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Hypoxia inducible factor-1-alpha (HIF-1a) is related to both
angiogenesis and inflammation in rheumatoid arthritis

E. Brouwer', A.S.H. Gouw?, M.D. Posthumus', M.A. van Leeuwen', A.L. Boerboom?,
J. Bijzet', R. Bos!, P.C. Limburg*, C.G.M. Kallenberg', J . Westra!

!Department of Rheumatology and Clinical Immunology, *Pathology and Medical Biology;
SDepartment of Orthopaedics; *Department of Laboratory Medicine, University Medical Centre
Groningen, The Netherlands.

Abstract
Objectives
Despite the important role of the transcription factor HIF-1a in angiogenesis and inflammation, only a few studies on
HIF-1a expression have been performed in RA patients. The aim of the present study was to identify the layer in synovial
tissue of RA patients where HIF la is expressed and to find out whether HIF-1a expression is related to both angiogenesis
and inflammation in synovium from RA patients.

Methods
A reproducible staining method for HIF-1o was developed. HIF-1a -positive cells were quantified in synovial tissue
[from patients with RA. As control we used synovial tissue from patients with osteoarthritis (OA). The number of HIF-1a-
positive cells was compared with the number of blood vessels present and was correlated with the amount of inflammation.
The amount of inflammation was determined by counting inflammatory cells, by estimating the proliferation marker Ki67
in inflamed tissue, and by using a recently published synovitis score which gives an accurate estimate of the amount of
inflammation present.

Results
HIF-1a was expressed weakly in the lining layer and strongly in the sublining layer in RA synovial tissue. In contrast,
HIF-1a was only weakly expressed in OA synovial tissue. The number of HIF-1a -positive cells correlated strongly with
the number of blood vessels in RA synovial tissue and with inflammatory endothelial cell infiltration (blood vessels), cell
proliferation (Ki67) and the synovitis score.

Conclusions
HIF-1a expression is strongest in the sub-lining layer of RA synovium and is related to both angiogenesis and
inflammation in synovium from RA patients. These results thus suggest that HIF-1a could serve as an important new thera-
peutic target in RA, targeting both angiogenesis and inflammation.
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Introduction

Angiogenesis, defined as the develop-
ment of new capillaries from existing
blood vessels, plays a role in the de-
velopment of synovial inflammation
in rheumatoid arthritis (RA) (1-3).
Evidence for this role is that levels of
one of the most important angiogenic
factors, vascular endothelial growth
factor A (VEGF-A), along with levels
of soluble VEGF-A receptor -1; sFlt-1
(Fms-like tyrosine kinase-1), and angi-
opoietin-1, correlate with the amount
of inflammation and bone destruction
in early arthritis (3). The close relation
between angiogenesis and inflamma-
tion also has been established in animal
models of RA. Moreover, in these mod-
els, treatment with angiogenesis inhibi-
tors decreases disease activity (4, 5).

A key regulator of angiogenesis is the
transcription factor HIF-1, which con-
sists of an inducible part (HIF-1a) and
a constitutive part (HIF-1). Under nor-
moxic conditions HIF-1a is continuous-
ly degraded (6, 7). However, hypoxia,
oxygen radicals, and various hormones,
growth factors and pro-inflammatory
cytokines induce stable expression of
HIF-10, upon which it is dimerised with
HIF-1f and translocates to the nucleus
for transcriptional activity (8). Both hy-
poxia and pro-inflammatory cytokines
(like TNF-o. and IL1-f) are present in
rheumatoid joints (8-13). A recent paper
in a collagen induced arthritis animal
model very elegantly showed that hy-
poxia is present in the synovium at the
pre-arthritic stage of disease and has a
close spatial relationship and a positive
severity correlation with synovitis (14).
Since both hypoxia and pro-inflamma-
tory cytokines are found in RA stable
HIF-1a expression is expected to be
present in RA synovium.

