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We previously established an IgG Fc receptor IIB (FcyRIIB)-deficient C57BL/6 (B6)-congenic
mouse strain (KO1), which spontaneously develops rheumatoid arthritis (RA), but not
systemic lupus erythematosus (SLE). Here, we show that when Y chromosome-linked
autoimmune acceleration (Yaa) mutation was introduced in KO1 strain (KO1.Yaa), the
majority of KO1.Yaa mice did not develop RA, but instead did develop SLE. This phenotype
conversion did not depend on autoantibody specificity, since KO1.Yaa mice, compared
with KO1, showed a marked increase in serum levels of both lupus-related and RA-
related autoantibodies. The increase in frequencies of CD69* activated B cells and T cells,
and the spontaneous splenic GC formation with T follicular helper cell generation were
manifest early in life of KO1.Yaa, but not KO1 and B6.Yaa, mice. Activated CD4" T cells
from KO1.Yaa mice showed upregulated production of IL-21 and IL-10, compared with the
finding in KO1 mice, indicating the possibility that this aberrant cytokine milieu relates
to the disease phenotype conversion. Thus, our model is useful to clarify the shared and
the disease-specific mechanisms underlying the clinically distinct systemic autoimmune
diseases RA and SLE.

Keywords: Cytokines - FcyRIIB receptor - Rheumatoid arthritis - Systemic lupus

erythematosus - Yaa mutation

Introduction

IgG Fc receptor 1IB (FcyRIIB) is a major negative regulator of BCR-
mediated activation signals in B cells [1]. We previously found

i i w2 Prof. Sachiko Hirose
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that the Fcgr2b gene encoding FcyRIIB is polymorphic, and that
autoimmune disease-prone mouse strains, such as NZB, BXSB,
MRL, and NOD, all share deletion polymorphism in the AP-4-
binding site in the Fcgr2b promoter region [2]. Because of the
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defective AP-4 binding, mice with this autoimmune-type allele
polymorphism show downregulation of FcyRIIB expression levels
in activated GC B cells, resulting in upregulation of IgG auto-
antibody production [3, 4]. These observations suggested that
the autoimmune-type Fcgr2b confers the basis of susceptibility to
autoimmune diseases. Consistent was our earlier finding that sys-
temic lupus erythematosus (SLE) phenotypes in BXSB male mice
carrying Y chromosome-linked autoimmune acceleration (Yaa)
mutation were almost completely inhibited by the substitution
of the autoimmune-type Fcgr2b for the wild C57BL/6 (B6)-type
Fcgr2b [5]. However, because BXSB female mice carrying the
autoimmune-type Fcgr2b but lacking Yaa did not develop SLE, it is
likely that the autoimmune-type Fcgr2b contributes to SLE suscep-
tibility through a strong epistatic interaction with Yaa mutation.

To examine further the role of the downregulated expression
of FeyRIIB in autoimmune diseases, we recently established an
FcyRIIB-deficient B6 mouse strain, KO1, by gene targeting in
129-derived embrionic stem cells and selective backecrossing to
a B6 background. Intriguingly, KO1 did not develop SLE, but
instead developed severe rheumatoid arthritis (RA), as reported
previously [6]. This KO1 strain carried a 129-derived approxi-
mately 6.3 Mb interval distal from the null-mutated Fcgr2b gene
within the Slel6 locus, which is shown to induce loss of self-
tolerance in the B6 background [7]. Boross et al. [8] reported
that FcyRIIB-deficient B6 mice generated by gene targeting in
B6-derived embryonic stem cells, thus lacking the 129-derived
flanking Sle16 locus, fail to develop any sign of autoimmune
diseases. Thus, the development of RA in KO1 mice may be
due to the epistatic interaction of FcyRIIB deficiency and Sle16
locus.

Boross et al. [8] also reported that their FcyRIIB-deficient
B6 mice develop lethal lupus nephritis in the presence of Yaa
mutation, indicating the epistatsis between FcyRIIB-deficiency
and Yaa in the development of full-blown autoimmune dis-
eases. In addition, Subramanian et al. [9] reported that the
strong epistatic interaction between Yaa and Slel, which con-
tains the autoimmune-predisposing Slam/Cd2 haplotype, con-
tributes to severe lupus nephritis. The Sle16 locus also contains
this autoimmune-predisposing Slam/Cd2 haplotype [10].

In contrast to the accelerated effect of Yaa on lupus nephritis,
Jansson and Holmdahl [11] reported the suppressive effect of Yaa
on collagen-induced arthritis. In the present study, we have intro-
duced Yaa mutation into FcyRIIB-deficient RA-prone KO1 mice to
examine how Yaa affects the disease phenotypes in these mice.
We found that the majority of KO1.Yaa mice did not develop RA,
but instead did develop severe SLE early in life, and that this phe-
notype conversion did not depend on the shift of autoantibody
specificity from RA-related to lupus-related one.

Characteristic clinical features differ between RA and SLE;
however, both diseases share aberrant activation of immune pro-
cesses associated with the production of a variety of autoanti-
bodies and subsequent immune complex-mediated tissue inflam-
mation. Our model is useful to investigate the shared and the
disease-specific factors contributing to the clinically distinct sys-
temic autoimmune diseases RA and SLE.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Results

Disease phenotype in Yaa-carrying FcyRIIB-deficient
KO1 mice ’

KO1 mice developed arthritis after 4 months of age and the disease
incidence and severity were increased with age. At 8 months of
age, 67% of KO1 mice showed arthritis with marked swelling
and stiffness of forepaws and hindpaws. In contrast, the incidence
and severity of arthritis were markedly suppressed in KO1.Yaa
mice and 88% of KO1.Yaa mice were free from arthritis (Fig. 1A).
Representative macroscopic findings of forepaws and hindpaws of
KO1 and KO1.Yaa mice at 8 months of age are shown in Figure 1B.
Intriguingly, KO1 strain did not develop proteinuria; however,
KO1.Yaa began to be positive for proteinuria at 2 months of age
and the incidence of positive proteinuria reached 63% (Fig. 1C)
with 46% mortality rate at 8 months of age (Fig. 1D).

Figure 1E shows a comparison of representative histopatho-
logical and immunofluorescent findings of renal glomeruli among
B6, B6.Yaa, KO1, and KO1.Yaa mice at 4 months of age. In
KOl.Yaa mice, glomeruli were significantly enlarged even at
4 months of age (Fig. 1F), because of a marked cellular prolifera-
tion in glomeruli and a large amount of IgG deposition in mesan-
gial area and along glomerular capillary walls. These glomerular
lesions were seldom observed in B6, B6.Yaa, and KO1 mice even at
8 months of age.

Serum levels of autoantibodies

To examine the relationship between the disease phenotype con-
version from RA to SLE and the specificity of autoantibodies, we
compared serum levels of lupus-related autoantibodies against
dsDNA, chromatin, and RNP, and RA-related rheumatoid factor
(RF), anti-type II collagen (CII), and -cyclic citrullinated peptide
(CCP) antibodies at 2 and 6 months of age among B6, B6.Yaa,
KO1, and KO1.Yaa mice (Fig. 2). KO1.Yaa mice showed higher
serum levels of both lupus-related and RA-related autoantibodies
than the other three strains of mice even at 2 months of age. The
levels of all these antibodies were increased with age in KO1.Yaa
mice. Age-associated increase was also observed in KO1 mice;
however, the levels were remarkably higher in KO1.Yaa mice than
those in KO1 mice at 6 months of age. Thus, the conversion of
disease phenotype from RA to SLE was not explained by the shift
of antibody specificity from RA-type to lupus-type.

Splenomegaly, subpopulation, and
maturation/activation status of splenic lymphocytes

The spleen weight in B6, B6.Yaa, KO1, and KO1.Yaa mice was
compared at 4 months of age. Splenomegaly was only observed in
KO1.Yaa mice (Fig. 3A). Consistently, spontaneous GC formation
was observed only in KO1.Yaa mice at 4 months of age (Fig. 3B).

