed in synovial tissue samples and in
hypoxic CD4+ cells; and that hypoxia directly affects differential gene expression in human T cells
with up to 4.8% modulation of the transcriptome. Functional genome analysis revealed substantial
effects of hypoxia on immune response, transcriptional regulation, protein modification, cell growth
and proliferation, and cell metabolism.

Conclusion. Severe hypoxia, a feature of joint inflammation, considerably modulates the transcrip-
tome of cells found in the rheumatoid synovium. Human CD4+ T cells adapt to hypoxic conditions
mainly by HIF-1-driven effects on the transcriptome reflecting a profound influence on immune
functions. Thus, hypoxia must be taken into account when therapeutically targeting inflammation.
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TRANSCRIPTOME

Rheumatoid arthritis (RA) is a chronic inflammatory joint
disease of unknown etiology characterized by hyperplasia of
the synovial membrane, degradation of cartilage, and bone
erosion. CD4+ T cells are known to be critically involved in
the pathophysiology of the disease, e.g., by activating
macrophages and synovial fibroblasts'2. It is known that
these and other cells encounter pathologically low levels of
oxygen, i.e., hypoxia, when executing their functions with-
in the inflamed joint®. Hypoxia, a term that is commonly
used to refer to physiologically relevant oxygen levels
(2%—-5% O,), also refers to pathophysiological oxygen
levels (< 2%) that primarily occur in inflamed tissues,
tumors, and ischemia®-. Hypoxia can also be defined as a
state in which the demand for oxygen exceeds the supply.
This is likely to occur in the inflamed synovium as a result
of microvascular damage, microthrombotic vessel occlu-
sion, or excessive oxygen demand from the dramatic influx
of metabolically active inflammatory cells®.

Therefore, in order to ensure adaptation and functional
integrity, immune cells need to respond to these hypoxic
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conditions by coordinated expression of numerous genes,
such as vascular endothelial growth factor (VEGF), glu-
cose transporter 1 (GLUT-1)8, and phosphoglycerate kinase
1 (PGK-1)°1°. A key factor in this process is the hypoxia-
inducible factor-1 (HIF-1), which regulates transcription of
many hypoxia-activated genes (e.g., VEGF, GLUT-1, and
PGK-1). The o-subunit of HIF-1 (HIF-1a) is rapidly
degraded under normoxic conditions and stabilized under
hypoxia'l.

It has been shown that HIF-1a is expressed and func-
tionally active in macrophages and, to some extent, in CD3+
T cells of the rheumatoid synovium, leaving a gap of infor-
mation on B and T cell subsets'>!3. Physiological oxygen
levels, pathophysiological hypoxia, and the induction of
HIF have considerable effects on CD3+ T cell survival and
function, i.e., cytokine secretion and proliferation*?-13-15,
Therefore, we wanted to know, first, whether the patho-
physiological hypoxia found in the rheumatoid synovium is
capable of modulating the synovial transcriptome in a sig-
nificant manner, and second, how human CD4+ T cells tran-
scriptionally adapt to these hypoxic conditions.

To answer these questions, we prepared synovial tissue
samples from patients with RA and showed the influence of
hypoxia on transcription profile compared to severe hypox-
ic cold ischemic synovial specimens (obtained post mortem)
and to synovial tissue samples from patients with
osteoarthritis (OA). Since hypoxic CD4+ T cells cannot be
highly purified from synovial tissue explants, we estab-
lished a model system by incubating these cells under low
oxygen conditions. We observed that CD4+ T cells exhibit a
similar but not identical hypoxia-influenced transcription
profile as found in specimens prepared from rheumatoid
synovial tissue. Further, we observed that HIF-lo is
expressed both in isolated hypoxic CD4+ T cells and in
CD4+ T cells infiltrating the rheumatoid synovium and that
it induces HIF-1 target gene expression in hypoxic CD4+ T
cells. Finally, we provide definite evidence that low levels
of oxygen modulate gene expression in human CD4+ T cells
in a complex manner. Moreover, distinct functional conse-
quences and a considerable influence on immune response
genes such as cytokines (287/81), receptors (361/191), and
signaling cascades (88T/36\) regulated in a proinflammato-
ry manner are to be expected.

MATERIALS AND METHODS

Antibodies and reagents. Actinomycin D and cycloheximide were pur-
chased from Sigma-Aldrich Chemie GmbH (Munich, Germany). For the
immunoblots, mouse monoclonal anti-human HIF-1q., anti-human pre-B
cell colony enhancing factor (PBEF), anti-human (-actin, and rabbit poly-
clonal anti-human GLUT-1 antibody were bought from BD Biosciences
(Heidelberg, Germany), AdipoGen Inc. (Seoul, Korea), Sigma-Aldrich
Chemie GmbH, and Abcam plc (Cambridge, UK), respectively. For the
immunohistochemistry, mouse monoclonal and rabbit polyclonal anti-HIF-
1o antibodies were purchased from Abcam plc, mouse monoclonal anti-
hCD4, FITC conjugated swine anti-rabbit IgG, and Cy3 conjugated donkey
anti-murine IgG from DakoCytomation GmbH (Hamburg, Germany) and

Dianova (Hamburg, Germany). T cell stimulation was performed using 5
ng/ml PHA-L (Sigma-Aldrich Chemie GmbH).

Cell isolation, cell culture, and cell activation. Human CD4+ T cells (>
99% purity and > 95% viability) were prepared as described!¢. CD4+ T
cells were left untreated or stimulated using PHA-L (5 yg/ml) as indicated.
Although there are differences between PHA stimulation and T cell stimu-
lation in RA joints, we consider our approach appropriate to simulate T cell
activation in our experimental setting.

Induction of hypoxia. For microarray analysis, quantitative polymerase
chain reaction (qQPCR), and immunodetection, isolated CD4+ T cells were
either incubated in a Clark-type oxygen electrode (Strathkelvin
Instruments, Glasgow, Scotland), continuously monitoring oxygen satura-
tion or incubated in a hypoxic chamber (Binder GmbH, Tuttlingen,
Germany) at 5% CO2 and 0.5%—1% 02, balanced with N2 as indicated.
Normoxic controls were incubated at 5% CO, in a humidified atmosphere
with approximately 18% O,.

RNA isolation. After cell lysis, total RNA was extracted (RNeasy Mini Kit;
Qiagen, Hilden, Germany) and the quality was assessed using the
Bioanalyzer (Agilent Technologies Deutschland GmbH, Boblingen,
Germany).

Affymetrix microarray analysis of synovial explants and peripheral blood
mononuclear cells (PBMC). Expression profiles using oligonucleotide
microarray HG-U133A (Affymetrix, Santa Clara, CA, USA) of synovial
tissue samples and PBMC from patients with RA (RA_SYN: n = 10;
RA_PBMC: n =5) and from healthy donors (ND_SYN post mortem: n =
10; ND_PBMC: n = 7) and synovial tissue samples from patients with OA
who underwent total joint replacement (OA_SYN: n = 10) were used as
described in another study including clinical characteristics of patients!”.
The RA clinical score [Disease Activity Score-28 joints (DAS28)] was 5.38
+0.62 (mean + SD; range 4.59-6.25), which demonstrates similar severity
of disease in all RA patients examined. Control samples were derived from
macroscopically healthy post mortem joints with no history of joint disease,
representing the status of cold ischemia. The cause of death was cerebral
bleeding or cerebral infarction. Specimens were obtained from different
individuals.

Profiles of PBMC were as reported including clinical characteristics of
patients; specimens were obtained from different individuals'8. PBMC rep-
resent a normoxic state.

To quantify the activity of hypoxia-induced processes, a gene panel of
known hypoxia-modulated HIF-induced targets was selected. The selected
gene panel (1) included well known and characteristic hypoxia and HIF-
induced genes in a variety of cell types!®2%; and (2) covered a variety of
biological processes involved in energy metabolism, angiogenesis and
vasomotor regulation, cell growth and apoptosis, cell proliferation, migra-
tion and matrix remodeling, immune response, and transcriptional regula-
tion (details available from the author upon request). Signals were rank-
normalized on the basis of each individual gene. To calculate a sample-spe-
cific score, the rank-normalized signal values of all genes of the hypoxia
target gene panel were adjusted by similar weighting using a z-normaliza-
tion. Z-normalized ranked signal intensities were averaged separately for
each sample resulting in the hypoxia score.