Not only is HIF-1 a key regulator of
angiogenesis, it is also a key regulator
of inflammation. Fibroblasts from RA
synovial tissue, which express HIF-1a
under hypoxic conditions, are capable
of secreting large amounts of SDF-1
(15), a chemokine of the CXC family
involved in inflammation. In a mouse
model of RA conditional knock out of
HIF-1a resulted in almost complete in-
hibition of the inflammatory response
(16, 17). Moreover, myeloid cells lack-
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ing HIF-1a did not induce arthritis in a
mouse model for RA (16).

Despite the important role of HIF-1a
in angiogenesis and inflammation, only
a few studies on HIF-1a expression in
synovial tissue have been performed
in vivo in RA patients. The results of
these studies are inconclusive. Gia-
tromanolaki er al. reported extensive
nuclear and cytoplasmic expression
of HIF-1a in both the lining and the
sublining layers of synovial tissue (18,
19), whereas Hitchon et al. reported
that HIF-1a was present mostly in the
lining layer (15). In addition, no stud-
ies have explored the relation of HIF-
la expression to angiogenesis and in-
flammation in RA patients.

The aims of the present study were to
identify the location in synovial tissue
of RA patients where HIF-1a is ex-
pressed and to find out whether HIF-
la expression is related to both angio-
genesis and inflammation in synovium
from RA patients. First, we developed
a reliable staining method for HIF-1a
using carcinoma tissue as a reference
tissue. Next, we determined whether
the expression of HIF-1a in RA syno-
vial tissue correlated to both angiogen-
esis and inflammation. We found that
nuclear HIF-1a is expressed mostly in
the sublining layer and that HIF-1o. ex-
pression is related to both angiogenesis
and inflammation in RA patients.

Materials and methods

Tissue

Synovial tissue was obtained from 8
patients with longstanding RA and 7
patients with OA who underwent syn-
ovectomy or joint replacement surgery
(Table I). Most RA patients used meth-
otrexate as a disease-modifying anti-
rheumatic drug.

Synovial tissue was fixed in formalin and
embedded in paraffin. Breast carcinoma
and renal carcinoma tissue samples were
used as positive controls. Tissue samples
were used according to institutional and
national ethical guidelines.

HIF-1a staining on
paraffin-embedded tissue

Four different mouse monoclonal an-
tibodies were tested: clone 54 (BD,
Becton and Dickinson Company, Bio-



Table I. Patient characteristics.
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Age M/F  Disease DMARD Synovitis RF ESR CRP
duration score
yrs
RA1 62 m 3 MTX/SASP 6 52 8 14
RA2 61 m 16 MTX 7 340 27 24
RA3 58 m 6 MTX 5 495 29 22
RA4 36 m 17 Prednisone 5 1150 24 4
RAS 80 f 3 none 7 48 68 47
RA6 55 f 1 none 2 nd 45 55
RA7 69 f 18 MTX 6 25 8 <3
RAS8 43 f 9 MTX,AZA 6 83 2 10
Prednisone,
infliximab

OAl 25 m 1 none 1 nd nd nd
0OA2 51 m 10 none 1 nd nd 18
OA3 61 f 1 prednisone nd 10 19 35
OA4 58 m 1 none 1 7 22 26
OA5S 16 m 2 none 0 nd 7 5
OA6 46 m 2 none 1 nd nd <3
OA7 61 m 8 none 2 nd 16 7

RA: rheumatoid arthritis; OA: osteoarthritis; DMARD: disease modifying anti-rheumatic drug;
Synovitis score: 0-1, no synovitis, 2-4 low-grade synovitis, 5-9 high-grade synovitis; RF: rheumatoid
factor (cut-off value 15); ESR: erythrocyte sedimentation rate; CRP: C-reactive protein.

