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Hypoxia-inducible factor 1 in dendritic cells is
crucial for the activation of protective regulatory
T cells iIn murine colitis

K Fliick"?, G Breves’, ] Fandrey' and S Winning'

Dendritic cells (DCs) serve as a bridge between innate and adaptive immunity and help to maintain intestinal
homeostasis. Inflammatory bowel disease (IBD) is associated with dysregulation of the mucosal immune response. The
concomitant hypoxic inflammation in IBD will activate the transcription factor hypoxia-inducible factor-1 (HIF-1) to also
drive gene expression in DCs. Recent studies have described a protective role for epithelial HIF-1 in mouse models of
IBD. We investigated the role of HIF-1 in DC function in a dextran sodium sulfate (DSS)-induced model of murine colitis.
Wild-type and dendritic cell-specific HIF-1a knockout mice were treated with 3% DSS for 7 days. Knockout of HIF-1a in
DCs led to a significantly larger loss of body weight in mice with DSS-induced colitis than in control mice. Knockout mice
exhibited more severe intestinal inflammation with increased levels of proinflammatory cytokines and enhanced
production of mucin. Induction of regulatory T cells (Tregs) was impaired, and the number of forkhead box P3 (Foxp3)
Tregs was diminished by dendritic HIF-1a knockout. Our findings demonstrate that in DCs HIF-1«a is necessary for the

induction of sufficient numbers of Tregs to control intestinal inflammation.

INTRODUCTION
The intestinal immune system must not only protect against
infection by initiating defensive responses against pathogens,
but also maintain tolerance to self-antigens, food, and
commensal microflora.! Mucosal dendritic cells (DCs) are
fundamental in balancing this process. Immature DCs are
present in peripheral tissues and are activated by taking up
antigens in the intestine, after which they mature and migrate to
the draining lymph nodes.” Several subsets of DCs are
found in the intestine.’ Depending on their cell-surface
receptor expression and their cytokine profile, DCs can
induce a proinflammatory T helper type 1 (Thl) or type 17
(Th17) or a humoral Th2 immune response. A specialized
function of intestinal DCs is the induction of regulatory T cells
(Tregs).4

Nearly every chronically inflamed tissue is characterized by
low oxygen availability (hypoxia) because of vascular dysfunc-
tion and increased consumption of oxygen by infiltrating
leukocytes, especially neutrophils.>® With respect to inflam-
matory bowel disease (IBD), hypoxia is likely to be of particular

importance because the lumen of the gut is almost anoxic.
Inflammatory impairment of the intestinal barrier allows
anoxia to spread to formerly normoxic tissue that must now
adapt to this condition. The hypoxia-inducible factor-1 (HIF-1)
complex is a key transcription factor for cellular adaption to low
oxygen tension.” HIF-1 is a heterodimer formed by two
subunits: HIF-1a and HIF-1B. Under normoxic conditions,
hydroxylation of the HIF-loo subunit by specific prolyl
hydroxylases leads to ubiquitin-proteasome-dependent degra-
dation. Under hypoxic conditions, however, prolyl hydroxylase
activity is inhibited; thus, HIF-1o can translocate into the
nucleus, dimerize with HIF-1f, and bind to hypoxia-responsive
elements of HIF-1 target genes.

Several studies have addressed the function of HIF-1o in
intestinal epithelial cells. Karhausen et al.® showed that loss of
epithelial HIF-1a led to severe intestinal inflammation, whereas
an increase in epithelial HIF protein was protective. Xue et al.”
recently reported that activation of HIF-lo in intestinal
epithelial cells did not increase intestinal tumorigenesis.
Reduction of epithelial cell apoptosis in murine colitis by

TInstitut fir Physiologie, Universitat Duisburg-Essen, Essen, Germany and ZPh\/sioIogisches Institut, Tierarztliche Hochschule Hannover, Hannover, Germany.

Correspondence: J Fandrey (joachim.fandrey@uni-due.de)

Received 16 December 2014; accepted 23 June 2015; published online 29 July 2015. doi:10.1038/mi.2015.67

MucosallImmunology | VOLUME 9 NUMBER 2 | MARCH 2016

379


mailto:joachim.fandrey@uni-due.de

ARTICLES

a Mouse weight b Lipocalin2
S 105 - -+ HIF-1a*"*fC oolen =
7 60
T o0 4 -~ CD11cCreMHIF-1¢""fC § R S
5 it a
£ 95 =+ HIF-1¢""" DSS i‘i
£ ~ CD11cCreHIF-1¢""" DSS 3w
= 90 A * < &
B £
o 851 Im T — NS
£ o 20
g 80+ ]
-
T 75 g . . . K
i ]
0 1 2 3 4 5 6 7 0
<O SO o
Day & # R
e X & B
& & & &
X X N N
b3 2 & &
d b &
\,\c.(‘ &
oy o
c IL-23 d IL-6 e
colon colon
. "
1 180
< 5 c 5
8 ks S axs o
2 R k1 150 ] F
@ 4 g ol
B = 120 [+%
g 5 5
2 3 T~ 90 z
&
£1 25 e0{ —NS -
£ 2 Ea E &
o
By % — g
5 e 1 B
b s | 3
= 0 . 0 T
@ 1O \Q,;; \&e S & \0"“: \Q%‘a
a R & & e IS & &
& & N [N & & A A
S e@ & & RS & & %
& 3 & « & &
Ky & N o
o o » <
N N
N 0’\
[3
g IL-B8
colon o
= —
T 450 shrk
£
400
55
&8 380
=it wwn
=% 300 P
iz
22 250
o
oa
S 200
g2 5
5 o ND
4
= O O )
& # 597 AP
Q’kﬁ Q‘\o u\“ =
3
& & &« &
o A @‘
N o
® 2
&

