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Abstract

Innate immune responses are vital for pathogen defense but can result in septic shock when 

excessive. A key mediator of septic shock is tumor necrosis factor–α (TNFα), which is shed from 

the plasma membrane after cleavage by the TNFα convertase (TACE). We report that the 

rhomboid family member iRhom2 interacted with TACE and regulated TNFα shedding. iRhom2 

†To whom correspondence should be addressed: tmak@uhnresearch.ca.
*These authors contributed equally to this work.

Link to final version published in Science: www.sciencemag.org/content/335/6065/229

Supporting Online Material

www.sciencemag.org/cgi/content/full/VOL/ISSUE/PAGE/DC1

Materials and Methods

Figs. S1 to S8

Table S1

References (24–33)

NIH Public Access
Author Manuscript
Science. Author manuscript; available in PMC 2014 December 01.

Published in final edited form as:

Science. 2012 January 13; 335(6065): 229–232. doi:10.1126/science.1214448.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



was critical for TACE maturation and trafficking to the cell surface in hematopoietic cells. Gene-

targeted iRhom2-deficient mice showed reduced serum TNFα in response to lipopolysaccharide 

(LPS) and could survive a lethal LPS dose. Furthermore, iRhom2-deficient mice failed to control 

the replication of Listeria monocytogenes. Our study has identified iRhom2 as a regulator of 

innate immunity that may be an important target for modulating sepsis and pathogen defense.

Tumor necrosis factor–α (TNFα) is both crucial for effective innate immunity and a 

pathologic contributor to inflammatory diseases, including sepsis and rheumatoid arthritis 

(1–4). How TNFα signaling is regulated, however, is still not fully understood. To identify 

new molecules involved in regulating TNFα signaling, we performed an unbiased cyclic 

packaging rescue screen (5) to isolate cDNAs conferring TNFα resistance. One such 

candidate was a short cDNA (iRhom2*) derived from the gene encoding iRhom2 (Rhbdf2) 

(fig. S1), which is a largely uncharacterized member of the rhomboid protein family (6–8). 

Stable overexpression of iRhom2* in L929 cells revealed its localization in the endoplasmic 

reticulum (ER), consistent with previous studies of iRhoms (8–10), and partial localization 

in the Golgi apparatus (fig. S2). iRhom2* overexpression protected L929 cells from TNFα-

induced apoptosis (Fig. 1A). Experiments using the metalloproteinase inhibitor BB-2516 

suggested that this TNFα resistance was the result of metalloprotease (MP)-dependent 

release of TNFα receptors (TNFRs) from the cell surface (Fig. 1, B and C). Because TNFR 

shedding is mediated by TNFα convertase (TACE) (also known as a disintegrin and MP 

(ADAM) 17) (11), we investigated whether iRhom2 interacts with TACE. Mature TACE is 

generated after processing of its prodomain in the Golgi (12, 13). By preparing cell lysates 

in the presence of MP inhibitors to prevent autocatalytic degradation of mature TACE (12) 

and by performing Concanavalin A (ConA) lectin purification, we were able to use 

immunoblotting to clearly distinguish immature (or pro-TACE) from the active mature form 

of TACE (fig. S3). Immunoprecipitation of lysates of iRhom2-overexpressing fibroblasts 

followed by immunoblotting revealed a physical association between tagged-iRhom2 and 

both pro- and mature forms of TACE, which suggested that iRhom2 and TACE are 

associated through multiple stages of the secretory pathway (Fig. 1D). This interaction 

appears specific, as no such association with other ADAM family members, including 

ADAM9 and ADAM15, could be detected (Fig. 1D). These data suggested that association 

with iRhom2 might be important for regulating TACE activity.

To investigate whether the relation between iRhom2 and TACE was physiologically 

relevant, we generated mice deficient for the gene that encodes iRhom2 (iRhom2−/−) in 

which exons 4 to 14 of the iRhom2 gene were deleted, which abolished expression of 

iRhom2 mRNA (fig. S4). iRhom2−/− mice are viable and fertile, show no obvious defects, 

have a normal life-span, and exhibit a normal immune cell distribution (table S1). Because 

TACE is classically known to be the enzyme responsible for production of soluble TNFα 

through surface shedding (14, 15), we analyzed TNFα production by macrophages. When 

thioglycollate-elicited peritoneal macrophages (TGEMs) were isolated from control 

(iRhom2+/+ or iRhom+/−) mice and stimulated in vitro with the Toll-like receptor (TLR) 4 

ligand lipopolysaccharide (LPS), the mRNA levels of iRhom2, TACE, and TNFα were all 

increased (fig. S5, A to C). TACE and TNFα mRNA levels were comparably up-regulated 

in LPS-stimulated iRhom2−/− TGEMs (fig. S5, B and C), but significantly less TNFα 
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protein was shed into mutant cell culture supernatants than into control supernatants (Fig. 