All experiments were conducted according to the protocols approved

by the Charité University Hospital ethics committee and according to the
Helsinki Declaration.
Microarray gene expression analysis of isolated in vitro hypoxic CD4+ T
cells from healthy donors. The microarray experiment was based on 2-color
ratio hybridization using the Whole Human Genome Oligo Microarray
G4112A (Agilent Technologies Deutschland GmbH) according to manu-
facturer’s instructions. To quantify the activity of hypoxia-induced process-
es in these CD4+ T cell samples, the same gene panel of known HIF-
induced targets was used as described above. We compared the results
obtained from peripheral blood-derived CD3+/CD4+ T cells of 3 healthy
donors after 6 h incubation under normoxia (= 18% pO,) versus hypoxia (<
1% pO,) for common gene expression pattern.
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For the analysis of quiescent and PHA-stimulated peripheral blood-
derived CD3+/CD4+ T cell transcriptome from 4 different individuals, we
used a 2-color ratio hybridization (normoxia/hypoxia) with an additional
color-swap experiment in order to obtain their whole-gene expression pat-
tern (2 individuals were measured, each in duplicate).

Functional classification of differentially expressed genes assessed by
Agilent microarray was performed using the PANTHER (Protein ANalysis
THrough Evolutionary Relationships) classification system on the basis of
their Gene ID according to the Biological Process (BP) annotation?!. The
clusters reflecting multiple processes (Figure 6B, 6C), are based on the
resulting PANTHER BP annotations (available from the author upon
request).

Quantitative PCR (qgPCR) of selected genes. The cDNA were synthesized
by reverse transcription using TagMan® reverse transcription reagents
(Applied Biosystems Deutschland GmbH, Darmstadt, Germany). qPCR
was carried out using the LightCycler® Fast Start DNA Master SYBR®
Green I Kit (Roche Diagnostics, Applied Science, Mannheim, Germany).
Data were normalized for the expression of B-actin (ACTB) or hypoxan-
thine-guanine phosphoribosyltransferase (HPRT) as indicated. All primers
used were obtained from TIB Molbiol (Berlin, Germany; gene symbol: for-
ward primer, reverse primer): ACTB: gAC Agg ATg CAg AAg gAg ATC
ACT, TgA TCC ACA TCT gCT ggA Agg T; BNIP3: TTC CAT CTC TgC
TgCTCT C, Tgg Tgg Agg TTg TCA gAC; CD69: gAA CAT ggT ¢CT ACT
CTT gC, TTC CTC TCT ACC TgC gTA T; CXCR4: gCA TgA Cgg ACA
AgT ACA ggC T,AAA gTA CCA gTT TgC CAC ggC; GAPDH: AAT gAC
CCC TTC ATT gAC, TCC ACg ACg TAC TCA gCgC; GLUTI: ACg CTC
TgA TCC CTC TCA gT, gCA gTA CAC ACC gAT gAT gAA g; HIFIA:
CCATTA gAAAgC AgT TCC gC, Tgg gTA ggA gAT ggA gAT gC; HPRT:
gCC AgA CTT TgT Tgg ATT Tg, CTC TCATCT TAg gCT TTg TAT TTT
g; HSPAI (HSP701A): Agg TgC Agg TgA gCT ACA Agg, ggT CAg CAC
CAT ggA CgA g; HSPCB (HSP90B): ATg CCT gAg gAA gTg CAC CAT,
CCA gAC TTg gCA ATg gTT CCC; NFKBIA: CCg CAC CTC CAC TCC
ATC C, ACA TCA gCA CCC AAg gAC ACC; LDHA: ACC CAg TTT
CCA CCA TgA TT, CCC AAA ATg CAA ggA ACA CT; MIF: CAg Tgg
TgT CCg AgA AgT CA, TAg gCg AAg gTg gAg TTg TT; MT2A: ATg gAT
CCCAACTgCTCCTg, TCA ggC gCA gCA gCT gCAC; PBEF: CgT gTg
AgA AAATAT ggg ¢Tg A, geT ggC AgC AAC TTg TAA CC; PGKI: ATg
gAT gAg ¢Tg gTg AAA gC, CAg TgC TCA CAT ggC TgA CT; VEGFA:
AgC CTT gCC TTg CTg CTC TA, gTg CTg gCC TTg gTg Agg: CXCLI:
Agg gAA TTC ACC CCA AgA AC, ACT ATg ggg gAT gCA ggA TT;
CCLS5: TAC CAT gAA ggT CTC CgC, gAC AAA gAC gAC TgC Tgg;
UBCH5B: TCT TgA CAATTC ATT TCC CAA CAg, TCA ggC ACT AAA
ggA TCA TCT gg; EEFIAI: gTT gAT ATg ¢gTT CCT ggC AAg C, TTg
CCA gCT CCA gCAgCCT.

Immunohistochemistry. Synovial tissue samples were obtained from finger
joints, wrists, or elbows from patients of different ages and genders with a
long history of RA (data not shown).

Cryosections were fixed with methanol/acetone (1:1), blocked with
bovine serum albumin and stained for T cells (CD3), B cells (CD20), and
macrophages (CD68) (data not shown). Sections with massive T cell infil-
tration were selected for costaining with anti-CD4 and anti-HIF-10o. anti-
bodies. Control sections were incubated with an equal amount of universal
negative control IgG of mouse or rabbit (DakoCytomation GmbH,
Hamburg, Germany). Nuclei were visualized using DAPI. Photographs
were obtained on a fluorescence microscope (Carl Zeiss Microlmaging
GmbH, Berlin, Germany).

Immunoblotting of HIF-1¢a, PBEF, GLUTI, 3-actin. Cell lysis: For whole-
cell extracts of T cells, 1 million cells were lysed in 20 x1 Laemmli buffer.
For preparation of nuclei, the Nuclear Extract Kit from Active Motif
(Rixensart, Belgium) was used on T cells, according to the manufacturer’s
instructions. Immunodetection of proteins: 20 p1 of whole-cell extract or 10
g of nuclear/cytoplasmic fraction were separated by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE) and blotted onto
PVDF membranes (Millipore GmbH, Schwalbach, Germany). Transferred

proteins were analyzed as indicated and visualized by enzymatic chemilu-
minescence (Amersham Biosciences Europe GmbH, Freiburg, Germany).

Quantification of secreted CXCLI . Secreted CXCL1 was quantified by sin-
gle-plex suspension assay, a cytometric bead array technique, as
described??. For measurement of cytokine secretion upon stimulation with
PHA-L by suspension array, CD4+ T cells at 4 x 10° cells/ml were cultured
in RPMI-1640 supplemented with 2 mM L-glutamine, 10% (vol/vol) fetal
calf serum (FCS), penicillin G, streptomycin, and 2-ME, either under nor-
moxia or hypoxia with or without PHA stimulation, as described. Culture
supernatants from cell suspensions were collected after 20 h of incubation.
CXCL1 single-plex cytokine (Bio-Rad GmbH, Munich, Germany) was
used according to the manufacturer’s instructions. Data acquisition was
conducted using the Bio-Plex suspension system. Each sample was read in
duplicate and measured against the mean of 2 dilution rows.

Statistical analysis. Data are expressed as mean + SEM unless otherwise
stated. Differences were verified using the Student’s t tests, either unpaired
(independent groups) or paired (dependent samples) assuming that distri-
butions are normal and that the variances are equal. Multiple comparisons
were analyzed using 2-way analysis of variance (ANOVA) with
Bonferroni’s multiple comparison test post-hoc analysis. p < 0.05 was con-
sidered to be significant.