Flow cytometric analysis of spleen cells from 4-month-
old mice revealed that, while there were no differences in
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Figure 1. Disease phenotype shift from RA to SLE in KO1.Yaa mice. (A) Comparison of the cumulative incidence and score of arthritis between KO1
and KO1.Yaa mice. Score is shown as mean =+ SE. (B) Representative macroscopic findings of forepaws and hindpaws in KO1 and XO1.Yada mice at
8 months of age. The former mice show marked swelling and stiffness of the wrist and ankle joints. (C) Comparison of the cumnulative incidence
of proteinuria (PU) between KC1 and KO1.Yaa mice. (D) Comparison of survival rate between KO1 and KO1.Yaa mice. (E) Histopathological findings
of glomeruli in B6, B6.Yaa, KO1, and KO1.Yaa at 4 months of age. Formalin-fixed sections were stained with periodic acid-Schiff/hematoxylin
(PAS) (top). Frozen sections were stained with anti-mouse IgG (bottom) to evaluate the deposition of IgG in renal glomeruli. Scale bars = 50 pm.
Representative results obtained from six mice in each strain. (F) Comparison of glomerular size as an indicator of the severity of glomerular lesion.
The horizontal bar represents the mean. (A-F) All data are shown as the mean of the indicate numbers of mice in each panel and are representative
of three experiments performed. Statistical significance was determined by Mann-Whitney’s U test.

frequencies of B220™ B cells per total spleen cells among four
strains of mice (Table 1), there was a significant decrease in fre-
quencies of CD21*CD23~ marginal zone B cells in Yaa-bearing
B6.Yaa and KO1.Yaa mice (Fig. 4A and Table 1). This decrease is
thought to be due to the effect of Yaa mutation, as reported pre-
viously [12], and not directly related to SLE phenotype. As for the
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activation/maturation status of B cells, frequencies of CD69™" acti-
vated B cells, peanut agglutinin (PNA)*™ GC B cells, and CD138*
plasma cells were significantly higher in KO1.Yaa mice than those
found in other strains of mice (Fig. 4B and Table 1). As for
T cells, while total CD3* T cells per total cells was significantly
decreased in KO1.Yaa mice, the frequency of CD69" activated
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Figure 2. Comparisons of serum levels of lupus-related IgG autoantibodies against dsDNA, chromatin, and RNP, and RA-related IgG RF, anti-ClI
and -CCP antibodies among B6, B6.Yaq, KO1, and KO1.Yaa mice at 2 and 6 months of age. Each symbol represents an individual mouse and the bar
represents the mean. Data shown are representative of three experiments performed. Statistical significance was deterrnined by Mann-Whitney'’s
U test ("p < 0.001, *p < 0.05).
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Figure 3. Splenomegaly with spontaneous GC formation in KO1.Yaa mice. (A) Comparison of spleen weight among B6, B6.Yaa, KO1, and KO1.Yaa
mice at 4 months of age. Each symbol represents a single mouse and the bar represents the mean. Data shown are representative of three
experiments performed. Statistical significance was determined by Mann-Whitney’s U test. (B) Frozen spleen sections of 4-month-old mice were
triple stained with a mixture of anti-CD4 and anti-CD8 mAbs (green), anti-B220 mAb (blue), and PNA (red) to examine the extent of GC formation.

Representative results obtained from six mice in each strain are shown. Scale bar = 100 um.

T cells was markedly increased in KO1.Yaa mice (Fig. 4C and
Table 1). This activation of T cells may reflect the increases in
the CD4%/CD8" T-cell ratio and in the frequency of Tpy cells
with PD17ICOS™CXCR5"CD4™ phenotype (Fig. 4C and Table 1).
Because the frequencies of PD17ICOS™CXCR5"CD4" Ty cells in
B6, B6.Yaa, and KO1 mice were within normal range (Table 1),
the observed abnormal increase in PD1*ICOS™CXCR5"CD4™ Tgy
cells in KO1.Yaa mice with overt SLE was thought to be due to
the combined effect of the FcyRIIB-deficiency, Sle16 locus, and
Yaa mutation. Table 1 also shows that the frequency of CD11b*
monocyte/macrophage population was significantly increased in
KO1.Yaa mice with a comparable level observed in BXSB male
mice [5].

Cytokine profile in spleen from KO1 and KO1.Yaa mice

To examine the difference in in vivo cytokine expression levels
associated with phenotype conversion from RA to SLE, quantita-
tive real-time PCR (qRT-PCR) analysis was performed to compare
mRNA expression levels of notable cytokines in spleen between
KO1 and KO1.Yaa mice at 4 months of age (Fig. 5A). The result

showed that the expression of IL-6, IL-10, and IL-21 was signifi-
cantly upregulated in KO1.Yaa mice compared with that in KO1
mice. Among these, the increase in IL-10 expression was promi-
nent, with more than tenfold increase in KO1.Yaa mice. There was
no significant difference in expression levels of other cytokines
such as IL-2, IL-4, IL-17, IFN-y, TNF-a, and IFN-a between two
strains of mice.

We next examined the cellular source of IL-10 and IL-21, using
flow cytometric analysis of PMA/ionomycin-stimulated spleen
cells from 4-month-old KO1 and KO1.Yaa mice. Both I1-10 and
IL-21 were secreted from CD4" T cells and the frequencies of
IL-10 and IL-21-secreting cells per total CD4" T cells were signifi-
cantly higher in KO1.Yaa than those in KO1 mice (mean =+ SE of
KO1 versus KO1.Yaa; IL-10: 7.56 + 1.25 versus 14.74 + 0.43,p <
0.01, IL-21: 5.09 + 0.22 versus 9.91 + 0.60, p < 0.01) (Fig. 5B),
consistent with the results of gRT-PCR analysis. PD1 and ICOS
expression levels were upregulated in in vitro stimulated CD4™
T cells. Most IL-10 and IL-21-secreting cells showed high PD1
expression levels; however, the ICOS expression level was broadly
distributed in these cytokine-secreting cells (Fig. 5B). As shown
in Figure 5C, in addition to IL-10 and IL-21 single producers, the
significant frequency of CD4™ T cells secreted both cytokines.

Table 1. Subpopulations of splenocytes in KO1, KO1.Yaa, B6, and B6.Yaa mice at 4 months of age?

B6 B6.Yaa K01 KO1.Yaa
B220+ B/total cells 50.5 & 3.3 54.6 + 3.4 53.5 3.2 412 457
CD21+CD23~ MZ B/total B 9.8+08 2.7 +0.3% 113+£1.2 2.3+ 04Y
CD69"B220* B/total B 27 +07 6.1+1.8 2307 15.4 + 2.8%
PNA*B220* B/total B 24402 24406 1.2+ 0.1 8.140.89
CD138"* plasma/total cells 0.5+ 0.0 1.0£05 04401 2.6 +079
CD3* T/total cells 3224+ 16 279+ 15 2834 2.1 18.8 + 1.69
CD69+CD4* T/total T 143 £2.1 193 £ 2.2 1414+ 1.3 44.6 + 3.9
CD4*+/CD8* ratio 14401 1.6 +0.2 11401 6.1 + 2.49)
CD25+FoxP3+CD4" T/total T 18.0+1.3 170+ 1.3 16.0 + 1.1 18.2 £0.2
PD1+1COS+CD4* T/total T 26407 37412 21+07 32.3 + 3.49
CXCR5+PD1+CD4" T/total T 34+08 37+1.3 21407 13.2 +3.29
CD11b" cells/total cells 44405 4.7 +0.1 51+02 13.3 £0.19

2Results were obtained from six mice in each strain, and are shown as mean and SE.
YThe value is significantly different from B6 mice or KO1 mice (p < 0.005, Student’s t-test).
9The value is significantly different from other strains of mice (p < 0.05, Student’s t-test).
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Figure 4. Comparisons of cell surface phenotypes of splenic lympho-
cytes among B6, B6.Yaa, KO1, and KO1.Yaa mice at 4 months of age,
using flow cytometry. (A) Spleen cells were triple-stained with anti-
B220, -CD21, and -CD23 mAbs, and CD21 and CD23 expression levels on
B220+ B cells were examined. The frequency of CD217CD23~ marginal
zone (MZ) B cells is shown. (B) Activation/maturation status of B cells.
Spleen cells were stained with anti-CD69, -CD138, -B220 mAbs, and
PNA. Frequencies of CD69" activated B cells per total B cells, PNA* GC
B cells per total B cells, and CD138* plasma cells per total cells are
shown. (C) Activation/maturation status of T cells. Spleen cells were
stained with anti-CD69 and -CD3 mAbs, and the frequency of CD6%*
activated T cells per total CD3* T cells is shown. Cells were further
stained with anti-CD4, -PD1, -ICOS, and -CXCRS mAbs, and the fre-
quencies of PD17ICOS*CD4* and PD1*CXCR5"CD4* Tz cells per total
CD4* T cells are shown. Representative results obtained from six mice
in each strain are shown.

Discussion

The current study showed that introduction of Yaa mutation into
RA-prone KO1 mice leads to conversion of disease phenotypes
from RA to SLE. RA and SLE are both classified as systemic autoim-
mune diseases. Since features of RA are occasionally associated
with the clinical pictures of SLE [13], it has long been suggested

& 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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that certain shared genetic pathways, as well as disease-specific
ones, underlie the pathogenesis of both RA and SLE [14]. Our
current model provided a clue to investigate this issue and sug-
gested that, while the FcyRIIB deficiency and Sle16 locus in KO1
genetic background confers predisposition to RA [6], an additional
epistatic effect of Yaa mutation induces conversion of the disease
phenotype from RA to SLE.

