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AT cell receptor (TCR) recognizes and responds to an
antigenic peptide in the context of major histocompati-
bility complex-encoded molecules, This provokes T cells
to produce interleukin-2 (IL-2) through extracellular
signal-regulated kinase (ERK) activation. We investi-
gated the roles of B-Raf in TCR-mediated IL-2 produc-
tion coupled with ERK activation in the Jurkat human T
cell line. We found that TCR cross-linking could induce
up-regulation of both B-Raf and Raf-1 activities, but
Raf-1 activity was decreased rapidly. On the other hand,
TCR-stimulated kinase activity of B-Raf was sustained.
Expression of a dominant-negative mutant of B-Raf ab-
rogated sustained but not transient TCR-mediated
MEK/ERK activation. The inhibition of sustained ERK
activation by either expression of a dominant-negative
B-Raf or treatment with a MEK inhibitor resulted in a
decrease of the TCR-stimulated nueclear factor of acti-
vated T cells (NFAT) activity and IL-2 production. Col-
lectively, our data provide ithe first direct evidence that
B-Raf is a positive regulator of TCR-mediated sustained
ERK activation, which is required for NFAT activation
and the full production of IL.2.

T cells recognize self or non-self peptides in the context of
major histocompatibility complex (MHC)!-encoded molecules
via T cell receptors (TCRs), and the signals are then transduced
into the nucleus. These signals determine the fate of T cells and
induce cytokine production, eytolytic activity, survival, apopto-
sis, and proliferation (1). Within seconds of MHC-peptide en-
gagement, TCR components initiate phosphorylation cascades
that trigger multiple branching signaling pathways. One well
studied key switch is the activation signal of extracellular
signal-regulated kinase 1/2 (ERK1/2), which is mediated by the
small GTP-binding proteins, Ras (2, 3) and Rap1 (4, 5). Current
models suggest that TCR stimulation with the agonistic pep-
tide-MHC complex activates the conversion of Ras from the
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GDP- to GTP-bound form (2, 6). Activated Ras subsequently
recruits the serine/threonine kinase Raf-1 to the plasma mem-
brane, resulting in its activation.. Activated Raf-1 then acti-
vates ERK kinase (MEK), which directly phosphorylates tyro-
sine and threonine residues (TEY motif) on ERK1/2 to activate
them (6). These signals combine to activate multiple transcrip-
tion factors, including nuclear factor of activated T cells
(NFAT), NF-«B, and activating protein-1 {AP-1}, all of which
contribute toward the production of 1L-2 (7-9).

ERK1/2 are involved in a diverse array of cellular functions
including cell growth and apoptosis of T cells (10-12). In ERK1-
deficient mice, the thymocyte differentiation from CD4+*CDS8*
double positive to the CD4*/CD8"* single positive stage is im-
paired; thus, ERK activation by TCR ligation plays important
roles in T cell development (13). Experiments using pharmaco-
logical inhibitors of MEK and dominant negative MEK also
provided evidence that FRK1/2 are critical for thymoeyte dif-
ferentiation (11, 14) and for induction of TCR-mediated mito-
genic signals and IL-2 production in mature T cells (7, 15).
Hence, it is important to understand how the strength and
duration of ERK activity is regulated in TCR-mediated activa-
tion and fate decisions of T cells.

The functions of ERK signaling are regulated by its up-
stream elements, in particular by members of the Raf family, in
various cell types, and three Raf isoforms, Raf-1, A-Raf, and
B-Raf, are expressed in mammalian cells {16, 17). Whereas
Raf-1 is ubiquitously expressed, B-Raf shows a more restricted
expression pattern (18, 19). Mice deficient in the different Raf
isoforms exhibit different developmental defects, suggesting
the nonredundant function(s) of each Raf isoform (20), A dif
ferent phenotype of each Raf-deficient mouse is expected to be
due, at least in part, to their distinct expression pattern. It was
reported that B-Raf exhibits a much more basal kinase activity
and a higher affinity toward MEK than does Raf-1in vitro (21).
Despite these differences, the specific function(s) in vive, if any,
of each Raf isoform is poorly understood. B-Raf was reported to
be one component of the receptor-mediated MEK/ERK activa-
tion pathway in fibroblasts, B cell lines, and PC12 cells (21-26).
Moreover, B-Raf expression in T eells is controversial; in this
study, we detected B-Raf protein in Jurkat cells and primary
human T eells, whereas others did not (4).

Although Raf-1 is a well characterized effector molecule for
ERK activation in the TCR-mediated signaling cascade and
IL-2 production in T cells {(27), much less attention has been
directed to the roles of B-Raf in T cells. We now report that
interaction of B-Raf with MEK and B-Raf activity are induced
in a TCR stimulation-dependent manner in Jurkat cells. Qur
data suggest that MEK/ERK activity are selectively regulated
through the Ras/B-Raf signaling pathway and that the sus-
tained B-Raf/MEK/ERK activation is indispensable for the
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translocation of NFAT into the nucleus and for the production
of IL-2.