sciences, Breda, The Netherlands),
clone ESEE122 (nr 8366 Abcam, Cam-
bridge, UK), clone HIF-1a 67 (nr 1
Abcam, Cambridge, UK), and clone
HIF-1a 67 sup (nr 463, Abcam, Cam-
bridge, UK). After synovial tissue was
deparafinised and rehydrated, different
antigen retrieval methods were used:
different buffers (1 mM EDTA, pH 9;
10 mM citrate, pH 6; and 10 mM Tris +
1 mM EDTA, pH 6) and/or microwave
at 700 W for 10 and 20 minutes or wa-
ter bath at 90°C for 10, 20, 40, 60 and
80 minutes and/or trypsin digestion at
37°C for 30 minutes. Next, endogenous
peroxide activity was blocked in PBS
containing 0.3% hydrogen peroxide
for 30 minutes. After incubation with
the primary antibody for 1 h at room
temperature, peroxidase-labelled anti-
mouse polymer (EnVision kit, DAKO,
Glostrup, Denmark) was used as a sec-
ond step (1 hour incubation at room
temperature). The staining was devel-
oped with diaminobenzidin (DAB)
chromate substrate for 10 minutes and
counterstained with haematoxylin for
30 seconds. Slides were covered with
Kaiser’s gelatine. A quantitative scor-
ing system of four fields as described
by Hashimoto et al. (20) was used to
quantify HIF-1a positive cells. Briefly,
4 photographs were taken at random at
200 X magnification and HIF-1a posi-

tive cells were counted in these fields
by 2 independent observers.

HIF- 1o staining on

synovial fibroblasts

Fibroblast-like synoviocytes (FLS),
isolated from RA synovial tissue, were
cultured and stimulated for 4 hours
with IL1-f (10 ng/ml), TNF-a (10 ng/
ml) and cobalt chloride (CoCl, 0.15
mM) which mimics hypoxia. (13).
After stimulation the cells were fixed
with ethanol followed by immunohis-
tochemical staining for HIF-la with
clone HIF-1a 67 sup (nr 463, Abcam,
Cambridge, UK) at a dilution of 1:100.

Vascular markers

As vascular markers we used anti-CD31
antibody (clone JC70A, mouse mono-
clonal, Dako Cytomation Glostrup,
Denmark) diluted 1:20 and anti-CD34
antibody (clone Qbend 10 mouse mono-
clonal, Immunotech France) diluted
1:25 (21,22). After deparafinisation and
rehydration, we incubated the sections
with Tris-EDTA buffer for antigen re-
trieval. The slides were incubated with
the primary antibody for 1 hour at room
temperature. Peroxidase-labelled anti-
mouse polymer (EnVision kit, DAKO,
Glostrup, Denmark) was used as a sec-
ond step. The staining was developed
as described for HIF-1a. To assess the
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number of positive vessels the quantita-
tive scoring system of four fields was
used (20) as described for HIF-1a.

Cellular markers

Synovial tissue was also stained for
three cellular markers: T-cells, CD3
(clone PS1, mouse monoclonal, Mon-
osan, Uden, The Netherlands) diluted
1:25; B-cells, CD20 (clone L26, mouse
monoclonal, DakoCytomation, Glos-
trup, Denmark) diluted1:200; and mac-
rophages, CD68 (clone PGM-1, mouse
monoclonal, DakoCytomation, Glos-
trup, Denmark) diluted1:50. The stain-
ing method was the same as described
for the vascular marker CD31. A semi-
quantitative scoring system of 0-3 was
used for CD3, CD20 and CD68: 0 =
no positive cells present, 1 = a small
number of positive cells, 2 = a moder-
ate number of positive cells, 3 = a large
number of positive cells.

Proliferation marker

As a proliferation marker we used Ki67
(clone MIB-1, DakoCytomation, Glos-
trup, Denmark) diluted 1:400. After
deparaffinisation, sections were heated
at 100°C for 10 minutes. Sections were
then incubated with Ki67 for 30 min-
utes at room temperature, followed
by peroxidase-conjugated rabbit-anti-
mouse antibody (1/100) and goat-anti-
rabbit antibody (1/100) for 30 minutes.
The peroxidase staining reaction was
developed using DAB. To quantitate
Ki67-positive endothelial cells, we
used the quantitative scoring system of
four fields. The presence of Ki67-posi-
tive cells in the subintimal infiltrates
was scored by 2 independent observ-
ers using the semiquantitative scoring
system.