It has been shown that an etiology of Yaa-mediated B-cell acti-
vation is the duplication of the Tlr7 gene [9,15,16]. The ligand for
TLRY7 is single-stranded RNA, thus suggesting that overexpression
of TLR7 activates B cells by RNA-containing autoantigens, result-
ing in RNA-associated lupus autoantibody production. However,
in the present study, Yaa-mediated disease phenotype conversion
from RA to SLE was not explained by the shift of autoantibody
specificity, and rather Yaa-mediated B-cell activation seems to be
polyclonal in KO1.Yaa mice. This polyclonal B-cell activation may
relate to the marked spontaneous GC formation and the Tgy-cell
generation that developed in the spleen early in life of KO1.Yaa
mice. The formation of GC depends on intrafollicular localization
of antigen, activated B cells and T cells [17,18]. Among subsets
of CD4* T cells, Ty cells are the specialized subset to help B
cells to generate affinity-matured antibodies [17]. In addition to
the B-cell help by Ty cells in GC reaction, it has been shown
that the relationship between B cells and Ty cells is a recipro-
cal dependency, and that the cognate interaction with activated
B cells is required for the maintenance of PD-1*t1ICOS*CXCR5" Try
cells [19]. This is consistent with the present study, in which the
combined effect of FeyRIIB-deficiency, Sle16 locus, and Yaa muta-
tion accelerated not only spontaneous PNA ™" B-cell generation and
GC formation but also Tyg-cell generation in KO1.Yaa mice. As this
vicious cycle of activated B cells and Ty cells promotes polyclonal
B-cell activation, KO1.Yaa mice showed the marked increase in
serum levels of both lupus-related and RA-related autoantibodies.

Anti-CCP antibodies are currently considered to be the most
specific autoantibodies for RA patients, although some patients
with SLE and Sjogren’s syndrome were found to have these
autoantibodies [20]. Anti-CCP antibodies react with citrullinated
proteins, which are the product of posttranslational modifica-
tion. Citrullination of protein is a physiological process and is
catalyzed by peptidyl arginine deiminase enzymes. Anti-CCP anti-
bodies may thus gain the arthritogenicity when citrullinated pro-
teins are increased, particularly in the arthritic region [20]. In
mouse models, an increased serum level of anti-CCP antibod-
ies was observed in SLE-prone and arthritis-free bcl-2-transgenic
(NZW x B6)F1 mice [21], as in the case of KO1.Yaa mice in the
current study. Thus, it appears that this autoantibody specificity is
not exclusively associated with inflammatory joint diseases.

In KO1.Yaa mice, there was a significant increase in the IL-21
expression level early in life compared with that in KO1 mice.
1L-21 is a potent immunoregulatory cytokine produced by NKT
cells and CD4™ T cells, and it has recently been shown that
IL-21 is an autocrine growth factor for Tpy cells [17,22]. Many
cell types express the receptors for IL-21, but the level of expres-
sion on B cells is the highest and drives terminal differentiation of
B cells and plasma cells [19, 22]. Intriguingly, Bubier et al. [23]
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Figure 5. Comparisons of cytokine synthesis between KO1 and
KO1.Yaa mice at 4 months of age. (A) Quantitative real-time PCR anal-
ysis of cytokine mRNA expression levels in spleen from KO1 and
KO1l.Yaa mice. Value of KO1 mice was designated as 1, and values
of KOl.Yaa mice were evaluated as fold change compared with the
values in KO1 mice. Data are shown as mean + SE of four mice for
each strain and representative of three experiments performed. Sta-
tistical significance was determined by Mann-Whitney’s U ("p < 0.05,
"p < 0.01). (B) Flow cytometric analysis of IL-10 and IL-21-secreting
cells in PMA/ionomycin-stimulated spleen cells from KO1 and KO1.Yaa
mice. Frequencies of each cytokine secreting cells per total CD4* T cells,
CD4*+PD1* T cells and CD47ICOS* T cells are shown. (C) Flow cytomet-
ric analysis of IL-10 and L-21-secreting cells, using gated CD4* T cells.
Representative results obtained from six mice in each strain are shown.

reported that SLE phenotypes including autoantibody production
in BXSB male mice were almost completely inhibited in the mice
with the deficient IL-21 receptor. Furthermore, Rankin et al. [24]
recently reported that IL-21 receptor-deficient MRL/Ipr mice were
devoid of abnormal systemic accumulation of activated B cells and
T cells. These findings suggest that IL-21-mediated signals play an
essential role for the pathogeneses of SLE.

It has been shown that IL-21 is a potent regulator of IL-10,
since IL-10 production decreases in IL-21 receptor knockout mice,
while it increases in IL-21-transgenic mice [25]. IL-10 was first
described as a factor produced by Th2 cells, which inhibited the
production of cytokines by Th1 cells [26]. Accumulating evidence,
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however, have shown that IL-10 is actually produced by many
types of cells, and that, although IL-10 shows antiinflammatory
properties against T cells and macrophages through inhibiting the
production of inflammatory cytokines, it promotes B-cell function
to induce antibody production [27,28]. Considering these dual
effects with immunosuppressive and immunostimulatory proper-
ties, IL-10 may confer different effects on the disease progression
processes of RA and SLE. Indeed, the hallmark of RA is the excess
production of inflammatory cytokines by T cells and macrophages
at inflammatory foci, while SLE is characterized by increased pro-
duction of high-affinity autcantibodies and deposition of their
immune complexes in a wide variety of tissues, particularly in
renal glomeruli. Consistently, there are several reports indicating
the suppressive effect of IL-10 on RA [27,29] and the promot-
ing effect of IL-10 on lupus pathogenesis [30]. Further studies
are needed to define the role of IL-10 in the conversion of dis-
ease phenotypes observed in the present study. These studies are
underway in our laboratory.

Peripheral blood mononuclear cells from patients with active
SLE show up-regulated expression of a group of type I IFN-induced
genes [31-33]. Thus, IFN-a seems to be an important cytokine
in SLE pathogenesis. In pristane-induced lupus model, the dis-
ease was shown to be associated with excess IFN-o production
[34], as in the case of human SLE. However, overexpression of
IFN-u is not likely to be involved in SLE pathogenesis in KO1.Yaa
mice, since there were no differences in IFN-a expression levels
between RA-prone KO1 mice and SLE-prone KO1.Yaa mice. Accu-
mulating evidence shows that IL-6, IL-17, and TNF-¢ are important
contributing cytokines to the pathogenesis of RA [35-37]. In the
present studies, however, IL-6 expression levels were increased in
SLE-prone KO1.Yaa mice compared with those in RA-prone KO1
mice, and there was no significant difference in expression levels
of IL-17 and TNF-a between KO1 and KO1.Yaa mice. Thus, these
cytokines are suggested to be unrelated to the observed phenotype
conversion from RA to SLE in our model.

In conclusion, we introduced Yaa mutation into RA-prone KO1
strain and found that the disease phenotype converted from RA
to SLE in KO1.Yaa mice. This phenotype conversion was likely to
be due to the changes in cytokine milieus rather than the shift
of autoantibody specificity from RA-related to lupus-related one.
Further studies for the clarification and identification of the mech-
anism underlying this phenotype conversion are of paramount
importance for shedding light on the mechanisms that control the
development of clinically distinct systemic autoimmune diseases
RA and SLE.

erials and methods Gl

Mice

FcyRIIB-deficient KO1 mice were generated by gene targeting in
129-derived embryonic stem cells and by backcrossing to B6 for
over 12 generations [6]. The Yaa mutation was introduced into
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KO1 mice by crossing with B6.Yaa mice. B6.Yaa mice were pur-
chased from the Jackson Laboratory. All mice were housed under
identical conditions. Experiments were performed in accordance
with our institutional guidelines. Male mice were analyzed in the
current study.

Incidence of arthritis

Ankle joint swelling was examined by inspection and arbitrarily
scored as follows: 0, no swelling; 1, mild swelling; 2, moderated
swelling; 3, severe swelling. Scores of both ankle joints are put
together, and mice with scores over 2 were considered positive for
arthritis.

Measurement of proteinuria

The proteinuria was monitored by biweekly testing and scored as
previously descrobed [38]. Briefly, urine samples (10 nL) spotted
on filter paper were air dried, fixed in 70% ethanol and stained
with bromophenol blue solution. A series of standard three-fold
dilution of BSA were processed as the same way, and the degree of
proteinuria was assessed by visually comparing the color intensity
of urine spot with that of the spot of BSA standards. Scores are
as follows; 0: <37 mg/100 mL 1:237 mg/100 mL, 2:274 mg/mL,
3:2111 mg/100 mL, 4:2333 mg/100 mL, 5:21000 mg/100 mlL,
and 6:23000 mg/100 mL. Mice with urinary protein levels of
four or more in repeated tests were considered as positive for
proteinuria.

