Quantification of cytokine mRNA

Total RNA was extracted from isolated MAIT cells or control
T cells using RNeasy spin columns (QIAGEN, Germantown,
MD, USA) and reverse transcribed into complementary DNA
using Primescript reverse transcriptase (Takara, Ohtsu,
Japan). Levels of IFN-y and IL-17 mRNA were measured by
quantitative PCR using an SYBR Premix Ex Taq Kit (Takara)
on a LightCycler1.5 (Roche, Basel, Switzerland). Expression
levels relative to those of B-actin are presented. The primer
pairs used were as follows: IFN-y forward, 5'-ACAGG-
GAAGCGAAAAAGGAGTCAG-3’ and IFN-y reverse, 5'-CAT
GGGATCTTGCTTAGGTTGG-3'; IL-17 forward, 5'-CCAG-
GATGCCCAAATTCTGAGGAC-3’ and IL-17 reverse, 5'-CAA
GGTGAGGTGGATCGGTTGTAG-3' and B-actin  forward,
5'-CACTCTTCCAGCCTTCCTTCC-3' and B-actin reverse,
5'-GCGTACAGGTCTTTGCGGATG-3'.

Results

MAIT cells are reduced in the peripheral blood of MS patients
and reflect disease activity

Previously, CD161"9" 3C10 (Va7.2)-positive cells have been
reported to represent MAIT cells in adult human peripheral
blood (13, 19, 20). Therefore, we used this definition of MAIT
cells to analyze the frequency of MAIT cells in peripheral
blood by flow cytometry in HC and MS patients in remission
(MS remission) or in relapse (MS relapse). MAIT cells could
be identified as a distinct cell population bearing
a Vo7.2*CD161"9" phenotype in all subjects (Supplementary
Figure 1A is available at International Immunology Online).
Representative profiles of a HC and an MS relapse are
shown in Fig. 1(A). In HC, the frequency of MAIT cells
among total afT celis was 3.79 *= 0.52% (mean =SEM). In
MS remission, the frequency of MAIT cells was 2.33 +
0.39%, which was significantly lower than that in HC (Fig.
1B). The frequencies of Va7.2*CD161'°% and Va7.2*CD161™
or V7.2~ CD161"9" populations were not different between
HC and MS patients, suggesting that the reduced frequency
of MAIT cells in MS patients was not simply due to down-
modulation of the Va7.2 TCR or CD161 molecules in MAIT
cells in MS patients. In addition to the DN population, within
which MAIT cells were first identified, MAIT cells include also
CD4, CD8aa and CD8uf populations (13). Since all the CD4,
CD8af, CD8aa and the DN MAIT cell sub-populations were
reduced in MS patients compared with HC, the decrease in
MAIT cell frequency was not attributed to reduction of a cer-
tain sub-population of MAIT cells (Fig. 1C). The frequency of
total afT cells among PBMC was not different between HC,
MS remission and MS relapse (61.7 = 4.7, 65.8 = 1.9 and
67.85 + 3.2%, respectively).

The decrease in the frequency of MAIT cells was more
profound in MS relapse (0.87 * 0.24%) (Fig. 1B). MS
patients who had at least one attack or had been found to
have an active lesion by magnetic resonance imaging
within 1 year had significantly lower numbers of MAIT cells
compared with patients stable for more than a year (Fig.
1D). Furthermore, when MS relapse patients were followed
up for 2-3 months after the attack, the frequency of MAIT
cells significantly increased along with the clinical recovery

MAIT cells regulate T,1 response in MS 531

b
W

HC MS
Gated on afi T cellx Gated an «fT cells
0.46%

Percent
3N B VT N DD

D161

HC MS
C D E

T omHC

3*
*

GMS-remission

*

d ~N
ah w fatd o
l&
*
3
*
Percent
Do T N
: % 50
L3
5
Pee:gentm
i N

a
3
R

<

Relapse
Post-Tx

CD4 COBufi CDBeue Double
Negative

Stable » 1 year oo’::ﬁ

Relagse o activir MR
within 1 year

Fig. 1. Frequency of MAIT cells among afT cells in peripheral blood.
(A) Representative flow cytometry profiles of CD3*TCR-y3~ cells in
a HC (left) and in an MS relapse (right). (B) Frequency of MAIT cells
among ofT cells in HC (N = 16), MS remission (N = 25) and MS
relapse (N = 7). Each symbol represents the value of one individual.
Horizontal bars indicate the means. *P < 0.05 (Kruskal-Wallis H-test
followed by Mann-Whitney U-test with Bonferroni correction).
(C) Frequency of CD4, CD8uB, CD8ax and DN MAIT cell sub-
population among total afT cells in HC and MS remission. Error bars
represent the SEM. *P < 0.05, **P < 0.01 (Mann-Whitney (-test).
Since the proportion of MAIT cells in some patients with MS remission
and most of those with MS relapse was too low to assess precisely the
frequency of each MAIT cell sub-population, they were not included in
the analysis. (D) Frequency of MAIT cells in MS patients stable for >1
year and those who had at least one clinical attack or had been found
to have active magnetic resonance imaging lesions within 1 year.
*P < 0.05 (Mann-Whitney U-test). (E) Frequency of MAIT cells in five
patients analyzed at an acute phase of relapse and 2-3 months after
steroid therapy (Post-Tx). *P < 0.05 (Wilcoxon #test).

(Fig. 1E). These results indicate that the frequency of MAIT
cells in peripheral blood is reduced in MS remission and re-
duced even more profoundly in MS relapse, and the fre-
quency reflected disease activity.

The positive correlations in the frequency of MAIT cells with
those of CD4*iNKT cells and CD56°™9" NK cells are lost in
MS.