Figure 1 Dendritic cell-specific knockout of hypoxia-inducible factor-1o (HIF-1) causes more severe inflammation in dextran sodium sulfate (DSS)
colitis. Colitis was induced in mice by 3% DSS in the drinking water for 7 days. (a) DSS-induced weight loss was higher in CD11cCre/HIF-1a. 7+ mice
than in HIF-10.* ¥+ " mice, with significant differences at days 6 and 7. Control mice receiving drinking water without DSS maintained weight. N=9-14 per
control group; n=15-17 per DSS group. Colonic mMRNA expression of (b) lipocalin2, (¢) interleukin (IL)-23, (d) IL-6, and (e) F4/80 expression after DSS
treatment was significantly higher in CD11cCre/HIF-10.* 7 * mice than in all other types of mice studied. (f) Sections (4 um) of colon tissue were 3,3"-
diaminobenzidine (DAB) stained for F4/80 (brown) and counterstained with hematoxylin (blue). After treatment with DSS, the amount of F4/80-positive
cells was higherin CD11¢Cre/HIF-10. 7+ mice than in HIF-10.* 7+ T mice. (g) Enzyme-linked immunosorbent assay (ELISA) showed significantly higher
concentrations of IL-6 in colon homogenates from DSS-treated CD11cCre/HIF-10.* 7+ " mice than in all other groups of mice studied. N = 5-7 per group.
*P<0.05; *P<0.01; ***P<0.001; ***P<0.0001. C, control; ND, not detected; NS, not significant.

protein in DCs is needed for adequate production of interferon
(IFN) type I and for activation of cytotoxic T cells.

inhibition of HIF-1 degradation by the hydroxylase inhibitor
dimethyloxalylglycine underscores the importance of HIF-1 in

the intestinal epithelium.'® Frede et al'' found that HIF-1
regulates inflammation and showed that lipopolysaccharide
(LPS) and inflammatory cytokines lead to HIF-1a accumula-
tion. Very recent studies also demonstrated that HIF-1a plays a
crucial role in regulatory T cells and DCs. Clambey et al.'?
reported a connection between HIF-1a levels and the number
of Tregs, as well as the expression of forkhead box P3 (Foxp3).
The in vitro studies by Wobben et al.'> showed that HIF-1o
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Our study was designed to elucidate the effect of transcrip-
tion factor HIF-1 on DCs in an experimental model of
colitis by using mice with HIF-loo protein knockout in
CD11c-expressing cells. HIF-1o.™ 71 (wild-type) mice and
CDI11cCre/HIF-10. " ¥+t (knockout) mice were treated with
dextran sodium sulfate (DSS) to induce colitis and then studied
with respect to the severity of inflammation and activation of
their immune system.
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Figure 2 Hypoxia-inducible factor-1o (HIF-1a)-dependent induction of type | interferons (IFNs) in dextran sodium sulfate (DSS) colitis. Expression of
mRNA was measured in mesenteric lymph nodes (mes. LNs). Induction of (a) IFN-u4 and (b) IFN-0.12 was significantly higher in DSS-treated HIF-1o.* 7+
mice than in CD11cCre/HIF-10.t 7+ mice. N=5-7 per group. *P<0.05. NS, not significant.

RESULTS

DSS treatment leads to severe inflammation and profound
extension of hypoxia

Initially, the efficiency of HIF-1o knockout was determined in
bone marrow-derived dendritic cells (BmDCs) from HIF-
1o "7+ f and CD11cCre/HIE-1a ™71 mice. To quantify
knockout efficiency, we performed mRNA analysis with
specific HIF-1a oligonucleotides binding to HIF-1o comple-
mentary DNA in exon 2. DCs from CD11cCre/HIF-1a. "7 **
mice showed a 90% loss of wild-type HIF-1o (Supplementary
Figure Sla online). CD4 " T cells and bone marrow-derived
macrophages from HIF-1o. ™7 " fand CD11cCre/HIF-1a. 7
mice showed equal levels of HIF-1a exon 2 (Supplementary
Figure S1b,c), indicating that the observed effects were specific
for a dendritic knockout of HIF-1a.

Measuring the number of CD11c " cells in mesenteric lymph
nodes by fluorescence-activated cell sorting analysis revealed
that ~ 2% of mesenteric lymph node cells were CD11c¢ positive
whereof 80% were vital (Supplementary Figure S1d). HIF-1o
knockout or DSS treatment had no effect on the number or
viability of CD11c-positive cells.

Colitis was induced by treating HIF-1a and
CD11cCre/HIF-1a. "7 mice with 3% DSS in the drinking
water for 7 days. Control mice were given drinking water with
3% phosphate-buffered saline. Hematoxylin and eosin staining
revealed severe inflammation caused by DSS treatment
(Supplementary Figure S2a). In histological scoring we
could not detect any differences between HIF-1o.™ 7 and
CD11cCre/HIE-1o. "7 +f DSS-treated mice (Supplementary
Figure S2b).