Histopathology and tissue immunoflucrescence

Tissues fixed in 4% paraformaldehyde and embedded in paraffin
were sectioned at 2 p.m thickness, and tissue sections were stained
with periodic acid-Schiff and hematoxylin (PAS). For immunoflu-
orescence, tissues were embedded in Tissue-Tek OCT compound,
frozen in liquid nitrogen, and sectined at 4 pm thickness. Frozen
kidney sections were stained with FITC-labeled polyclonal goat
anti-mouse IgG for 60 min at room temperature. For analysis
of splenic tssues, frozen sections were three-color stained with
Alexa 488-labeled anti-CD4 and -CD8 mAbs, Alexa 647-labeled
anti-B220 mAD, and Alexa 546-labeled PNA. Antibodies and PNA
were purchased from BD Pharmingen (San Diego, CA) and Vec-
tor Laboratories Inc. (Burlingame, CA), respectively. The labeling
of these reagents was performed in our laboratory. Color images
were obtained using laser scanning microscopy (Zeiss LSM510,
Carl Zeiss Co., Ltd., Germany).

Estimation of the severity of glomerular lesion

The extent of cellular proliferation in glomerular lesion was esti-
mated by the measurement of glomerular size. Kidney section
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stained by PAS was photographed under a microscope (Biozero,
KEYENCE, Osaka, Japan) with x50 magnification. Ten glomeruli
in each field were randomly selected in order of size, and the size
of each glomerulus was calculated using BZ-II analyzer software
(KEYENCE). Mean size of 10 glomeruli was used as an indica-
tor of histological severity of lupus nephritis in each individual
mouse.

Serum levels of autoantibodies

Serum levels of IgG anti-dsDNA and -chromatin antibodies were
measured using ELISA, as previously described [39]. Serum anti-
body levels are expressed in units, referring to a standard curve
obtained by the serial dilution of a pooled serum of (NZB x NZW)
F1 mice over 8 months, containing 1000 units/mL. Serum levels of
IgG anti-RNP antibodies were measured by employing a commer-
cially available kit (Alpha Diagnostic Intl. Inc., San Antonio, TX),
and are expressed as relative units according to the manufacturer’s
instructions.

Serum levels of IgG RF and IgG anti-CCP antibodies were mea-
sured employing commercially available kits (Shibayagi Co. Ltd.,
Gunma, Japan and Cosmic Corporation, Tokyo, Japan, respec-
tively), and are expressed as relative units according to the manu-
facturer’s instructions. Serum levels of IgG anti-CII antibodies were
measured using an ELISA plate precoated with bovine CII (Sigma-
Aldrich, St. Louis, MO). CII-binding activities are expressed in
units, referring to a standard curve obtained by serial dilution of
a standard serum pool from KO1 mice hyper-immunized with CII,
containing 1000 unit activities/mL.

Flow cytometric analysis

For the analysis of splenic lymphocytes, spleen cells were stained
with the following reagents: FITC-conjugated anti-CD3, -CD21,
-ICOS, -Foxp3, and -CD11b mAbs, Pacific blue-conjugated anti-
B220, -CD4 mAbs, and PNA, PE-conjugated anti-B220, -CD138,
-PD1, and -CD25 mAbs, and biotin-conjugated anti-CD69, -CD23,
-CD8, and -CXCR5 mAbs, followed by streptavidin allophyco-
cyanin. mAbs for CD25 and those for Foxp3, PD1, and ICOS
were obtained from BioLegend (San Diego, CA) and eBioscience
(San Diego, CA), respectively. Others were from BD PharMingen.
Stained cells were four-color analyzed using a FACSAria cytome-
ter and FlowJo software (Tree Star, Inc., Ashland, OR) with whole
cell-gate excluding dead cells in forward and side scatter cytogram.

For intracellular cytokine staining of spleen cells, cells were
stimulated with PMA (0.2 pwg/mL)/ionomycin (2 pg/mL) in the
presence of Golgi-Stop (BD Bioscience, San Jose, CA) for 5 h
and stained with Pacific Blue-labeled anti-CD4 and biotin-labeled
anti-PD1 or anti-ICOS mAbs followed by streptavidine allophy-
cocyanin. Stained cells were then fixed and permeabilized using
BD Cytofix/Cytoperm (BD Bioscience), followed by staining with
FITC-labeled anti-IL-10, and PE-labeled anti-IL-21 mAbs. Stained
cells were analyzed as above.
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gRT-PCR analysis

Total RNA was isolated from spleen and first-stranded cDNA was
synthesized using an oligo(dT)-primer with Superscript II First-
Strand Synthesis kit (Invitrogen, Carlsbad, CA). The ¢cDNA prod-
uct was used for each qRT-PCR sample. The data were normalized
to B-actin reference. Primer pairs used were as follows: IL-2 (for-
ward) 5'-AACCTGAAACTCCCCAGGAT-3', (reverse) 5'-AGGGCTT
GTTGAGATGATGC-3'; IL-4 (forward) 5-CCTCACAGCAACGAA
GAACA-3, (reverse) 5-AAGTTAAAGCATGGTGGCTCA-3'; IL-6
(forward) 5'-GACAAAGCCAGAGTCCTTCAGAGAG-3', (reverse)
5'-CTAGGTTTGCCGAGTAGATCTC-3’; IL-10 (forward) 5-CCAA
GCCTTATCGGAAATGA-3', (reverse) 5-TGGCCTTGTAGACACCT
TGG-3'; IL-17 (forward) 5-TCTCTGATGCTGTTGCTGCT-3/,
(reverse) 5'-GACCAGGATCTCTTGCTGGA-3'; IL-21 (forward) 5'-
ATCCTGAACTTCTATCAGCTCCAC-3', (reverse) 5'-GCATTTAGCT
ATGTGCTTCTGTTTC-3'; IFNy (forward) 5'-AAGACAATCAGGCC
ATCAGC-3', (reverse) 5'-ATCAGCAGCGACTCCTTTTC-3’; TNF-u
(forward) 5'-GGCAGGTCTACTTTGGAGTCATTGC-3', (reverse)
5'-ACATTCGAGGCTGCTCCAGTGAATTCGG-3'; consensus IFNa
(forward) 5'-ATGGCTAGRCTCTGTGCTTTCCT-3', (reverse) 5'-AG
GGCTCTCCAGAYTTCTGCTCTG-3'; B-actin (forward) 5-AGCCAT
GTACGTAGCCATCC-3, and (reverse) 5-CTCTCAGCTGTGGTGG
TGAA-3'. The quantity was normalized using the formula of the
2-A4CT method.

Statistical analysis

Statistical analysis was performed using Mann-Whitney’s U test
for disease phenotypes and Student’s t-test for flow cytometric
analysis. A value of p < 0.05 was considered as statistically signif-
icant.
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Cytoskeletal Reorganization through Ubiquitination and
Degradation of Arp2/3 Subunit 5 and Coronin 1A™
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Anergy is an important mechanism for the maintenance of
peripheral tolerance and avoidance of autoimmunity. The up-
regulation of E3 ubigitin ligases, including GRAIL (gene related
to anergy in lymphocytes), is a key event in the induction and
preservation of anergy in T cells. However, the mechanisms of
GRAIL-mediated anergy induction are still not completely
understood. We examined which proteins serve as substrates for
GRAIL in anergic T cells. Arp2/3-5 (actin-related protein 2/3
subunit 5) and coronin 1A were polyubiquitinated by GRAIL via
Lys-48 and Lys-63 linkages. In anergic T cells and GRAIL-over-
expressed T cells, the expression of Arp2/3-5 and coronin 1A
was reduced. Furthermore, we demonstrated that GRAIL
impaired lameilipodium formation and reduced the accumula-
tion of F-actin at the immunological synapse. GRAIL functions
via the ubiquitination and degradation of actin cytoskeleton-
associated proteins, in particular Arp2/3-5 and coromnin 1A.
These data reveal that GRAIL regulates proteins involved in the
actin cytoskeletal organization, thereby maintaining the unre-
sponsive state of anergic T cells.

The regulation of T cell activation ensures efficient elimina-
tion of pathogens, as well as the maintenance of tolerance to
self. Peripheral tolerance prevents the expansion of self-reac-
tive T cells that escaped thymic selection, thus avoiding auto-
immunity. T cell anergy is one form of peripheral tolerance that
results in nonresponsiveness to antigen rechallenge following
an initial partial activation; partial initial activation may result
from the stimulation of T cell receptor (TCR)? in the absence of
co-stimulation or the stimulation of T cells with the calcium
ionophore ionomycin (1, 2). The induction of T cell anergy is
inhibited by the addition of cyclohexamide, suggesting that
anergy induction requires new protein synthesis (3). Recent
reports have demonstrated that the induction of E3 ubiquitin
ligases, including CBL-b, Iich, Deltex-1, and GRAIL (gene
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related to anergy in lymphocytes), is required to induce and
maintain T cell anergy (4— 8). In particular, it is well known that
Cbl and Cbl-b act as negative regulators of TCR or CD28 signal
transduction cascade through their ability to ubiquitinate tyro-
sine kinases including Src family kinases such as Fyn and Lck;
Syk family kinases such as ZAP-70, Syk, PKC-8, phospholipase
C-v, and p85; and the regulatory subunit of PI3K (4, 5, 9-15).