EXPERIMENTAL PROCEDURES

Cell Preparations and Reugents—Jurkat cell clone, E6-1 from the
American Type Culture Collection, and Jurkat cells expressing simian
virus 40 large T antigen (TAg-Jurkat) (28) were maintained in RPMI
1640 medium (RPMI) supplemented with 10% fetal calf serum, 2 mM
L-glutamine, and penicillin/streptomycin (100 units/ml and 100 pg/ml,
respectively). Jurkat cells stably expressing a wild-type or a dominant
negative form of B-Raf were established and maintained in RPMI plus
10% fetal calf serum with 2 mg/ml G418. The human CD4 " T cell clone,
YN 5-32 and peripheral blood mononuclear cells were prepared as
described (29, 30). For transient and stable transfection, 2 X 107 Jurkat
cells were resuspended in 500 wl of cytomix (31) with the appropriate
¢DNAs. The amount of plasmid DNA was held at 40 pg constant by the
addition of the pcDNA3 vector control. Cells were electroporated in 310
V at a capacitance of 960 microfarads. Transfectants were analyzed for
CD3 and CD28 expression using flow cytometry (BD Biosciences). Anti-
CD3 (clone UCHT-1) antibody, anti-CD28 (clone L.923) antibody, and
rabbit polyclonal anti-GFP antibody were purchased from Pharmingen.
Anti-mouse IgG (Fab-specific) antibody was from Sigma. Mouse mono-
clonal anti-NFAT1 and anti-NFAT2 antibodies and rabbit polyclonal
antibodies specific to Raf-1, B-Raf, MEK-1, ¢-Fos, and Lamin B were
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Poly-
clonal antibodies specific to MEK, phoespho-ERK, phospho-p38, and
phospho-MEK and a MEK inhibitor, U0126, were purchased from New
England Biolabs (Beverly, MA). Mouse monoclonal anti-hemagguluti-
nin (HA) antibody was from Covance (Berkeley, CA). Cy3-labeled anti-
rabbit Ig antibody, horseradish peroxidase-conjugated rabbit anti-
mouse IgG, and donkey anti-rabbit IgG were from Amersham
Biosciences. Anti-human IL-2 antibodies were from R & D Systems
(Minneapolis, MN). Recombinant glutathione S-transferase (GST)-
MEK was prepared as reported (32).

The pcDNAS expression vectors with HA-tagged wild-type and dom-
inant negative mutant B-Raf ¢DNAs were provided by Dr. K. L. Guan
(33). The RasN17 expression vector was a gift from Dr. T. Kinashi (5).
The luciferase reporter construet for IL-2 promoter and AP-1 binding
site were kindly provided by Dr. V. A. Boussiotis (34) and Dr. R. M.
Niles (35), respectively. The expression vector for GST-MEK was a gift
from Dr. Y. Takai (32). NFAT-green fluorescence protein (GFP) reporter
construct, consisting of three tandem NFAT-binding sites followed by a
gene encoding GFP, was provided by Dr. T. Saito (36},

Cell Stimulation and Inhibitor Treatment—In experiments for stim-
ulation with soluble anti-CD3 antibedy for cross-linking, Jurkat cells
were incubated on ice for 20 min and then incubated with anti-CD2
antibody (0.25 pg/ml} for 10 min followed by the addition of anti-mouse
1gG antibody (1 wg/ml) for 5 min. After the indicated times of incubation
at 37 °C, cells were harvested and lysed with lysis buffer (see below).
For the analysis of promoter activity and IL-2 production, Jurkat cells
(1 x 10%well) were stimulated with immobilized anti-CD3 and CD28
antibodies (5 and 10 pg/m), respectively). For experiments with inhib-
itor treatment, cells were preincubated for 30 min with the MEK
inhibitor U0126 or Me,S0 as a control. In the time course analyses of
the effect of ERK activation on IL-2 production by the treatment with
U0126, medium containing U0126 or Me,50 was added at the indicated
time points.

