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Summary

SHARPIN is an essential component of the linear ubiquitin chain assembly

complex (LUBAC) complex that controls signalling pathways of various

receptors, including the tumour necrosis factor receptor (TNFR), Toll-like

receptor (TLR) and antigen receptor, in part by synthesis of linear, non-

degrading ubiquitin chains. Consistent with SHARPIN’s function in differ-

ent receptor pathways, the phenotype of SHARPIN-deficient mice is com-

plex, including the development of inflammatory systemic and skin

diseases, the latter of which depend on TNFR signal transduction. Given

the established function of SHARPIN in primary and malignant B cells, we

hypothesized that SHARPIN might also regulate T-cell receptor (TCR) sig-

nalling and thereby control T-cell biology. Here, we focus primarily on the

role of SHARPIN in T cells, specifically regulatory T (Treg) cells. We found

that SHARPIN-deficient (Sharpincpdm/cpdm) mice have significantly reduced

numbers of FOXP3+ Treg cells in lymphoid organs and the peripheral

blood. Competitive reconstitution of irradiated mice with mixed bone mar-

row from wild-type and SHARPIN-deficient mice revealed an overall

reduced thymus population with SHARPIN-deficient cells with almost

complete loss of thymic Treg development. Consistent with this cell-intrin-

sic function of SHARPIN in Treg development, TCR stimulation of SHAR-

PIN-deficient thymocytes revealed reduced activation of nuclear factor-jB

and c-Jun N-terminal kinase, establishing a function of SHARPIN in TCR

signalling, which may explain the defective Treg development. In turn,

in vitro generation and suppressive activity of mature SHARPIN-deficient

Treg cells were comparable to wild-type cells, suggesting that maturation,

but not function, of SHARPIN-deficient Treg cells is impaired. Taken

together, these findings show that SHARPIN controls TCR signalling and is

required for efficient generation of Treg cells in vivo, whereas the inhibitory

function of mature Treg cells appears to be independent of SHARPIN.

Keywords: LUBAC; SHARPIN; signal transduction; T-cell development;

regulatory T cells.

Introduction

The ubiquitously expressed protein SHANK-associated

RH domain-interacting protein (SHARPIN) is an essen-

tial component of the linear ubiquitin chain assembly

complex (LUBAC) along with the RanBP-type and

C3HC4-type zinc finger-containing protein 1 (Rbck1; also

known as E3 ligases haem-oxidized IRP2 ubiquitin ligase

1 or HOIL-1) and E3 ubiquitin-protein ligase RNF31

(Rnf31; also known as HOIL-1-Interacting Protein or

Abbreviations: BCL10, B-cell CLL/lymphoma 10; BCR, B-cell receptor; CARMA1, CARD-containing MAGUK protein 1; CBM
complex, CARMA1, BCL10, MALT1 complex; IKKb, inhibitor of jB kinase b; iTreg, induced regulatory T; JNK, c-Jun N-term-
inal kinase; LUBAC, linear ubiquitin chain assembly complex; NF-jB, nuclear factor-jB; RBCK1, RanBP-type and C3HC4-type
zinc finger-containing protein 1; RNF31, E3 ubiquitin-protein ligase RNF31; TAK1, transforming growth factor-b Activated
Kinase 1; Tconv, conventional T; TCR, T-cell receptor; Th1, T helper type 1; Treg, regulatory T
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HOIP). This trimolecular protein complex regulates, in

part by synthesis of non-degrading linear polyubiquitin

chains, various signalling pathways, including tumour

necrosis factor-, Toll-like receptor- and B-cell receptor

(BCR) -induced nuclear factor-jB (NF-jB) and c-Jun N-

terminal kinases (JNK) pathways, and activation of the

NLRP3 inflammasome.1–3 More detailed analysis of the

BCR signalling pathway showed that SHARPIN partici-

pates in proper assembly of the trimolecular CBM com-

plex, consisting of CARD-containing MAGUK protein 1

(CARMA1), B-Cell CLL/Lymphoma 10 (BCL10) and

MALT1 paracaspase, which represents an essential and

common component of BCR and T-cell receptor (TCR)

signal transduction pathways.3 Moreover, SHARPIN was

found to co-precipitate with components of the CBM

complex in Jurkat lymphoma cells upon TCR triggering,

and short hairpin RNA-mediated knock-down of RNF31

interfered with TCR-induced NF-jB activation.3 Collec-

tively, these data indicated that SHARPIN (and LUBAC

in general) may be also involved in TCR-mediated activa-

tion of primary T cells.