+f/+f

Knockout of HIF-1a in DCs leads to more severe
inflammation in DSS-induced colitis

We next studied the phenotype of CD11cCre/HIE-10." 7 *f
mice in a DSS colitis model. Control mice main-
tained their weight. Both DSS-treated groups experienced
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progressive weight loss within 3 days. However, CD11cCre/
HIF-1a 7" mice lost more weight than HIF-1o ™" 71 mice;
the difference in weight loss was statistically significant at
days 6 and 7 (P < 0.01 and 0.001; Figure 1a). Characteristically,
colon weight increased and colon length decreased because
of DSS-induced inflammation; however, the differences
between the two groups were not statistically significant
(data not shown).

To investigate the impact of the dendritic HIF-1o knockout
on mucosal inflammation, we determined changes in mRNA
expression in colon tissue after DSS exposure. We first
examined the expression of lipocalin2, which is a sensitive
marker of intestinal inflammation, using the DSS colitis
model."* DSS-treated CD11cCre/HIF-1o. ™7 mice exhibited
significantly higher levels of lipocalin2 than HIF-1o. ™7 ™ Fmice
(P<0.01; Figure 1b). Levels of interleukin (IL)-6 and
IL-23, two proinflammatory cytokines, were significantly
higher in DSS-treated CD11cCre/HIF-10 " mice than in
HIF-1a 7 f mice (P<0.05; Figure 1c,d). The expression of
F4/80, a marker for macrophages, was also higher in DSS-
treated CD11cCre/HIF-10. """ mice than in HIF-10"7*f
mice (P<0.01; Figure 1e). Immunohistochemistry confirmed
that DSS-treated CD11cCre/HIF-10.* 7 * F mice showed higher
numbers of F4/80-positive macrophages than HIF-1o"7*f
mice (Figure 1f). The DSS-induced increase in IL-6 expression
in dendritic HIF-1a knockout mice was confirmed at the
protein level (Figure 1g). In DSS-treated CD11cCre/HIF-10. 7 +F
mice we also detected significantly higher levels of mRNA
expression of the inflammatory cytokine IL-1f and the acute-
phase protein serum amyloid A that correlates with the degree
of intestinal inflammation.'” In DSS-treated mice, expression
of total tissue HIF-1oo mRNA was increased that is known to
accumulate during inflammation'' (Supplementary Figure
S3a-c). Taken together, these findings demonstrate that DSS-
induced inflammation is more severe in dendritic HIF-1a
knockout mice.
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In vivo induction of type | IFNs is HIF-1a dependent

We had previously reported that the secretion of type I
IFNs by DCs is HIF-1 dependent in vitro."> To corroborate this
finding in vivo, we analyzed mesenteric lymph nodes from
HIF-1o 77" and CD11cCre/HIF-10."7+f control and
DSS-treated mice for mRNA expression of IFN-o4 and
IFN-o12. The induction of IFN-o4 (Figure 2a) and
IFN-012 (Figure 2b) by DSS was significantly higher in
HIF-10" 7" mice and absent in CD11cCre/HIF-1o "7 "f
mice, confirming the HIF-1o dependency of dendritic type I
IFN production in vivo.

Induction of IL-10 and TSLPR by LPS in BmDCs and
induction of TSLPR in DSS-induced colitis are HIF-1a
dependent

IL-10 is an anti-inflammatory cytokine secreted by DCs; it
influences the phenotypes of DCs and T cells."® To determine
whether this anti-inflammatory response is affected by HIF-1a
knockout, BmDCs were isolated from HIF-1o ™"+ and
CD11cCre/HIE-10. 77" f mice, cultivated for 8 days under
normoxic conditions, and then stimulated with 1 pg LPS for 6 h.
IL-10 mRNA expression and protein levels were significantly
higher in LPS-stimulated HIE-10. "7+ cells than in cells from
CD11cCre/HIF-10. "1 mice (P<0.0001; Figure 3a,b). To
better imitate the in vivo situation of mucosal DCs, BmDCs were
cultivated under hypoxic conditions (3% O,) for 8 days. Again,
IL-10 induction by LPS was HIF-1o dependent (Figure 3c). In
vivo, mRNA expression of IL-10 in colon tissue showed a slight,
but not significant, increase in DSS-treated HIF-1o. ™7 and
CD11cCre/HIF-10. "7 mice (Figure 3d).

Because mucosal DCs are always influenced by intestinal
epithelial cells (IECs), we looked for expression of thymic
stromal lymphopoietin receptor (TSLPR) by DCs. The ligand
TSLP is released by IECs and induces the production of
noninflammatory DCs."” BmDCs exhibited expression of
TSLPR in vitro. Hypoxia-cultivated BmDCs from HIF-
1o 7! mice exhibited a significantly larger increase of
TSLPR production by LPS stimulation than did BmDCs from
CD11cCre/HIF-10. 71 mice (P<0.01; Figure 3e). This
finding was confirmed in vivo as the induction of TSLPR
in colon tissue from DSS-treated HIF-1o."" "' mice was
significantly higher than that in colon tissue from DSS-treated
CD11cCre/HIF-1a ™71 mice (P<0.01; Figure 3f). In DSS
colitis, protein levels of TSLP showed a slight decrease, probably
because of the destruction of a large number of IECs
(Figure 3g). However, there were no significant differences
in the production of TSLP by IECs in the wild-type group and
the knockout group. Taken together, these findings indicate
that HIF-1a significantly influences the production of anti-
inflammatory IL-10 and TSLPR by DCs.