Western Blotting, Immunoprecipitation, and in Vitro Kinase Assay—
After the indicated times of stimulation, the Jurkat cells were recovered
and lysed with lysis buffer (1% Nonidet P-40, 150 mm NaCl, 50 mu Tris,
pH 7.4, 1 mm EDTA, 0.25% sodium deoxycholate, a protease inhibitor
tablet (Roche Applied Science}). SDS-PAGE, Western blotting, and im-
munoprecipitations from the cell lysates were carried out as described
(30). Raf-1 and B-Raf were immunoprecipitated from cell lysates of T
cells with the anti-Raf-1 and the anti-B-Raf antibodies, respectively, as
described above. The immunoprecipitates weré resuspended in 25 mM
HEPES (pH 7.5), 10 mM MgCl,, 10 mM B-glycerophosphate, 1 mM
dithiothreitol, 10 Ci of [v-**P]ATP (Amersham Biosciences), and 0.8 ug
of recombinant GST-MEK protein. Reaction mixtures were incubated at
32 °C for 20 min, and then the reactions were terminated by adding 5%
SDS sample buffer, separated on 7% SDS-PAGE under the reducing
condition, transferred to nitrocellulose membrane, and exposed to x-ray
film, Relative amounts of MEK or ERK phosphorylation were calcu-
lated based on the ratio of the intensities of phospho-MEK or phospho-
ERK bands to those of the whole MEK or ERK bands in whole cell
lysates at each time point. Signal intensities of the bands were quan-
tified by densitometric analysis using NIH Image 6.2 software. Nuclear
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extracts were prepared from B-Raf mutant- or mock-transfected TAg
Jurkat cells for nuclear translocation analysis of NFAT using nuclear/
cytosol fractionation kits (BioVision).

Flow Cytometric Analysis and Cylokine Measurement—For the
NFAT-GFP reporier assay, the TAg-Jurkat cells expressing B-Ral AA
or mock vector were transfected with NFAT-GFP reporter construct
and stimulated for 9 h with immobilized anti-CD3 and anti-CD28
antibodies. The expression of GFP was analyzed with a flow cytometer
and CellQuest software (BD Bioscicnees). For intracellular staining,
cells were fixed and permeabilized with IntraPrep {Immunotech, Mar-
seille, France} and then stained with appropriate fluorescence-labeled
antibodies. IL-2 concentrations in supernatants of T cell culture after
48 h of stimulation were measured in an enzyme-linked immunosorbent
assay using anti-human IL-2 antibodies.

Reverse Transcription-PCR—Total RNA extraction and first-strand
¢DNA synthesis from T cells were done as deseribed (37). The cDNA was
subjected to PCR amplification using a set of primers specific for human
B-Raf. 5'-ACAACAGTTATTGGAATCTCTGG-3' and 5 -AAATGCTAA-
GGTGAAAAACG-3'.

Luciferase Assay—Reporter constructs were transfected into the Ju-
rkat cells expressing wild-type or mutant B-Raf. A B-galactesidase
expression plasmid was co-transfected to normalize the variations in
transfection efficiency. After 12 h of transfection, cells were harvested
and stimulated. Luciferase assay was carried out according to the
protocol in the Pica Gene kit (Tayo Ink, Tokyo, Japan). B-Galactosidase
expression was assessed using the Luminescent B-galactosidase detec-
tion kit II {Clontech) according to the manufacturer’s instructions.

RESULTS

Expression of B-Raf Proteins in Both Human and Mouse T
Cells—We investigated the expression of B-Raf in human and
mouse T cells using Western blotting (Fig. 14). Rat PC12 cells,
as a positive control gave a 95-kDa band corresponding to
B-Raf (lane 1), whereas B-Raf expression was negligible in
NIH3TS cells, as reported (lane 2} (38). B-Raf was detected in a
human CD4* T cell clone, YN5-32 (lane 3) (29, 30), a human T
cell line, Jurkat (lane 4), and mouse CD4™ T cells isolated from
spleens (lanes 5). Furthermore, the expression of human B-Raf
mRNA was assessed by reverse transcription-PCR using RNAs
isolated from the YN5-32 T cell ¢lone and from Jurkat T cells
(data not shown). Intracellular staining and flow cytometric
analysis also confirmed the B-Raf expression in human CD3-
positive peripheral T cells (Fig. 18) and mouse TCR-8 chain-
positive splenic T cells (Fig. 1B, b). Taken together, we conclude
that B-Raf is expressed in both human and mouse T cells,
allowing us to examine B-Raf functions in TCR-mediated T
cell activation.