Mice carrying a spontaneous chronic proliferative der-

matitis mutation (C57BL/KaLawRij-Sharpincpdm/RijSunJ

mice, here referred to as Sharpincpdm/cpm mice) are SHAR-

PIN-deficient and develop progressive proliferative der-

matitis and multi-organ inflammation, characterized by

leucocytosis, splenomegaly, eosinophilic infiltrations in

various organs, defects in lymphoid organs and reduced

T helper type 1 (Th1) cytokine production accompanied

by a shift towards Th2 immune responses.4,5 Here we

investigated the function of lymphocytes, specifically reg-

ulatory T (Treg) cells in SHARPIN-deficient mice. Treg

cells, characterized by the expression of the transcription

factor Forkhead Box P3 (FOXP3),6,7 are important regu-

lators of immune responses, and impaired homeostasis or

function of Treg cells leads to multi-organ inflammation,

as observed in the Foxp3-deficient ‘scurfy mice’, as well

as human X-linked patients carrying Foxp3 mutations

that result in immune dysregulation, polyendocrinopathy

and enteropathy.8–10 Overall, TCR signalling strength, as

well as various TCR-mediated signalling pathways and

transcription factors, have been described as controlling

Treg cell generation.11 Those include NF-jB, activator

protein-1, SMAD Family Member 3, Nuclear factor of

activated T-cells and members of the nuclear family 4

subgroup A receptors [NR4A1 (NURR77), NR4A2

(NURR1) and NR4A3 (NOR1)].11–13 Consistent with an

important role of NF-jB in Treg cell generation, defi-

ciency of different molecules acting in the TCR–NF-jB
pathway, such as protein kinase Ch, CARMA1, BCL10,

inhibitor of jB kinase b (IKKb) and transforming growth

factor-b activated kinase 1 (TAK1), leads to significant

reduction in the number of Treg cells.14–18 In turn, and

consistent with the loss of function experiments, T-cell-

specific expression of a constitutively active form of

IKKb, which increases NF-jB activity, leads to increased

numbers of FOXP3+ cells and rescued thymic Treg cell

development in mice deficient for TAK1 or CARMA1,

both of which act upstream of IKKb.19 More detailed

analysis of NF-jB family members revealed that particu-

larly proto-oncogene c-Rel (REL) and transcription factor

p65 (RELA) initially drive Treg cell development by acti-

vating the Foxp3 promoter, while other transcription fac-

tors are subsequently recruited to the promoter to form

the so called FOXP3-specific enhanceosome.20

Here we analysed the role of SHARPIN in Treg cell

biology, revealing a critical function of SHARPIN in

TCR-induced NF-jB and JNK signalling and thymic Treg

cell generation.

Materials and methods

Mice

C57BL/KaLawRij-Sharpincpdm/RijSunJ (Sharpincpdm/cpdm),

B6.SJL-Ptprca Pepcb/BoyJ (SJL, CD45.1+) and B6.129S7-

Rag1tm1Mom/J (Rag1�/�) mice were obtained from The

Jackson Laboratory (Bar Harbor, ME) and subsequently

bred at our facility. Foxp3tm1Kuch mice (Foxp3gfp/gfp)21 were

a kind gift from Vijay Kuchroo (Harvard Medical School,

Brigham and Women’s Hospital, Boston, MA). Mice were

kept under pathogen-free conditions. All of the animal

studies were conducted under protocols approved by the

St Jude Children’s Research Hospital Institutional Animal

Care and Use Committee.

Flow cytometry analysis

Red blood cells were lysed with ACK lysis buffer (Stem Cells

Inc., Newark, CA). Single cell suspensions were prepared

and Fc receptor was blocked with antibodies against CD16/

CD32 (eBioscience, San Diego, CA), followed by staining

for cell surface expression of CD3 (145-2C11), CD4 (RM4-

5), CD25 (PC61.5), CD44 (IM7), CD62L (MEL-14), CD103

(2E7), Icos (7E.17G9), CD127 (A7R34), CD69 (H1.2F3)

(eBioscience; BD Biosciences, San Jose, CA) or intracellular

staining for FOXP3 (FJK-16s) and CTLA4 (UC10-4B9).

Flow cytometry data were acquired on a FACS Canto-II

flow cytometer (BD Biosciences), and data were analysed

using FLOWJO software (Tree Star, Ashland, OR).

Suppression assay and iTreg generation

Sorted T-cell populations were cultured in RPMI-1640

(Invitrogen, Carlsbad, CA) supplemented with 10%

(volume/volume) fetal calf serum (Hyclone, GE Health-

care Life Sciences, Pittsburgh, PA), 50 mM 2-

mercaptoethanol, and antibiotics [penicillin G (100 IU/

ml) and streptomycin sulphate (100 IU/ml); Invitrogen].