Induction of Treg-activating and gut-homing molecules in
mesenteric lymph nodes depends on HIF-1a expression in
DCs in DSS-induced colitis

Mucosal DCs migrate into the mesenteric lymph nodes, where
they present antigens to T cells. DCs can induce a proin-
flammatory Th1 and Th17 response, but certain mucosal DCs
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can also promote the differentiation of Tregs to limit
inflammation.'"® To determine whether dendritic HIF-1o
knockout affects the induction of Tregs, we isolated mesenteric
lymph nodes and measured mRNA expression of Treg-
activating molecules. The levels of IL-10 and transforming
growth factor-f were significantly higher in DSS-treated HIF-
1ot 7+ f mice than in CD11cCre/HIF-10.* 7+ f mice (P < 0.05;
Figure 4a,b).

The induction of Tregs is also dependent on retinoic acid
(RA)." The activity of aldehyde dehydrogenase-1a2 (Aldh1a2),
which is necessary for catalyzing retinal to RA, was significantly
higher in DSS-treated HIF-1o. " " mice than in DSS-treated
CD11cCre/HIF-10. 77" mice (P<0.05; Figure 4c).
Furthermore, the levels of RA receptor-o, a ligand-inducible
transcription factor® expressed by Tregs, were significantly
higher in DSS-treated HIF-10. 7 " mice than in DSS-treated
CD11cCre/HIE-10. 7+ mice (P<0.0001; Figure 4d).

The gut-homing T-cell markers CC chemokine receptor 9
(CCR9) and o,f, integrin are dependent on activation
by DCs and RA.?! Therefore, we investigated the effect of
dendritic HIF-1oe knockout on these markers in our DSS
colitis model. DSS treatment significantly increased the
induction of o, integrin in lymph nodes from wild-type
and knockout mice (P<0.01; Supplementary Figure S4). In
contrast, the expression of CCRY9 and P, integrin was
significantly higher in DSS-treated HIF-1o. ™7 mice than
in  CDI1lcCre/HIF-1a. """ mice  (P<0.001-0.0001;
Figure 4e,f). Taken together, these findings indicate that
the loss of dendritic HIF-1o leads to impaired induction of
Tregs in mesenteric lymph nodes and to diminished expression
of T-cell gut-homing markers.

Increased numbers of T cells and Tregs in mesenteric
lymph nodes are dependent on HIF-1a expression in DCs in
DSS-induced colitis

To determine whether the dendritic HIF-1a knockout influences
the number of T cells and in particular of Tregs, we first looked at
the presence of T cells in the intestine. Immunofluorescence for
CD3 demonstrated an increase of CD3-positive cells through
DSS treatment in HIF-1o. "7 " and CD11cCre/HIF-10 """ f
mice (Supplementary Figure S5a,b). Immunofluore-
scence and mRNA analysis of Foxp3, a key transcriptional
regulator of Tregs,” also showed an enhanced number and
expression of Foxp3 due to DSS treatment but no differences
between HIF-1o. ™7 mice and CD11cCre/HIF-1a. ™7 mice
were detected in the intestine (Supplementary Figure S5c-e).

We next measured mRNA expression of CD4 and CD8a in
mesenteric lymph nodes. We found a significant increase in
DSS-mediated inflammation only in HIF-1o "7+ mice,
whereas the mRNA expression of CD4 and CD8a did not
change in CD11cCre/HIF-1o "7 f mice (P<0.01-0.001;
Figure 5a,b).

Expression of Foxp3 was also measured in mesenteric
lymph nodes. DSS-treated HIF-1o. "7+ mice exhibited a
significantly larger induction of Foxp3 mRNA than
CD11cCre/HIF-10. 771 mice (P<0.05; Figure 5c). Levels
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Figure 3 Inflammatory induction of interleukin-10 (IL-10) and thymic stromal lymphopoietin receptor (TSLPR) is hypoxia-inducible factor-1o (HIF-10)