TCR Ligation Induces Both Raf-1 and B-Raf Activation—
Cross-linking of TCRs with soluble anti-CD3 antibody, which
mimics the engagement of TCR with the agonistic peptide-
MHC complex, induced ERK and MEK phosphorylation within
1 min, reaching a maximal level at ~1-3 min in Jurkat cells
(Fig. 24). The ERK/MEK phosphorylations displayed similar
kinetics and were prolonged for up to 60 min. Next, we per-
formed in vitro kinase assays for Raf-1 and B-Raf to estimate
the strength and kinetics of their kinase activities. Consistent
with the previous report {27), Raf-1 was activated at 3 min
after TCR ligation and became inactive within 20 min (Fig. 2B).
In contrast to the kinetics of Raf-1 activity, there was slight but
detectable B-Raf activity even under the basal condition, and
B-Raf showed a pronounced increase of its kinase activity at 3
min after TCR stimulation. B-Raf kinase activity was gradu-
ally decreased but did last for up to 60 min (Fig. 2B). Raf-1 was
inactivated after 20 min of TCR ligation; nevertheless, appar-
ent MEK/ERK activation was still sustained up to 60 min (Fig.
24). Intriguingly, the kinetics of TCR-mediated B-Raf activa-
tion rather than that of Raf-1 activation was similar to that of
MEK/ERK activation. The addition of co-stimulation with an
anti-CD28 antibody treatment slightly enhanced the B-Raf
activity over time compared with that stimulated with an anti-
CD3 antibody alone (Fig. 2C).
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Fic. 1. B-Raf is expressed in both human and mouse T cells. A,
Western blotting analysis using an anti-B-Raf antibody (top panel).
Lane 1, PC12 cells; lane 2, NIH3T3 cells; lane 3, human CD4* T cell
clone, YN5-32; lane 4, Jurkat cells; lane 5, mouse CD4™* T cells isolated
from spleen; lane 6, Hela cells; lane 7, HeLa cells transfected with
B-Raf. ERK blotting indicates comparable protein loading (bottom
panel). B, flow cytometric analyses of B-Raf expression. Human periph-
eral blood mononuclear cells were stained with an anti-CD3 antibody
(@) and murine spleen cells were stained with anti-mouse TCR-B chain
antibody (b) (left panels). The CD3 or TCR-B chain negative and positive
cell populations were gated, and intracellular B-Raf staining was car-
ried out (right panels). An irrelevant rabbit polyclonal antibody was
used as negative control for staining. Ab, antibody.

Physiological association between Raf family kinases and
MEK is necessary for MEK/ERK activation (39); hence, we
asked if B-Raf can interact with MEK in T cells in response to
TCR stimulation using co-immunoprecipitation methods. For
this purpose, wild-type B-Raf tagged with HA was expressed in
Jurkat cells and was immunoprecipitated with an anti-HA
antibody, The specific association between HA-B-Raf and MEK
was achieved at a maximal level at 3 min after TCR ligation,
and this interaction lasted for up to 60 min with a slight
decrease (Fig. 2D). The intrinsic interaction between B-Raf and
MEK was also evaluated by reciprocal immunoprecipitation
experiments using an anti-MEK antibody to detect endogenous
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B-Raf protein. As shown in Fig, 2E, endogenous B-Raf protein
was not delected in immunoprecipitates with the anti-MEK
antibody in unstimulated Jurkat cells. Consistent with Fig. 2D,
intrinsic B-RafMEK complex formation was strongly induced
at 3 min after TCR ligation, and then it decreased gradually
but remained above the basal level up to 60 min after TCR
stimulation {n vive (Fig. 2E). The kineties of B-RaffMEK inter-
action paralleled those of B-Raf activation (Fig. 2B). These
results strongly suggested that B-Raf was involved in MEK/
ERK activation stimulated with TCR ligation, especially in the
late phase after Raf-1 had become inactive (Fig. 2B).

TCR-mediated B-Raf Activation Is Partly Dependent on Ras
Activity-—Previous studies reported that B-Raf activation in
fibroblasts was dependent on Ras activation (40, 41). In other
cases, Ras activity was not essential for B-Raf activation in
PC12 cells (23, 38). In T cells, to determine whether Ras activ-
ity is required for the B-Raf activation, TCR-mediated B-Raf
activity was measured in TAg-Jurkat expressing the dominant
negative Ras mutant RasN17. The RasN17 interfered with
endogenous Ras, Raf-1, and MEK/ERK activation until at least
60 min after TCR stimulation (data not shown){2). As shown in
Fig. 3, TCR engagement resulted in a robust activation of B-Raf
after stimulation in mock-transfected Jurkat cells. In contrast,
RasN17-transfected cells showed decreased B-Raf activation as
compared with that observed in the control cells at 3 min after
TCR stimulation (75% reduction). Similar inhibitory effects
was observed at any given time points. These results indicated
that TCR-mediated B-Raf activation is, at least in part, regu-
lated by Ras activation in vive.