Since several other innate lymphocytes such as CD4*INKT
cells and CD56°"9" NK cells are believed to participate in
the regulation of MS (8, 21), we next examined the correla-
tions of the frequency of MAIT cells with the frequencies of
those innate lymphocytes. As shown in Fig. 2 (upper pan-
els), positive correlations between the frequencies of MAIT
cells and those of CD4*INKT cells and CD56°"" NK cells
were observed in HC. In MS patients, however, the fre-
quency of CD56°"9" NK cells was decreased along with
MAIT cells (Fig. 2, lower right panel). In the case of
CD47iNKT cells, the positive correlation with MAIT cells that
was observed in HC was disrupted in MS (Fig. 2, lower left
panel).
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Fig. 2. Correlation of the frequency of MAIT cells with the frequency of
CD4*INKT cells and CD56"9" NK cells. The frequency of MAIT cells
was plotted against the frequency of CD4"INKT cells (CD3*CD4*TCR-
Va24*-VB11*) among total T cells (left panels) or that of CD56°"9" NK
cells (CD3~CD56°™™) among total lymphocytes (right panels) in HC
(upper panels) or in MS remission (lower panels). Correlations were
analyzed using Spearman’s correlation.

Characterization of MAIT cells in HC and MS

To further characterize MAIT cells, we analyzed the expres-
sion of chemokine receptors important for CNS invasion.
Compared with other T cells, MAIT cells exhibited higher ex-
pression of CCR5 and CCRG6 (Fig. 3A, top panels), although
the expression levels were not different between HC and
MS (Fig. 3A, lower panels). We next assessed cytokine pro-
duction from MAIT cells purified from the PBMC of HC. In re-
sponse to PMA and IM stimulation, MAIT cells produced
substantial levels of IFN-y and IL-17 (Fig. 3B) but not IL-4 or
IL-10 (data not shown). However, none of these responses
was observed when MAIT cells were stimulated through
CD3 and CD28 (Fig. 3B). These results suggest that the ac-
tivation of MAIT cells is differently regulated from that of con-
ventional T cells. Intracellular cytokine staining also revealed
that MAIT cells produced high levels of IFN-y in response to
PMA and IM (Fig. 3C, upper panels). However, interestingly,
the proportion of IFN-y* MAIT cells was not different between
HC and MS patients (Fig. 3C, middle left panel). We could
also detect intraceliular 1L-17 in response to PMA and M,
but the frequency was substantially lower compared with
the frequency of MAIT cells positive for IFN-y and was not
different between HC and MS patients (Fig. 3C, middle right
panel). In contrast to these two cytokines, the frequencies of
IL-4* and IL-10" MAIT cells were lower than those of other
T cells positive for these cytokines and were not different be-
tween HC and MS patients (Fig. 3C, lower panels).

To evaluate the in vivo status of MAIT cells, we next mea-
sured cytokine mRNA expression in MAIT cells isolated from
HC or MS without additional stimulation. As shown in Fig.
3(D), expression levels of IFN-y and IL-17 in MAIT cells were

not different from control T cells, and the values were
comparable between HC and MS patients.

MAIT cells suppress IFN-y production from T cells in a cell
contact-dependent manner

To address the function of MAIT cells in peripheral blood, we
evaluated whether depletion of MAIT cells from PBMC might
affect cytokine production from T cells. As shown in Fig.
4(A), IFN-y production in response to PHA stimulation was
increased by depletion of MAIT cells from PBMC derived
from both HC and MS patients. The enhanced production of
IFN-y by MAIT cell depletion was also observed when PBMC
were stimulated through CD3 or CD3 and CD28 (Supple-
mentary Figure 2 is available at International Immunology
Online). The enhancement of the production was specific to
IFN-~y since other cytokines including IL-4, IL-10 and IL-17
were not altered by depletion of MAIT cells from PBMC (Sup-
plementary Figure 3 is available at International Immunology
Online). These findings suggested that MAIT cells suppress
IFN-y production from T cells in peripheral blood. This IFN-y
suppression by MAIT cells was confirmed by adding purified
MAIT cells back into PBMC from which MAIT cells had been
depleted (Fig. 4B).

To further elucidate the mechanism of IFN-y suppression by
MAIT cells, we first examined the involvement of suppressive
cytokines such as IL-10 and TGF-§ by adding their specific
mAbs to the culture. MAIT cell-mediated suppression of IFN-y
production was not altered in the presence of these mAbs
(Fig. 4C). We next examined whether MAIT cell-mediated
IFN-y production requires cell contact. As shown in Fig. 4(B),
the IFN-y suppression by MAIT cells could not be observed
when the cell contact between MAIT cells and other cells
was blocked using transwell inserts. Since we previously
showed that ICOS/ICOS-L interaction is involved in the sup-
pression of EAE (15), we next examined the effect of anti-
ICOS-L mADb in this culture system. The inhibition of IFN-y
production was similar in the presence of anti-ICOS-L mAb
compared with that in the presence of control immunoglobulin
(Fig. 4C). We next assessed the requirement for B cells in
MAIT cell suppression of IFN-y since we have previously
shown that MAIT cell suppression of EAE was dependent on
the presence of B cells in this model (15). However, as shown
in Fig. 4(D), B-cell depletion had no effect on MAIT cell-de-
pendent suppression of IFN-y production. These findings indi-
cate that MAIT  cellmediated  suppression  of
IFN-y production from T cells in peripheral blood required cell
contact but not IL-10, TGF-B, ICOS or B cells.

Discussion

In this study, we show that MAIT cells, which comprise
a large cell population in human peripheral blood, are re-
duced in MS patients, especially in those with active dis-
ease. Although the precise mechanism of this reduction of
MAIT celis in the peripheral blood of MS patients could not
be addressed in our present study, the trafficking of MAIT
cells from blood into MS lesions is a possible explanation,
especially in patients with active disease and those in re-
lapse since we previously showed that MAIT cells invade
MS lesions (16). In support of this idea, we found in this
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Fig. 3. Phenotype, activation properties and cytokine profile of MAIT cells. (A) Representative histograms of CCR5 and CCR6 expression on
MAIT cells (CD3*TCR-y5~CD161"9"3C10") and other T cells (CD3*TCR-y5~3C107) from an MS remission (upper panels). Bold lines indicate
staining of the specific mAb, and shaded histograms indicate background staining of their isotype control antibodies. Mean fluorescence
intensity is indicated in each histogram. Results from HC (n = 9) and MS remission (n = 6) are summarized in the lower panels. Error bars
represent the SEM. *P < 0,05 (Wilcoxon Ftest). (B) IFN-y (upper panel) and IL-17 (lower panel) production from isclated MAIT cells
(CDS5*CD19"TCR-y8~CD161"9"3C10*) and other T cells (CD5*CD19~TCR-y6~CD16173C107) stimulated with PMA and IM or anti-CD3- and
-CD28-mAb. Representative results from four independent experiments using cells from three HCs are shown. (C) Intracellular cytokine staining
of MAIT cells (CD3*TCR-y6~CD161M9"3C10*) and other T cells (CD3*TCR-y8~3C107). Representative staining profiles of IFN-y from an MS
remission are shown (upper panels), and results of IFN-y, IL-17, IL-4 and IL-10 staining from HC (5 = 8) and MS remission (n = 5) are summarized
(lower panels). Error bars represent the SEM. *P < 0.05 (Wilcoxon ttest). (D) IFN-y (left) and 1L-17 (right) mRNA expression in MAIT cells
(CD3*TCR-y5~CD161M9"3C10") and other T cells (CD3*TCR-y§~3C107) isolated from HC (n = 5) and MS remission (n = 6). Each symbol
represents the value of one individual. Horizontal bars indicate the means.