CD4+ T cells from spleen and lymph nodes from
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Sharpin+/+; Foxp3gfp/gfp and Sharpincpdm/cpdm; Foxp3
gfp/pfg mice were isolated by positive selection with

anti-CD4 microbeads (Miltenyi Biotec, Bergisch

Gladbach, Germany).

For suppression assays, CD4+ CD25� CD45RB+ FOX

P3(GFP)� conventional T (Tconv) cells and CD4+ CD

25+ CD45RB� FOXP3(GFP)+ Treg cells were sorted by flow

cytometry. Tconv cells were labelled with Cell Trace Violet

(Molecular Probes, Eugene, OR) and 5 9 105 cells were cul-

tured in the presence of different concentrations of Treg cells

in the presence of bead-bound anti-CD3/anti-CD28 (Dyn-

abeads; Life Technologies, Carlsbad, CA) for 4 days. Prolif-

eration was measured by flow cytometry, and suppression

was calculated based on the division index (FLOWJO).

For in vitro induced Treg (iTreg) cell generation,

CD4+ CD25� CD45RB+ FOXP3� Tconv cells were sorted

by flow cytometry and then stimulated with plate-bound

anti-CD3 (10 lg/ml, BD Biosciences) and anti-CD28 (4 lg/
ml, BD Biosciences) in the presence of 40 ng/ml transform-

ing growth factor-b (Peprotech, Rocky Hill, NJ). Six days

later, viable cells were sorted for FOXP3 expression (GFP+)

by flow cytometry and subjected to suppression assays.

Quantitative real-time PCR

Total RNA was isolated from cells using Trizol

(Sigma-Aldrich, St Louis, MO). The RNA was reverse tran-

scribed to cDNA using the Superscript III first-strand

cDNA synthesis kit (Invitrogen). Quantitative real-time

PCR was performed on an AB 7300 real-time PCR machine

(Applied Biosystems, Foster City, CA) using an SYBR green

PCR Master Mix (Applied Biosystems). Each mRNA signal

was normalized to b-actin (ActB) as a housekeeping gene.

The following primer sequences against mouse genes were

used: ActB 50-ACT GCT CTG GCT CCT AGC AC-30;
50-ACA TCT GCT GGA AGG TGG AC-30; Ifng 50-CAT
TCA GAG CTG CAG TGA CC-30; 50-CAC ATT CGA GTG

CTG TCT GG-30; Il4 50-TCT GTA GGG CTT CCA AGG

TG-30 50-CTG CAG CTC CAT GAG AAC AC-30, Il5 50-
AGA CTG TGC CAT GAC TGT GC-30 50-CTG GCT CTC

ATT CAC ACT GC-30 50 Gata3 50-AAG CTC AGT ATC

CGC TGA CG-30 50-GAT ACC TCT GCA CCG TAG CC-

30, Tbet 50-GTC TGG GAA GCT GAG AGT CG-30 50-TGA
AGG ACA GGA ATG GGA AC-30, Foxp3 50-TTC ATG

CAT CAG CTC TCC ACT-30 50-AAG GTG GTG GGA

GGC TGA-30, Il10 50-TGC CTG CTC TTA CTG ACT GG-

30 50-ACC TAG GAG CAT GTG GCT CTG G-30, Tgfb1 50-
CAC CGG AGA GCC CT-30 50-TGT ACA GCT GCC GC-

30, Irf4 50-AGC ACCT TA TGG CTC TCT GC-30 50-GGA
TTT CTG GGT GTG ACT GG-30.

Generation of mixed bone marrow chimeric mice

Mixed bone marrow chimeras were generated by reconsti-

tuting irradiated (950 Gy) 6- to 10-week-old Rag1�/� recip-

ient mice with equal numbers of T-cell-depleted 1 9 106

bone marrow cells from SJL (CD45.1+) and 1 9 106 bone

marrow cells from Sharpincpdm/cpdm; Foxp3 gfp/gfp (CD45.2+)

donor mice. Chimerism was verified by analysis of CD45.1

and CD45.2 expression by flow cytometry.

Immuno-blotting

Cells were stimulated with bead-bound anti-CD3/anti-

CD28 (Dynabeads, Life Technologies) for the indicated

time-points. For preparation of total lysates, cells were

lysed in buffer containing 20 mM HEPES/KOH (pH 7�5),
150 mM NaCl, 1 mM EDTA, 0�5% nonidet P-40, 10% glyc-

erol, 10 mM pyrophosphate, supplemented with complete

protease inhibitors (Roche Life Science, Indianapolis, IN)

for 20 min. Nuclear extracts were prepared using the

Nuclear Extract Kit (Active Motif, Carlsbad, CA ) following

the manufacturer’s instructions. Cell lysates were resolved

by SDS–PAGE (Bio-Rad, Hercules, CA) and transferred

onto nitrocellulose membranes. Membranes were probed

with antibodies against pp65, IjBa, pJNK, pERK1/2, pp38,
RELB (Cell Signaling, Danvers, MA) or p38, p65, cREL,

H2B Histone (Santa Cruz Biotechologies, Dallas, TX) and

visualized using enhanced chemiluminescence (Pierce

Biotechnology, Rockford, IL) for detection. Relative pro-

tein expression levels were quantified by IMAGE STUDIO LITE

software (Li-COR Biosciences, Lincoln, NE).