2A). Consistent with a block in membrane-bound TNFα cleavage (16) in the absence of 

iRhom2, LPS-treated iRhom2−/− TGEMs accumulated higher expression of membrane-

bound TNFα than controls (Fig. 2B, left). Treatment with BB-2516 mimicked iRhom2 

deficiency, as it increased levels of membrane-bound TNFα on LPS-stimulated wild-type 

(WT) TGEMs to levels observed on untreated iRhom2−/− TGEMs (Fig. 2B, right). No 

difference in the secretion of other LPS-induced cytokines, such as interleukin-6 (IL-6) or 

IL-12, was observed (fig. S5, D and E). Although a mechanism of triggering IL-12 

production involving processing of the TNFα intracellular domain has been described (17), 

proficient IL-12 production in iRhom2−/− macrophages after LPS is consistent with other 

mouse models incapable of producing soluble TNFα (18).

TACE is also crucial for the stimulus-dependent cleavage of other substrates from the 

surfaces of immune cells, including L-selectin (CD62L) (11). Granulocytes and CD4+ T 

cells that were isolated from iRhom2−/− mice and stimulated in vitro with phorbol-12-

myristate-13-acetate (PMA) to activate TACE (11) showed impaired CD62L surface down-

regulation compared with controls (Fig. 2C). Similarly, when WT and iRhom2−/− B cells 

were stimulated with the nucleotide analog 2′(3′)-O-(4-benzoyl)benzoyl adenosine 5′-

triphosphate (BzATP) to induce shedding of both CD62L and CD23 (an ADAM10 

substrate), only CD62L shedding was inhibited in iRhom2−/− B cells (Fig. 2D). We also 

detected elevated surface expression of another TACE substrate, intercellular adhesion 

molecule–1 (19), on iRhom2−/− TGEMs (fig. S5F). Taken together, these results suggest 

that iRhom2 is specifically required for TACE-mediated shedding of multiple surface 

molecules, including TNFα, from immune cell surfaces.

To determine potential mechanisms by which iRhom2 might control TACE activity, we 

examined the status of TACE maturation in the absence of iRhom2. Using immunoblotting, 

we readily detected both the inactive pro- and active mature forms of TACE in splenocytes 

and bone marrow–derived macrophages (BMDMs) from control mice. However, iRhom2−/− 

splenocytes and BMDMs exhibited only pro-TACE expression (Fig. 2E and fig. S6A). 

When we analyzed the subcellular localization of hemagglutinin (HA)–tagged TACE 

(TACE-HA) in WT BMDMs by immunofluorescence microscopy, TACE was broadly 

distributed, which included prominence in the cell periphery. In contrast, TACE appeared 

mislocalized in iRhom2−/− BMDMs, as it was restricted to granular vesicular compartments. 

(Fig. 2F and fig. S6, B and C). No discernible differences were observed in ADAM10-HA 

localization between WT and iRhom2−/− BMDMs (Fig. 2F and fig. S6B). To examine if this 

phenotype held true for endogenous TACE, we isolated cell surface proteins from BMDMs 

by biotinylation and probed for endogenous TACE by immunoblotting. Consistent with our 

microscopy data, mature TACE was correctly localized in cell surface fractions of WT 

BMDMs, whereas iRhom2−/− BMDMs exclusively expressed only minute quantities of pro-

TACE at the cell surface (Fig. 2G). These data suggest that iRhom2 is critical for triggering 

TACE maturation and trafficking to the cell surface and may explain why iRhom2 is 

necessary for TACE activity in immune cells.

To examine the consequences of iRhom2-mediated regulation of TACE maturation in vivo, 

we injected control and iRhom2−/− mice with LPS and determined serum TNFα levels. The 
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mutants showed dramatically less serum TNFα than controls (Fig. 3A), and granulocytes 

isolated from these animals exhibited decreased LPS-stimulated down-regulation of CD62L 

(Fig. 3B and fig. S7A). A well-known model of TNFα-mediated septic shock and liver 

damage involves the combined injection of LPS and D-galactosamine (GalN) (4). When we 

injected control and iRhom2−/− mice with LPS and GalN, serum TNFα was reduced in the 

mutants, whereas IL-6, IL-12, and interferon-γ (IFNγ) levels were comparable with those in 

controls (fig. S7B). Examination of liver histology 6 hours after injection showed that 87% 

of LPS- and GalN–treated control mice showed disrupted liver architecture, compared with 

only 35% of LPS- and GalN–treated iRhom2−/− mice (Fig. 3C). In terms of lethality, 

whereas most LPS- and GalN–treated control mice died within 24 hours, most LPS- and 

GalN–treated iRhom2−/− mice survived beyond the 48 hours of the experiment (Fig. 3D). 