study that MAIT cells express high levels of CCR5, CCR6é A second possible explanation for the reduced MAIT cell

and a4B1 integrin (data not shown), molecules that are im-
portant in the infiltration of T cells into MS lesions, although
expression level of these molecules were not different be-
tween HC and MS patients. In addition to these findings in
MS, it was recently shown that MAIT cells express specific
pattern of chemokine receptor (14) and infilrate lesions
resulting from bacterial infection (19, 20), chronic inflamma-
tory demyelinating polyneuropathy (16) and kidney and
brain tumaors (22). These findings suggest that it is the MAIT
cells' character to infiltrate inflammatory lesions.

frequency in the PBMC of MS patients is developmental im-
pairment of MAIT cells in patients. It was previously shown
that the development and peripheral expansion of MAIT cells
were dependent on the host’s microbiological environment
(12, 13). In addition, recent epidemiological studies pointed
out a universal increase in the prevalence of MS over time
(23) and emphasized the importance of changes in environ-
mental factors including sanitation and food quality, factors
that affect the profile of intestinal microflora. In this context,
our hypothesis is that the change in sanitation status and
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Fig. 4. Suppression of IFN-y production from T cells by MAIT cells.
(A) IFN-y production from PBMC stimulated with PHA with (AMAIT) or
without (total) depletion of MAIT cells in HC and MS remission (n = 6
each). *P < 0.05 (Wilcoxon ttest). (B) IFN-y production from MAIT
cell-depleted PBMC (AMAIT) with (+MAIT) or without addition of MAIT
cells. Horizontal bar indicates the presence of transwell inserts
between MAIT cells and other cells. A representative result from four
independent experiments using PBMC from three HCs is shown. (C
and D) Efficiency of IFN-y suppression (%suppression) by MAIT cells
in the presence of mAbs against TGF-B, ICOS-L, IL-10 (C) or when B
cells were depleted from the culture (AB cells) (D). Mean *+ SEM of
three independent experiments using PBMC from three HCs are
shown.

quality of food intake has induced alterations in the profile of
gut microflora and impaired the development of MAIT cells
and, consequently, resulted in the increased prevalence of
MS. On the other hand, genetic factors may also be relevant
to an impairment in MAIT cell development in MS. In this
regard, it is interesting to note that a single-nucleotide poly-
morphism in the CD161 molecule, which is expressed at
high levels in MAIT cells, has been correlated with MS sus-
ceptibility (24); however, the role of this molecule in MAIT cell
function and development has not been elucidated.

We observed positive correlations between the frequency
of MAIT cells and those of CD4*INKT and CD56°"9™ NK cells
in HC. In contrast, these correlations were not cbserved in
MS patients. These findings suggest the existence of an im-
mune-regulatory link among these innate lymphocyte popu-
lations wherein they cooperate to regulate autcimmune
responses and imply that the immune pathology of MS is re-
lated to a disruption in this regulatory link. In addition, these
findings suggest that studies on the immune pathology of
MS should not focus only on a single cell population but
should also take notice of the system within which the im-
mune cells exist. On the other hand, we cannot deny that
these cell populations in peripheral blood are regulated in-
dependently. Indeed, while MAIT cells have a propensity to
infiltrate inflammatory tissues, CD56°"9" NK cells are known
to migrate into lymph nodes.

An interesting property of human MAIT cells identified in
this study is their non-responsiveness to CD3 and CD28
stimulation in vitro. This is consistent with a previous report
that the CD8*CD161"9" T-cell population was not responsive
to CD3 and CD28 stimulation even in the presence of exoge-
nous IL-2 (25). We confimed that most of this
CD8*CD161"9"T cells express Va7.2 TCR and correspond
to MAIT cells. On the other hand, it was recently shown that
MAIT cells respond to antigen-presenting cells by producing
IFN-y in an MR1-dependent manner only when the antigen-
presenting cells are infected with bacteria (20). These obser-
vations suggest a unique activation property of MAIT cells,
although the precise mechanism of activation and the
cognate antigen are unknown.

We demonstrated in this study that MAIT cells suppress
IFN-y production from T cells and suggest a disease-sup-
pressive role for MAIT cells in MS via suppression of autor-
eactive Tp1 cells. A suppressive role for MAIT cells was
similarly seen in the mouse EAE model and preferential sup-
pression of IFN-y over other cytokines was also observed in
this system (15). With regard to the mechanism of suppres-
sion, however, factors other than the requirement for cell
contact were quite different between these two species. In
mice, the interaction of MAIT cells with B cells through ICOS
induced IL-10 production from both cell populations, and
this 1L-10 up-regulation was associated with EAE ameliora-
tion (15). In contrast, we could not detect ICOS expression
(data not shown) or IL-10 production by human MAIT cells
and suppression of IFN-y did not require IL-10, ICOS or
B cells. In addition, other MAIT cell differences between
these species have been reported: human MAIT cells
express zinc finger-and BTB domain-containing protein 16
(ZBTB16) transcription factor (26), show a memory phenotype
(13, 14), are anergic to CD3 and CD28 stimulation and pro-
duce mainly pro-inflammatory cytokines in response to PMA
and IM. In contrast, mouse MAIT cells are negative for
ZBTB16 (13), show a naive phenotype (13) and respond to
TCR stimulation by producing both pro- and anti-inflammatory
cytokines (27, 28). The reason for these differences is not
clear, but one possibility is the difference in commensal flora
that these species are exposed to during their evolution.