Statistical analysis

Data are expressed as the mean � SEM and were com-

pared using Student’s t-tests. A P-value < 0�05 was con-

sidered significant.

Results

The number of Treg cells is reduced in SHARPIN-
deficient mice

SHARPIN-deficient mice develop a T-cell-dependent, sys-

temic inflammatory disease, characterized by eosinophilia,

deregulated development of lymphoid tissues and reduced

Th1 responses.4,5 To determine potential differences in

Treg numbers of wild-type and SHARPIN-deficient mice,

we performed intracellular staining for FOXP3, which

identifies Treg cells. Flow cytometry analysis of splenocytes

from SHARPIN-deficient mice revealed a significant reduc-

tion of CD4+ CD25+ FOXP3+ cells (data not shown). To

analyse the Treg compartment in more detail, we crossed

SHARPIN-deficient mice (Sharpincpdm/cpdm) with Foxp3gfp/

gfp reporter mice, where FOXP3 expression is reflected by

GFP fluorescence. We investigated the number of total

cells, CD3+, CD3+ CD4+ and CD3+ CD4+ CD25+ FOXP3+

cells by flow cytometry as depicted in Fig. 1(a). Although

the total number of CD3+ and CD3+ CD4+ T cells was sig-
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nificantly increased in the blood of Sharpincpdm/cpdm; Fox-

p3gfp/gfp mice, there was no significant difference of these

cells in the spleen and lymph nodes, thymus or bone mar-

row (Fig. 1b). In contrast and consistent with the results

obtained by intracellular FOXP3 staining, Treg cell num-

bers in all peripheral organs, including blood, spleen and

lymph nodes, were significantly reduced. Of note, Treg cell

numbers were also reduced in the thymus, indicating a

defect in thymic Treg cell generation.

Sharpincpdm/cpdm; Foxp3gfp/gfp Treg cells display an
activated Th2-like phenotype

To characterize the phenotype of Treg cells in SHARPIN-

deficient mice we analysed various activation markers and

mRNA levels of informative genes. Expression of CD44,

CD103, ICOS and CD127 were increased on Sharpincpdm/cpdm;

Foxp3
gfp/gfp

Treg cells as determined by flow cytometry

(Fig. 2a). Furthermore, expression of Th2-associated

mRNAs, such as Il4, Il5 and Gata3, were significantly

increased in Sharpincpdm/Foxp3GFP Treg cells, whereas

expression levels of Ifng were decreased. There was no signifi-

cant difference in the expression levels of Il2, Tbet, Tgfb and

Irf4 (Fig. 2b). As such, Treg cells from SHARPIN-deficient

mice exhibit an activated, Th2-like phenotype, similar to

what has been published before for total splenocyte cultures.5

To delineate whether reduced expression of FOXP3

might account for the reduction of Treg cells in

Sharpincpdm/cpdm mice, we measured Foxp3 expression by

quantitative PCR (Fig. 2c) and flow cytometry (Fig. 2d).

There was no significant difference in the expression

levels of Foxp3 (Fig. 2c,d).

Lack of Treg cell development in SHARPIN-deficient
mice is T-cell intrinsic

Given that Treg cell development is regulated by many,

in part exogenous factors, it seemed possible that the
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Figure 1. Reduction of regulatory T (Treg)

cells in SHARPIN-deficient mice. (a) Gating

strategy for (b). (b) Number of total cells, T

cells (CD3+), CD4+ T cells (CD3+ CD4+) and

Treg (CD3+ CD4+ CD25+ FOXP3+) in the

blood, spleen, lymph node (LN), thymus and

bone-marrow (BM) of Sharpin+/+; Foxp3gfp/gfp

and Sharpincpdm/cpdm; Foxp3gfp/gfp mice was

determined by flow cytometry. Data represent

mean � SEM. Spleen: n = 11–12, other organs:

n = 6–7, *P < 0�05, **P < 0�005,
***P < 0�001, ****P < 0�0001.
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defect in Treg cell development was mediated either by

inflammatory factors present in SHARPIN-deficient mice

or, alternatively, controlled cell-intrinsically in developing

Treg cells. To differentiate between these possibilities, we

generated mixed bone-marrow chimeras by transferring

equal amounts of bone-marrow cells obtained from

mice carrying the SJL (CD45.1+) allele and from the

Sharpincpdm/cpdm; Foxp3gfp/gfp (CD45.2+) mice into lethally

irradiated Rag1�/� mice. Six weeks after transfer, the

percentage of total cells, CD4+ FOXP3� T cells and
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Figure 2. SHARPIN-deficient regulatory T (Treg) display an activated phenotype. (a) Expression of indicated markers on