B-Raf Contributes to Sustained MEK/ERK Activation—
Within the activation segment of B-Raf, there are two sites,
Thr®*®® and Ser®®, that can be phosphorylated in response to
Ras activation, and the phosphorylation status of these resi-
dues is required for the maximal kinase activity of B-Raf (33,
40). Hence, we introduced a dominant negative mutant of B-
Raf (B-Raf AA), in which Thr®® and Ser®®! were substituted to
Ala (33), into T cells to examine the role of B-Raf in TCR-
mediated MEK/ERK activation cascade. As shown in Fig. 44, a
Jurkat clone expressing B-Raf AA showed a similar degree of
MEK/ERK activation induced by TCR cross-linking with solu-
ble anti-CD3 antibody at 3 min after stimulation in comparison
with that of mock-transfected cells. The MEK/ERK activation
was effectively sustained for 60 min in the mock transfectants.
On the other hand, in the Jurkat clone expressing B-Raf AA,
MEK/ERK activation returned to the basal level within 30 min
after TCR stimulation, and then it was no longer detected.
Densitometric analyses of MEK/ERK activation revealed that
the activation kinetic pattern rather than the relative magni-
tude of MEK/ERK activation was distinct between the mock-
transfected clone and the B-Raf AA-expressing clone (Fig. 4B).
Since TAg-Jurkat cells transiently transfected with B-Raf AA
showed an essentially similar response, the possibility that
these results were specific for one particular clone (AA2) was
excluded (Fig. 4C). Moreover, these results were not due to the
inhibition of Raf-1 activity by B-Raf AA, because the degree of
TCR-mediated Raf-1 activation in B-Raf AA-expressing Jurkat
cells was indistinguishable from that of mock-transfected Jur-
kat cells or cells expressing HA-tagged wild-type B-Raf (Fig. 4D
and data not shown). In contrast to MEK/ERK activation, no
significant differences in phosphorylation of another mitogen-
activated protein kinase, p38, were detectable in both mock-
and B-Raf AA-transfected TAg-Jurkat cells, suggesting that
B-Raf AA did not influence p38 activation (Fig. 4C). The data
indicate that B-Raf physiologically and specifically regulated
prolonged MEK/ERK activation induced by TCR stimulation in
Jurkat cells.

— 121 —



B-Raf Regulates TCR-mediated and Sustained Activation of ERK

B

48460

0 1 3 10 20 30 40 50 60 (min)  Raf-1JP
0 3 20 40 60 {min)
P-MEK | e qEe s £5? iy woum o
p-GST-MEK "
p-ERK
Raf-1 e gl P
ERK jem T S mn B-Rat IP
———— 0 3 20 40 &0 (min)
P-GST-MEK | o @55 @ st ot
cD3 CD3 +CD28 B-Rat

B-Raf IP

01 3 3060 3 30 60 (min)
p-GST-MEKI A S,

B-Rat [ #7263 £0 479 €04 45 £ uon
‘pe
;& B-Rat HAP MEK IP
b
5 3 20 40 0 (min) 0 3 10 20 40 60 {(min)
MEX e B-Raf R AT
HA-B-Rat MEK £ 7% s R £ s e [R1gH
- R e el *MEK

Fic. 2. B-Raf activation and B-Raf/MEK interaction were induced in a TCR stimulation-dependent manner. A, Jurkat T cells were
incubated with or without (0 min) a soluble anti-CD3 antibody together with a second antibody for the indicated times. The cells were subjected
to Western blotting with an anti-phospho-MEK-specific antibody (top panel) or an anti-phospho-ERK-specific antibody (middle panel). Equal
protein loading was confirmed by total ERK blotting (dottom panel). B, in vitro kinase assays for Raf-1 and B-Raf isolated from Jurkat cells
stimulated with the anti-CD3 antibody for the indicated times. Recombinant GST-MEK was used as a substrate, and incorporated **P radioac-
tivities were visualized by autoradiography. Equal loading of each Raf protein was confirmed by blotting with either an anti-Raf-1 antibody (upper
bottom panel) or an anti-B-Raf antibody (fower bottom panel). C, additive anti-CD28 antibody stimulation enhanced the B-Raf kinase activity.
Jurkat cells were stimulated with the anti-CD3 antibody alene or the anti-CD3 together with the anti-CD28 antibodies for the indicated times, and
an in vitro kinase assay was performed. D, TAg-Jurkat cells transiently expressing HA-tagged wild-type B-Raf were stimulated with cross-linking
of soluble anti-CD3 antibody for the indicated times. Immunoprecipitates with an anti-HA antibody were blotted with an anti-MEK (upper panel)
or the anti-HA antibodies ({ower panel). The immunoprecipitates with irrelevant rabbit IgG in Jurkat cells stimulated for 3 min was used as a
negative control. E, immunoprecipitates with an anti-MEK antibody from Jurkat cells stimulated with the anti-CD3 antibedy for the indicated
times were blotted with the anti-B-Raf antibody (upper panel). The same membrane was reprobed with the anti-MEK. antibody (lower panel) to
monitor equal protein loading. The data are representative of three reproducible experiments in all analyses. Ab, antibody; IP,
immunoprecipitation.

cells in response to TCR stimulation. However, whether the
sustained ERK activation is directly correlated with the full
IL-2 production remained to be solved. To clarify this issue, we
investigated the requirement of TCR-mediated sustained ERK
activation for the IL-2 production using the pharmacological
MEK inhibitor U0126. As shown in Fig, 5C, TCR-mediated

B-Raf Activation and Subsequently Sustained ERK Activa-
tion Is Required for Full IL-2 Production—Since IL-2 produc-
tion is one of the most critical events of ERK-mediated T cell
activation, we first utilized the reporter assay controlled by the
11.-2 promoter element to investigate the effect of B-Raf acti-
vation on IL-2 promoter activity. Whereas TCR stimulation

resulted in induction of luciferase, which reflected the IL-2
promoter activity in wild-type B-Raf-transfected clone (WT30),
B-Raf AA significantly attenuated the inducible IL-2 promoter
activity (Fig. 5A). Indeed, as shown in Fig. 5B, TCR stimulation
induced a marked increase in IL-2 production in mock-trans-
fected Jurkat cells and in wild-type B-Raf-cxpressing clones
{(WT30 and WT34), whereas it was substantially reduced i
B-Raf AA-expressing clones (AA2 and AA23).