RESULTS

RA synovial tissue samples exhibit hypoxia-modulated tran-
scription profiles. We first wanted to find out whether the
rheumatoid synovium is characterized by oxygen levels low
enough to change the transcriptome of pathophysiologically
important cells in a measurable and clinically relevant man-
ner. We therefore analyzed the transcription profiles of (1)
RA synovial tissue samples from either open synovectomy
or total joint replacement (n = 10); (2) OA synovial tissue
samples from total joint replacement (n = 10); and (3) spec-
imens from macroscopically healthy joints post mortem,
serving as cold ischemic (i.e., strongly hypoxic) positive
controls (n = 10).

Comparing these profiles based on the expression of a
cluster of genes known to be regulated by HIF/hypoxia!®-20
we found a similar hypoxia score in cold ischemic synovial
samples from healthy joints (ND_SYN post mortem) com-
pared to RA synovial samples (RA_SYN; Figure 1A).
Analysis of the data as presented in Figure 1A revealed only
a tendency (p = 0.0716) of the hypoxia score to be higher in
ND_SYN post mortem than in RA_SYN. This is because in
7 out of 10 ND_SYN post mortem samples the hypoxia
score was within the RA_SYN range, which emphasizes the
effect of hypoxia in the inflamed rheumatoid synovium. In
addition, we found a significantly higher hypoxia score (p =
0.0298) in cold ischemic synovial samples from healthy
joints (ND_SYN post mortem) compared with OA synovial
samples (OA_SYN), reflecting a better oxygenized tissue
than those of RA synovial samples (RA_SYN), despite the
fact that we could observe no statistical but only a numeric
difference between these 2 groups (p = 0.1026; n = 10;
RA_SYN =0.02 £0.05 and OA_SYN =-0.08 + 0.02; mean
+ SEM; Figure 1A). Using this method, we also compared
PBMC from healthy individuals (ND_PBMC) and from
patients with RA (RA_PBMC), and found no difference
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Figure 1. Synovial explants and in vitro hypoxic CD4+ T cells exhibit a similar gene signature. A. Hypoxia score
of synovial explants from patients with rheumatoid arthritis (RA_SYN), from patients with osteoarthritis
(OA_SYN), and normal donors (ND_SYN) obtained post mortem (representing a cold ischemic state); B.
Hypoxia score of PBMC from healthy normal donors (ND_PBMC) and RA patients (RA_PBMC); C. Hypoxia
score of synovial explants and PBMC from patients with rheumatoid arthritis (RA_SYN) as assessed by
Affymetrix microarray (means; unpaired t test: *p < 0.05). D. In vitro hypoxia shows a similar hypoxia score in
CD4+ T cells compared to RA specimens, as assessed by Agilent microarray (means; n = 3; paired t test: p =

0.105).

between the 2 groups, except for a low hypoxia score
(Figure 1B), reflecting the oxygenized conditions of the
peripheral blood (ND_PBMC: -0.20 + 0.01; RA_PBMC:
—-0.20 £ 0.02).

For RA patients, we also compared the hypoxia scores
measured in synovial samples with those measured in
PBMC. This approach has the limitation that the cell com-
positions are different. Bearing this in mind, we found the
hypoxia score was significantly higher (p = 0.0106) in syn-
ovial samples (hypoxic conditions) than in PBMC (normox-
ic conditions; Figure 1C).

Our results indicate hypoxia to be a crucial factor in the
inflamed synovium. However, we could not rule out a puta-
tive cell type or tissue-specific effects on the hypoxia score
independent of hypoxia itself. This limitation prompted us
to analyze the influence of pathophysiological hypoxia (<
2%) on isolated CD4+ T cells.

CD4+ T cells under low oxygen conditions exhibited a sim-

ilar hypoxic transcription profile compared to specimens
prepared from RA synovial tissue. To investigate how
human CD4+ T cells adapt to pathophysiologically hypoxic
conditions, it would have been ideal to focus exclusively on
synovial tissue-embedded CD4+ T cells. But given the low
number of synovial tissue CD4+ T cells, their tissue embed-
ding, and the need to keep these cells in a hypoxic state for
investigation, it would be very difficult for technical reasons
to isolate and investigate a larger number of synovial (still
hypoxic) CD4+ cells in more detail ex vivo. Therefore, we
established an in vitro model system incubating highly puri-
fied CD4+ T cells under defined levels of low oxygen. This
model enabled us to test both the validity of the hypoxia
score and the clinical relevance of hypoxia as shown for the
tissue samples (Figure 1A and 1C). In a second approach we
additionally stimulated the CD4+ T cells in order to evalu-
ate the combination of hypoxia and activation such as found
in the inflamed joint.
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To determine the net effect of hypoxia, we compared the
transcription profile of quiescent hypoxic CD4+ T cells with
that of cells prepared from RA synovial tissue samples, and
found a similarity with regard to the regulation of hypoxia-
modulated genes (Figure 1D).

HIF-1qa, the master regulator of oxygen homeostasis, is
expressed in both hypoxic CD4+ T cells and CD4+ T cells
infiltrating the RA synovium. We found that HIF-1ow is
expressed in both CD4+ T cells identified in synovial sam-
ples and CD4+ T cells incubated in vitro under conditions of
hypoxia (Figures 2 and 3). Using immunohistochemistry,
we identified areas within the inflamed RA synovial tissue,
such as the lining area and lymphoid aggregates, where HIF-
Lo was expressed in most of the cells, including CD4+ cells.

Using microarrays, we correspondingly found increased
HIF-10 expression in RA synovial tissues and cold ischemic
tissues compared with synovial OA tissues (OA vs RA: p =
0.0087; OA vs cold ischemic: p = 0.068; Figure 2B).
Interestingly, we found a significant manifestation of the
HIF-1a gene expression in RA PBMC compared to PBMC
from healthy donors (p = 0.03; Figure 2C). Further, hypox-

4
| 1
~ ~
cDa HIF-1a

ic RA synovial tissue (within the limitations discussed
above) expressed a significantly higher HIF-1a gene level
than that of normoxic RA PBMC (Figure 2D), which defines
RA synovial tissue cells as being hypoxic.

However, HIF-1o0o. mRNA was also induced by hypoxic
treatment of isolated CD4+ T cells (Figure 3A). At the pro-
tein level, we observed a strong induction of HIF-1a. (Figure
3B). Hypoxia-induced accumulation of HIF-1o in CD4+ T
cells depends on a transcriptional supply of mRNA tem-
plates as well as on translational functionality, as shown by
sensitivity to transcription blocker (actinomycin D) and
translation inhibitor (cycloheximide; Figure 3B). PHA stim-
ulation alone was not sufficient to induce HIF-1a protein,
but it did enhance the intensity of hypoxia-induced upregu-
lation (Figure 3C).

Hypoxia leads to translocation of HIF-1¢ into the nucleus
and to HIF target gene expression in human CD4+ T cells.
From these results, we concluded that our in vitro hypoxia
model system was suitable to perform an in-depth analysis
of how human CD4+ T cells function under low oxygen lev-
els. First, we found that HIF-1co., once stabilized, is trans-
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Figure 2. Expression of HIF-1a is increased in RA synovial explants and in synovial CD4+ T cells. A. Cryosections of RA syn-
ovial tissue costained for CD4 and HIF-1o (regions of interest are indicated by white arrows, green spots of nuclear staining are
indicated by black arrow). Nuclei are stained with DAPI. (I) CD4+ T cells; (IT) HIF-1o. expression; (IIT) overlap of staining shows
colocalized CD4 and HIF-1a. expression in T cells; (IV) isotype control staining. B. Rank-normalized signal intensity (SI) of HIF-
lo. expression in synovial explants from patients with rheumatoid arthritis (RA_SYN), with osteoarthritis (OA_SYN), and normal
donors (ND_SYN) obtained post mortem (representing a cold ischemic state); C. Rank-normalized signal intensity (SI) of HIF-1ou
expression in PBMC from healthy normal donors (ND_PBMC) and RA patients (RA_PBMC); D. Rank-normalized signal inten-
sity (SI) of HIF-1ow expression in synovial explants and PBMC from patients with rheumatoid arthritis (RA_SYN) assessed by
Affymetrix microarray (means; unpaired t test: “p = 0.07, *p < 0.05, *¥p < 0.01).
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Figure 3. In vitro hypoxia leads to HIF-1o expression in CD4+ T cells. Human CD4+ T cells
derived from peripheral blood were incubated 6 h under normoxic or hypoxic conditions using
a Clark-type electrode. A. Transcript was determined using gPCR normalized to normoxic con-
trols and against either ACTB or HPRT (broken line indicates expression under normoxia). B.
Quiescent human CD4+ T cells derived from peripheral blood were incubated 6 h under nor-
moxic or hypoxic conditions using a Clark-type electrode, left untreated, treated with 10 M
cycloheximide, or treated with 10 M actinomycin D. HIF-1o and B-actin were detected by
immunoblot. C. Human CD4+ T cells were incubated 6 h under normoxic or hypoxic condi-
tions using a hypoxic chamber in the presence or absence of PHA-L stimulation (5 yg/ml) as
indicated. HIF-1ca and B-actin were detected by immunoblot.