In contrast to the present findings, a pro-inflammatory role
for MAIT cells in MS cannot formally be ruled out since MAIT
cells produced IFN-vy and IL-17 in response to PMA and IM
stimulation in this study. Similar finding was reported re-
cently by Dusseaux et al. (14). However, similar to us, they
could not detect IL-17 production in response to CD3 and
CD28 stimulation even in the presence of IL-18 or IL-23, in
contrast to the high level of IL-17 and IFN-y production from
MAIT cells stimulated with PMA and IM. Therefore, as the ac-
tivation properties of MAIT cells are quite unique and as the
signal(s) required for MAIT cell activation in MS is largely un-
known, conclusions from studies using only PMA and IM do
not necessarily reflect the in vivo cytokine profile of this cell
population. This question requires further studies analyzing
the cytokine profile of MAIT cells in MS lesions without exog-
enous stimulation. In this regard, the results of our cytokine
mRNA quantification in unstimulated MAIT cells from periph-
eral blood are in contradiction to the inflammatory nature of
this cell population in MS.



In summary, we show that MAIT cells are reduced in the
peripheral blood of MS patients and that their frequency
reflects the disease activity of MS. Moreover, we found that
MAIT cells, consistent with an immune-regulatory link with
other innate immune cell populations, provide a disease-
suppressive role in MS by repressing IFN-y production from
T cells. We hypothesize that MAIT cells act as a sensor for
environmental changes by responding to alterations in gut
microflora by modulating the host's immune system. This
property of MAIT cells should be favorable for host defense
in most cases but may be disadvantageous in some case in-
cluding MS. It is possible, however, that a novel treatment
for MS might be established by enhancing the immunosup-
pressive property of MAIT cells through modulation of the
host’s gut microflora.

Supplementary data

Supplementary data are available at International Immunol-
ogy Online.
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GRAIL (Gene Related to Anergy in Lymphocytes) Regulates
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 ubiqitin 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 lamellipodium 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 coronin 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, Itch, 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-0, 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 (OVA;,5_330)
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—DO11.10, 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 B-1205 counter (Pharmacia). To induce anergy
invitro, 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/ml) (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-

43466 JOURNAL OF BIOLOGICAL CHEMISTRY

GCAGTCA-3'; coroninlA, 5'-GATCGCGGCCGCCTACTT-
GGCCTGAACAGTCT-3' and 5'-CAGTCTCGAGCTTGGC-
CTGAACAGTCTCCTC-3"; RhoGDIg, 5'-CATGGAATTCG-
TAAGCATGGCAGAACAGGAACCCAC-3' and 5'-GATC-
GCGGCCGCGTCCTTCCACTCCTTTTTGA-3'; RhoGDIg,
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-
GTGTGACATTCICAAAGCT 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—HEK?293T 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-pm syringe filters (Millipore, MA). Activated
DO11.10 CD4 ™ 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 puM) 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
mM 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 pum) 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 pug/ml OVA,; 530 for2h
at 37 °C were incubated at a ratio of 1:1 with transfected
GFP*DO11.10 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 ProlLong 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 ubig-
uitin ligases including GRAIL are up-regulated in anergized T
cellsand 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. 14). 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 (GEP™ 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 cells
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)
« 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, Lasp1 (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 [*H]thymidine 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 Imagel 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
RhoDGla/B. After treatment with lactacystin, the localization
of GRAIL and its substrates was analyzed by confocal micros-
copy. Indeed, Arp2/3-5 (Fig. 34), coronin 1A (Fig. 3B), and
RhoDGIe 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
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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 cells and OVA 4,5 330
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 (/P) 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
DO11.10 CD4™ 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 IS in DO11.10 chatr
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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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A GRAIL-GFP Arp2/3-5-DsRed

B GRAIL-GFP DsRed-coronin1A

C GRAIL-GFP RhoGDla-DsRed

D  GRAIL-GFP DsRed-RhoGDIp Merge

Merge

GFP Arp2/3-5-DsRed Merge

GFP DsRed-coronin1A Merge

GFP RhoGDla-DsRed

GFP DsRed-RhoGDIp

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 RhoGDIg, 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.
7A4). 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

43470 JOURNAL OF BIOLOGICAL CHEMISTRY

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 (IP) with anti-Myc Ab followed by immunoblotting (/B) 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.

A _ CFSE (T cell) F-actin Cy5 (Arp2/3-5) Merge
controf

lonomycin

B8 CFSE (T cell) F-actin Cy5 (coronin1A) Merge
control

lonomycin

FIGURE 5. The accumulation of Arp2/3-5, corenin 1A, and F-actin at the S isreduced 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,,,_,,o-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-  almost completely lost when either K63R or K48R mutant ubig-
strates for GRAIL. Interestingly, these proteinsas wellas RhoG-  uitin was used, it remains unclear whether Arp2/3-5 and coro-
DIs are reportedly involved in the regulation of cytoskeletal nin 1A are ubiquitinated via Lys-48, Lys-63, or both sites. To
organization. Although ubiquitination of target proteins was address this issue, characterization of ubiquitin chain using
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FIGURE 6. GRAIL inhibits the accumulation of Arp2/3-5, coronin 1A, 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,,,_;.o-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-TOFE-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 vitroand TCR

43472 JOURNAL OF BIOLOGICAL CHEMISTRY
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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. 8, 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 cells and 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 toits ligand ICAM-1 (4). This process is medi-
ated through degradation of PKC-6 and phospholipase C-y by
Cbl-b. A recent report demonstrated 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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In the present study, we examined the role of tumor necrosis factor (TNF) in interleukin (IL)-10 produc-
tion by dendritic cells (DCs) using bone-marrow derived DCs from wild type (WT) and TNF-ot knockout
(TNF-0.~/~) mice. Toll-like receptor (TLR) stimulation induced substantial level of IL-10 production by WT
DCs, but significantly low level of IL-10 production by TNF-o.~/~ DCs. In contrast, no significant difference
was detected in IL-12 p40 production between WT and TNF-o.~/~ DCs. Addition of TNF-ot during TLR stim-
ulation recovered the impaired ability of TNF-o.~/~ DCs for IL-10 production. This recovery appeared to be
associated with an activation of extracellular signal-regulated kinase, p38 mitogen-activated protein
kinase, and phosphatidylinositol 3-kinase/Akt following the TNF-a addition. Blocking these kinases sig-
nificantly inhibited IL-10 production by TNF-o~/~ DCs stimulated with TLR ligands plus TNF-c. Thus,
TNF-o. may be a key molecule to regulate the balance between anti-inflammatory versus inflammatory
cytokine production in DCs.
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1. Introduction