GRAIL is a type I transmembrane E3 ligase identified as an
early gene that promotes T cell anergy (8). The up-regulation of
GRAIL was observed in anergic CD4 T cells after treatment
with ionomycin in vitro (4). Overexpression of GRAIL in T cell
hybridomas or in primary cells reduces IL-2 production as well
as proliferation upon antigen stimulation. Naive T cells from
GRAIL-deficient mice exhibit increased proliferation and cyto-
kine expression upon activation compared with those from
control mice and do not depend on co-stimulation for effector
generation (16, 17). Moreover, GRAIL-deficient mice exhibit
lymphocyte infiltration into the lung and kidney and exacerba-
tion of experimental autoimmune encephalomyelitis, indicat-
ing an important role for GRAIL in preventing lymphoprolif-
erative and autoimmune responses (17). Although several
candidates for GRAIL targets have been reported, including
membrane proteins such as CD40 ligand and cytosolic proteins
such as Rho GDIs, the mechanisms of GRAIL-mediated anergy
induction are still not completely understood (18-21).

T cell activation and function require a structured engage-
ment of antigen-presenting cells. These cell contacts are char-
acterized by prolonged contacts from stable junctions called
immunological synapses (IS). Reorganization of the actin cyto-
skeleton plays an important role in IS formation and signaling.
Treatment of T cells with the actin-destabilizing agent cytocha-
lasin D inhibits TCR-mediated IL-2 gene transcription (22).
The Arp2/3 (actin-related protein 2/3) complex has been
reported to be essential for TCR-mediated cytoskeletal reorga-
nization (23, 24), and Arp2/3 complex-mediated actin nucle-
ation is required for the formation of an F-actin-rich lamellipod
(22, 25, 26). Coronin 1A is preferentially expressed in hemato-
poietic cells and co-localizes with F-actin-rich membranes in
activated T cells (27). Coronin 1A has been shown to bind the
Arp2/3 complex and inhibit F-actin nucleation by freezing the
Arp2/3 complex in its inactive conformation (28). Coronin
1A-deficient T cells exhibit reduced cytokine production,
including of IL-2 and IFN-v, and altered F-actin reorganization
(29). Moreover, a nonsense mutation in coronin 1A was iden-
tified as a gene alteration associated with the Lmb3 locus, which
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plays a major role in modulating autoimmunity in Fas' mice
(30).

In the present study, we demonstrate that both Arp2/3 sub-
unit 5 (Arp2/3-5), a component of the Arp2/3 complex, and
coronin 1A serve as substrates for GRAIL. The expression of
Arp2/3-5 and coronin 1A is reduced in anergic T cellsand in T
cells in which GRAIL is overexpressed. Retroviral-driven
expression of Arp2/3-5 or coronin 1A in anergic ovalbumin
(OVA)-specific T cells restores their proliferation upon antigen
activation. The accumulation of F-actin, Arp2/3-5, and coronin
1A at the IS is decreased in anergic T cells as well as in T cells
overexpressing GRAIL. Thus, our findings demonstrate that
GRAIL maintains the anergic states of T cells by regulating IS
formation via degradation of the actin cytoskeleton-associated
proteins Arp2/3-5 and coronin 1A.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—We obtained ionomycin, poly-
brene, and OVA from Sigma-Aldrich, OVA peptide (OVA5,;_530)
from TORAY Laboratory (Tokyo), lactacystin from Boston
Biochem Inc., and recombinant IL-2 from Pepro Tech. We pur-
chased antibodies (Abs) against Arp2/3-5 (C3), c-Myc (9E10),
HA (F7), and GAPDH (6C5) from Santa Cruz Biotechnology,
anti-Arp2/3-5 from Epitomics Inc. (Burlingame, CA), anti-co-
ronin 1A from Everest Biotech Ltd. (Oxfordshire, UK), anti-
CD28 Ab from BD Bioscience (San Jose, CA), and peroxidase-
conjugated anti-rabbit IgG, anti-goat IgG, and anti-mouse IgG
from DAKO-Japan (Tokyo). We obtained the pcDNA4-V5/His
vector, pcDNA4-Myc/His vector, and SNARF-1 from Invitro-
gen and the pAcGFP1-N1 vector from Clontech Laboratories,
Inc. HA-conjugated wild-type or mutated ubiquitin constructs
were kind gifts from Dr. C. Akazawa at Tokyo Medical and
Dental University. pAlter-MAX HA-Cbl-b was a kind gift from
Dr. H. Band (University of Nebraska Medical Center).

Mice—DO011.10, OVA-specific TCR-transgenic mice were
purchased from Jackson Laboratories. Seven-week-old female
C57BL/6] mice were purchased from CLEA Laboratory Animal
Corporation (Tokyo, Japan). The animals were maintained in
specific pathogen-free conditions, and all care and use proce-
dures were in accordance with institutional guidelines.

Cell Culture and Proliferation—DO11.10 splenocytes were
cultured in complete DMEM (Invitrogen) supplemented with
0.05 mm 2-mercaptoethanol, 100 units/ml penicillin/strepto-
mycin, and 10% FBS. Proliferative responses after 2 days of
stimulation with plate-bound anti-CD3 (0.5 pg/ml) and anti-
CD28 (1 pg/ml) Abs were determined by [*H]thymidine incor-
poration using a 8-1205 counter (Pharmacia). To induce anergy
in vitro, DO11.10 splenocytes incubated with 1 mg/ml OVA for
3 days were rested for 7-10 days and were then stimulated for
18 h with ionomycin (1 pg/mi) (3).

Constructs—GRAIL, Arp2/3-5, coronin 1A, RhoGDle,
RhoGDIB, Laspl, and RGS10 cDNAs from DO11.10 T cells in
which anergy had been induced by ionomycin were amplified
with following the specific PCR primers: GRAIL, 5'-CAGTG-
AATTCATGGGGCCGCCGCCCGGGATC-3" and 5'-CAGT-
CTCGAGAGATTTAATCTCCCGAACAGCAGC-3'; Arp2/
3-5, 5'-CATGGAATTCTCCGGGATGTCGAAGAACACG-
GTGTC-3' and 5'-GATCGCGGCCGCCACGGTTTTCCTT-
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GCAGTCA-3’; coroninlA, 5 -GATCGCGGCCGCCTACTT-
GGCCTGAACAGTCT-3' and 5'-CAGTCTCGAGCTTGGC-
CTGAACAGTCTCCTC-3"; RhoGDle, 5'-CATGGAATTCG-
TAAGCATGGCAGAACAGGAACCCAC-3’ and 5'-GATC-
GCGGCCGCGTCCTTCCACTCCTTTTTGA-3’; RhoGDIB,
5'-CATGGGATCCATCAAGATGACGGAGAAGGATGC-
ACA-3’ and 5'-GATCGCGGCCGTTCTGTCCAATCCTTC-
TTAA-3'; and RGS10, 5'-CAGTGGATCCATGTTCACCCG-
CGCCGTG-3' and 5'-CAGTCTCGAGTGTGTTGTAAATT-
CTGGAGGCTCG-3'. SOD1 cDNA from brain was amplified
with the following PCR primers: 5'-CAGTGAATTCATGGC-
GATGAAAGCGGTGTGC-3" and 5'-CAGTCTCGAGCTG-
CGCAATCCCAATCACTCC-3'. PCR products were cloned
into a pcDNA4 V5/His vector or pcDNA4 Myc/His vector. The
H297N and H300N mutations in the RING domain of murine
GRAIL were generated using a PCR site-directed mutagenesis
kit (Stratagene, Santa Clara, CA). Deletion of the RING domain
in murine GRAIL was generated using the following PCR prim-
ers: for the 5'-PCR product, CAGTGAATTCATGGGGCCG-
CCGCCCGGGATC and CAGTTTCGAATCTCCATCAGG-
GCCAATTTC; and for the 3'-PCR product, CAGTTTCGAA-
GTGTGACATTCTCAAAGCT and CAGTCTCGAGAGAT-
TTAATCTCCCGAACAGCAGC. After these reactions, the
DNAs were digested with BamHI and Hpal, and the fragments,
which were WT-GRAIL-V5/His, H2N2-GRAIL-V5/His, ARF-
GRAIL-V5/His, Arp2/3-5-Myc/His, coronin 1A-Myc/His,
RhoGDIa-Myc/His or RhoGDIB-Myc/His, were subcloned
into a pMIG vector. After pcDNA4 WT-GRAIL-V5/His was
digested with Nhel and Xhol, the fragment was subcloned into
pAcGFP N1 vector.

