B I’I ef re p O rt Related Commentary, page 560

IRHOMZ2 is a critical pathogenic
mediator of inflammatory arthritis
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iRHOM?2, encoded by the gene Rhbdf2, regulates the maturation of the TNF-o convertase (TACE), which con-
trols shedding of TNF-o and its biological activity in vivo. TACE is a potential target to treat TNF-o-dependent
diseases, such as rheumatoid arthritis, but there are concerns about potential side effects, because TACE also
protects the skin and intestinal barrier by activating EGFR signaling. Here we report that inactivation of Rhbdf2
allows tissue-specific regulation of TACE by selectively preventing its maturation in immune cells, without
affecting its homeostatic functions in other tissues. The related iRHOM1, which is widely expressed, except in
hematopoietic cells, supported TACE maturation and shedding of the EGFR ligand TGF-o. in Rhbdf2-deficient
cells. Remarkably, mice lacking Rhbdf2 were protected from K/BxN inflammatory arthritis to the same extent
as mice lacking TACE in myeloid cells or Tnfa-deficient mice. In probing the underlying mechanism, we found
that two main drivers of K/BxN arthritis, complement C5a and immune complexes, stimulated iRHOM?2/
TACE-dependent shedding of TNF-a in mouse and human cells. These data demonstrate that iRHOM?2 and
myeloid-expressed TACE play a critical role in inflammatory arthritis and indicate that iRHOM?2 is a potential

therapeutic target for selective inactivation of TACE in myeloid cells.

Introduction

iRHOM?2, an inactive member of the Rhomboid intramembrane pro-
teinase family, was recently identified as regulator of the TNF-a con-
vertase (TACE) (1-3). TACE is essential for activating the EGFR and
for releasing TNF-a (4-8). Since biologic TNF-a blockers are widely
used to treat rheumatoid arthritis (RA), a destructive, inflammatory
joint disease affecting 0.5%-1% of the population, TACE is a poten-
tial alternative target for treatment of RA. However, a recently identi-
fied TACE-deficient patient revealed key roles for TACE in protecting
the skin and intestinal barrier in humans (9). Notably, similar skin
defects are recapitulated in mice lacking either TACE or EGFR in
keratinocytes (10), and mice with strongly reduced TACE are suscep-
tible to DSS colitis, a model for inflammatory bowel disease, proba-
bly because of a lack of EGFR signaling (11, 12). The protective role
of TACE in the skin and intestine raises concerns about the potential
side effects of targeting of TACE. It would be preferable to selectively
inactivate TACE without compromising its protective functions, but,
to date, there is no suitable approach to accomplish this. Here, we
report that iRHOM?2 is a good target to inactivate TACE in myeloid
cells without affecting its protective functions and that iRHOM?2
might therefore be an attractive new target for treatment of RA.

Results and Discussion
iRHOM?2 controls the maturation of TACE, yet Rhbdf2~/~ mice
are healthy (1-3), whereas Tace”~ mice die perinatally (S, 7). To
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address this apparent paradox, we assessed whether iRHOM?2
affects TACE maturation in tissues other than macrophages. In
Western blots of Rhbdf27~ tissues, mature TACE was not detected
in bone marrow and was strongly reduced in lymph nodes but was
clearly present in the brain, heart, kidney, liver, lung, and spleen
(Figure 1A), in approximate concordance with the expression of
the related iRHOM1 (BioGPS atlas, mu-iRHOM1). We therefore
tested whether it is iIRHOM1 that supports TACE maturation in
Rhbdf27~ mouse embryonic fibroblasts (mEFs), which expressed
higher iRHOM1 levels than macrophages (Figure 1B and Sup-
plemental Figure 1; supplemental material available online with
this article; doi:10.1172/JCI66168DS1) and had normal levels of
mature TACE in Western blots (Figure 1C; control: Tace”/~ mEFs).
Rbbdf27/- mEFs shed the TACE substrate and EGFR ligand, TGF-a,
at comparable levels to those of WT controls (Figure 1D). However,
TGF-a shedding was strongly reduced in Rhbdf27~ mEFs treated
with iRhom1 siRNA (Figure 1D; control: Tace”~ mEFs). Western
blots showed normal mature TACE levels in iRhom1 siRNA-
treated WT mEFs but strongly reduced mature TACE levels in
iRhom1 siRNA-treated Rhbdf27/~ mEFs; iRhom1 siRNA was effec-
tive in both WT and mutant cells (Figure 1, E and F). Since iRHOM1
was not upregulated in Rbbdf27~ mEFs (Figure 1B and Supple-
mental Figure 1), iRHOMI1 was sufficient for TACE maturation
and function. In Rhbdf2~/~ primary keratinocytes, which expressed
similar iRHOM1 levels as mEFs (Figure 1B and Supplemental
Figure 1), mature TACE levels and the release of endogenous
TGF-a were comparable to those in controls (Figure 1, G and H).
Since TACE and TGF are crucial for skin barrier maintenance in
mice (10) and TACE/EGFR signaling protects from DSS colitis
Number 2