Tumor necrosis factor (TNF)-a is a multifunctional cytokine that
regulates immunity, inflammation, cell differentiation, prolifera-
tion, and apoptosis [1,2]. TNF-a binds to two distinct receptors,
TNF receptor type 1 (TNFR1; CD120a) and TNF receptor type 2

Abbreviations: Ab, antibody; BMDCs, bone marrow-derived dendritic cells; DCs,
dendritic cells; ELISA, enzyme linked immunosorbent assay; ERK, extracellular
signal-regulated kinase; FADD, Fas-associated death domain protein; FCS, fetal calf
serum; FITC, fluorescein isothiocyanate; GM-CSF, granulocyte-macrophage colony-
stimulating factor; h, hour; JNK, c-jun N-terminal kinase; IFN, interferon; IL,
interleukin; IRF, IFN regulatory factor; LPS, lipopolysaccharide; mAb, monoclonal
Ab; MAPK, mitogen-activated protein kinase; MEK, MAPK/ERK kinase; min, minute;
MyD88, myeloid differentiation primary-response gene 88; NF-kB, nuclear factor-
¥B; pAkt, phospho-Akt; PAMPs, pathogen-associated molecular patterns; P3C,
Pam3CSK4; PI3K, phosphatidylinositol 3-kinase; PE, phycoerythrin; PerCP, perid-
inin chlorophyll protein; pERK, phospho-ERK; pJNK, phospho-JNK; pp38 MAPK,
phospho-p38 MAPK; Th1, T helper type 1; TLR, Toll-like receptor; TLR-L, TLR
ligands; TNF, tumor necrosis factor; TNFR1, TNF receptor type 1; TNFR2, TNF
receptor type 2; TRADD, TNFR1-associated death domain protein; TRAF, TNF
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(TNFR2; CD120b) [3]. Most of TNF functions are thought to be
induced via TNFR1. TNFR1 is constitutively expressed in most tis-
sues. TNFR1 recruits death-domain proteins including TNFR1-asso-
ciated death domain protein (TRADD) and Fas-associated death
domain proteins (FADDs) [4]. TRADD activates FADDs, receptor-
interacting protein 1 (RIP1), and TNF receptor-associated factor 2
(TRAF2). TRAF2 and RIP1 activate mitogen-activated protein ki-
nases (MAPKs), such as extracellular signal-regulated kinase
(ERK), p38 MAPK, c-jun amino-terminal kinases (JNK), and nuclear
factor-kB (NF-xB) [1,2,5-7].

Toll-like receptors (TLRs) are pattern recognition receptors that
recognize pathogen-associated molecular patterns (PAMPs) in the
pathogen-derived molecules such as lipopolysaccharide (LPS) and
induce innate immune responses. The TLR family consists of more
than 13 members in mammals [8]. TLRs recognize various PAMPs,
such as lipoproteins (TLR2), peptidoglycan (TLR2), double-stranded
RNA (TLR3), LPS (TLR4), flagellin (TLR5), single-stranded RNA (TLR7
and TLR8), and CpG-DNA (TLR9). TLRs contain a Toll-IL-1R (TIR)
domain [9,10]. Upon TLR activation, TIR domain efficiently recruits
several TIR-containing intracellular adaptor proteins including
myeloid differentiation primary-response gene 88 (MyD88)
[11,12] and TIR domain-containing adaptor inducing interferon
(IFN)-B (TRIF) [13,14]. The MyD88-dependent signaling pathway
activates MAPKs, NF-xB, phosphatidylinositol 3-kinase (PI3K)/
Akt, activator protein-1, and IFN regulatory factor (IRF) 5 via
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TRAF6, which induces inflammatory cytokine synthesis. The
TRIF-dependent signaling pathway activates IRF3, IRF7, and NF-
kB via RIP1, TRAF3, and TRAF6, which induces type 1 IFNs
[10,15-19].

Dendritic cells (DCs) are potent professional antigen-presenting
cells and play important roles in the initiation and the regulation of
immune responses to various pathogenic antigens [20-22]. TLR-
stimulated DCs produce a large amount of inflammatory cytokines
including TNF-o, interleukin (IL)-1, IL-6, and IL-12 and also anti-
inflammatory cytokines such as IL-10. DC-produced IL-12 drives
polarization of naive CD4" T cells toward T helper type 1 (Th1)
cells, while the IL-10 is involved in inhibition of Th1 responses
and differentiation of regulatory T cells [23-26]. It seems that
the balance of inflammatory versus anti-inflammatory cytokines
produced by DCs is crucial to control immune homeostasis. How-
ever, the mechanism underlying regulation of the cytokine balance
has not been fully understood.

TNF-a exhibits not only pro-inflammatory functions but also
displays anti-inflammatory properties [27-29]. It has been re-
ported that TNF-a promotes IL-10 production by human mono-
cytes [30,31], although molecular mechanism underlying the
TNF-o-mediated regulation of IL-10 production remains unclear.
On the other hand, the role of TNF-a for IL-10 production by DCs
has not been well documented. In the present study, using bone-
marrow derived DCs (BMDCs) generated from either wild type
(WT) or TNF-a knockout (TNF-ot~/~) mice, we examined the role
of TNF-o in DC production of IL-10 upon TLR stimulation focusing
on the intracellular signaling.

2. Materials and methods
2.1. Mice

WT C57BL/6 mice were purchased from Japan SLC (Hamamatsu,
Japan). TNF-a knockout (TNF-or~/~) mice with C57BL/6 background
were obtained from The Jackson Laboratory (Bar Harbor, ME). All
mice were maintained in a specific pathogen-free condition of
our animal facility at Hokkaido University. Female mice at 6- to
14-weeks old were used for the preparation of bone marrow cells.
All experiments were approved by regulations of Hokkaido Univer-
sity Animal Care and Use Committee.