Synovitis score

The synovitis score developed by
Krenn et al. (25) was used on routine
haematoxylin and eosin (H&E)-stained
slides to differentiate between RA and
OA and to estimate the degree of in-
flammation. Three synovial membrane
features (synovial lining layer, stroma
cell density and infiltrate) were ranked.
Each feature was defined and ranked
on a 4-point scale: none (0), slight (1),
moderate (2), strong (3). The values for



HIF-1a related to angiogenesis and inflammation in RA / E. Brouwer et al.

the three features were then added and
interpreted as follows: 0-1, no synovi-
tis, 2-4 low-grade synovitis, 5-9 high-
grade synovitis (23).

Statistical analysis

Data were analysed using Graph Pad
Prism Software (San Diego, USA). Stu-
dent’s 7-test, the Mann-Whitney U-test
and Pearson’s or Spearman rank test
was used as appropriate. P-values less
than 0.05 were considered significant.

Results

HIF-1a staining

To detect the specific nuclear staining
of HIF-la four different antibodies
were tested and also different antigen
retrieval methods. Carcinoma tissue
was used as reference tissue. As can be
seen from Figure 1A there was a nucle-
ar staining with antibody clone 54, but
only in endothelial cells. Antibodies
clone 67 and clone ESEE 122 gave a
cytoplasmic staining as shown in Figure
1B and 1C respectively. Only antibody
clone 67-sup showed the characteristic
nuclear staining pattern of HIF-1a as
previously described (24). Antigen re-
trieval with Tris-EDTA buffer for 60
min in a water bath gave the best result.
In Figure 1D the specific nuclear stain-
ing for HIF-1a is shown in necrotic ar-
eas in breast carcinoma tissue.

HIF-1a staining on synovial fibroblast
like synoviocytes (FLS)

The specificity of HIF-1a 67 superna-
tant for HIF-1a was further confirmed
by staining on cultured FLS incubated
with IL1-p, TNF-a and CoCl, (which
mimics hypoxia) for 4 hours.

After stimulation with IL1-f and TNF-
a FLS showed bright nuclear staining
with HIF-1a 67 supernatant in a 1:100
dilution (figure 2 A and B). Especially
incubation with CoCl,, which gives a
chemical stabilization of HIF-1a., gave
a strong positive signal (Fig. 2C). Non-
stimulated FLS were negative for HIF-
la (Fig. 2D).

HIF-1a staining on RA and

OA synovial tissue

RA and OA synovial tissue were
stained for HIF-1a with clone-67 sup
in a 1:100 dilution under the condi-

Fig. 1. Expression of hypoxia-inducible factor in carcinoma tissue using different monoclonal
antibodies.
To optimise HIF-1a. staining four different monoclonal antibodies directed to HIF-1a were tested on
carcinoma tissue, embedded in paraffin. Fig. A: clone 54 showed a predominantly endothelial staining
in renal carcinoma tissue; B: clone HIF-1a 67, and C: clone ESEE122 gave a cytoplasmic staining
in renal carcinoma tissue and D: clone HIF-1a 67-sup gave a nuclear staining in necrotic areas from

breast carcinoma. (original magnification 200x)

Fig. 2. HIF-1a staining in cultured rheumatoid synovial fibroblast after stimulation.
Synovial fibroblasts were grown on Labtek slides were stimulated with IL-1$ (A), TNF-a (B), CoCl,
(C) to induce HIF-1a expression or left unstimulated (D). Slides were fixed with ethanol and stained

with monoclonal antibody HIF-1a 67-sup.