Retroviral Transductions and Proliferation of Transfected T
Cells—HEK293T cells were transfected with a pMIG plasmid
and pCLEco helper plasmid by calcium phosphate precipita-
tion. Supernatants were collected 48 and 72 h later and filtered
through 0.45-pum syringe filters (Millipore, MA). Activated
DO11.10CD4™* T cells were resuspended in the collected super-
natant (1 X 10° cells/ml) with recombinant IL-2 (50 units/ml)
and polybrene (8 pg/ml) and were centrifuged at 2,500 rpm for
90 min. Transfected cells were expanded in complete DMEM
with recombinant IL-2 for 48 h and were rested without IL-2.
After treatment with ionomycin (0.3 pg/ml) for 18 h, the cells
were stained with SNARF-1 (5 um) for 15 min and were stimu-
lated with plate-bound anti-CD3 and anti-CD28 Abs. Two days
later, proliferation was analyzed using a FACSCalibur and the
CELLQuest program (BD Biosciences).

Western Blot Analysis—The cells were washed with PBS and
lysed in 1% Nonidet P-40 lysis buffer (137 mm NaCl, 1% Non-
idet P-40, 10% glycerol, 20 mm Tris, pH 7.5). After incubation
for 10 min on ice, lysates were centrifuged at 13,200 rpm for 15
min at 4 °C, and supernatants were collected. After adjustment
of protein concentrations using the Dc protein assay (Bio-Rad),
the lysates were mixed with Laemmli’s buffer (1.33% SDS, 10%
glycerol, 2% 2-mercaptoethanol, 0.002% bromphenol blue, 83
mu Tris, pH 6.8} and were boiled for 5 min. Lysates (10-30 pg)
were subjected to 10 or 12% SDS-PAGE and immobilized on
nitrocellulose membranes. The membranes were blocked with
5% milk, PBS, 0.05% Tween for 1 h at room temperature. Pro-
teins were detected with various Abs (mostly diluted at 1:1000)
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and horseradish peroxidase-coupled anti-rabbit, anti-mouse,
or anti-goat IgG Abs (1:1000). The proteins were visualized
using an enhanced chemiluminescence Western blot detection
system (Amersham Biosciences).

Ubiquitination Assay—HEK293T cells were co-transfected
with V5/His-tagged GRAIL, HA-tagged ubiquitin, and Myc/
His-tagged substrate-containing expression vectors. Twenty-
four hours later, the cells were incubated with 0.3 um lactacys-
tin for 12 h. The cells were lysed using 1% Nonidet P-40 lysis
buffer containing protease inhibitors (Complete protease
inhibitor mixture; Roche Applied Science) and were subjected
to immunoprecipitation with anti-Myc Ab. Ubiquitination of
substrates was analyzed by SDS-PAGE after blotting with
anti-HA Ab.

Immunofluorescence Microscopy—To investigate co-local-
ization of GRAIL and its substrates, HEK293T cells were co-
transfected by calcium phosphate precipitation with the
pAcGFP1-N1 vector containing GRAIL and pcDNA4-DsRed
vector containing the substrate. Twenty-four hours later, the
cells were incubated with lactacystin (0.3 um) for 12 h and were
fixed with MeOH for 15 min at 4 °C. To analyze T cell-B cell
conjugation, A20 cells pulsed with 1 ug/ml OVA;,; .., for2h
at 37 °C were incubated at a ratio of 1:1 with transfected
GFP*DO011.10 CD4™" T cells sorted on a FACS Aria cell sorter
(BD Biosciences) at 37 °C for 10 min. The cells were then plated
on poly-L-lysine-coated slides for 15 min. To analyze lamellipo-
dium formation, T cells overexpressing the control or indicated
constructs were settled onto anti-CD3-coated coverslips for 5
min as described previously (26). The cells were fixed with 4%
paraformaldehyde for 15 min at 4 °C and washed with PBS,
0.01% Tween 20. After blocking with PBS, 1% BSA for 1 h at
room temperature, the cells were incubated with either anti-
Arp2/3-5 (C3) or anti-coronin 1A Ab for 18 h at 4 °C. After
washing, the cells were labeled with Cy5-conjugated anti-
mouse IgG or anti-goat IgG (Jackson ImmunoResearch Labo-
ratories, West Grove, PA) for 2 h at room temperature. The
slides were mounted with ProLong Gold antifade reagent
(Invitrogen) with or without DAPI. Confocal images were
acquired using FV1000-D (Olympus, Tokyo, Japan).

Statistical Analysis—Statistical differences between control
and treatment groups were assessed with the Student’s £ test.

Additional Procedures—Information on semiquantitative
RT-PCR and generation of shRNA is available in the supple-
mental materials.

RESULTS

Reduced Expression of Arp2/3-5 and Coronin 1A—E3 ubiqg-
uitin ligases including GRAIL are up-regulated in anergized T
cells and play an important role in the induction of anergy (4, 8).
To determine which proteins serve as substrates for GRAIL, we
used two-dimensional difference gel electrophoresis to analyze
proteins that were down-regulated in T cells in which anergy
had been induced by ionomycin. Down-regulated proteins
were identified by MALDI-TOF-MS and the nonredundant
NCBI (NCBInr) database using MASCOT software (supple-
mental Table S1). Proteins related to cytoskeletal reorganiza-
tion were the most frequently down-regulated proteins in aner-
gic T cells. We decided to focus on actin-related proteins Arp2/
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3-5 and coronin 1A. We first confirmed that the expression
levels of these proteins were reduced in T cells in ionomycin-
induced anergy. We stimulated splenocytes of DO11.10 mice
with OVA protein for 3 days and then rested them for 7 days.
Anergy was induced by the addition of ionomycin for 18 h and
the proliferative response upon the addition of anti-CD3 and
anti-CD28 Abs detected by the incorporation of [*H]thymi-
dine. The proliferative response was significantly suppressed in
ionomycin-treated cells, confirming that anergy was properly
induced (Fig. 1A). In these anergized cells, the protein expres-
sion of Arp2/3-5 and coronin 1A was reduced (Fig. 1B, lanes 2
and 4). To address the functional involvement of Arp2/3-5 and
coronin 1A in T cell anergy, we examined whether overexpres-
sion of these proteins in DO11.10 CD4™ T cells enhanced their
proliferative response upon stimulation. DO11.10 CD4™ T cells
were transfected with Arp2/3-5 or coronin 1A. To analyze pro-
liferation of transfected T cells by flow cytometry, the cells were
treated with ionomycin and labeled with SNARF-1, which can
monitor proliferating cells through dye dilution in a similar
fashion to CFSE dilution assay. The number of proliferating
cells upon stimulation (GFP* SNARF-1" cells) was increased
in Arp2/3-5 or coronin 1A-overexpressing cells compared with
that of control cells (Fig. 1C). We also analyzed whether an
anergy-like state was displayed by knockdown of Arp2/3-5 or
coronin 1A. The percentage of proliferation increase upon the
restimulation with anti-CD3/anti-CD28 was decreased in
Arp2/3-5 shRNA-expressing T cells (8%) and in coronin 1A
shRNA-expressing T cells (3%) compared with that in control
shRNA-expressing cells (13%). These results indicate that the
expression of Arp2/3-5 and coronin 1A is correlated with T cell
responses and is reduced in anergic T cells.

GRAIL Polyubiquitinates Arp2/3-5 and Coronin 1A—We
next examined whether Arp2/3-5 and coronin 1A serve as sub-
strates for GRAIL. Myc-tagged Arp2/3-5, coronin 1A or other
candidate substrate proteins were transiently co-expressed
with V5-tagged GRAIL and HA-tagged ubiquitin (Ub) in
HEK293T cells. Twenty-four hours after transfection, the celils
were treated with the proteasome inhibitor lactacystin for 12 h,
and then lysates were prepared and immunoprecipitated with
an anti-Myc Ab. SDS-PAGE followed by immunoblotting with
anti-HA revealed a polyubiquitinated laddering pattern of
Arp2/3-5 and coronin 1A in the presence of GRAIL (Fig. 24,
lanes 6 and 10). As Rho GDP dissociation inhibitors (RhoGDI)
a and B were previously reported as substrates of GRAIL, we
confirmed that these two proteins were polyubiquitinated as
well (Fig. 24, lanes 8 and 4). On the other hand, Laspl (LIM and
SH3 protein 1), RGS10 (regulator of G-protein signaling 10),
and SOD1 (superoxide dismutase 1), which were identified as
proteins with reduced expression in anergized T cells by the
two-dimensional difference gel electrophoresis analysis, were
not ubiquitinated in the presence of GRAIL (Fig. 24, lanes 2, 12,
and 14). These results indicate that Arp2/3-5 and coronin 1A
are selectively polyubiquitinated by GRAIL. Histidine to aspar-
agine substitution in the RING finger domain (H2N2) or dele-
tion of the RING finger domain (ARF) of GRAIL (Fig. 2B)
reportedly inactivates GRAIL. These mutant forms of GRAIL
abrogated the ability of GRAIL to ubiquitinate Arp2/3-5 and
coronin 1A as well as RhoGDIa and B (Fig. 2C). Recent evi-
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FIGURE 1. Arp2/3-5 and coronin 1A are down-regulated in T cells anergized by ionomycin. A and B, splenocytes derived from DO11.10 mice were
stimulated with OVA for 3 days and rested for 7-10 days. The rested T cells were then treated with or without ionomycin for 18 h and restimulated with
plate-bound anti-CD3 and soluble anti-CD28. A, proliferation was assessed by [*Hlthymidine uptake for 48 h. The mean c.p.m. of triplicate wells = S.E. is shown
(n = 9). * p = 0.0000033 versus control. B, cells were lysed and analyzed by immunoblotting after 1-hour activation with plate-bound anti-CD3 and soluble
anti-CD28. Each protein level analyzed by Image) software was normalized to the corresponding GAPDH level and is expressed as relative quantity to that of
untreated control. C, DO11.10 CD4™ T cells were transfected with vector control (GFP alone), Arp2/3-5, or coronin 1A. Forty-eight hours later, the transfected
cells were treated with ionomycin for 18 h and were labeled with SNARF-1. The cells were restimulated with plate-bound anti-CD3 and soluble anti-CD28.