Volume 123 February 2013



brief report

A kDa BM LN _ kDa Brain Heart  Kidney  Liver Lung  Spleen .
oo T R B oo N R S S R
S 100 2o
_ Y m
75- - el .- 2 o@D H B e oo e 2
[\%]
\XS\‘O&‘? ~X<\ © \‘:6‘08{3 \‘6,05@ \XS\‘O&‘? ~X<\ \‘f \‘:606 \Xﬁ\‘o&
& & & & & &S 3
C D
- NS -
2.5 mwr i kDa mEFs = 14 Wwr
c 150 - - E 124 B Rnbarz -
© 2.0 M Rhbdrz*- " ap 3 > i
17} - AamO c _ B Rhbdfz +
a NS 100 - m 5 10 iRhom1 SiRNA
22154 M 5 £ 08
= 100--- = 3 0 7ace
@« T 1.0 ! = @ 0.6 *
== Y . o = ’
5 -
2 o05- \‘S\Q&'fqa‘*@ g o4
iy : 8 LGJL 0.2 1
. L
mEFs Mds KCs mEFs
E F G H NS
mEFs 120 mwr \Da 607 M1 mwr
e “ — —
kDa WT  Rhbdfz- c g 100 W Rhbarz 150 - w3 £ W Rhbafz-
c o~ = —
100- amp sF S
\\?‘ \\?‘ ‘\?' ‘\V‘ LT " © (O]
SELS 2 $ g
o) & o & ECICCgS & E—en
o8 &8 SR SN
A h PaD PaD
T T
. ‘QO o ‘Qo
N N
Figure 1

iRHOM2 controls TACE maturation in immune cells but not somatic tissues. (A) Western blots of TACE in tissues and cells from Rhbdf2-- mice
and littermate controls (WT). In Rhbdf2-- mice, mature TACE is absent in bone marrow and strongly reduced in lymph nodes but present in
brain, heart, kidney, liver, lung, and spleen (differences in mature TACE migration are caused by N-linked carbohydrate modifications; blots
are representative of 5 experiments). p, pro-TACE; m, mature TACE. (B) gPCR of Rhbdf1 in mEFs, primary macrophages (M®s), and primary
keratinocytes (KCs; Rhbdf2-- vs. controls; n = 2; mean + SD). (C) Representative TACE Western blot of mEFs from WT, Rhbdf2--, or Tace~-
animals (n = 3). (D) Shedding of TGF-a from WT, Rhbdf2--, iRhom1 siRNA-treated Rhbdf2--, or Tace”- mEFs (n = 4; mean + SD; *P < 0.05,
WT vs. iRhom1 siRNA-treated Rhbdf2-- mEFs or WT vs. Tace”- mEFs, 1-way ANOVA followed by Dunnett’s test). (E) TACE Western blot shows
reduction of mature TACE only in iRhom1 siRNA-treated Rhbdf2-- mEFs but not in iRhom1 siRNA-treated WT controls (Ctrl). (F) gPCR con-
firmed reduction of Rhbdf1 in iRhom1 siRNA-treated WT or Rhbdf2-- mEFs (representative of 3 experiments). (G) Western blot of TACE and
(H) release of endogenous TGF-o. from primary keratinocytes from Rhbdf2-- or WT mice (n = 2; mean + SD). ADAM9, ADAM15, or ERK2 were

used as loading controls, as indicated.

(11, 12), these findings provide a compelling explanation for the
lack of skin and intestinal defects in Rhbdf2~/~ mice (3).