tions described above. Some HIF-1a
-positive cells were found in the lin-
ing layer but most were found in the
sub lining layer in RA synovial tissue
(Fig. 3A, C and D). Most HIF-1a-
positive cells showed nuclear staining.
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A small percentage also showed weak
cytoplasmic staining. HIF-1a-positive
cells were present surrounding lym-
phoid aggregates and vessels and also
in less cellular stromal areas (Fig. 3C
and D).
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Fig. 3. Expression of HIF-1a, Ki67 and CD31-positive vessels in RA and OA synovial tissue.
Synovial tissue from RA patients (A, C and D) and OA patients (B) were stained for HIF-1a expres-
sion. Arrows indicate HIF-1a positive cells in a lymphoid aggregate (A), surrounding blood vessels
(C) and in a stromal area (D). Positive Ki67 staining in RA (E) and OA (F) synovial tissue, where ar-
rows indicate positive endothelial cells. CD31 positive vessels in RA (G) and OA (H) synovial tissue.
(original magnification 200x in A, G and H, 400x in B, C,D, E, and F).

Vascular markers

A strong correlation was found between
the number of HIF-1la-positive cells
and the number of CD31-positive ves-
sels (Fig. 3, G and H). In addition, sig-
nificantly more HIF-1a-positive cells
and CD31-positive vessels were found
in RA synovial tissue than in OA syno-
vial tissue (Fig. 4).

Cellular markers
CD3 (T-cells), CD20 (B-cells) and CD68

(macrophages) were used as cellular
markers. Abundant infiltration of CD3-
, CD20- and CD68-positive cells was
found in RA but not in OA synovial tis-
sue. Since CD68-positive macrophages
have been used as biomarkers in sev-
eral RA studies (25-27), we assessed
the correlation between CD68-posi-
tive macrophages and HIF-1a-positive
cells. We found an association between
CD68-positive macrophages and HIF-
lo-positive cells (Spearman r=0.51)
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and between the number of HIF-1a-
and Ki67-positive endothelial cells
(Spearman r=0.51).

Synovitis score

In order to investigate the severity of the
synovitis we used the recently devel-
oped synovitis score by Krenn ez al. (23)
(Table I). The synovitis score was signif-
icantly higher in RA patients than in OA
patients. Moreover, the synovitis score
strongly correlated with the number of
HIF-1a—positive (r=0.5980, p<0.05) and
Ki67-positive cells (r=0.8430, p<0.05)
(Fig. 5A and B).

Proliferation of endothelial cells

To investigate whether vessels prolif-
erated, Ki67-positive endothelial cells
were counted in four random fields.
No significant difference was found
between the numbers of Ki67-positive
endothelial cells. Also, within RA pa-
tients no correlation was found between
the number of CD31-positive vessels
and the number of Ki67-positive endo-
thelial cells.

Discussion

In the present study we found that in
synovial tissue from RA patients HIF-
lo-positive cells are present mostly in
the sub-lining layer and that the expres-
sion is restricted mainly to the nucleus.
In addition, we found that HIF-1o ex-
pression in synovial tissue from RA pa-
tients is related to both angiogenesis and
inflammation. Our results for HIF-1o are
in agreement with the results obtained
from oncology studies showing that the
staining in breast, renal, and colon car-
cinomas is predominantly nuclear (24,
28). These results would be expected,
since HIF-1a is a transcription factor.
Our results are also in line with those by
Hitchon et al. (15), who detected HIF-1a
primarily in the nuclei of lining cells in
areas of synovial tissue where the lining
cell layer was hyperplastic. Contradic-
tory studies, in RA and OA showed an
abundant presence of HIF-1a-positive
cells both in the lining and in the sub-
lining layer (18, 29). Moreover, in those
studies the staining was both nuclear
and cytoplasmic. The differences with
our study probably can be explained by
the use of different staining methods and



HIF-10 related to angiogenesis and inflammation in RA / E. Brouwer et al.

P=0.0008 P=00048 P =0.1451
e
~ 10007 F1000 £
€ @
€  750- 750 @
Z ; "B
= I’ Q
S 500 - 500 >
‘ —r . b
2 2501 _ } 250 9
- : . — s o
G Ll * Ll L} Ll Ll o Q
RA OA RA OA RA OA o
HIF 1o CD31 CD34
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patients.