2.2. Reagents and antibodies (Abs)

Murine recombinant granulocyte-macrophage colony-stimu-
lating factor (GM-CSF) and murine recombinant TNF-o were pur-
chased from PeproTech (Rocky Hill, NJ). Rabbit complement was
purchased from Cedarlane (Ontario, Canada). LPS (ultra-pure
grade) from Escherichia coli (0111:B4) and Pam3CSK4 (P3C), a
synthetic lipopeptide, were purchased from Invivogen (San Diego,
CA). Fluorescein isothiocyanate (FITC)-conjugated anti-mouse
CD86 monoclonal Ab (mAb) (GL1), phycoerythrin (PE)-conjugated
anti-mouse CD40 mAb (3/23), biotin-conjugated anti-I-A? mAb
(AF6-120.1), and streptavidin-peridinin chlorophyll protein
(PerCP) were obtained from BD Pharmingen (San Jose, CA). Anti-
mouse TNF-o mAb (MP6-XT22), anti-mouse TNFR1 mAb (55R-
170), and anti-mouse TNFR2 mAb (TR75-54.7) were purchased
from Biolegend (San Diego, CA). Anti-phospho-ERK1/2 (Thr2%/
Tyr*®) mAb (197G2), anti-phospho-p38 MAPK (Thr'®%/Tyr'8?)
Ab, anti-phospho-JNK1/2 (Thr'$3(Tyr'®) mAb (G9), anti-phos-
pho-Akt (Ser*”®) mAb (193H12), and anti-GAPDH mAb (14C10)
were purchased from Cell Signaling Technology (Beverly, MA).
U0126, a specific inhibitor of MAPK/ERK kinase (MEK)1/2, and
SB203580, a specific inhibitor of p38 MAPK, were purchased from
Calbiochem (San Diego, CA). LY294002, a specific inhibitor of
PI3K, was purchased from Sigma-Aldrich (St. Louis, MO).

2.3. Generation of BMDCs

Murine BMDCs were generated by a well established method as
previously described [32,33] with a minor modification. Bone mar-
row cells were prepared from femur and tibial bone marrow of WT
or TNF-o.~/~ mice. After lysis of erythrocytes, major histocompatibil-
ity complex class II-, CD45R (B220)-, CD4-, and CD8-positive cells
were removed by killing with a cocktail of relevant mAbs (1E4,
RA3-6B2, GK1.5, and 53-6.7) and rabbit complement. The cells were
extensively washed to remove mAbs, complement, and cell debris.
The cells were cultured in RPMI-1640 containing 5% fetal calf serum
{FCS) and GM-CSF (20 ng/ml) at a density of 1 x 10 cells/ml/well
(24-well plate). On day 2, the medium was gently exchanged to fresh
medium. On day 4, non-adherent granulocytes were removed with-
out dislodging clusters of developing DCs, and fresh medium was
added. On day 6, free-floating and loosely adherent cells were col-
lected and were used as BMDCs (>95% CD11c* B2207).

2.4. Measurement of cytokines in culture supernatants

BMDCs(2 x 10°/ml) were treated with TNF-ocand/or P3C (100 ng/
ml) plus LPS (1 pg/ml) (this combination of TLR ligands will be re-
ferred to as TLR-L)for 24 h in 5% FCS RPMI-1640[34]. TNF-o.was used
at 100 ng/ml based on our preliminary dose-response study (data
not shown). In some experiments, cells (2 x 10°/ml) were pretreated
with U0126, SB203580, LY294002, or vehicle alone (0.1% DMSO) for
1h and then stimulated with TNF-o¢ and/or TLR-L for 24 h in the
presence of each inhibitor. U0126, SB203580, and LY294002 were
used at 10, 30, and 10 pM, respectively, as previously described
[34]. The culture supernatants were subjected to quantification of
the protein level of IL-10, IL-12 p40, and TNF-a. by enzyme linked
immunosorbent assay (ELISA) using OptEIA Set (BD Pharmingen).

2.5. Immunoblotting

BMDCs (5 x 10°/ml) were treated with TLR-L and/or TNF-o for
24 h in 5% FCS RPMI-1640 for the indicated time period. Reactions
were halted by rapidly cooling on ice, and these cells were washed
by ice-cold phosphate-buffered saline. The whole cell lysates were
prepared using cell lysis buffer (Cell signaling Technology). The cell
lysates were separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis, and then blotted onto a polyvinylidene fluoride
membrane (Millipore, Bedford, MA). The membrane were proved
with primary Ab, and developed with horseradish peroxidase-con-
jugated secondary Ab by enhanced chemiluminescence.

2.6. Flow cytometry
Cell staining with FITC-, PE-, or biotin-conjugated mAb, and strep-

tavidin-PerCP and flow cytometric analysis was performed on EPICS
XL (Beckman coulter Inc., Miami, FL) as previously described [35].

2.7. Statistical analysis
The Student’s t-test or Dunnet’s test was used to analyze data for

significant differences. P values less than 0.05 were regarded as
significant.

3. Results

3.1. Cytokine production by WT and TNF-a”'~ DCs upon TLR
stimulation

We examined the role of endogenous TNF-a in IL-10 production
by murine BMDCs in response to TLR ligands comparing BMDCs
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from TNF-o.~/~ mice and those from WT mice. We have previously
demonstrated that LPS (ultra-pure grade) or P3C (a synthetic TLR2
ligand) alone induced negligible production of IL-10 in BMDCs,
while the simultaneous treatment with these ligands results in
the vigorous production of IL-10 [34]. Thus, DCs were stimulated
with LPS plus P3C to evaluate the ability for the IL-10 production.

BMDCs from WT or TNF-o/~ mice were treated with TLR-L(1 ne/
ml LPS plus 100 ng/ml P3C) for 24 h, and levels of IL-10, IL-12 p40,
and TNF-o in the culture supernatants were determined by ELISA
(Fig. 1A). Consistent with our previous study, TLR-Linduced substan-
tial level of IL-10 production by WT DCs. Notably, IL-10 production
by TNE-at~/~ DCs stimulated with TLR-L was significantly suppressed
as compared to that by WT DCs (Fig. 1A, left). In contrast, both WT
DCs and TNF-o.~/~ DCs vigorously produced IL-12 p40 in response
to TLR-L and no significant difference was detected in this cytokine
production between these types of DCs (Fig. 1A, center). WT DCs
markedly produced TNF-o in response to TLR-L, while TNF-o~/~
DCs showed no TNF-a productionirrespective of the TLR stimulation
(Fig. 1A, right). We also analyzed IL-12 p70 production by WT and
TNF-o~/~ DCs upon TLR stimulation. However, no 1L-12 p70 produc-
tion was detected in any cultures tested (<30 pg/ml, data not
shown). No significant difference was detected in the cell viability
between WT and TNF-o/~ DCs after 24 h of culture (data not
shown).