CD3+ CD4+ CD25+ FOXP3+ Treg cells from the spleen of Sharpin+/+; Foxp3gfp/gfp and Sharpincpdm/cpdm; Foxp3gfp/gfp mice was determined by flow

cytometry. Open histograms: isotype control, shaded histograms: indicated antibody, light grey: Sharpin+/+; Foxp3gfp/gfp, dark grey Sharpincpdm/cpdm;

Foxp3gfp/gfp. One representative of n = 3 is shown. (b) Quantitative PCR analysis of relative mRNA expression levels of indicated genes of Treg cells

isolated from the spleen of Sharpin+/+; Foxp3gfp/gfp and Sharpincpdm/cpdm; Foxp3gfp/gfp mice. Data represent mean � SEMl n = 3. *P < 0�05,
****P < 0�0001. (c) Quantative PCR analysis of relative mRNA expression levels of Foxp3 of Treg and conventional T (Tconv) cells isolated from the

spleen of Sharpin+/+; Foxp3gfp/gfp and Sharpincpdm/cpdm; Foxp3gfp/gfp mice. Data represent mean � SEM; n = 3. (d) Expression of FOXP3 on

CD3+ CD4+ CD25+ FOXP3+ Treg cells from the spleen of Sharpin+/+; Foxp3gfp/gfp and Sharpincpdm/cpdm; Foxp3gfp/gfp mice was determined by flow

cytometry. Open histograms: isotype control, shaded histograms: FOXP3, light grey: Sharpin+/+; Foxp3gfp/gfp, dark grey Sharpincpdm/cpdm; Foxp3gfp/gfp.

One representative of n = 3 is shown.
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CD4+ FOXP3+ Treg cells were determined by flow

cytometry from the spleen, thymus and lymph nodes.

Overall, the total cell numbers of lymphocytes and mye-

loid cells derived from Sharpincpdm/cpdm; Foxp3gfp/gfp bone

marrow were reduced compared with SJL cells, suggesting

a competitive disadvantage of SHARPIN-deficient cells

(Fig. 3a,b). However, in addition to this overall competi-

tive disadvantage, there was an almost complete ablation

of Sharpincpdm/cpdm; Foxp3gfp/gfp Treg cells in various

lymphatic organs, including the thymus, strongly suggest-

ing that the reduction of Treg cells is due to a T-cell

intrinsic defect in thymic development (Fig. 3a,b).

TCR signalling is reduced in SHARPIN-deficient
thymocytes

As mentioned, TCR-mediated signalling, including

NF-jB and AP-1 activation, is required for Treg cell
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(Sharpincpdm/cpdm) within indicated cell populations; n = 4–5. Data represent mean � SEM. ****P < 0�0001.

ª 2016 John Wiley & Sons Ltd, Immunology, 148, 216–226 221

Role of SHARPIN in the development of Treg cells



development.11 To test if SHARPIN is involved in TCR sig-

nalling we stimulated wild-type and SHARPIN-deficient

thymocytes isolated from Sharpin+/+; Foxp3gfp/gfp and

Sharpincpdm/cpdm; Foxp3gfp/gfp mice with anti-CD3/anti-

CD28 or PMA/ionomycin and determined NF-jB and

mitogen-activated protein kinase kinase activity by

immuno-blotting. Phosphorylation of the NF-jB family

member p65 as well as degradation of IjBa were reduced

in Sharpincpdm/cpdm; Foxp3gfp/gfp thymocytes (Fig. 4a, c).

Likewise, TCR-mediated nuclear translocation of different

NF-jB members, i.e. RELB, p65 and REL, showed a slight

reduction in SHARPIN-deficient thymocytes (Fig. 4b),

revealing a positive regulatory function of SHARPIN in the

NF-jB pathway. In addition, we found reduced phospho-

rylation of JNK, while phosphorylation of mitogen-acti-

vated protein kinase 1 and 2 wasincreased in SHARPIN-

deficient thymocytes (Fig. 4a). SHARPIN deficiency results

in decreased TCR-mediated NF-jB and JNK activation,

which may explain the reduced Treg cell development.