HIF-1a positive cells, and CD31 and CD34 positive vessels were scored as described in materials and
methods and expressed as number of positive cells or vessels per mm?.
Significant differences were found between RA and OA for all markers.
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different monoclonal antibodies. Gia-
tromanolaki et al. (29) used ESEE122
which in our hands gave an aspecific
cytoplasmic staining in carcinoma tissue
used as reference tissue.

An explanation for the lower expres-
sion of HIF-1a as we found in the lin-
ing layer could be that under normoxic
conditions HIF-lo becomes rapidly
degraded. In the study by Hitchon et
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al. the synovial tissue was immediately
processed (15). Since the lining layer is
the superficial layer, greater exposure
to oxygen concentration is expected
to affect the lining layer the most. In-
creases in oxygen concentration are
also expected when synovial tissue
is removed from the hypoxic joint to
normoxic environmental conditions.
Conversely, synovial explants and fi-
broblast-like synoviocytes (present
in the lining layer) cultured under hy-
poxic conditions show an increase in
HIF-1o expression (15). Hypoxia is
abundantly present in joints (10) espe-
cially inflamed joints (14). In addition,
especially in early RA there is a rela-
tive shortage of capillaries in relation
to the number of infiltrating cells in
synovial tissue (30), so oxygen would
not be well supplied.

The association we found between HIF-
la and the number of vessels present
suggests that HIF-1a could be an im-
portant inducer of angiogenesis in RA.
Since several other studies have shown
the importance of angiogenesis for the
development of synovial inflammation
in RA (2,31-34), HIF-1a., as a mediator
of angiogenesis, could be an interesting
new target for therapy in RA.

Although we found a difference in the
number of vessels between RA and
OA, we did not find a difference in the
number of proliferating Ki67-positive
endothelial cells between RA and OA.
In a study performed by Walsh et al.
they also investigated the number of
Ki67- positive endothelial cells togeth-
er with PCNA (proliferating cell nucle-
ar antigen) positive endothelial cells in
RA and OA (35). For PCNA they found
a significant difference between RA
and OA. Unfortunately their results for
Ki67 were not mentioned.

The second association we found was
between HIF-lo expression and the
number of infiltrating macrophages
(CD68 positive) in the sublining layer.
This result is in agreement with Hol-
lander et al. (18) who found that HIF-
lo. expression was most abundant in
areas of high macrophage infiltration.
In our study HIF-la expression not
only correlated with the number of
macrophages but also with the number
of proliferating (as detected with Ki67)
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cells. This implicates that, in addition
to subintimal macrophages and subin-
timal Ki-67 expression, which both are
synovial tissue biomarkers (25-27, 36),
subintimal. HIF-la expression could
also serve as a biomarker for RA. From
the present study it can not be conclud-
ed whether cytokines produced by my-
eloid cells induce HIF-1a or whether
HIF-10 induces myeloid differentiation
and activation in response to inflam-
matory stimuli (16, 17). The recently
described adjuvant arthritis model (14)
could be useful in investigating whether
HIF-1a expression precedes synovitis
and cellular infiltration. Since hypoxia
is already present at an early stage of
subclinical synovitis, we expect that the
same holds true for HIF-1a expression.
Our results suggest that HIF-1a. could
be an important mediator of inflamma-
tion in RA. This possibility would fur-
ther support HIF-1a as a new therapeu-
tic target for RA.

In oncology, an ideal treatment strategy
targets both cellular proliferation and
angiogenesis (37, 38). We believe that
the same holds true for RA: an ideal
treatment strategy should target both in-
flammatory cells and vessel formation.
Since HIF-1a, as shown by our study,
is linked to both the number of prolif-
erating cells and the number of vessels
present and in RA, HIF-1a could be an
important new therapeutic target in RA.
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