3.2. The effect of exogenous TNF-a in IL-10 production by DCs upon
TLR stimulation

Above findings (Fig. 1A) suggest that DC production of TNF-o
lead to the IL-10 production by these DCs in response to TLR li-
gands. We next examined whether addition of exogenous TNF-o
during the TLR stimulation recovered the impaired ability of
TNF-o.~/~ DCs to produce IL-10.

BMDCs from WT or TNF-o.~/~ mice were stimulated with TLR-L
in the presence or absence of TNF-at 100 ng/ml for 24 h, and levels

of IL-10 and IL-12 p40 in the culture supernatants were deter-
mined by ELISA (Fig. 1B). TNF-o alone never induced IL-10 produc-
tion by both types of DCs (Fig. 1B left). Again, TLR-L induced
vigorous production of IL-10 by WT DCs but not by TNF-a/~
DCs. Addition of TNF-a restored the TLR-mediated IL-10 produc-
tion by TNF-o.~/~ DCs to the level of that by WT DCs. In contrast,
TNF-o showed no significant effect on TLR-L mediated IL-10 pro-
duction by WT DCs. Thus, TNF-a produced by WT DCs may be nec-
essary to induce maximal IL-10 production by the DCs in response
to TLR-L.

TLR-L markedly induced IL-12 p40 production by WT DCs and
TNF-o~/~ DCs, and no significant difference was detected in the le-
vel of IL-12 p40 production between these types of DCs (Fig. 1B,
middle). Exogenous TNF-a never affected the TLR-mediated IL-12
p40 production by WT DCs. Although TNF-a slightly increased
the TLR-mediated IL-12 p40 production by TNF-o.~/~ DCs, the effect
was statistically not significant.

3.3. Cell surface expressions of maturation markers on TLR-stimulated
DCs

We next analyzed the cell surface expression of several matura-
tion markers on WT and TNF-o.~/~ DCs. WT and TNF-o.™/~ DCs were
treated with TLR-L for 24 h and the cell surface expressions of
(D40, CD86, and I-A® were determined by flow cytometry
(Fig. 2). After the TLR stimulation, WT and TNF-o.~/~ DCs exhibited
mature phenotype, high expression of CD86, CD40, and I-AP. No
significant difference was detected in the expression level of these
maturation markers between WT and TNF-o.~/~ DCs, although the
proportion of CD86 positive cells was increased in TNF-o~/~ DCs
compared to WT DCs (Fig. 2). Addition of TNF-o. during the TLR
stimulation showed no effect on the level of CD86, CD40, and I-
AP expressions in both types of DCs (data not shown). From these
results, TNF-o. may be dispensable for the phenotypic maturation
of DCs in response to TLR stimulation.
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Fig. 1. Cytokine production by WT and TNF-o.~/~ DCs upon TLR stimulation. (A) BMDCs from WT or TNF-o.~/~ mice were stimulated with 1 pg/ml LPS plus 100 ng/ml P3C
(TLR-L) for 24 h. (B) BMDCs from WT or TNF-¢.~/~ mice were stimulated with TLR-L in the presence or absence of TNF-o. (100 ng/ml) for 24 h. The amount of cytokines in the
culture supernatants was measured by ELISA. Each column represents the mean + SE of 11 (A) or nine (B) independent experiments. Statistical significance was calculated by

Student’s t-test (**p < 0.01; ***p <0.001; NS, not significant).
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Fig. 2. Expression of surface molecules on WT and TNF-o~/~ DCs upon TLR
stimulation. BMDCs from WT or TNF-o™/~ mice were stimulated with TLR-L for
24 h. Expressions of CD86, CD40, and 1-A® were analyzed by flow cytometry. (A)
Representative histogram of the each molecule on WT and TNF-o~/~ DCs. (B) Each
column represents the mean + SE of three independent experiments. MFl, mean
fluorescence intensity.

3.4. The effect of TNF-a on activation of Akt and MAPKs in DCs upon
TLR stimulation

PI3K/Akt and MAPK pathways are responsible for production of
various cytokines following TLR stimulation [36]. It has been re-
ported that TNF-a is capable of activating these intracellular path-
ways [37,38]. TNF-o promoted IL-10 production in TNF-o.~/~ DCs
but not in WT DCs (Fig. 1). To analyze the molecular mechanism
responsible for the TNF-a-mediated promotion of IL-10 production
seen in TNF-o.~/~ DCs, we examined the effect of TNF-ot on activa-
tion of Akt and MAPKs (ERK1/2, p38 MAPK, and JNK1/2) in the TNF-
o/~ DCs upon TLR stimulation,

BMDCs from TNF-o.~/~ mice were stimulated with TNF-o. and/or
TLR-L for indicated time periods, and intracellular protein levels of
phospho-Akt (pAkt), phospho-ERK1/2 (pERK1/2), phospho-p38
MAPK (pp38 MAPK), and phospho-JNK1/2 (pJNK1/2) were deter-
mined by immunoblotting (Fig. 3).

TNF-o markedly increased the level of pERK1/2 in TNF-o.~/~ DCs
at 7 min, while showed only slight effect at 15-30 min (Fig. 3A and
B). On the other hand, TLR-L induced slight phosphorylation of
ERK1/2 in TNF-oe~/~ DCs at 7 min, but markedly increased the level
at 15 min. The effect was decreased at 30 min. The pERK1/2 in TNF-
o/~ DCs at 7 min after treatment with both TLR-L and TNF-o
showed same level as that in TNF-o~/~ DCs treated with TNF-a
alone. Thus, the ERK1/2 activation at 7 min seemed to be largely
dependent on TNF-o.. At 15 and 30 min no difference was detected
in the pERK1/2 level between TLR-L-treated and TLR-L plus TNF-o-
treated TNF-o.~/~ DCs.