ferred to the nucleus of quiescent hypoxic T cells as shown
by immunoblots of extracts from isolated nuclei and cyto-
plasm (Figure 4A). Nuclear translocation of HIF-10 leads to
a switch of gene expression pattern under hypoxia (Figure
1). This finding was confirmed by quantitative PCR for cru-
cial HIF-1 target genes (as known from other cell types)
such as BCL2/adenovirus E1B 19 kDa-interacting protein 3
(BNIP3), VEGFA, PGK1, and GLUT1 (Figure 4B, 4C).

Low levels of oxygen modulate gene expression in quiescent
and PHA-stimulated CD4+ T cells in a complex manner.
Next, we analyzed the effect of hypoxia on the transcrip-
tome of CD4+ T cells in more detail. Evaluation of expres-
sion pattern was restricted to those sequences that exhibited

a = 2-fold expression, in order to identify differences
between quiescent CD4+ T cells incubated under hypoxic
versus those under normoxic conditions. In additional
experiments, we also stimulated CD4+ T cells using PHA-L
in order to simulate conditions in the inflamed synovium.
Analyzing the effect of hypoxia on the transcriptome of
CD4+ T cells, we identified 1663 differentially expressed
unique genes in quiescent T cells (10537/609{) and 1913
genes in PHA-stimulated CD4+ T cells (12477/6661) using
a 44-k whole-genome microarray (Agilent). 835 genes
(5287/3071) were regulated independently from donor vari-
ance and stimulatory conditions. On the basis of 39,824
National Center for Biotechnology Information (NCBI)
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Figure 4. In vitro hypoxia leads to nuclear translocation of HIF-1o and HIF-1-dependent target gene expression. A. Quiescent human CD4+ T cells derived
from peripheral blood were incubated 6 h under normoxic or hypoxic conditions. Nuclear (NE) and cytosolic extracts (CE) were blotted and analyzed by
immunodetection for HIF-1a and B-actin. B and C. qPCR of in vitro hypoxia/HIF-induced transcript for BNIP3, VEGFA, PGK1, and GLUT1, normalized to
normoxic control against ACTB or HPRT from isolated peripheral blood-derived CD4+ T cells after 6 h and 12 h incubation under normoxia or hypoxia.

Gene ID entries, hypoxia modulates 4.18% of the transcrip-
tome in quiescent CD4+ T cells and 4.80% of the transcrip-
tome in PHA-stimulated CD4+ T cells?}. The percentage
might be even higher when one considers that the Agilent
whole-genome microarray analysis covers 18,615 of the
39,824 NCBI Gene ID entries.

We confirmed our microarray data by quantitative PCR,
randomly selecting 20 genes involved in the response to
hypoxia with focus on protein folding and translation, cellu-
lar metabolism (e.g., glycolysis), and immune regulation
(Figure 5A, 5B). We found 100% concordance of microar-
ray and quantitative PCR data with respect to the direction
of the expression changes. These results not only confirmed
genes identified by the microarray technique but also pro-
vided the basis for functional cluster analysis using PAN-
THER BP annotations?'.

PANTHER BP annotation revealed remarkable changes
in gene expression involved in biological processes such as
transcription and transcriptional regulation, mRNA process-

ing, and mRNA splicing. To avoid redundancies, we clus-
tered BP classifications to their main function in the follow-
ing clusters: Metabolism and Homeostasis, Transcription
and Transcriptional Regulation, Protein Translation, Folding
and Modification, Signal Transduction, Cell growth and
Proliferation, Transport, Immune Response, Stress
Response, and Apoptosis (Figure 6B, 6C). A selection of our
data is given in Table 1 (details available from the author
upon request).

It should be noted that gene expression profiling also
revealed several hypoxia-modulated genes that are known to
be linked to RA. Some of them are well known autoantigens
such as glucose phosphate isomerase (GPI) or vimentin
(VIM) and proinflammatory soluble factors such as inter-
leukin 6 (IL-6), IL-8, IL-18, VEGF, MIF, and PBEF (details
available from the author upon request).

To strengthen the mRNA data, we also analyzed the fol-
lowing crucial targets at protein level: (1) the hypoxia-
induced master regulator HIF-10a; (2) the bioenergetically

Gaber, et al: Hypoxia and CD4+ T cell transcriptome
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Figure 5. Confirmation of microarray data by qPCR. Confirmation of microarray data (white bars) from quiescent CD4+ T cells
(A) and PHA-stimulated CD4+ T cells (B) by quantitative 2-step RT-PCR (black bars) from RNA/cDNA samples obtained after
6 h incubation under hypoxia and normoxia. Transcript levels for a subset of known and novel hypoxia-modulated genes were
quantified. ACTB was used for normalization [one sample t test (normoxia = 1): #p < 0.1, *p < 0.05, **p < 0.01, **¥p < 0.001].

important glucose transporter-1 (GLUT-1); (3) one of the
most highly expressed proinflammatory molecules in quies-
cent and stimulated CD4+ T cells, the pre-B cell colony
enhancing factor (PBEF); and finally (4) one of the most
highly expressed proinflammatory molecules in PHA-stim-
ulated CD4+ T cells only, the chemokine CXCL1 (Figure
7). At protein level, we observed a strong induction of HIF-

lo. under hypoxia, which was further enhanced by PHA
stimulation compared with B-actin. As well, GLUT-1
showed a clear induction under hypoxia with further
enhancement by PHA stimulation. In contrast, PBEF and
secreted CXCL1 were only induced upon PHA stimulation
under hypoxia, while the latter was reduced as a conse-
quence of stimulation under normoxic conditions. This
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Figure 6. Influence of hypoxia on transcriptome in primary human CD4+ T cells: statistical analysis and functional classification. A. Differential gene expres-
sion pattern of isolated peripheral blood-derived CD4+ T cells after 6 h incubation under normoxia/hypoxia using a Clark-type electrode treated with PHA-L
(T cell stimulation) or left untreated from Agilent microarray gene expression analysis (left column: quiescent T cells; right column: PHA-stimulated T cells).
B and C. Cluster of functional classifications of biological process (BP) according to PANTHER for quiescent T cells (B) and PHA-stimulated T cells (C).
Genes are functionally associated in a variety of biological processes such as transcriptional regulation, metabolism, signaling, cell death/apoptosis, and cell
proliferation and of special interest immune response (highlighted cluster; see Table 1). The grouping algorithm is based on the hypothesis that similar anno-
tations should have similar gene members with similar biological meaning, in order to reduce their redundancy. Functional classification was performed based
on the PANTHER classification. Clustering of PANTHER BP was based on similarities, to avoid redundancies.

reduction could not be explained by increased PBEF secre-
tion (data not shown).

DISCUSSION

The hypoxic nature of the inflamed joint has been charac-
terized extensively by measuring pO, of synovial fluid, for
determining hypoxic metabolites, identifying single marker-
gene expression such as HIF-10., and staining hypoxic areas
(reviewed by Gaber, et al'l).