Treg in Sharpincpdm/cpdm; Foxp3gfp/gfp mice maintain
suppressive activity

FOXP3 expression is a hallmark of Treg cells and reduced

expression of Foxp3 is associated with the onset of multi-

organ inflammation and reduced suppressive activity.22
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Figure 4. T-cell receptor (TCR) -mediated nuclear factor-jB (NF-jB) and c-Jun N-terminal kinase (JNK) activation is reduced in SHARPIN-

deficient thymocytes. Thymocytes isolated from Sharpin+/+; Foxp3gfp/gfp and Sharpincpdm/cpdm; Foxp3gfp/gfp mice were left untreated (co) or stimu-

lated with anti-CD3/anti-CD28 (CD3/28) or PMA/ionomycin (P/I) for the indicated time-points. (a) Total cell lysates were analysed by immuno-

blotting using the indicated antibodies. (b) Nuclear lysates were analysed by immuno-blotting using antibodies against RELB, P65, REL and H2B

Histone. One representative experiment of three is shown. Relative protein expression levels were quantified by IMAGE STUDIO LITE software. (c)

Quantification of phospho-p65 levels in total cell lysates obtained from thymocytes treated as described for (a). n = 3.
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Although the number of Treg cells was reduced in Shar-

pincpdm/cpdm; Foxp3gfp/gfp mice (as shown above), we did

not observe any defect in the expression of FOXP3 in the

remaining Treg cell population (Fig. 2c and d). To deter-

mine the functional activity of SHARPIN-deficient Treg

cells, we analysed their suppressive activity against prolif-

eration of conventional CD4+ CD25� CD45RB+ FOXP3�

T cells in an in vitro suppression assay. Interestingly, albeit

reduced in numbers, the remaining Sharpincpdm/cpdm;

Foxp3gfp/gfp CD4+ CD25+ FOXP3+ Treg cells exhibited

suppressive activity comparable to that in Treg cells

obtained from Sharpin+/+/Foxp3GFP littermate control

mice (Fig. 5a). This suppressive activity was not restricted

to wild-type Tconv cells, but was also observed when

SHARPIN-deficient Tconv cells were used as responder

cells. It therefore appears that SHARPIN is required for

development of Treg cells, but is dispensable for steady-

state expression of FOXP3 and Treg-mediated suppression

of conventional T cells, at least in these in vitro assays.

SHARPIN-deficient conventional T cells can be
converted into fully suppressive iTreg cells

Peripheral Treg cells consist of two populations, i.e. thy-

mus-derived natural ‘nTreg’ and extrathymic-derived

induced ‘iTreg’, the latter of which are generated from

Tconv by environmental factors. To test whether genera-

tion of iTreg depends on SHARPIN, we cultured isolated

Tconv cells from wild-type and SHARPIN-deficient mice

in the presence of iTreg-conducive conditions, i.e. the

presence of anti-CD3/anti-CD28 and transforming growth

factor-b. After 6 days, cells were analysed by flow cytome-

try and in suppression assays. As shown in Fig. 5b, the

numbers of iTreg cells generated from wild-type and

SHARPIN-deficient Tconv cells were comparable. More-

over, wild-type and SHARPIN-deficient iTreg cells sup-

pressed proliferation of Tconv cells to the same extent

(Fig. 5c). As such, SHARPIN is not required for genera-

tion of iTreg, at least not in vitro.

Discussion

Here we show that SHARPIN plays a critical role in the

development of natural Treg cells. Although the overall

number of Treg cells in Sharpincpdm/cpdm mice was signifi-

cantly reduced, FOXP3 expression in mature Treg cells

and their suppressive function was not affected by the

lack of SHARPIN. Given their reduced cell numbers in

the thymus, it is therefore likely that thymic development

is the primary reason for the observed Treg cell deficiency

in peripheral lymphoid organs.

Attenuated Treg cell development, such as observed in

Scurfy, Nik�/� mice and Nr4aTKO mice7,23–25 has been

associated with a range of inflammatory diseases similar

to that observed in Sharpincpdm/cpdm mice, with scaly skin

and dermal thickening, splenomegaly, eosinophilia and

inflammation in the lung and liver. Interestingly, all of

these mice also show repressed Th1 differentiation and

augmented Th2 immune responses,23,26–28 indicating an

interdependence of the two observations, i.e. Treg-defi-

ciency and Th-development. Treg cells are recruited to

sites of inflammation, and seem to have the ability to

adapt to the local environment, reflected by the expres-

sion of transcription factors and other genes associated

with a certain Th bias.29–31 Consistent with this interpre-

tation, we found that Sharpin-deficient Treg cells

expressed significantly higher levels of Th2-associated

genes, such as Il4, Il5 and Gata3, whereas Ifng levels were

reduced, suggesting that Sharpincpdm/cpdm Treg cells

have adapted to the Th2 environment observed in

Sharpincpdm/cpdm mice.
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Figure 5. Sharpincpdm/cpdm regulatory T (Treg) and induced Treg