The levels of pp38 MAPK and pAkt in TNF-or”/~ DCs were
markedly increased at 7 min, and then gradually reduced at 15-
30 min after TNF-a stimulation (Fig. 3A, C, and E). In contrast,
TLR-L increased the levels of these molecules slightly at 7 min,

but markedly at 15 and 30 min. Treatment of these DCs with both
TNF-o and TLR-L considerably increased the levels of pp38 MAPK
and pAkt at 7 min as compared with those in DCs treated with
TLR-L alone. Thus, exogenous TNF-a was responsible for an early
(7 min) activation of p38 MAPK and Akt.

The level of pJNK1/2 in TNF-o.~/~ DCs was modestly increased at
7 to 15 min and then decreased at 30 min after TNF-ct stimulation
(Fig. 3A and D). In contrast, TLR-L increased the level of pJNK1/2
modestly at 7 min and markedly at 15 and 30 min. Exogenous
TNF-a, however, showed no significant effect on the TLR-L-medi-
ated phosphorylation of pJNK1/2 at all time periods tested.

3.5. The effect of ERK1/2, p38 MAPK, or PI3K inhibition on IL-10 and IL-
12 p40 production by TNF-o/~ DCs upon TNF-« plus TLR-L
stimulation

ERK1/2, p38 MAPK, and Akt activation in TNF-o~/~ DCs upon
TLR stimulation was significantly enhanced by addition of TNF-o
at an early time point (Fig. 3). We thus examined the role of
ERK1/2, p38 MAPK, and Akt in IL-10 production by TNF-a~/~ DCs
upon stimulation with TLR-L plus TNF-o using U0126, a specific
inhibitor of MEK-ERK pathway, SB203580, a specific inhibitor of
p38 MAPK, and LY294002, a specific inhibitor of PI3K.

TNF-o/~ DCs were pretreated with U0126, SB203530,
LY294002, or vehicle alone (0.1% DMSO) for 1 h and then stimu-
lated with TNF-or and/or TLR-L for 24 h in the presence of each
inhibitor. The amount of IL-10 and IL-12 p40 in the culture super-
natant was quantitated by ELISA (Fig. 4). Again, stimulation with
TLR-L plus TNF-a induced vigorous production of IL-10 and IL-12
p40. U0126 modestly inhibited the IL-10 production and increased
the IL-12 p40 production by TNF-o~/~ DCs. Notably, both
SB203580 and LY294002 markedly inhibited the IL-10 production
by TNF-a.~/~ DCs upon TLR-L plus TNF-a stimulation, while show-
ing no significant effect on the IL-12 p40 production. Thus, the
TNF-o-mediated early activation of ERK1/2, p38 MAPK, and
PI3K/Akt may be responsible for the promotion of IL-10 production
by TNF-ot~/~ DCs upon TLR stimulation.

4. Discussion

TLR ligands induce vigorous production of pro-inflammatory
cytokines by macrophages and DCs. These TLR-mediated innate
immune responses are crucial to initiates acquired immunity.
TLR ligands also induce production of IL-10, an anti-inflammatory
cytokine, which may suppress undesirable andfor exceeded
inflammatory responses. Although transcription factors and signal
transduction pathways for production of pro-inflammatory cyto-
kines have been well identified, those of anti-inflammatory cyto-
kines such as IL-10 have been elusive. In the present study, we
examined the role of TNF-a in DC production of IL-10 upon TLR4
and TLR2 stimulation (TLR4,2 stimulation) and pursued mecha-
nism underlying the TNF-a-mediated regulation of IL-10 produc-
tion. We demonstrated herein that TNF-a was involved in DC
production of IL-10 but not IL-12 p40 upon TLR4,2 stimulation. It
was also shown that the TNF-a~-mediated activation of MAPK and
PI3K/Akt pathways may be responsible for the TNF-o-mediated
regulation of IL-10 production.

First, we compared productions of [L-10 and IL-12 p40 between
WT and TNF-o~/~ DCs in response to TLR-L (LPS plus P3C). Upon
TLR4,2 stimulation, TNF-o.~/~ DCs produced lower level of IL-10
than those by WT DCs. In contrast, no significant differences were
noted in the TLR-mediated IL-12 p40 production between these
types of DCs. Addition of TNF-at during the TLR stimulation recov-
ered the impaired ability of TNF-oc~/~ DCs for IL-10 production,
although TNF-a alone exerted negligible effect on the IL-10
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Fig. 3. Activation of ERK1/2, p38 MAPK, JNK1/2, and Akt in TNF-o~/~ DCs upon stimulation with TNF-o and TLR-L. BMDCs were treated with TNF-o (100 ng/mi) and/or TLR-L
for 7, 15, or 30 min, and whole cell lysates were prepared. Levels of phospho-ERK1/2 (pERK1/2), phospho-p38 MAPK (pp38 MAPK), phospho-JNK1/2 (pJNK1/2), and phospho-
Akt (pAkt) in the cell lysates were determined by immunoblotting. GAPDH level was determined as an internal control for each sample. (A) Representative immunoblot is
shown. (B) The relative intensity of the specific band is shown. Each column represents the mean + SE of three independent experiments. Statistical significance was
calculated by Student's t-test (**p <0.01; ***p < 0.001).
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Fig. 4. The effect of ERK1/2, p38 MAPK, or PI3K inhibition on IL-10 and IL-12 production by TNF-«~/~ DCs stimulated with TNF-a plus TLR-L. BMDCs were pretreated with
10 pM U0126 (a MEK1/2 inhibitor), 30 pM $B203530 (a p38 MAPK inhibitor), 10 pM LY294002 (a PI3K inhibitor), or vehicle alone (0.1% DMSO) for 1 h and then stimulated
with TNF-o (100 ng/ml) plus TLR-L for 24 h in the presence of each inhibitor. The amount of IL-10 and IL-12 in the culture supernatants was measured by ELISA. Each column
represents the mean # SE of five independent experiments. Statistical significance was calculated by Dunnett’s test (**p <0.01).

production. It seemns that TNF-a is involved in the enhancement of signaling alone is insufficient to induce a substantial level of IL-
TLR-mediated production of IL-10, while this cytokine-mediated 10 production by DCs.
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