dependent. (a) Bone marrow-derived dendritic cells (BmDCs) were cultivated under normoxic conditions and stimulated with lipopolysaccharide (LPS).
LPS-mediated IL-10 induction was significantly higher in HIF-10. 7+ mice than in CD11cCre/HIF-10.* 7+ mice or in mice not stimulated with LPS. (b)
Enzyme-linked immunosorbent assay (ELISA) showed significantly higher concentrations of IL-10 in supernatants from LPS-stimulated BmDCs from
HIF-1a. ¥+ mice than from CD11cCre/HIF-1a* ¥+ mice. (c) BmDCs were also cultivated under hypoxic conditions and stimulated with LPS. Induction of
IL-10 by LPS was significantly higher in HIF-10.* 7= mice than in CD11cCre/HIF-10.* 7+ mice or in mice not stimulated with LPS. N= 3; triplicate per
group. (d) Expression of IL-10 by colonic mRNA was slightly higher in dextran sodium sulfate (DSS)-treated mice than in control mice, but IL-10
expression was not significantly different between HIF-1a. =+ "and CD11cCre/HIF-10.+ ¥+ mice. In hypoxic conditioned BmDCs, induction of (e) TSLPR
by LPS was significantly higher in HIF-1a. =¥+ mice than in CD11cCre/HIF-1a. " ¥+ mice orin mice not stimulated with LPS. (f) Colonic mRNA expression
of TSLPR was significantly higher in DSS-treated HIF-10.™ ¥+ mice than in all other types of mice studied. (g) ELISA for TSLP expression in colon
homogenates showed a slight decrease in DSS-treated groups but no significant differences between HIF-10. 7"+ and CD11cCre/HIF-1a* 7+ mice.
N=5-7 per group. *P<0.05; *P<0.01; ***P<0.001; ****P<0.0001. NS, not significant.
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Figure 4 Activation and gut homing of regulatory T cells (Tregs) in dextran sodium sulfate (DSS) colitis require hypoxia-inducible factor-1o: (HIF-10)
expression in dendritic cells. Expression of mMRNA was measured in mesenteric lymph nodes (mes. LNs). Levels of (a) interleukin-10 (IL-10) and (b)
transforming growth factor-p (TGF-p) were significantly higher in DSS-treated HIF-10. ™ ¥+ mice than in DSS-treated CD11cCre/HIF-10.* " mice or in
mice not treated with DSS. Expression of (c) aldehyde dehydrogenase-1a2 (Aldh1a2) and (d) retinoic acid receptor-o. (RAR2) mRNA was higher in
DSS-treated HIF-10.* 7+ mice than in other types of mice tested. Induction of gut-homing molecules (e) CC chemokine receptor 9 (CCR9) and (f) -
integrin was higher in DSS-treated HIF-10.* 7* " mice than in other types of mice. N=5-7 per group. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.

NS, not significant.

of OX40, reported to be a surface molecule of Tregs,*” were also
higher in DSS-treated HIF-1o " " mice than in CD11cCre/
HIF-1a. "7 f mice (P<0.05; Figure 5d). Enhanced numbers
of Foxp3-positive Tregs were confirmed by immuno-
fluorescence. DSS-treated HIF-1o. ™7 mice exhibited more
Foxp3-positive cells (red) in mesenteric lymph nodes than
did knockout mice (Figure 5e). These findings indicate
that knockout of dendritic HIF-loo in DSS colitis
leads to lower numbers of T cells and Tregs in mesenteric
lymph nodes.

Regarding the proliferation marker Ki-67, untreated mice
showed positive cells only in the intestinal crypts. Through DSS
treatment, invaded immune cells in all intestinal layers were
positive for Ki-67, indicating a high proliferation rate of these
cells. HIF-1o. "7 " fand CD11cCre/HIE-10. "7 F mice did not
differ in the amount of Ki-67-positive cells (Supplementary
Figure S6).
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DC-specific knockout of HIF-1a stimulates mucosal
epithelium to increase the production of mucins in
DSS-induced colitis

Because DCs are in close contact with epithelial cells,”* we
examined the influence of the DC-specific HIF-1o knockout on
IECs in DSS colitis. Goblet cells produce mucins and trefoil
factors, thus forming a protective mucus layer that coats the
gastrointestinal tract.”> Using Alcian blue, which generally
stains mucopolysaccharides, we first ensured that the knockout
of HIF-1a in DCs did not affect mucus production under
control conditions. In DSS colitis, CD11cCre/HIF-10. "7+ f
mice showed enhanced and more intense staining compared
with HIF-1o."7"% mice in the intestine (Supplementary
Figure S7). Expression of MUCI, MUC2, and
MUC3 mRNA in the colon was significantly higher in
DSS-treated CD11cCre/HIF-10. "7+ % mice than in DSS-
treated HIF-1o. "7 mice (P<0.05-0.01; Figure 6a—c).
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Increases in numbers of T cells and regulatory T cells (Tregs) in mesenteric lymph nodes (mes. LNs) depend on dendritic hypoxia-inducible

factor-1a. (HIF-1a) expression in dextran sodium sulfate (DSS) colitis. Expression of mMRNA was measured in mes. LNs. (a) CD4 and (b) CD8 mRNA
expression was significantly higher in DSS-treated HIF-10.* ¥+ mice than in CD11cCre/HIF-1a.~ ¥+ '-treated mice or in either type of mouse not treated
with DSS. The expression of Treg markers (c) forkhead box P3 (Foxp3) and (d) OX40 mRNA was significantly higher in DSS-treated HIF-1o. ="+ mice
thanin DSS-treated CD11cCre/HIF-1a.* ¥ ' mice orin mice not treated with DSS. (e) Sections (4 um) of mes. LNs were stained with Foxp3 (red) and 4’,6-
diamidino-2-phenylindole (DAPI; blue). The number of Foxp3-positive cells (red) after DSS colitis was enhanced only in HIF-1o.+ 7= mice (original
magnification x 200; scale bar=50pum). N=5-7 per group. *P<0.05; *P<0.01; **P<0.001. C, control.