To explore the role of iRHOM2 in RA, we isolated synovial
macrophages from patients with RA and found a significant
upregulation of iRHOM2 expression compared with that in
healthy controls (Figure 2A). We then assessed the role of iIRHOM?2
in the K/BxN mouse RA model, which has a substantial TNF-a-
dependent component (although some Txnfa7~ mice are not pro-
tected from disease; refs. 13, 14). K/BxN inflammatory arthritis
was significantly attenuated in Rhbdf2~~ mice compared with
that in controls, showing less joint swelling (Figure 2B) and lower
clinical scores (Supplemental Figure 2A), reflecting less synovial
inflammation and cartilage erosion (Figure 2, C and D). These
results show for what we believe to be the first time that iIRHOM2
promotes inflammatory arthritis in the K/BxN model. Since this
model depends on innate immune cells, such as macrophages and
neutrophils (15), and since Rhbdf27~ mice have little, if any, active
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TACE in these cells (Figure 2E and refs. 1, 2), we tested whether
myeloid-specific inactivation of TACE would protect from K/BxN
arthritis. As in the case of Rhbdf2~/~ mice (Figure 2, F-H, and Sup-
plemental Figure 2B) or Tnfa”/~ mice (13, 14), Tace®M¢ mice (mice
with Tace deleted [A] in myeloid cells) (5) were similarly protected
from serum transfer arthritis. Thus, the protection of Rhbdf2~/~
mice from K/BxN inflammatory arthritis most likely involves inac-
tivation of TACE-dependent TNF-a. release from myeloid cells.
To understand why Rhbdf27~ and Tace’¥C mice are protected
from K/BxN arthritis, we tested whether two crucial drivers of
this model, C5a receptor and FcyR (13, 15), activate iRHOM2/
TACE-dependent TNF-a shedding. We found that stimulation of
Tace®™C macrophages or Tace”~ fetal liver macrophages with CSa
triggered markedly reduced TNF-a release compared with that in
controls (Figure 3A). Human monocytes behaved similarly, in that
C5a also activated TACE to shed TNF-a,, as evidenced by the inhib-
itory effect of TACE-selective hydroxamates (SP26 and DPC333;
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Figure 2

iRHOM2 and TACE in myeloid cells are key players in RA. (A) Relative RHBDF2 expression in RA synovial macrophages (n = 9) compared with
that in macrophages from normal control patients (n = 7). The horizontal line indicates the mean. (B) Ankle thickness of Rhbdf2-- (n = 11) and
control (n = 14) mice injected with K/BxN serum (mean + SD). (C) Histology of ankle joints (left) and cartilage erosion (right) in Rhbdf2-- and
control mice (arrows indicate synovitis). Scale bars: 500 um (left); 20 um (right). (D) Blinded scoring of ankle joints from Rhbdf2-- mice (n = 11)
or controls (n = 14) for inflammation and cartilage erosion (scale of 0 to 4) (mean + SD). (E) Western blot of TACE on Gr1+ myeloid cells, B220+ B
cells, and CD4+ T cells (ERK2 was used as a loading control) (n = 2). (F) Ankle swelling in TaceAMC and control mice subjected to K/BxN arthritis
(n =14 each; mean + SD). (G) Histology (as in C) and (H) blinded scoring of ankle sections from Tace2C mice and controls for inflammation and
cartilage erosion (n = 14 each; mean +SD). *P < 0.05, Mann-Whitney U test.

ref. 16) and the TACE-specific inhibitory antibody D1(A12) (ref.
17 and Figure 3B). Moreover, crosslinking FcyRIIa or FeyRIII on
human monocytes with mAbs or immune complexes (ICs) (18)
stimulated TNF-o shedding, which was enhanced by CSa, and
inhibited by DPC333 (Figure 3C). Treatment of human macro-
phages with CSa or IC stimulated the production of RHBDF2
mRNA and TACE (Supplemental Figure 3). Addition of the TACE
inhibitor DPC333 or etanercept reduced TNFA mRNA, suggesting
that iRHOMZ2/TACE inhibitors could have unanticipated antiin-
flammatory benefits by reducing not only TNF-a shedding, but
also its biosynthesis (Supplemental Figure 4). Of note, TACE was
not required for other C5a receptor-mediated and Fcy receptor-
mediated (C5aR-mediated and FcyR-mediated) effector functions
that are essential for microbial host defense, such as phagocytosis
and generation of reactive oxidants (Supplemental Figure 5).