The data described above clearly indicate that T cells ex-
pressing B-Raf AA had defects in sustained ERK activation and
subsequent full IL-2 production in comparison with the control

ERK activation was inhibited by U0126 at the range of 5-10
uM. In addition to ERK activation, IL-2 production provoked by
stimulation with immobilized anti-CD3 and CD28 antibodies
was markedly blocked by U0126 at the same range of
concentrations. ’
We also examined the effects of B-Raf AA on the magnitude
and period of ERK activation stimulated with immobilized
anti-CD3 and CD28 antibodies. It must be noted that, as com-
pared with the stimulation by cross-linking of soluble anti-CD3
antibody with the second antibody (Fig. 24), stimulation with
immobhilized anti-CD3 and -CD28 antibodies resulted in a re-

—l122—



B-Raf Regulates TCR-mediated and Sustained Activation of ERK

A

B-Ral IP Mock RasN17
0 32040 0 3 20 40 (min)
p-GST-MEK L R .
BRaf |V 65 B3 Es L by o w35
W v g - b
H-RasN17 — e e
(WcL)

B

5
.-:_:" B mock
3 47 (] RasN17
- 3 1
&3
m =
P
g 1
[5]
& J
0 .
) 3 20 40 {min)

FiG. 3. Ras-regulated B-Raf activation following TCR stimula-
tion in Jurkat cells. A, TAg-Jurkat cells were transfected with a mock
vector or with the RasN17 expression vector, and then these cells were
harvested and stimulated with cross-linking of soluble anti-CD3 anti-
body for the indicated times. Immunoprecipitates from each cell extract
with an anti-B-Raf antibody were mixed with the recombinant GST-
MEK as a substrate, and in wvitro kinase reactions for B-Raf were
performed. Blotting with an anti-B-Raf antibody showed equal protein
loading (middle panel). Whole cell lysates {(WCL) were blotted with
anti-H-Ras antibody to monitor the expression of RasN17 (fower panel).
B, the intensity of the GST-MEK phosphorylation by B-Raf immung-
precipitated from mock-transfected (black bar) or RasN17-transfected
cells (white bar) was quantified by densitometric analysis. The relative
B-Raf activity at 0 min in mock-transfected cells was assigned to be 1.0.
Essentially similar results were obtained in three independent experi-
ments. IP, immunoprecipitation.

tardation of ERK activation and extended ERK activation in
mock-transfected cells (Fig. 5D). Such temporal differences in
ERK activation have been reported, and the authors suggested
that this phenomenon was due to the difference in TCR occu-
pancy (42). As shown in Fig. 5D, in mock-transfected cells, TCR
stimulation induced an accumulation of active ERK within
0.5 h, and this lasted for 6 h, whereas the sustained ERK
activation over 2 or 3 h was impaired in cells expressing B-Raf
AA. The data also confirmed that B-Raf was required for sus-
tained ERK activation. Based on the results of Fig. 5C, 5§ um
U0126 was used to determine whether the sustained ERK
activation that can be suppressed by B-Raf AA, as shown in
Fig. 5D, was required for the maximal IL-2 production. Con-
tinuous treatment of T cells with U0126 over the period of TCR
stimulation abolished IL-2 production {Fig. 5E). Interestingly,
the addition of U0126 after 2 or 4 h of TCR stimulation also
reduced IL-2 production to a degreec comparable with that of
cells treated with U0126 from the beginning of stimulation,
although the intense ERK activation was induced forupto 2 h
after stimulation. The same condition in which B-Raf AA in-
hibited the sustained ERK activation can be reproduced by
treatment of Jurkat cells with U0126 after 2 or 4 h of TCR
stimulation. Therefore, not only the intense ERK activation in
the early phase but also the sustained ERK activation in the
late phase was necessary for maximal IL-2 production. Con-
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comitantly, these results suggested that the defect of IL-2
production in Jurkat cells expressing B-Raf AA was due to the
lack of potential to maintain the TCR-mediated sustained ERK
activation although the transient ERK activation was intact.