However, treatment of control and iRhom2−/− mice with recombinant TNFα and GalN led 

to similar rates of death (Fig. 3E and fig. S7, C and D). Thus, although in vivo responses to 

exogenous TNFα are normal in iRhom2−/− mice, endogenous production of soluble TNFα is 

impaired, such that these mutants are resistant to LPS lethality.

TNFα and TNFRI are crucial for defense against bacterial infections (4, 16, 20, 21). To 

determine whether iRhom2 is required for TNFα-mediated antibacterial activity, we infected 

TGEMs from untreated control and iRhom2−/− mice with the intracellular bacterium, L. 

monocytogenes. Little TNFα was detected in the supernatants of infected iRhom2−/− TGEM 

cultures (Fig. 4A). When control and iRhom2−/− mice were infected with L. monocytogenes, 

serum levels of IL-6, IL-12, and IFNγ were comparable (fig. S8A), and no differences in 

granulocyte infiltration were observed in spleen or liver (fig. S8B). Although granuloma 

formation and intracellular L. monocytogenes were detected in liver tissues of both control 

and iRhom2−/− mice (Fig. 4B), more granulomas were present in infected iRhom2−/− liver 

than in the control (Fig. 4C). In addition, L. monocytogenes titers in spleen, liver, kidney, 

and brain were all significantly higher in iRhom2−/− mice than in controls 4 days after 

infection (Fig. 4D). As a result, iRhom2−/− mice rapidly succumbed to the infection (Fig. 

4E), a pattern that held true even at bacterial doses that were nonlethal for control mice (Fig. 

4F). Thus, iRhom2 is critical for defense against L. monocytogenes.

Our data support a role of iRhom2 as an essential factor for the activity and trafficking of 

TACE in hematopoietic cells and are supported by the results presented in the 

accompanying manuscript by Adrain et al. (22). Mice with a myeloid cell–specific deletion 

in TACE, are similar to iRhom2−/− mice in that both are resistant to LPS-induced septic 

shock and defective in generating soluble TNFα (23). Unlike what we observed in the 

iRhom2−/− mice, TACE-deficient (Adam17−/−) mice often die perinatally (11). These 

differences may be the result of cell-, or context-specific effects of iRhom2 function. The 

inhibition of iRhom2 may represent a potential new therapeutic approach for treating TNFα-

mediated diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
iRhom2 confers resistance to TNFα in a MP-dependent manner and interacts with TACE. 

(A) L929 cells stably overexpressing iRhom2* or control vector were treated with 

recombinant TNFα (rTNFα) at the indicated concentrations, and percent viability was 

determined by Annexin-7AAD exclusion (means ± SEM; n = 4 experiments). (B) Untreated 

cells from (A) were cultured with or without metalloproteinase inhibitor BB-2516 (20 μM) 

for 24 hours. Soluble TNFR1 in the culture supernatant was measured by enzyme-linked 

immunosorbent assay (ELISA) (means ± SEM; n = 3 experiments). (C) Cells from (A) were 

treated for 24 hours with TNFα at the indicated concentrations plus 20 μM BB-2516, and 

viability was assessed as in (A) (means ± SEM; n = 4 experiments). (D) WT immortalized 

mouse embryonic fibroblasts (MEFs) stably overexpressing T7-tagged iRhom2 (iR2-T7) or 

control vector and Adam17−/−(TACE−/−) MEFs (negative control) were immunoprecipitated 

(IP) by using antibodies against T7 or TACE followed by immunoblotting (IB) to detect T7 

or TACE. ADAM9 and ADAM15 were specificity controls; actin, loading control. Black 

arrowheads indicate immature pro-forms, whereas gray arrowheads indicate mature forms, 

of TACE and other ADAMs (for all figures). Empty arrowhead is likely a processed form of 

iRhom2. ConA purification was used to enhance detection of TACE in input lanes 

(unpurified input appears in fig. S3). Results are representative of three trials.
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Fig. 2. 
iRhom2 deficiency reduces TACE activity in vitro. (A and B) WT and iRhom2−/− TGEMs 

were stimulated in vitro with 1 μg/ml LPS, with or without 20 μM BB-2516. (A) TNFα in 

culture supernatants was determined by ELISA after 24 hours of treatment (means ± SEM of 

triplicates). (B) Membrane-bound TNFα was assayed by flow cytometry after 3 hours of 

treatment. Results are representative of three trials. (C) Isolated WT and iRhom2−/− total 

splenocytes were stimulated in vitro with 25 ng/ml PMA for 3 hours, and CD62L expression 

on CD4+ T cells and Gr1+ granulocytes was determined by flow cytometry. Results are 

representative of three trials. (D) WT and iRhom2−/− total splenocytes were stimulated with 