Forty-eight hours later, proliferation was analyzed by FACS.

dence suggests that Cbl-b, which is E3 ligase as well as GRAIL,
is important for induction of T cell anergy. We also analyzed
whether Arp2/3-5 and coronin 1A are substrates of Cbl-b.
However, Arp2/3-5 and coronin 1A are not ubiquitinated by
Cbl-b (supplemental Fig. S1). These data indicate that GRAIL
but not Cbl-b E3 ligase selectively ubiquitinates Arp2/3-5 and
coronin 1A.

GRAIL Co-localizes with Arp2/3-5 and Coronin 1A—To
address the interaction of Arp2/3-5 and coronin 1A with
GRAIL, we examined the co-localization of these proteins. We
transiently expressed GFP-tagged GRAIL together with HA-
tagged ubiquitin and DsRed-tagged Arp2/3-5, coronin 1A, or
RhoDGle/B. After treatment with lactacystin, the localization
of GRAIL and its substrates was analyzed by confocal micros-
copy. Indeed, Arp2/3-5 (Fig. 3A4), coronin 1A (Fig. 3B), and
RhoDGlea and B (Fig. 3, C and D) all co-localized with GRAIL.
The substrates were localized together with GRAIL in contrast
to the diffuse localization of GFP and substrate proteins in the
cells transfected with GFP control vector and substrate pro-
teins, indicating the co-localization of GRAIL and Arp2/3-5 or
coronin 1A. These findings suggest that Arp2/3-5 and coronin
1A interact with GRAIL.

GRAIL Ubiquitinates Arp2/3-5 and Coronin 1A via Lys-63
and Lys-48—GRAIL has been reported to form polyubiquitin
chains through lysine 63, resulting in proteolysis-independent
functional modulation of Rho GDIs. However, when CD151 is
the substrate, polyubiquitin chains are formed through lysine
48, which leads to protein degradation (18). We therefore
assessed whether GRAIL ubiquitinates Arp2/3-5 and coronin
1A through Lys-63 and Lys-48. A similar polyubiquitinated lad-
der pattern of Arp2/3-5 was observed in the presence of WT Ub

43468 JOURNAL OF BIOLOGICAL CHEMISTRY

or Ub containing a lysine to arginine substitution at residue 29
(K29R) (Fig. 44, lanes 4 and 6). In contrast, Ub conjugation of
Arp2/3-5 was barely detected in the presence of Ub containing
a lysine to arginine substitution at residue 48 (K48R) or at res-
idue 63 (K63R) (Fig. 44, lanes 8 and 10). Similarly, Ub conjuga-
tion of coronin 1A was observed in the presence of WT or K29R
Ub (Fig. 4B, lanes 4 and 6) but was much lower when K48R or
K63R Ub was used (Fig. 4B, lanes 8 and 10). These data reveal
that Arp2/3-5 and coronin 1A were modified by Lys-48 and
Lys-63 mixed linkage ubiquitin chains. To address the effect of
GRAIL on the protein levels of Arp2/3-5 and coronin 1A, we
overexpressed GRAIL and its enzymatically inactive mutant,
H2N2-GRAIL or ARF-GRAIL, in DO11.10 CD4" T cells and
determined Arp2/3-5 and coronin 1A expression by immuno-
blotting with specific Abs. Both Arp2/3-5 and coronin 1A were
reduced when GRAIL, but not the enzymatically inactive forms
of GRAIL, was overexpressed (Fig. 4C). These results indicate
that GRAIL polyubiquitinates Arp2/3-5 and coronin 1A
through Lys-48 and Lys-63 and eventually leads them to be
degraded.

Less Arp2/3-5 and Coronin 1A Localize at the IS in Anergy—
To investigate the role of Arp2/3-5 and coronin 1A in anergic T
cells, we next examined the accumulation of F-actin, Arp2/3-5,
and coronin 1A at the IS using confocal microscopy. As
described previously, F-actin and Arp2/3-5 were recruited to
the IS formed between DO11.10 CD4™ T cellsand OVA 4,5 439
peptide-pulsed A20 B cells (Fig. 5, A and B, top panels). In con-
trast, the accumulation of F-actin and the recruitment of Arp2/
3-5 to the IS were reduced in ionomycin-treated DO11.10
CD4* T cells compared with those in control cells (Fig. 54,
bottom panel). Similarly, the recruitment of coronin 1A to the
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FIGURE 2. Arp2/3-5 and coronin 1A are ubiquitinated by GRAIL. A and C, HEK293T cells were transiently transfected with the indicated constructs and were
treated with lactacystin for 12 h before lysis. Ubiquitination of the indicated proteins was detected by immunoprecipitation (IP) with anti-Myc Ab, followed by
anti-HA immunoblotting (/B). The membrane was stripped and reprobed with anti-Myc Ab. B, schematic structures of the WT-, H2N2-, and ARF-GRAIL proteins.

IS in ionomycin-treated DO11.10 CD4™ T cells was reduced
compared with that in nontreated DO11.10 CD4™ T cells (Fig.
5B, bottom panel). These data demonstrate that the accumula-
tion of Arp2/3-5 and coronin 1A together with F-actin at the IS
is impaired in anergic T cells.

GRAIL Inhibits Arp2/3 and Coronin 1A Accumulation at the
IS—To address the contribution of GRAIL to IS formation, we
overexpressed GRAIL, ARF-GRAIL, or a control vector in
DO11.10CD4™* T cells and analyzed the accumulation of Arp2/
3-5, coronin 1A, and F-actin at the IS. First, the expression of
Arp2/3-5 and coronin 1A was reduced in T cells (GFP-positive
cells) in which GRAIL was overexpressed compared with
expression levels in control cells (Fig. 6, A and B, compare fop
and middle panels). The accumulation of both Arp2/3-5 and
coronin 1A together with F-actin was reduced in DO11.10
CD4™" T cells overexpressing GRAIL compared with that in
control vector-transfected T cells (Fig. 6, A and B, compare fop
and middle panels). On the other hand, the accumulation of
Arp2/3-5,coronin 1A, and F-actin at the ISin DO11.10CD4™ T
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cells overexpressing ARF-GRAIL was similar to that in controls
(Fig. 6, A and B, bottom panels). We also examined whether the
formation of IS occurred in ionomycin-treated T cells in which
GRAIL was down-regulated by GRAIL shRNA-encoding retro-
viral infection. Coincident with the results for GRAIL-overex-
pressing experiments, both Arp2/3—5 and coronin 1A together
with F-actin fully accumulated at the IS in ionomycin-treated
GRAIL knockdown DO11.10 CD4™ T cells compared with that
in ionomycin-treated control T cells (anergic T cells) (supple-
mental Fig. S2). These results indicated that GRAIL regulates
the recruitment of Arp2/3-5 and coronin 1A into the IS and the
subsequent accumulation of F-actin at the site of the IS.
GRAIL Inhibits Lamellipodium Formation—Because Arp2/3
has been reported to be essential for the formation of lamelli-
podia at the IS, we next examined the effect of GRAIL on lamel-
lipodium formation. Because the spreading of T cells on anti-
TCR-coated coverslips requires the formation of stable actin
structures and the generation of lamellipodia, we first analyzed
whether T cells could spread onto anti-CD3-coated coverslips
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FIGURE 3. GRAIL co-localizes with Arp2/3-5 and coronin 1A. HEK293T cells were transiently transfected with constructs expressing GFP-tagged GRAIL,
DsRed-tagged substrates (Arp2/3-5, A; coronin1A, B; RhoGDle, C, and RhoGDIB, D), and HA-ubiquitin and were treated with lactacystin for 12 h before being

fixed. Co-localization with GFP-GRAIL was analyzed by confocal microscopy.

under anergic conditions. Control DO11.10 CD4* T cells
spread onto anti-TCR-coated coverslips and formed round
lamellipodial interfaces containing F-actin-rich structures (Fig.
74). In contrast, DO11.10 CD4™ T cells in which anergy had
been induced by ionomycin barely formed lamellipodia (Fig.
7A, bottom panels). We next analyzed the lamellipodium for-
mation in CD4™ T cells overexpressing GRAIL. Lamellipodia
were not efficiently formed on anti-CD3-coated coverslips
when GRAIL was overexpressed in DO11.10 CD4* T cells (Fig.
7B, middle panels). In contrast, lamellipodia were efficiently
formed at the IS when a catalytically inactive mutant GRAIL
(ARF) was overexpressed in DO11.10 CD4™* T cells (Fig. 7B,
bottom panels). These data demonstrate that GRAIL inhibits
lamellipodium formation at the IS.