AP-1 Activation Induced by TCR Ligation Is Not Impaired in
Jurkat Cells Expressing B-Raf AA—To define more precisely
the biochemical mechanisms underlying the relationship be-
tween B-Raf-dependent ERK activation and IL-2 production,
we first investigated the TCR-mediated e-Fos induction, one of
the downstream targets of ERK (43). As shown in Fig. 64, the
expression of ¢-Fos was induced within 1 h, and its phospho-
rylation judged by electrophoretic mobility shift was potenti-
ated by TCR stimulation in cells expressing wild-type B-Raf.
There was no significant difference in ¢-Fos induction between
Jurkat clones expressing wild-type B-Raf and B-Raf AA up to
3 h (Fig. 6A). Next, to examine whether B-Raf contributed to
AP-1 activation, we performed a luciferase assay. Consistent
with ¢-Fos induction, the AP-1 promoter activity in response to
TCR stimulation in the Jurkat clone expressing B-Raf AA
(AA2) was comparable as compared with that of the control
clone (WT30) (Fig. 6B). Thereby, TCR-mediated ¢-Fos induc-
tion and AP-1 activation seemed to be less dependent on B-Raf.

B-Raf Activity Is Important for TCR-mediated NFAT Activa-
tion—The IL-2 production is regulated by nuclear translocation
and activation of the NFAT transcription factor ccoperating
with the AP-1 components ¢-Fos and c-Jun (7-9). Thus, NFAT-
dependent transeriptional events in T cells require the simul-
taneous activation of multiple Ras effectors such as the ERK
and c-Jun N-terminal kinase pathways (44). We analyzed
whether TCR-mediated B-Raf activity would influence NFAT
activation, using an NFAT-GFP reporter. GFP expression,
which is regulated by a promoter corresponding to the NFAT
binding site, is increased in a TCR stimulation-dependent man-
ner in mock-transfected cells (Fig. 7A, a). Comparable trans-
fection efficiency was monitored by co-transfection of a DsRed
expression vector (data not shown). In contrast, GFP expres-
sion was significantly suppressed in B-Raf AA-expressing cells,
suggesting that B-Raf activity is important for the regulation of
TCR-mediated NFAT activity. Given that B-Raf regulated
TCR-mediated MEK/ERK activation in late phase, there is a
possibility that B-Raf activation couples NFAT activation to
MEK/ERK activation. For confirmation, we analyzed whether
the inhibition of ERK activity in the late phase blocks NFAT
reporter activity. As expected, the TCR stimulation-induced
GFP expression was reduced by pretreatment with U0126 (Fig.
7A, b). Furthermore, similar to IL-2 production, the inhibition
of NFAT reporter activity was also observed in the presence of
0126 after 2 h of TCR stimulation, although this suppression
was less effective than that observed in simultaneous U0126
treatment at the beginning of the TCR stimulation. These
results suggested that not only transient but also sustained
ERK activation was necessary for the TCR-mediated NFAT
activation.

Upon TCR stimulation, NFAT proteins are dephosphoryl-
ated by calcineurin, translocate into the nucleus, and then bind
to cognate DNA elements (9). Finally, to dissect the mechanism
responsible for the B-Raf mediated induction of NFAT activity,
we evaluated the nuclear translocation of NFAT protein in-
duced by TCR stimulation. As shown in Fig. 7B, the stimula-
tion of mock-transfected Jurkat cells with TCR ligation drove
the translocation of NFAT1 and NFATZ2 into nucleus at 3 and
5 h of TCR stimulation. In contrast, the substantial nuclear
translocation of NFAT1 and NFAT2 could not be observed in
B-Raf AA-expressing Jurkat cells under either nonstimulated
or TCR-stimulated ¢onditions. Equal loading of nuclear protein
in both cells was estimated by blotting of Lamin B as a nuclear
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FIG. 4. Dominant negative B-Raf AA prevented T cells from inducing sustained MEK/ERK activation in response to TCR ligation.
A, phosphorylation kinetics of MEK and ERK in Jurkat clones expressing wild-type B-Raf or B-Raf AA (AA2) induced by TCR cross-linking with
soluble anti-CD3 antibody. B, kinetics of relative amount of phosphorylated ERK (a) and MEK (b). The relative value of intensity of phosphoprotein
bands divided by that of whole ERK bands at each time point gbserved in mock- or B-Raf AA (AA2)-expressing clone were plotted. The ratio at 0
min was assigned to be 1.0. C, Western blotting analyses were done as described in A wsing whole cell lysates from TAg-Jurkat cells transiently
transfected with mock or B-Raf AA expression vector and stimulated for the indicated times. Blottings with anti-phespho-ERK, ERK, HA (B-Raf},
phospho-p38, or p38 antibodies are shown. D, TAg-Jurkat cells transiently transfected with mock vector or with B-Raf AA expression vector were
stimulated with TCR cross-linking for the indicated times. In vitro kinase assays for Raf-1 were performed using immunoprecipitates from each
cell extract with an anti-Raf-1 antibedy (upper panel). Blotting with anti-Raf-1 antibody indicated equal protein loading {lower panel). Each result
from three independent experiments was essentially the same, and one is shown.

marker. It is most likely that the defect of NFAT activity in
B-Raf AA expressing cells was due to the aberrant nuclear
translocation of NFAT1 and NFAT2. Accordingly, these results
suggest that TCR-mediated NFAT activation relies on pro-
longed B-RafMEK/ERK activation and that the attenuation of
NFAT activation by B-Raf AA reflects the inhibition of TCR-
stimulated 11.-2 production.