Using a selected gene panel composed of genes involved
in energy metabolism (e.g., GLUT-1, HK1/2), angiogenesis
and vasomotor regulation (e.g., VEGF, ANGPT1/2/4), cell
growth and apoptosis (e.g., BNIP3/3L, DDIT4), cell prolif-
eration (e.g., CDKNIA, CCNG2), migration and matrix
remodeling (e.g., CXCR4, MMP2), immune response (e.g.,
IL-6, TGF-@), and transcriptional regulation (e.g., BHLHB?2,
JUN)192024.25 " we show the influence of hypoxia by com-
paring the hypoxic gene expression pattern (cold ischemic
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Table 1. Immune responses (selected genes). Data are hypoxia-mediated fold-change values.

Gene Symbol Gene Name Gene ID Without PHA
Stimulation, Stimulation,
mean = SD mean + SD
Cytokines, Chemokines, and Growth Factors
Increased
IL8 Interleukin 8 3576 224 +0.16 502+0.73
PBEF1 Pre-B-cell colony enhancing factor 1 10135 7.53 £0.03 1742 £0.11
MIF Macrophage migration inhibitory factor (glycosylation-inhibiting factor) 4282 356 +£0.80 3.15+0.05
IL16 Interleukin 16 (lymphocyte chemoattractant factor) 3603 2.51 £0.05 309 +0.23
CXCL1 Chemokine (C-X-C motif) ligand 1 (melanoma growth stimulating 2919 2604 £ 144
activity, alpha)
1L6 Interleukin 6 (interferon, beta 2) 3569 12.19 £ 1.84
CCL4 Chemokine (C-C motif) ligand 4 6351 645 +0.72
IL1B Interleukin 1, beta 3553 592+0.12
CXCL2 Chemokine (C-X-C motif) ligand 2 2920 4.83 +0.90
1IL23A Interleukin 23, alpha subunit p19 51561 3.62 +0.37
TNF* Tumor necrosis factor (TNF superfamily, member 2)* 7124% 325+0.21
CCL3 Chemokine (C-C motif) ligand 3 6348 2.63 +£0.60
LTB Lymphotoxin beta (TNF superfamily, member 3) 4050 2.53 £0.06
TNFRSF25 Tumor necrosis factor receptor superfamily, member 25 8718 483 +146
TNFSF7 CD70 molecule 970 348 £1.22
CCLS5 Chemokine (C-C motif) ligand 5 6352 2.56 £0.65
Decreased
IRS2 Insulin receptor substrate 2 8660 —-4.55+0.51 -5.04+£0.78
TNFSF14 Tumor necrosis factor (ligand) superfamily, member 14 8740 -8.53+2.99 —-8.97 + 1.68
CX3CL1 Chemokine (C-X3-C motif) ligand 1 6376 -3.46 +0.49 -9.09 + 4.66
CCLI19 Chemokine (C-C motif) ligand 19 6363 —2.38+0.08
FLT3LG Fms-related tyrosine kinase 3 ligand 2323 244 +0.28
PPBP Pro-platelet basic protein (chemokine (C-X-C motif) ligand 7) 5473 -539+1.36
TNF* Tumor necrosis factor (TNF superfamily, member 2)* 7124% -249 +0.20
TNFSF10 Tumor necrosis factor (ligand) superfamily, member 10 8743 -2.75+0.38
Receptors and Surface Proteins
Increased
CD69 CD69 molecule 969 474 £1.78 3288 £12.20
CXCR4 Chemokine (C-X-C motif) receptor 4 7852 498 +0.34 927 +0.17
CD28 CD28 molecule 940 344 £1.62 748 £0.63
IL2RA Interleukin 2 receptor, alpha 3559 335+147 524 +0.19
CCRS Chemokine (C-C motif) receptor 5 1234 430+ 1.39 491 +2.18
CCR7 Chemokine (C-C motif) receptor 7 1236 595+1.15 483 +0.57
CD2 CD2 molecule 914 3.69 £2.00 438+0.23
CD247 CD247 molecule 919 537+0.13 421+0.20
BLR1 Burkitt Pymphoma receptor 1, GTP binding protein (chemokine 643 3.84+0.21 3.85+0.17
(C-X-C motif) receptor 5)
CD47 CD47 molecule 961 290 +0.24 3.85+0.19
IL4AR Interleukin 4 receptor 3566 394 +0.72 344 +001
B2M 3-2-microglobulin 567 3.75 £0.66 3.10+0.19
HLA-F Major histocompatibility complex, class I, F 3134 4.50 = 1.69 293 +0.28
HLA-C Major histocompatibility complex, class I, C 3107 3.67 +1.56 2.58 +0.31
CD96 CD96 molecule 10225 1036 £0.77 235+0.19
HLA-A Major histocompatibility complex, class I, A 3105 3.25+0.86 2.27 +£0.08
CCR6 Chemokine (C-C motif) receptor 6 1235 1045 +3.06
CXCR6 Chemokine (C-X-C motif) receptor 6 10663 7.05+3.04
TLR2 Toll-like receptor 2 7097 6.56 +2.10
ACVRI1 Activin A receptor, type 1 90 6.15 +0.80
FAS Fas (TNF receptor superfamily, member 6) 355 3.85+0.13
ADORA2A Adenosine A2a receptor 135 237 +0.03
ICAM2 Intercellular adhesion molecule 2 3384 6.05+ 198
CD6 CD6 molecule 923 330 +0.03
IL2RB Interleukin 2 receptor, beta 3560 2.64 £0.19
HLA-DPB1 Major histocompatibility complex, class II, DP beta 1 3115 2.59+0.13
10 The Journal of Rheumatology 2009; 36:12; doi:10.3899/jrheum.090255
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Table 1. Continued.

Gene Symbol Gene Name Gene ID Without PHA
Stimulation, Stimulation,
mean = SD mean + SD
Receptors and Surface Proteins
Increased
WSX1 Interleukin 27 receptor, alpha 9466 2.57 +0.16
HLA-DPA1 Major histocompatibility complex, class II, DP alpha 1 3113 238 +0.26
CD3D CD3d molecule, delta (CD3-TCR complex) 915 2.34+0.23
Decreased
IL1IRA Interleukin 11 receptor, alpha 3590 344+ 155 -3.69 +0.68
HLA-E Major histocompatibility complex, class I, E 3133 -2.16+0.15 -4.67 +1.10
NOTCH1 Notch homolog 1, translocation-associated (Drosophila) 4851 -242+0.30
CD86 CD86 molecule 942 -4.96 +0.31
PVRLI1 Poliovirus receptor-related 1 (herpesvirus entry mediator C) 5818 -3.00 +0.38
Signaling and Signaling-associated Molecules
Increased
NFATC1 Nuclear factor of activated T-cells, cytoplasmic, calcineurin-dependent 1 4772 1231 +1.43 6.94 £0.01
NFKBIA Nuclear factor of kappa light polypeptide gene enhancer in B-cells 4792 517+1.16 921 +1.16
inhibitor, alpha
FKBP5 FK506 binding protein 5 2289 422+0.77 356 £0.21
NMI N-myc (and STAT) interactor 9111 488 +0.10 3.10 £ 0.00
V-rel reticuloendotheliosis viral oncogene homolog
RELB B, nuclear factor of kappa light polypeptide gene enhancer in 5971 324 +£0.89 295+0.02
B-cells 3 (avian)
TAP1 Transporter 1, ATP-binding cassette, sub-family B (MDR/TAP) 6890 299 +1.03 2.86 £0.19
TRAFS5 TNF receptor-associated factor 5 7188 541 +1.58 2.57+049
IRF2 Interferon regulatory factor 2 3660 2.90 +0.09 245 +0.02
SLA Src-like-adaptor 6503 921 +£091
LACTB2 Lactamase, beta 2 51110 407 £041
ITK IL2-inducible T-cell kinase 3702 3.79+£0.32
XBP1 X-box binding protein 1 7494 3.18 +048
NFIL3 Nuclear factor, interleukin 3 regulated 4783 3.16 £ 0.69
PLAA Phospholipase A2-activating protein 9373 2.53 +0.03
PLA2G4B Phospholipase A2, group IVB (cytosolic) 8681 3.59 £2.06
DAP Death-associated protein 1611 339+0.70
FASTK Fas-activated serine/threonine kinase 10922 253005
FYN FYN oncogene related to SRC, FGR, YES 2534 2.39+0.27
TRAF1 TNF receptor-associated factor 1 7185 229+034
Decreased
NFATC3 Nuclear factor of activated T-cells, cytoplasmic, calcineurin-dependent 3 4775 -3.18 +0.19 -2.38+0.20
SOD1 Superoxide dismutase 1, soluble (amyotrophic lateral sclerosis 1 (adult) 6647 -3.25+143 -3.85+097
FOS V-fos FBJ murine osteosarcoma viral oncogene homolog 2353 —4.63 +0.89 =579 +197
NFATS Nuclear factor of activated T-cells 5, tonicity-responsive 10725 -5.57+0.58
CTSE Cathepsin E 1510 -9.24 +0.78