Immunofluorescence studies confirmed enhanced MUC2
protein levels in CD11cCre/HIF-1o. """ mice compared
with HIF-1a. ™71 mice (Figure 6d). Levels of trefoil factor
3 mRNA were significantly higher than control levels only in
DSS-treated knockout mice, but not in DSS-treated wild-type
mice (Supplementary Figure S8). In total, these findings
demonstrate that in the DSS-induced colitis the loss of HIF-1a
by DCs affects the crosstalk between DCs and IECs, causing
IECs to produce more mucins.

DISCUSSION

HIF plays a crucial role in the regulation of many immune cells.
It is well established that in myeloid cells HIF-1o promotes cell
survival and migration, invasiveness, and bacterial killing,***’
In T cells, HIF-1 controls the balance between Tregs and Th17
differentiation.?® In DCs, cell differentiation, migration, and
hypoxic cell survival is regulated by HIF-1.7>! In experimental
models of colitis it has been shown that epithelial HIF-1 has an
antiinflammatory and protective function through the induc-
tion of barrier protective genes.”” In addition, the use of prolyl
hydroxylase inhibitors, which stabilize the HIF complex,
provided beneficial effects in two different murine colitis
models.'®** Various studies have shown that not only the
epithelium but also the whole intestinal tissue is exposed to
hypoxia during inflammation,™® and it becomes increasingly
relevant to consider the function of HIF in different immune
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cells. It has been reported that HIF-1 in T cells ameliorates DSS-
induced colitis by controlling the balance of Tregs and T
effector cells.** Treg-intrinsic HIF-1a is further required for an
optimal Treg function to control colitis.'> We now focused on
the role of HIF-1a in DCs because they play a crucial role in
regulating the immune response and are also involved in the
pathogenesis of IBD.> In the current report we show for the
first time that dendritic HIF-1a exerts a pivotal influence on the
control of colitis. The absence of dendritic HIF-1o leads to a
more severe intestinal inflammation with higher body weight
loss, increased levels of inflammatory cytokines, and impaired
induction of Tregs (Figure 7).

Lipocalin2 is a known regulator of the gut’s immune
response.’® It is a member of the lipocalin protein family
and is apically secreted by epithelial cells. Chassaing et al.'*
measured fecal lipocalin2 levels with enzyme-linked immu-
nosorbent assay and reported that these levels are upregulated
in murine models of colitis. When we determined colonic
mRNA expression, we found elevated levels of lipocalin2 in our
knockout mice in DSS-induced colitis, a finding indicating a
more severe inflammation (Figure 1b). Inflammatory
cytokines such as IL-6 and IL-23 are strongly involved in
the pathogenesis of IBD.*”*® IL-6 can inhibit Treg-mediated
suppression in a murine model of colitis.*® It has been shown
that IL-23 promotes inflammation by IL-6 and IL-17 and drives
a Th17 immune response.”® A recent study demonstrated that
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C, control; NS, not significant.

lamina propria DCs constitutively express IL-23,* demon-
strating additional influence of DCs on IBD. Herein, we found
higher levels of IL-6 and IL-23 in DSS-treated CD11cCre/HIF-
1o ™7+ fmice than in HIF-1o. " 7+ fmice, indicating that HIF-1
is involved in this regulation (Figure 1c,d). Collectively,
knockout of HIF-1o in DCs exposed to inflammation and
hypoxia caused upregulation of inflammatory mediators from
both DCs and epithelial cells.

We recently reported that dendritic IFN-o0 production
in vitro is HIF-1a dependent.13 Herein, we now confirmed
these findings in vivo, because our knockout mice exhibited less
expression of IFN-04 and IFN-o12 mRNA after DSS treatment
(Figure 2a,b). Type I TFNs are known to exert protective effects
in intestinal inflammation by preventing epithelial barrier
dysfunction and inhibiting the inflammatory response of
activated macrophages.*** This is in line with our present
finding that HIF-1o™ 7" ' mice exhibit fewer infiltrated
macrophages than do CD11cCre/HIF-1a." 7" mice in DSS
colitis, likely because of the reduced expression of type I IFNs
(Figure 2e,f).
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MUC2 (fred) and 4’,6-diamidino-2-phenylindole (DAPI; blue). After treatment with DSS, the amount of colonic MUC2 protein was higherin CD11cCre/HIF-
mice than in HIF-1¢. =+ mice (original magnification x 200; scale bar=50um). N=5-7 per group. *P<0.05; **P<0.01; ***P<0.0001.