(iTreg) cells express FOXP3 and maintain suppressive activity. (a)

Sharpin+/+; Foxp3gfp/gfp (left panel) or Sharpincpdm/cpdm; Foxp3gfp/gfp

(right panel) Cell Trace Violet-labelled conventional T (Tconv) cells

were incubated with varying concentrations of Sharpin+/+; Foxp3gfp/

gfp or Sharpincpdm/cpdm; Foxp3gfp/gfp Treg cells in the presence of anti-

CD3/anti-CD28. Proliferation of Tconv cells was determined by flow

cytometry. Data are depicted as mean of triplicate wells � SEM.

One representative experiment of three is shown. (b) Sharpin+/+;

Foxp3gfp/gfp or Sharpincpdm/cpdm; Foxp3gfp/gfp Tconv were cultured in

the presence of anti-CD3/anti-CD28 and transforming growth fac-

tor-b for 6 days to generate iTreg. The percentage of viable FOXP3+

cells was determined by flow cytometry. Data are depicted as mean

� SEM. n = 5–6. (c) C57BL/6 Cell Trace Violet-labelled Tconv were

incubated with varying concentrations of Sharpin+/+; Foxp3gfp/gfp or

Sharpincpdm/cpdm; Foxp3gfp/gfp iTreg in the presence of anti-CD3/anti-

CD28. Proliferation of Tconv was determined by flow cytometry.

Data are depicted as mean of triplicate wells � SEM. One represen-

tative experiment of three is shown.
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It is still unclear whether the inflammatory disease and

Th2 bias is a consequence of the reduced amounts of

Treg cells and their inhibitory capacity or, alternatively, if

the reduction in Treg cell numbers is mediated, or at least

accentuated, by the Th2 bias. As mentioned, there seems

to be a correlation between Th2 bias and reduced

amounts of Treg cells. Several mouse strains with reduced

numbers of Treg cells develop preferentially a Th2-biased

immune responses.7,23–26 Furthermore, depletion of Treg

cells in a transgenic mouse model based on the expres-

sion of diphtheria toxin receptor under the control of the

Foxp3 gene locus leads to a scurfy-like phenotype and

exaggerated Th2 responses.32,33 Our mixed bone-marrow

chimera experiments demonstrate an intrinsic defect in

the generation of thymic Treg cells in SHARPIN-deficient

cells, suggesting that the reduction of Treg cells in SHAR-

PIN-deficient mice precedes Th2 development, rather

than being a consequence thereof. Still, Th2 cytokines

were found to inhibit FOXP3+ Treg development,34 and

reduced expression of FOXP3 in turn can lead to conver-

sion of Treg cells into Th2-biased T effector cells.35 As

such, it seems possible that Th2-development further

inhibits Treg cell generation in the periphery, which has

not been investigated.

Interestingly, Sharpin-deficient Treg cells resemble a phe-

notype similar to the phenotype observed upon Treg-cell-

specific deletion of Irf4, including impaired regulation of

Th2 responses, and systemic and skin inflammation with-

out changes in FOXP3 expression and intact in vitro sup-

pressor capacity.36 However, in contrast to the reduced

numbers of T cells and myeloid infiltrations found in

Sharpin-deficient mice, Treg-cell-specific deletion of Irf4

resulted in expansion of peripheral T cells, including Treg

cells, and lymphadenopathy. Although both IRF4 and

FOXP3 seem feasible candidates for the deregulation of

Treg cells observed in Sharpincpdm/cpdm mice, we did not

observe any difference in the expression levels of Foxp3

and Irf4 between Sharpin+/+ and Sharpincpdm/cpdm Treg

cells. Whether Sharpin controls FOXP3 or IRF4 at a post-

transcriptional level needs to be investigated.