* Divergently expressed in PHA-stimulated and quiescent.

samples, osteoarthritic and rheumatoid synovium) to that of
normoxic PBMC. In patients with RA, we found whole-tis-
sue samples were clearly affected by hypoxia. The observed
effect was more pronounced than in specimens from OA
patients if compared to cold ischemic samples. We did not
find a statistical difference but did find a numeric difference
between the hypoxia scores for RA and those of OA tissue
(Figure 1). This finding is supported by Lee, et al, who
reported that RA patients had significantly lower synovial
fluid pO, levels in their knee joints than did OA patients°,
However, our results do not rule out that synovial tissue is

intrinsically hypoxic; this is supported by Giatromanolaki,
et al, who observed the HIF-o. pathway in both RA and OA
tissue?’.

As a key finding, we observed significantly upregulated
expression of genes involved in the glycolytic pathway!®.
This finding represents a common feature of hypoxia-
induced changes, because cells rely more heavily on glyco-
lysis to generate ATP under conditions of low oxygen avail-
ability?®. However, the statistical analysis did not reveal a
significant correlation between severity of disease (mea-
sured by DAS28) and hypoxia score (data not shown).

Gaber, et al: Hypoxia and CD4+ T cell transcriptome
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Figure 7. Confirmation of microarray data on the protein level from quiescent CD4+ T cells and
PHA-stimulated CD4+ T cells by (A) immunoblot detection of HIF-1ct, PBEF, GLUT1, and B-actin
(1 of at least 2 representative blots) and (B) single-plex suspension assay of secreted CXCLI1 from
protein samples or culture supernatants obtained after 20 h incubation under hypoxia and normoxia
(2-way ANOVA with Bonferroni’s multiple comparison test post hoc analysis: *p < 0.05, **p <0.01).

From these data we conclude that synovial tissue may be
intrinsically hypoxic to some extent, but in RA the degree of
hypoxia is very likely to be enhanced for the following rea-
sons. First, the relative oxygen/cell ratio is decreased due to
invasion of immune cells and hyperproliferation of pannus
tissue cells. Second, there are often large distances between
cells and arterial vessels that supply oxygen, which is due to
cell accumulation and inflammatory edema. Third, vasodi-
latation as induced by inflammatory mediators such as
prostaglandin E, lowers blood flow and thus oxygen and
nutrient supply (glucose and amino acids) and metabolic
waste removal (lactate and carbon dioxide)!!?%. As dis-
cussed, we found a numerical difference between the hypox-
ia scores for RA and those for OA tissue samples. This may
indicate that a larger group of patients needs to be measured
(using our approach) in order to identify an additional sta-
tistically significant difference that is produced in RA by the
pathophysiological mechanisms we have described. These

data demonstrate hypoxia is an important feature of joint
inflammation in RA. Thus, immune cells need to respond to
these hypoxic conditions in order to ensure adaptation and
functional integrity. Even so, the role hypoxia plays in the
pathophysiology/pathology of RA remains to be clarified.

To further analyze the effect of hypoxia on the CD4+ T
cell transcriptome, we established a monitored in vitro
hypoxia model to simulate conditions found in the rheuma-
toid synovium. We had to ensure the suitability of our exper-
imental protocol to identify bona fide hypoxia-responsive
genes in primary human CD4+ T cells. This was deduced
from measurement of oxygen saturation of the incubation
medium (data not shown), from the induction of HIF-1c
protein (Figure 3), and from our observation of hypoxia-
modulated genes (Figure 1D).

In agreement with previous reports, we observed abun-
dant expression of HIF-loa in several cell types of the
inflamed RA synovium, including CD4+ T cells!32730-31
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(Figure 2). Using our in vitro hypoxia model, we were also
able to detect induction of HIF-1o in CD4+ T cells at the
protein level, even without stimulation. This is in contrast to
a study by Nakamura, et al, where HIF-10 was shown to be
inducible under hypoxia only upon TCR engagement!3-2.
We did not see a PHA engaged induction of HIF-1a under
normoxia, which had been demonstrated in murine T cells,
but we did detect a further increase at the protein level upon
PHA stimulation, as reported by Nakamura, et al??-3
(Figure 3C). This finding supports the view that hypoxia
alone induces HIF-1o in human CD4+ T cells in vitro and in
vivo, but not stimulation itself, as observed in a murine-spe-
cific short HIF-1a variant identified by Lukashev, et al3334,
To date, several HIF-1 isoforms have been described in
humans3®-40. In some experiments we inconsistently detect-
ed smaller bands not attributable to the oxygen-labile
HIF-1a (120 kDa) that were not oxygen-labile and did not
depend on PHA stimulation (Figure 3C). Therefore, we con-
sider these signals were background noise that did not rep-
resent HIF-1 isoforms.

The abundance of HIF-1a expression in CD4+ T cells
suggests that HIF-1 is the key agent in adaptation to hypox-
ia in these cells. We found that VEGF, GLUT-1, PGK1, and
BNIP3 are expressed in a HIF-1-dependent manner (Figure
4). Analysis of the T cell transcriptome and subsequent
functional data interpretation provided evidence for a com-
prehensive process of T cell adaptation to and induction by
hypoxia. This is partly dependent on their activation state.
This process includes genes revolving catabolic metabolism
by the induction of genes involved in glycolysis, amino acid
degradation, and oxidative phosphorylation.

This change in metabolism requires transcriptional alter-
ations induced in part by transcription factors such as HIF-1
(HIF-1o), NFATc (NFATcl, NFATc3, NFATS), and nuclear
factor-xB (RelB, NFxBI), but also by chromatin-remodel-
ing events such as the induction of histone modifiers, e.g.,
SAP30, the regulation of NAD*-dependent histone deacety-
lase, e.g., PBEF1, and suppression of histone expression
itself. Another example is the adaptation of transport mech-
anisms as illustrated by enhanced glucose uptake via
GLUT-1 and/or GLUT-3, which provides fuel for T cell
function under hypoxia, similar to observations in mono-
cytesZ4*41.

We observed that hypoxic human CD4+ T cells express
genes involved in processes of cell activation and immune
response, among them HIF-lo itself, and NF-xB via
NFxBla.

The following inhibitory effects of hypoxia and HIF-1o
on T cell activation have been reported: (1) hypoxia inhibits
T cell receptor (TCR)-induced proinflammatory cytokine
accumulation (e.g., interferon-y) in T cells'*; (2) hypoxia
inhibits TCR-induced proliferation“’s; (3) deletion of murine
HIF-1o0in T and B cells results in increased tissue damage
and autoimmunity42’43; and (4) deletion of HIF-lo in

murine T cells results in enhanced activation of T cells in
vitro3*33_ Further, Thiel, ef al® observed that HIF-1c has an
antiinflammatory effect during antibacterial response via
reduction of NF-xB activity. Our gene expression data
showing hypoxia-mediated induction of the inhibitor of
NF-xB (NFkBlc) and suppression of additional signaling
molecules, such as NFATS5, NFATc3, FOS, and JUN as well
as Ca?* signaling involved S100A calcium-binding proteins
(S100A4, 8, 9, and 12) and molecules involved in redox
metabolism (e.g., SOD1) partially support these findings
(Table 1). Both Ca®* signaling and redox metabolism have
been implicated in the inhibition of T cell proliferation
under hypoxia®>#443,

In contrast, we also found genes clearly induced during
hypoxia such as CD69, IL2RA, CD28, and NFATcl were
essential in T cell activation. CD69 has been reported to be
upregulated with sustained expression under hypoxia after
TCR stimulation, confirming our transcriptome results>.
Further, we observed induction of genes coding for
cytokines and growth factors such as proinflammatory
IL-1B, tumor necrosis factor-o, IL-6, IL-16, and PBEF and
proangiogenic VEGF, MIF, IL-8, and CXCL1. All of these
factors have proinflammatory properties functionally linked
to RA pathogenesis'! #4431 We did not observe any effect
on differential interferon-y or IL-2 mRNA expression as
reported by Caldwell, et al'*.