To determine whether iRHOM?2 regulates TACE in human
monocytes, these were treated with iRHOM?2 siRNA, which
reduced mature TACE, but not pro-TACE, as in Rhbdf27/~ BM-
derived macrophages (BMDMs) (1-3), whereas TACE siRNA
reduced both forms (Figure 3, D and E). iRHOM2 siRNA or TACE
siRNA significantly decreased the C5a-, IC-, or C5a/IC-stimu-
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lated release of TNF-a, establishing iRHOM2 as a key molecule
in complement- and IC-stimulated TNF-a release from human
monocytes (Figure 3F). C5a- and IC-stimulated TNF-a shed-
ding were attenuated, in some cases differentially, by inhibitors
of Src family kinases, p38MAPK, PKC, MEK, and Syk, some of
which prevent arthritis in rodent models (Supplemental Figure
6). Finally, the in vivo relevance of TACE and iRHOM2 in C5a-
and IC-stimulated TNF-a release was confirmed in reverse pas-
sive Arthus reaction peritonitis (19), where soluble TNF-a was
markedly reduced in the peritoneal lavage in Tace® and Rhbdf2~/~
mice (Figure 3G). Taken together, our results demonstrate for
the first time to our knowledge that C5a-C5aR and IC-FcyR both
activate iRHOM2/TACE to release TNF-a,, providing mechanistic
insights into how these 2 pathways promote inflammatory RA.
The pathway by which C5a and ICs activate TACE is presumably
sequential, as both stimuli can activate TACE strongly, but block-
ing either prevents serum transfer RA (13, 15).

In summary, our results explain why Rhbdf2~/~ mice display no
obvious spontaneous pathologies: mature TACE is produced in
most somatic tissues of Rhbdf27/~ mice. The related iRHOM]1,
which is expressed in somatic tissues but not in most hematopoi-
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Figure 3

Complement C5a and ICs activate TACE to shed TNF-a.. (A) C5a-induced TNF-a shedding from Tace*MC¢ BMDMs or fetal liver-derived macro-
phages from Tace~- mice or controls, assessed by ELISA after 3 to 4 hours of stimulation (n = 4; mean + SD). (B) TNF-a shedding by human
monocytes during 2-hour stimulation with C5a (1 ug/ml) plus TACE inhibitors (SP26, DPC333) and anti-TACE antibody D1(A12) (representative
of 4 experiments; mean + SD; *P < 0.05). (C) TNF-a shedding by human monocytes induced by FcyR crosslinking (mAbs or model IC [concen-
tration, 0.25 mg/ml IVIg]) and/or C5a (1 ug/ml), assessed after 2 hours (representative of 3 experiments; mean + SD, *P < 0.05, DPC333 vs.
control). (D) Human monocytes have reduced RHBDF2 mRNA when treated with iIRHOM2 siRNA, but not with TACE siRNA, and (E) iRHOM2
siRNA treatment of human monocytes reduced mature TACE, but not pro-TACE, in a Western blot, whereas TACE siRNA reduced pro- and mature
TACE (n = 3). (F) TNF-a release from C5a-, IC-, and IC/C5a-stimulated cells treated with or without iIRHOM2 siRNA or TACE siRNA (n = 3; mean
+ SD; *P < 0.05, stimulated control siRNA vs. iRHOM2 siRNA or TACE siRNA, 1-way ANOVA, followed by Dunnett’s test). (G) Soluble TNF-a in

the peritoneal lavage of Tace2MC (n = 6) or Rhbdf2-- mice (n = 4) and controls injected with ova plus anti-ova for 3 to 4 hours (n = 6).

etic cells, appears to support TACE maturation and function in
the absence of iIRHOM2, as shown in fibroblasts. Importantly, the
lack of mature TACE in immune cells of Rbbdf27~ mice offers sig-
nificant protection from inflammatory arthritis, comparable to
what is observed in Tace*M€ mice or Tnfa~/~ mice. Because iRHOM2
and TACE are essential for the release of TNF-o from myeloid
cells, and because TNF-a is a successful target for the treatment
of RA, iRHOM2 may offer the unique and exciting prospect of cell
type-specific blockade of TACE and TNF-a shedding. The skin
and intestinal inflammation in a patient lacking TACE (9) empha-
size the important opportunity provided by targeting iRHOM2
to limit immune cell-specific TACE activation in RA and possibly
other TNF-a-dependent pathologies, yet avoid the potential con-
sequences of systemic TACE inactivation.