2 mM BzATP for the indicated times, and surface levels of CD62L and CD23 (ADAM10 

substrate) on B220+CD3− B cells were determined by flow cytometry (means ± SEM; n = 3 

mice per group). (E) ConA-purified lysates of control and iRhom2−/− splenocytes (SPL) or 

BMDMs were immunoblotted to detect pro- (black arrowhead) and mature (gray arrowhead) 

TACE. Adam17−/−(TACE−/−) MEFs, negative control. Additional controls appear in fig. 

S6A. Results are representative of three trials. (F) (Top) Control and iRhom2−/− BMDMs 

were transfected with vectors expressing TACE-HA or ADAM10-HA (green), stimulated 

with LPS, and visualized by confocal immunofluorescence microscopy. Giantin (red) and 4′,

6′-diamidino-2-phenylindole (DAPI) stain (blue). Scale bar, 10 μm. (Bottom) Percentages of 

control and iRhom2−/− BMDMs that exhibited granulated vesicular appearance of TACE or 

ADAM10 localization (means ± SEM; n = 4 to 6 experiments). (G) (Top) Immunoblot to 

detect pro- (black arrowhead) and mature (gray arrowhead) TACE in whole-cell lysates and 
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purified cell surface fractions of control and iRhom2−/− BMDMs. (Middle) P97, 

intracellular protein (negative control). (Bottom) Pro- (black arrowhead) and mature (gray 

arrowhead) ADAM9 (positive control). Results are representative of three trials.

McIlwain et al. Page 9

Science. Author manuscript; available in PMC 2014 December 01.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Fig. 3. 
iRhom2 deficiency prevents LPS-induced liver pathology by inhibiting TNFα shedding. (A 
and B) Control and iRhom2−/− mice (n = 4 per group) were intravenously injected with 0.14 

mg per mouse LPS O111:B4. Serum TNFα (A) and CD62L−Gr1+CD11b+ cells in spleen 

and blood (B) were measured 3 hours after injection by ELISA or flow cytometry, 

respectively. (C) Control (n = 7) and iRhom2−/−(n = 8) mice were intraperitoneally injected 

with 10 mg GalN, followed 20 min later by intravenous injection of 0.05 mg LPS O111:B4. 

Livers were snap-frozen 6 hours after injection and sections stained with hematoxylin and 

eosin (H&E). Control panel is representative for six out of seven samples. iRhom2−/− panel 

is representative for five out of eight samples. Scale bar, 100 μm. (D) Control and 

iRhom2−/− mice (n = 10 to 11 per group) were injected with GalN and LPS as for (C), and 

survival was monitored for 48 hours. (E) Control and iRhom2−/− mice (n = 7 per group) 

were intraperitoneally injected with 10 mg GalN, followed 20 min later by intravenous 

injection of 0.15 μg rTNFα. Survival was monitored for 48 hours.
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Fig. 4. 
iRhom2 is crucial for control of L. monocytogenes. (A) TGEMs (105) isolated from control 

or iRhom2−/− mice (n = 5 to 8 per group) were exposed to the indicated titers of L. 

monocytogenes for 24 hours. TNFα in culture supernatants was determined by ELISA 

(means ± SEM). (B) Control and iRhom2−/− mice (n = 6 to 10 per group) were infected with 

104 colony-forming units (cfu) L. monocytogenes. Livers were isolated on day 4 after 

infection, sectioned, and stained with H&E (left) or with antibody against Listeria (right). 

Scale bars: left, 100 μm; right, 20 μm. (C) Granulomas were counted in F4/80-stained liver 

sections (not shown) from the mice in (B). Data points are granulomas or liver of individual 

mice. Blue lines, means ± SEM (n = 6 to 10 per group). (D) Control and iRhom2−/− mice (n 

= 8 to 9 mice per group) were infected with 105 cfu L. monocytogenes, and bacterial titers 

were determined in spleen, liver, kidney, and brain on day 4 after infection. Data points are 

titers of individual mice. Dashed line, limit of detection. Blue lines, means ± SEM. (E and 

F) Control and iRhom2−/− mice (n = 7 per group) were infected with 5 × 104 cfu (E) or 5 × 

103 cfu (F) L. monocytogenes, and mouse survival was monitored for 20 days.
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