To summarize our transcriptome profiling, we identified
several novel genes as being hypoxia-modulated in CD4+ T
cells, among them genes of the immune response such as
cytokines and chemokines, their receptors, and associated
signaling molecules. Among these genes, we observed that
RA autoantigens such as KRT1, VIM, and GPI are induced
by hypoxia.

Finally, we observed a clear correlation between mRNA
expression and protein induction of HIF-1co, PBEF, GLUT1,
and CXCL1 in PHA-stimulated CD4+ T cells by hypoxia
(Figure 7). However, in quiescent CD4+ T cells, the tran-
scriptional induction of PBEF under hypoxia was not seen
to be accompanied by an increase at the protein level. Since
we found the HIF-1 target GLUT-1 was also upregulated,
we can rule out general hypoxia-induced inhibition of trans-
lation as reported in other studies2®. Therefore, we assume a
target-specific translational regulation process, favoring
GLUT-1 to ensure glucose uptake. This finding implies a
mechanism with a hierarchic distribution for translational
priority in quiescent cells promoted by hypoxia, possibly as
a method of setting the cells on alert to any immediate prop-
er response.

We conclude that hypoxia is an important factor in the
arthritic joint, influencing the transcriptional expression
profile of synovial cells and infiltrating cells such as CD4+
T cells. Primary human CD4+ T cells were identified as hav-
ing a comprehensive network of known and novel hypoxia-
modulated genes, whereby the HIF-1 master regulates the
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adaptation to hypoxia. We propose that hypoxia might
induce proinflammatory and proangiogenic humoral factors
and receptors involved in T cell activation, and might sup-

kinases: gene transcription and the assessment of potential
pharmacologic therapeutic interventions. Int Immunopharmacol
2004;4:1249-85.

A R X N 16. Tripmacher R, Gaber T, Dziurla R, Haupl T, Erekul K, Grutzkau A,
press Slgnahng. events by altering gene expreisswn of CD4+ et al. Human CD4(+) T cells maintain specific functions even under
T cells. Hypoxia and HIF-dependent mechanisms need to be conditions of extremely restricted ATP production. Eur J Immunol
taken into account when analyzing events during RA patho- 2008;38:1631-42.
genesis and consequently in the development of new thera- 17. Bramlage CP, Haupl T, Kaps C, Ungethum U, Krenn V, Pruss A, et

eutic approaches al. Decrease in expression of bone morphogenetic proteins 4 and 5

p PP ! in synovial tissue of patients with osteoarthritis and rheumatoid
arthritis. Arthritis Res Ther 2006;8:R58.
ACKNOWLEDGMENT 18. Haupl T, Ostensen M, Grutzkau A, Burmester GR, Villiger PM.
We thank Manuela Jakstadt, Luzie Reiners-Schramm, and Agnes Weber for Interaction between rheumatoid arthritis and pregnancy: correlation
technical assistance. Microarray scanning and data analysis was kindly sup- of molecular data with clinical disease activity measures.
ported by H.-J. Mollenkopf. We also acknowledge Luk Van Parijs for use Rheumatology 2008;47 Suppl:iii19-22.
of the plasmid pLL3.7. 19. Chowdhury R, Hardy A, Schofield CJ. The human oxygen sensing
machinery and its manipulation. Chem Soc Rev 2008;37:1308-19.
REFERENCES 20. Harris AL. Hypoxia — a key regulatory factor in tumour growth.
1. Lundquist L. Abatacept: a novel therapy approved for the treatment Nat Rev Cancer 2002;2:38—47: . .
of patients with rheumatoid arthritis. Adv Ther 2007:24:333-45. 21. Thomas PD, Campbell MJ, Kejariwal A, Mi H, Karlak B,
2. Skapenko A, Leipe J, Lipsky PE, Schulze-Koops H. The role of the Daverrr?a.n Rj etal. PANTHEB: a library of protein familics and
T cell in autoimmune inflammation. Arthritis Res Ther 2005:7 subfamilies indexed by function. Genome Res 2003;13:2.129—41.
Suppl 2:54-14. 22. Morgan E, Varro R, Sepulveda H, Ember JA, Apgar J, Wilson J, et
3. Cope AP, Schulze-Koops H, Aringer M. The central role of T cells al. C.yto‘metrl.c beafi array: a mult?plexed assay platform with
in rheumatoid arthritis. Clin Exp Rheumatol 2007;25 Suppl:S4-11. applications in various areas of biology. Clin Immunol
4. Atkuri KR, Herzenberg LA, Herzenberg LA. Culturing at 200.4;110:252_66' . .
atmospheric oxygen levels impacts lymphocyte function. Proc Natl 23. National Center for Blotechnology Informatlon (NCBI) UNLoMN.
Acad Sci USA 2005:102:3756-9. NCBI GenBank entries of Homo Sapiens (human). Sep 01, ZOOS.
5. Atkuri KR, Herzenberg LA, Niemi AK, Cowan T, Herzenberg LA. 24. Bosco MC, P“P po M’, Santangelo C, Anfosso L, ?feffer U, Fardin
. . P, et al. Hypoxia modifies the transcriptome of primary human
Importance of culturing primary lymphocytes at . .
. . . monocytes: modulation of novel immune-related genes and
physiological oxygen levels. Proc Natl Acad Sci USA . . L.
2007:104:4547-52 identification of CC-chemokine ligand 20 as a new
. o . hypoxia-inducible gene. J Immunol 2006;177:1941-55.
6. Baugh JA, Gantier M, Li L, B A, Buckley A, D 1ly SC. . . .
aug .an er ! yrn§ . uc. e?/ . onnerty 25. ChiJT, Wang Z, Nuyten DS, Rodriguez EH, Schaner ME, Salim A,
Dual regulation of macrophage migration inhibitory factor (MIF) . . .
o . . . et al. Gene expression programs in response to hypoxia: cell type
expression in hypoxia by CREB and HIF-1. Biochem Biophys Res P LT .
specificity and prognostic significance in human cancers. PLoS
Commun 2006;347:895-903. Med 2006:3:647
7. LiuY, Cox SR, Morlta T, Kourembanas S. Hyp(.)xla.regulates . 26. Lee YA, Kim JY, Hong SJ, Lee SH, Yoo MC, Kim KS, et al.
vascular endothelial growth factor gene expression in endothelial . . . . . L ..
L ; Synovial proliferation differentially affects hypoxia in the joint
cells. Identification of a 5° enhancer. Circ Res 1995,77:638-43. .. . L .. . .
. cavities of rheumatoid arthritis and osteoarthritis patients. Clin
8. Hayashi M, Sakata M, Takeda T, Yamamoto T, Okamoto Y, Sawada Rheumatol 2007:26:2023-9
K, et al. Induction of glucose transporter 1 expression through 27. Giatromanolaki A, Sivridis E, Maltezos E, Athanassou N,
hyp0x1a-1ndu01?le factor 1 alpha ul.lder hypoxic conditions in Papazoglou D, Gatter KC, et al. Upregulated hypoxia inducible
tr.ophoblast—derlved cells. J Endocrn}o] 2004:183:145-54. factor-1 alpha and -2 alpha pathway in rheumatoid arthritis and
9. Firth JD, Ebert BL, Pugh CW, Ratcliffe PJ. Oxygen-regulated osteoarthritis. Arthritis Res Ther 2003;5:R193-201.
control elements in the phosphoglycerate kinase 1 and lactate 28. Maher JC, Wangpaichitr M, Savaraj N, Kurtoglu M, Lampidis TJ.
dehydrogenase A genes: 51m1.lar1tles with the erythropoietin 3’ Hypoxia-inducible factor-1 confers resistance to the glycolytic
enhancer. Proc Natl Acad Sci USA 1994;91:6496'500" . inhibitor 2-deoxy-D-glucose. Mol Cancer Ther 2007;6:732-41.