Counterbalancing these proinflammatory signals, Tregs
induced by a subset of intestinal DCs are protective in
intestinal inflammation.*’ Tregs are defined by the expression
of Foxp3.”*> We found fewer Foxp3-positive cells in our
knockout mice concomitant with a more severe inflammation.
The induction of Tregs is further dependent on the release of
RA and transforming growth factor-B by DCs.*' RA is
converted from retinal by Aldhs. Aldhla2 is found primarily
in DCs in the mesenteric lymph nodes,"” and RA resulting from
its enzymatic activity can inhibit the IL-6-mediated induction
of proinflammatory Th17 cells.** DSS treatment failed to
induce transforming growth factor-B, Aldhla2, and RA
receptor-o. in our DSS-treated mice with DCs lacking HIF-
1o (Figure 4b-d). HIF-1a-deficient DCs may secrete less RA
because of the decrease in Aldhla2 expression and cause lower
expression of RA receptor-o that is directly induced by RA.*

Treg induction also relies on DC-secreted IL-10.'°
Spontaneous colitis develops in IL-10 knockout mice after a
few weeks.** Several studies have demonstrated that HIF-1o
influences IL-10 production. Cai et al.*® showed that HIF-1o
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activates IL-10 production in myocytes and is required for
remote preconditioning of the heart. Stabilization of HIF-1a by
treatment with dimethyloxalylglycine increased LPS-induced
expression of IL-10.*” In this study we found for the first time
that dendritic loss of HIF-1a directly leads to diminished levels
of IL-10 in vitro (Figure 3a-c) and in the lymph nodes in vivo
(Figure 4a), with a severe impact on intestinal inflammation.
The fact that we could not detect significant changes in IL-10
mRNA expression in the colon (Figure 3d) may be because of
the small numbers of DCs in colon tissue.

Intestinal DCs can induce the specific gut-homing markers
o,B, integrin and CCR9 on Tregs.** RA enhances the
expression of o,f, integrin and CCR9." We found that the
expression of f3; integrin and CCR9 was significantly higher in
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DSS-treated HIF-1o. "7 mice than in knockout mice
(Figure 4e,f), a finding indicating that dendritic HIF-1o is
needed for adequate Treg homing. Together, our findings are
conceivable with fewer Tregs in CD11cCre/HIF-10. " ™" mice
suffering from DSS colitis. This was indeed indicated by
reduced CD4 but more specifically Foxp3- and OX40-
expressing cells (Figure 5a-d).

Ofinterest to us was the potential crosstalk between IECs and
DCs."” IECs release TSLP that conditions mucosal DCs to
noninflammatory tolerogenic DCs. Jang et al.*> demonstrated
that the expression of TSLP in keratinocytes is HIF-1a
dependent. We were unable to detect differences in the
expression of TSLP in colon tissue probably because IECs in
our model express active HIF-1a.. However, expression of the
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TSLPR was induced by LPS only in BmDCs from HIF-1o. "7
mice (Figure 3e). Correspondingly, in vivo only HIF-1o "7 *f
mice exhibited increased levels of TSLPR in DSS colitis
(Figure 3f).

Furthermore, we detected a reciprocal interaction between
IECs and DCs. Knockout of dendritic HIF-1a leads to increased
production of MUCI1-3 (Figure 6a-d). Mucins are produced
primarily by goblet cells and play a crucial role in mucosal
protection. The expression of mucins in intestinal
inflammation depends on the severity and degree of
colitis.*® Van der Sluis et al.> reported that MUC2 knockout
mice develop spontaneous colitis and are more prone to DSS
colitis. Furthermore, Yokoigawa et al®' found that mucins
secreted from colon cancer cells induce the production of IL-6.
Other studies have demonstrated IL-6-mediated induction of
MUC2 and MUCS3 in colon carcinoma cells.”>** In our DSS-
treated knockout mice, higher levels of IL-6 were associated
with higher levels of mucins. This association may result from a
compensatory protective mechanism in the intestinal epithe-
lium, because mucins are also involved in mucosal repair.54’55

Therapeutic strategies may be derived for models of IBD to
use hydroxylase inhibitors that provided various
protective effects in IBD.>® Systemically applied hydroxylase
inhibitors not only affect the gut epithelium but also immune
cells like neutrophils, T cells, and DCs. In this study we
found effects on IBD by exclusively knocking out HIF-1 in DCs;
thus selectively activating HIF-1 in DCs could provide a
protective effect in IBD. The systemic use of hydroxylase
inhibitors will in addition have potential side effect such as
raising the hematocrit or supporting tumor development.>’
Therefore, the concept of targeted administration of hydro-
xylase inhibitors to the inflamed epithelium over a short
therapeutic time frame appears very appealing.”® In fact, such a
therapeutic application route could also reach DCs when the
barrier function of the epithelium is impaired and DCs have
just entered the underlying stroma. Targeting intestinal DCs
may therefore be an attractive therapeutic option in the
treatment of IBD.

METHODS

Mice. C57Bl/6] mice with two loxP sites flanking exon 2 of the hif-1x
gene (HIF-1o +i+ f, purchased from The Jackson Laboratory, Bar
Harbor, ME) were crossed with mice in which the integrin o X
(CD11c) promoter drives Cre recombinase expression (CD11cCre/
HIF-10. "7 ) to achieve a CD11c cell-specific knockout of HIF-1o. In
these mice, exon 2 encodes for the DNA binding site of translated HIF-
la protein. Knockout mice exhibit significantly reduced expression of
functionally active HIF-1o protein in CD11c-expressing cells and also
exhibit a loss of function of the HIF-1 complex. Sibling mice negative
for Cre recombinase (HIF-1o.™ %) served as controls. All animals
demonstrated physiological habitus and bred regularly. Animal
experiments were performed in full accordance with the German law
for animal welfare and with institutional regulations for animal
breeding and handling and approved by the Landesamt fiir Umwelt-,
Natur- und Verbraucherschutz Nordrhein-Westfalen (LANUV NRW;
file reference 84-02.04.2011.A098).