The signalling strength of TCR engagement appears to

be one major determinant for T-cell development, where

low affinity interactions are required for positive selec-

tion, whereas stronger signals result in negative selection

of Tconv, but are required for Treg development.10,37 As

revealed in the bone marrow-chimeric mice, Treg cell

generation in the absence of SHARPIN was almost com-

pletely ablated, indicating that proper TCR signalling

might depend on SHARPIN. Consistent with this inter-

pretation, SHARPIN-deficient cells show reduced (albeit

not ablated) NF-jB and JNK activation upon TCR trig-

gering. This phenotype is similar to Jurkat lymphoma

cells, where short hairpin RNA-mediated knock-down of

RNF31 resulted in reduced, but not completely inhibited,

NF-jB activation, suggesting that the two LUBAC

components SHARPIN and RNF31 contribute to an opti-

mal TCR signalling output, possibly by modulating

proper assembly of the CBM complex.3 Although this

more subtle reduction in TCR signalling may be less lim-

iting for the generation of naive Tconv, it is likely to be

more significant for the generation of Treg, particularly

during in vivo development, which depends on increased

TCR signalling strength.37 In vitro, such signaling strength

may be conveyed by artificial TCR-/CD28-ligation, allow-

ing efficient iTreg cell generation in context with exoge-

nous transforming growth factor-b. Consistent with this

interpretation, iTreg cell generation from naive T cells

upon TCR-ligation under Treg-conducive conditions was

not affected by the loss of SHARPIN. Of note, these iTreg

cells, as well as their ex vivo isolated nTreg cell counter-

parts from SHARPIN-deficient mice, showed suppressive

activity comparable to the wild-type cells, suggesting that

Treg cell development rather than effector functions are

controlled by SHARPIN.

This idea is further supported by the fact that mice

deficient for other TCR signalling molecules mediating

activation of NF-jB, such as components of the CBM

complex (BCL10, CARMA1, MALT1), IKK-b and REL,

also show defects in Treg cell development.15–20 REL-defi-

cient mice display severe Treg cell developmental defects;

however, similar to Sharpincpdm/cpdm Treg cells, the

remaining REL-deficient Treg cells show normal FOXP3

expression levels.38 Of note, as opposed to SHARPIN-

deficient mice, neither BCL10-, CARMA1-, MALT1-,

IKKb- nor REL-deficient mice develop an inflammatory

disease as observed in Sharpincpdm/cpdm mice despite their

defect in Treg cell development. However, in contrast to

SHARPIN deficiency, deletion of components of the

CBM and IKK complex leads to more severe reduction of

TCR-mediated NF-jB activation, as well as an overall

reduction of activated T cells.39–41 As such, although the

susceptibility for inflammatory disease due to Treg cell

deficiency may be similar in different mouse strains, the

concomitant lack of activated, potentially autoreactive

Teff cells in mice with more severe defects in TCR-signal-

ling may limit disease development.

Although Treg cell generation and maintenance criti-

cally depend on TCR signalling,42,43 the role of antigen

receptor stimulation for suppressor activity is not clear.

In vitro and in vivo experiments have provided evidence

that Treg cells need to be activated through the TCR to

become suppressive,42,44,45 whereas other studies showed

that Treg-mediated suppression can occur in the absence

of TCR stimulation.46 As detailed above, we found

SHARPIN to be dispensable for the suppressive activity of

nTreg cells and in vitro-generated iTreg cells, indicating

that TCR-signalling during cell suppression may be less

relevant. Still, also in this context, it is important to note

that in contrast to the studies mentioned above, which

are based on mice with more severe defects in TCR
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signalling, SHARPIN-deficient Treg exhibit only partially

defective TCR signalling, specifically involving NF-jB and

JNK activation. While the results obtained from SHAR-

PIN-deficient Treg cells do not therefore contribute to the

principle question related to the necessity of TCR sig-

nalling during cell suppression, they do suggest that at least

a partial defect is less critical for Treg effector functions.

The precise role of SHARPIN in the TCR signalling

pathway has not yet been established. As mentioned, two

recent studies found the LUBAC complex to be involved

in antigen-receptor-mediated signal transduction. Com-

ponents of the LUBAC complex were found to be

recruited into the CBM complex upon antigen receptor

stimulation in Jurkat lymphoma cells and in activated B-

cell-like diffuse large B-cell lymphoma cells.3,47 Short

hairpin RNA-mediated knockdown of SHARPIN and the

LUBAC component RNF31, or blocking LUBAC activa-

tion by using an inhibitory RNF31 peptide led to reduced

NF-jB activity upon antigen receptor stimulation and

impaired proliferation of activated B-cell-like diffuse large

B-cell lymphoma cells.3,47 Interestingly, neither RNF31

catalytic activity nor RBCK1was required for antigen

receptor-mediated activation of NF-jB in these cell

lines,3,48 suggesting that the LUBAC complex, or individ-

ual components thereof, may act as structural compo-

nents in this signalling cascade, rather than by linear

ubiquitination of protein substrates. Such a LUBAC-inde-

pendent role for SHARPIN has been described for its

function in integrin activation.49,50 Whether SHARPIN-

mediated Treg cell development is independent or depen-

dent on linear ubiquitination mediated by the catalytic

activity of the LUBAC complex will therefore require fur-

ther investigation.
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