DISCUSSION

In this study, we demonstrate that Arp2/3-5 and coronin 1A
are down-regulated in anergic T cells as well as in T cells that
overexpress GRAIL. Arp2/3-5 and coronin 1A co-localize with
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GRAIL and are ubiquitinated by GRAIL but not by Cbl-b via
Lys-48 and Lys-63 linkage. Furthermore, the accumulation of
Arp2/3-5 and coronin 1A together with F-actin is reduced at
the IS in anergic T cells or in T cells that overexpress GRAIL.
Coincident with the results for GRAIL-overexpressing experi-
ments, IS formation in ionomycin-treated anergic T cells
occurred by knockdown of GRAIL. Finally, we showed that
overexpression of GRAIL suppresses lamellipodium formation
at the IS.

CD40ligand, CD151, CD83, and RhoGDI have been reported
to be candidate substrates of GRAIL; however, the mechanism
of GRAIL-mediated anergy induction is not yet fully under-
stood (18 —21). In fact, the expression of CD40 ligand was not
up-regulated, and the down-regulation of CD3 was impaired in
GRAIL-deficient mice. Because GRAIL is the only membrane
protein among E3 ligases up-regulated in anergic T cells, it is
reasonable that membrane proteins such as CD151 or CD83 are
regulated by GRAIL. In this study, we confirmed that cytosolic
proteins such as RhoGDIs serve as substrates for GRAIL. Fur-
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FIGURE 4. Arp2/3-5 and coronin 1A are polyubiquitinated though Lys-48 and/or Lys-63 ubiquitin linkages and are down-regulated by catalytically
active GRAIL. A and B, HEK293T cells were transiently transfected with the indicated vectors and were treated with lactacystin for 12 h before lysis. Arp2/3-5
(A) and coronin 1A (B) were immunoprecipitated (/P) with anti-Myc Ab followed by immunoblotting (/8) with anti-HA Ab. The membrane was stripped and
reprobed with anti-Myc Ab. C, CD4™ T cells were transfected with vector control (GFP alone) or WT-, H2N2-, or ARF-GRAIL expression constructs. Forty-eight
hours later, the transfected cells (GFP™ cells) were sorted using a FACS Aria cell sorter. Sorted cells were rested for 2 days and were subjected to immunoblot
analysis with anti-coronin 1A or Arp2/3-5 Ab.
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FIGURE 5. The accumulation of Arp2/3-5, coronin 1A, and F-actin at the IS is reduced in anergic T cells. Aand B, OVA-stimulated DO11.10 splenocytes were
rested for 7-10 days. Rested T cells were stained with CFSE, treated with or without ionomycin for 18 h, incubated with OVA;,; 5:5-pulsed A20 cells, and
co-stained with rhodamine-phalloidin (red) to visualize F-actin and either anti-Arp2/3-5 Ab (A) or anti-coronin 1A Ab (purple) (B). The arrowheads indicate IS.

thermore, we identified Arp2/3-5 and coronin 1A as novel sub-
strates for GRAIL. Interestingly, these proteins as well as RhoG-
DiIs are reportedly involved in the regulation of cytoskeletal
organization. Although ubiquitination of target proteins was
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almost completely lost when either K63R or K48R mutant ubig-
uitin was used, it remains unclear whether Arp2/3-5 and coro-
nin 1A are ubiquitinated via Lys-48, Lys-63, or both sites. To
address this issue, characterization of ubiquitin chain using
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FIGURE 6. GRAIL inhibits the accumulation of Arp2/3-5, coronin 14, and F-actin at the IS. A and B, DO11.10 CD4* T cells were transfected with vector
control (GFP alone) or WT- or ARF-GRAIL expression constructs (green). Each population was incubated with OVA,,;_s.0-pulsed A20 cells and co-stained with
rhodamine-phalloidin (red) and either anti-Arp2/3-5 (A) or anti-coronin 1A (purple) (B). The arrowheads indicate IS.

MALDI-TOF-MS or mutants in which Lys-48 or Lys-63 is the
only lysine residue that can mediate the ubiquitin chain forma-
tion will be needed for future studies

The immunological synapse is important in sustained signal-
ing and delivery of a subset of effector cytokines by CD4™ T
cells (25, 29, 31, 32). Although the precise contribution of actin
cytoskeletal remodeling to T cell signaling and biologic func-
tion is not completely understood, both anergic T cells and T
cells overexpressing GRAIL have been reported to form unsta-
ble immunologic synapses (4, 38). Actin nucleation in T cells is
induced by the WAVE2 complex (33) and the actin-nucleation-
promoting factor WASPs, which are required to promote and
stabilize interactions between T cells and APC in vitro and TCR
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clustering on artificial surfaces. WASPs bind to actin mono-
mers, whereas the acidic stretch associates with the Arp2/3-5
complex (23, 34), a seven-subunit complex that has intrinsic
actin-nucleating activity and is essential for polarization of
F-actin at the IS (25, 35). In addition, co-localization of WASPs
and the Arp2/3-5 complex at the interface between anti-CD3-
coated beads and Jurkat T cells suggests that these cytoskeletal
components are essential for the dynamics of the actin cyto-
skeleton and for T cell function (24). Arp2/3-5 is essential for
the formation of a stable synapse by creating lamellipodia (25).
Consistent with these findings, overexpression of GRAIL
reduced the protein expression of Arp2/3-5 and impaired
lamellipodium formation. These results suggest that proteins
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FIGURE 7. GRAIL inhibits lamellipodium formation during TCR stimula-
tion. A, OVA-stimulated DO11.10 splenocytes were rested for 7-10 days and
stained with CFSE. The cells were treated with or without ionomycin for 18 h.
The cells were stimulated with plate-bound anti-CD3 mAb and stained with
rhodamine-phalloidin (red) to visualize F-actin. B, DO11.10 CD4™ T cells were
transfected with a control vector (GFP alone) or WT- or ARF-GRAIL expression
vectors. The cells were stimulated with coated anti-CD3 mAb and stained
with rhodamine-phalloidin (red). The arrowheads indicate lamellipodium
formation.

related to cytoskeletal reorganization at the IS are cytosolic tar-
gets for GRAIL.

An earlier study of coronin 1A knock-out mice reported that
coronin 1A has an Arp2/3-5-dependent inhibitory effect on
F-actin formation and concluded that coronin 1A is indispen-
sable for TCR signaling (27, 29). In the present study, overex-
pression of coronin 1A restored the proliferative response.
These findings suggest that coronin 1A participates in modu-
lating T cell signaling and thereby contributes to the mainte-
nance of anergy. In anergic T cellsand in T cells overexpressing
GRAIL, F-actin accumulation at the IS was decreased, although
the expression of coronin 1A was reduced in contrast to previ-
ous studies. This may be because GRAIL regulates not only
coronin 1A but also the Arp2/3-5 complex as well as RhoGDIs,
which are important in the regulation of the accumulation of
F-actin.

Anergic T cells have been reported to exhibit initial interac-
tion, but implementation of T cell anergy results in reduced
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binding of LFA-1 to its ligand ICAM-1 (4). This process is medi-
ated through degradation of PKC-8 and phospholipase C-y by
Cbl-b. A recent report demonsirated that overexpression of
GRAIL impairs LFA-1 polarization at the IS (37). Stimulation
through the TCR was shown to result in WAVE2-Arp2/3-5-de-
pendent F-actin nucleation and the formation of a complex
containing WAVE2, Arp2/3-5, vinculin, and talin (33). More-
over, TCR stimulation induces integrin clustering through the
recruitment of vinculin and talin (33). Therefore, our study
might link the unstable immunological synapse formation and
impaired LFA-1 polarization at the IS in anergic T cells. Thus,
whereas Cbl-b leads to unstable immunological synapse
through degradation of tyrosine kinase, GRAIL leads to the
phenotype of synapse disorganization via degradation of pro-
teins involved in the actin cytoskeletal organization. In sum-
mary, we provide evidence that GRAIL regulates cytoskeletal
reorganization to keep cells unresponsive to further antigen
stimulation through the ubiquitination and down-regulation of
the Arp2/3-5 complex and coronin 1A.
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