DSS colitis model. Colitis was induced by treatment with DSS (MP
Biomedicals, Santa Ana, CA).58 Female mice 10 to 12 weeks old were
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given 3% DSS dissolved in drinking water for 7 days and body weight
was recorded daily. On day 7, mice were killed by cervical dislocation,
and mesenteric lymph nodes and colonic tissues were dissected.

Primary murine BmDCs. DCs were isolated from HIF-10. "7 and

CD11cCre/HIF-1a. "7 mice as previously described."® Cells were
cultivated under normoxic (O,/CO,/N,, 21:5:74 vol%) and hypoxic
(0,/CO,/N,, 3:5:92 vol%) conditions. On culture day 8, DCs were
incubated for 6h with 1pgml~' LPS (serotype 0111:B4, Sigma,
Deisenhofen, Germany); total RNA was then extracted.

Cell isolation. Primary murine BmDCs were isolated from
HIF-1o "% *f and CD11cCre/HIF-10" 7! mice as previously
described.”® Cells were cultivated under normoxic (0,/CO,/N,,
21:5:74 vol%) and hypoxic (O,/CO,/N,, 3:5:92 vol%) conditions. On
culture day 8, DCs were incubated for 6h with 1ugml~" LPS
(serotype 0111:B4, Sigma); total RNA was then extracted. Primary
murine bone marrow-derived macrophages were isolated from HIF-
1o "7+ fand CD11cCre/HIF-10. " 7+ mice as previously described.”
Cells were cultivated for 12 days under normoxic (O,/CO,/N,, 21:5:74
vol%) conditions and then stimulated under hypoxic (O,/CO,/N,,
3:5:92 vol%) conditions for 6h before total RNA was extracted.
CD4" T cells were isolated from spleens from HIF-1o."*f and
CD11cCre/HIE-1a. " 7+ f mice with CD4 MicroBeads (Miltenyi Biotec,
Bergisch Gladbach, Germany); total RNA was directly extracted.

Flow cytometry. Cells of mesenteric lymph nodes were incubated with
a fluorescently labeled antibody against CD11c (N418, BioLegend, San
Diego, CA) and analgzed by fluorescence-activated cell sorting as
previously described.'

RNA preparation and reverse transcriptase-PCR. RNA was isolated
from BmDCs as previously described.'” Total RNA was isolated from
lymph nodes and colon with the RNeasy Mini Kit (Qiagen, Hilden,
Germany). Primer sequences used for quantitative PCR are listed in
Supplementary Table S1 (Invitrogen, Darmstadt, Germany).
Quantitative detection of IFN-o subtypes was performed with the
QuantiTect Primer Assay (Qiagen). Real-time PCR was performed
with SYBR green fluorescent dye (Eurogentec, Verviers, Belgium) on
the iQ5 Real-Time PCR detection system (Bio-Rad, Munich,
Germany). Amounts of complementary DNA were normalized to
ribosomal protein, and expression was calculated as induction relative
to respective controls with the Act method."

Cytokine analysis. Levels of IL-6, IL-10, and thymic stromal lym-
phopoietin were detected in colon homogenates and supernatants
from BmDCs according to the manufacturer’s instructions (enzyme-
linked immunosorbent assay MAX Deluxe, BioLegend). Con-
centrations were expressed as pgig ' colon homogenate or pgml ~
cell culture supernatant.

Immunostaining. Sections of colon tissue were stained with hema-
toxylin (Merck, Darmstadt, Germany) and eosin (Sigma). Histological
assessment was performed as described previously.”” F4/80 was
detected using a rat anti-mouse F4/80 antibody (AbD Serotec,
Kidlington, UK). Ki-67 was detected with a rabbit anti-mouse Ki-67
antibody (DCS, Hamburg, Germany). Goat-anti rat (Santa Cruz
Biotechnology, Santa Cruz, TX) and goat anti-rabbit (Dako, Glostrup,
Denmark) antibodies were used as secondary antibodies. For
immunohistochemistry the ABC immunodetection (Vectastain Elite
ABC Kit; Vector Laboratories, Peterborough, UK) and Diamino-
benzidine as chromogen (Vector Laboratories) were used. CD3 was
detected with a goat polyclonal CD3-¢ antibody (Santa Cruz
Biotechnology). Foxp3 was detected with a rat anti-mouse Foxp3
antibody (eBioscience, San Diego, CA). MUC2 was detected with a
rabbit anti-mouse MUC2 antibody (Santa Cruz Biotechnology). For
immunofluorescence Alexa Fluor 488 and 568 s antibodies were used
(Invitrogen). Alcian blue staining was performed with Alcian blue
solution (Sigma).
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Statistical analysis. Data were compared by one-way analysis of
variance with GraphPad Prism 6 software (GraphPad Software, La
Jolla, CA); the Tukey-Kramer post hoc test was used to determine the
statistical significance of the differences between the groups.
Expression of DSS-treated samples was normalized to untreated
controls of the same genotype. Untreated groups showed no
differences in any gene expression. Values are expressed as
means +s.em. for n individual experiments. P-values 0.05 were
considered significant.

SUPPLEMENTARY MATERIAL is linked to the online version of the paper
at http://www.nature.com/mi
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