Methods
Mice. Tace®MC, Tace”/~, and Rhbdf27/~ mice (2, 5) were of 129Sv/C57BL/6
mixed background. C5aR~~ mice (C57BL/6) were from C. Gerard (20).

The Journal of Clinical Investigation

http://www.jci.org

KRN-TCR mice (from D. Mathis and C. Benoist, Harvard Medical School,
Boston, Massachusetts, USA) were mated with NOD/SHiLtJ mice (The
Jackson Laboratory) to generate K/BxN mice.

Reagents. Recombinant human CSa and C3a (EMD4Biosciences) and
recombinant human TNF-o (R&D Systems) were endotoxin free (Limulus
Amebocyte Lysate Pyrochrome Kit, Cape Cod Inc.). E. coli LPS (Chemicon);
SP26 (16) (Schering Plough); anti-TACE D1(A12) (17) (from G. Mur-
phy and C. Tape, Cambridge University, Cambridge, United Kingdom);
DPC333 (16) (from R. Waltermire, Brystol-Myers Squibb); FACS anti-
bodies (BD Pharmingen); TGF-o. ELISA (R&D Systems); anti-iIRHOM1
(Sigma-Aldrich); anti-TACE, anti-ADAMOY, or anti-ADAM15 (Blobel lab);
and signaling inhibitors (Milipore) were also used.

Cell culture. CD14* monocytes were purified as described previously
(21). Macrophages were derived by culturing monocytes for 16 to 24
hours in 10% FBS a-MEM (Invitrogen) and 10 ng/ml hM-CSF (Pepro-
tech). Mouse BMDMs (21) were maintained in DMEM, 20% FBS, and
10 ng/ml mM-CSF. Keratinocytes and mEFs were isolated as described
previously (2, 22).
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qPCR. Total RNA (RNeasy) was reverse transcribed (Oligo-dT/Super-
Script RT TII, Qiagen). QPCR (SYBR Green, ABI PRISM 7900HT; Applied
Biosystems) was normalized to actin.

Western blots. Western blots were performed as described previously (2).
Please see Supplemental Figure 7 for details and quantification.

RNA interference. TACE, iRhom2, or control siRNAs were used for trans-
fection (Lonza Nucleofector). iRhom1 siRNA duplex (Rhbdf1-MSS203813,
Rhbdf1-MSS203814, or Rhbdf1-MSS203815; Invitrogen) was also used for
transfection (Lipofectamine 2000, Invitrogen). Data shown are represen-
tative for Rhbdf1-MSS203814 (see Figure 1, D-F). iRhom2 siRNA duplex
(HSS128595, HSS188104, HSS128594; Invitrogen) was used for transfec-
tion. Data shown are representative for HSS188104 (see Figure 2, D-F).

Shedding assay. Shedding assays were for 3 to 4 hours (16).

Fc crosslinking. CD14" mononuclear cells were pretreated with or with-
out DPC333 and added to 96-well plates coated with anti-FcyRIII (3G8,
Medarex), anti-FcyRII (IV.3, Medarex), or IVIG (Talecris Biotherapeutics).

Reverse passive peritoneal Arthus reaction. Following i.v. injection of 20 mg/kg
chicken egg albumin (Sigma-Aldrich), 800 ug rabbit anti-chicken egg albu-
min IgG (MP Biomedicals) was i.p. injected. i.p. anti-OVA and i.v. PBS were
used as controls. Mice were sacrificed after 3 hours for peritoneal lavage
(3 ml PBS, 1% heparin).

K/BxN serum transfer arthritis. 100 ul of serum from 6- to 8-week-old
K/BxN mice was injected i.p. at days 0 and 2. Clinical index and ankle
thickness were measured (13). Ankle joint sections were scored (blinded)
on ascale of 0 to 4 for inflammation and erosion (23).
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Synovial macrophages. Gene expression analysis was performed in RA syno-
vial macrophages (deidentified; use of macrophages was approved by Hospi-
tal for Special Surgery IRB), which were isolated as described previously (24).

Statistics. An unpaired 2-tailed Student’s ¢ test was used unless otherwise
stated. SigmaStat3.1 software or Prism (GraphPad Software) was used for
all statistical tests.

Study approval. All animal studies were approved by the Hospital for Spe-
cial Surgery IACUC. All human studies were approved by the Hospital for
Special Surgery IRB.
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