10. Semen%a GL, Roth PH, Fz.mg HM, Wapg GL. Transcriptional 29. Sitkovsky M, Lukashev D. Regulation of immune cells by
regulation of genes encoding glycolytic enzymes by local-tissue oxygen tension: HIF1 alpha and adenosine receptors.
hypoxia-inducible factor 1. J Biol Chem 1994;269:23757-63. Nat Rev Immunol 2005:5:712-21.

1. Gaber T, Dziurla R, Tripmacher R, Burmester GR, Buttgereit F. 30. Giatromanolaki A, Sivridis E, Kouskoukis C, Gatter KC, Harris AL,
Hypoxia inducible factor (HIF) in rheumatology: low O2! See what Koukourakis MI. Hypoxia-inducible factors 1 alpha and 2 alpha are
HIF can do! Ann Rheum Dis 2005:64:971-80. related to vascular endothelial growth factor expression and a

12. Cramer T, Yamanishi Y, Clausen BE, Forster I, Pawlinski R, poorer prognosis in nodular malignant melanomas of the skin.
Mackman N, et al. HIF-1 alpha is essential for myeloid Melanoma Res 2003;13:493-501.
cell-mediated inflammation. Cell 2003;112:645-57. 31. Hollander AP, Corke KP, Freemont AJ, Lewis CE. Expression of

13. Makino Y, Nakamura H, Ikeda E, Ohnuma K, Yamauchi K, Yabe Y, hypoxia-inducible factor 1 alpha by macrophages in the rheumatoid
et al. Hypoxia-inducible factor regulates survival of antigen synovium: implications for targeting of therapeutic genes to the
receptor-driven T cells. J Immunol 2003;171:6534-40. inflamed joint. Arthritis Rheum 2001;44:1540-4.

14. Caldwell CC, Kojima H, Lukashev D, Armstrong J, Farber M, 32. Nakamura H, Makino Y, Okamoto K, Poellinger L, Ohnuma K,
Apasov SG, et al. Differential effects of physiologically relevant Morimoto C, et al. TCR engagement increases hypoxia-inducible
hypoxic conditions on T lymphocyte development and effector factor-1 alpha protein synthesis via rapamycin-sensitive pathway
functions. J Immunol 2001;167:6140-9. under hypoxic conditions in human peripheral T cells. J] Immunol

15. Haddad JJ. Hypoxia and the regulation of mitogen-activated protein 2005;174:7592-9.

14 The Journal of Rheumatology 2009; 36:12; doi:10.3899/jrheum.090255

Downloaded on April 19, 2024 from www.jrheum.org


http://www.jrheum.org/

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Lukashev D, Caldwell C, Ohta A, Chen P, Sitkovsky M.
Differential regulation of two alternatively spliced isoforms of
hypoxia-inducible factor-1 alpha in activated T lymphocytes. J Biol
Chem 2001;276:48754-63.

Lukashev D, Klebanov B, Kojima H, Grinberg A, Ohta A,
Berenfeld L, et al. Cutting edge: hypoxia-inducible factor 1 alpha
and its activation-inducible short isoform I.1 negatively regulate
functions of CD4+ and CD8+ T lymphocytes. J Immunol
2006;177:4962-5.

Thiel M, Caldwell CC, Kreth S, Kuboki S, Chen P, Smith P, et al.
Targeted deletion of HIF-1 alpha gene in T cells prevents their
inhibition in hypoxic inflamed tissues and improves septic mice
survival. PLoS One 2007;2:e853.

Chun YS, Choi E, Kim TY, Kim MS, Park JW. A
dominant-negative isoform lacking exons 11 and 12 of the human
hypoxia-inducible factor-1 alpha gene. Biochem J 2002;362:71-9.
Chun YS, Choi E, Yeo EJ, Lee JH, Kim MS, Park JW. A new HIF-1
alpha variant induced by zinc ion suppresses HIF-1-mediated
hypoxic responses. J Cell Sci 2001;114:4051-61.

Chun YS, Lee KH, Choi E, Bae SY, Yeo EJ, Huang LE, et al.
Phorbol ester stimulates the nonhypoxic induction of a novel
hypoxia-inducible factor 1 alpha isoform: implications for tumor
promotion. Cancer Res 2003;63:8700-7.

Gothie E, Richard DE, Berra E, Pages G, Pouyssegur J.
Identification of alternative spliced variants of human
hypoxia-inducible factor-1 alpha. J Biol Chem 2000;275:6922-7.
Lukashev D, Sitkovsky M. Preferential expression of the novel
alternative isoform 1.3 of hypoxia-inducible factor 1 alpha in
activated human T lymphocytes. Hum Immunol 2008;69:421-5.
Roiniotis J, Dinh H, Masendycz P, Turner A, Elsegood CL, Scholz
GM, et al. Hypoxia prolongs monocyte/macrophage survival and
enhanced glycolysis is associated with their maturation under
aerobic conditions. J Immunol 2009;182:7974-81.

Kojima H, Gu H, Nomura S, Caldwell CC, Kobata T, Carmeliet P,
et al. Abnormal B lymphocyte development and autoimmunity in

43.

44.

45.

46.

47.

48.

49.

50.

51.

hypoxia-inducible factor 1 alpha-deficient chimeric mice. Proc Natl
Acad Sci USA 2002;99:2170-4.

Kojima H, Sitkovsky MV, Cascalho M. HIF-1 alpha deficiency
perturbs T and B cell functions. Curr Pharm Des 2003;9:1827-32.
Ayoub S, Hickey MJ, Morand EF. Mechanisms of disease:
macrophage migration inhibitory factor in SLE, RA and
atherosclerosis. Nat Clin Pract Rheumatol 2008;4:98-105.
Szigligeti P, Neumeier L, Duke E, Chougnet C, Takimoto K, Lee
SM, et al. Signalling during hypoxia in human T

lymphocytes — critical role of the src protein tyrosine kinase
p56Lck in the O2 sensitivity of Kv1.3 channels. J Physiol
2006;573:357-70.

Sidiropoulos PI, Goulielmos G, Voloudakis GK, Petraki E,
Boumpas DT. Inflammasomes and rheumatic diseases: evolving
concepts. Ann Rheum Dis 2008;67:1382-9.

Annunziato F, Cosmi L, Liotta F, Maggi E, Romagnani S. Type 17
T helper cells — origins, features and possible roles in rheumatic
disease. Nat Rev Rheumatol 2009;5:325-31.

Kishimoto T. Interleukin-6: from basic science to medicine — 40
years in immunology. Annu Rev Immunol 2005;23:1-21.

Lard LR, Roep BO, Toes RE, Huizinga TW. Enhanced
concentrations of interleukin 16 are associated with joint
destruction in patients with rheumatoid arthritis. J] Rheumatol
2004;31:35-9.

Nowell MA, Richards PJ, Fielding CA, Ognjanovic S, Topley N,
Williams AS, et al. Regulation of pre-B cell colony-enhancing
factor by STAT-3-dependent interleukin-6 trans-signaling:
implications in the pathogenesis of rheumatoid arthritis. Arthritis
Rheum 2006;54:2084-95.

Rodenburg RJ, van den Hoogen FH, Barrera P, van Venrooij WJ,
van de Putte LB. Superinduction of interleukin 8 mRNA in
activated monocyte derived macrophages from rheumatoid arthritis
patients. Ann Rheum Dis 1999;58:648-52.

Gaber, et al: Hypoxia and CD4+ T cell transcriptome

15

Downloaded on April 19, 2024 from www.jrheum.org


http://www.jrheum.org/