DISCUSSION

Although it is well known that receptor-mediated signals
activate the RafMEK/ERK cascade, the precise mechanisms of

how the TCR signal provokes the cellular response through
Raf/MEK/ERK activation remain to be investigated. In mouse
maodels, both Raf-1- and B-Raf-deficient mice resulted in em-
bryonic lethality (20, 45), indicating conclusively that the func-
tions of both Raf isoforms for embryogenesis are not completely
overlapping. However, it is poorly understood whether the
three Raf isoforms have functional redundancy or if the Raf
isoforms play a specific role(s) in T cell activation. Until re-
cently, Raf-1 has been considered to be a major signaling me-
diator for MEK/ERK activation in TCR-stimulated T cells (27,
46). Our observations provided evidence that the functions of
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Fia. 5. Sustained ERK activation centrolled by B-Raf is critical in TCR-mediated production of IL-2. A, luciferase assay for IL-2
promoter activity. Jurkat clone expressing wild-type B-Raf (WT30) or B-Raf AA (AA2) was transfected with an IL-2-luciferase construct and
incubated with or without immobilized anti-CD3 and anti-CD28 antibodies for 12 h. Each luciferase activity was evaluated and normalized by the
co-transfected p-galactosidase activity. RLU, relative luciferase unit. B, Jurkat clones expressing wild-type B-Raf {(WT30 and WT34), B-Raf AA
(AA2 and AA23), and mock-transfectant were stimulated with immobilized anti-CD3 and anti-CD28 antibodies for 48 h. IL-2 in the culture
supernatants was measured by enzyme-linked immunosorbent assay. C, Jurkat cells were pretreated with MEK inhibitor U0126 at the indicated
concentrations for 30 min before stimulation and then were stimulated with an anti-CD3 antibody for 3 min, and phosphorylation of ERK was
analyzed with Western blotting (insets). For measurement of 1L.-2, Jurkat cells pretreated with U0126 at the indicated concentrations were
stimulated with immobilized anti-CD3 and anti-CD28 antibodies for 48 h. IL-2 in the culture supernatants were measured by enzyme-linked
immunosorbent assay. D, mock-transfected (upper panel) or B-Raf AA expressing Jurkat clone (AA2; lower panel) were stimulated with the
immobilized anti-CD3 and anti-CD28 antibodies for the indicated times. The whole cell extract from each sample was analyzed by blotting with
anti-phospho-ERK {top panel), phospho-MEK (middle panel), or ERK (bottom panel} antibodies, respectively. E, vehicle (Me,SO) or U0126 (5 uMm)
was added to the culture at the indicated times after the beginning of stimulation of Jurkat cells with immobilized anti-CD3 and anti-CD28
antibodies. After 48 h from the start of stimulation, each culture supernatant was harvested, and the IL-2 concentration was measured, as
described in C. Typical data from three independent and reproducible experiments are presented here.

B-Raf for TCR-mediated activation do not entirely overlap with
those of other Raf proteins. We elucidated that B-Raf activation
couples Ras with TCR-mediated MEK/ERK activation and is
indispensable for prolongation of substantial MEK/ERK acti-
vation in vive.

This sustained MEK/ERK activation correlates with dura-
tion and strength of B-Raf activity. We considered that activa-
tion thresholds and the mechanisms regulating each Raf activ-
ity lead to distinct activation kinetics of these two Raf kinases.
In agreement with this interpretation, the following observa-
tions were reported. Although the activities of both Raf-1 (47)
and B-Raf (Fig. 3) were dependent on Ras activity, in addition
to Ras, Src family kinases regulated Raf-1 activity (48). Upon
activation, Raf-1 was shown to be phosphorylated on some
tyrosine, serine, and threonine residues, which fulfill the reg-
ulatory functions, and the phosphorylation status of these sites
in Raf-1 is different from that of B-Raf. First, the major target
site of Src is Tyr**® in Raf-1; however, B-Raf activity seemed to
be less dependent on Sr¢, and Ras activation is sufficient for

B-Raf function because B-Raf lacks the Tyr corresponding to
Tyr®¥ in Raf-1 (41, 49). Thus, B-Raf activation requires Ras
but not Src to activate MEK/ERK, whereas Raf-1 activation
needs the synergy of Ras and Src tyrosine kinase(s) (41, 49).
Second, conserved B-Raf Ser®#®, corresponding to Ser®® in
Raf-1, which is one of the regulatory phosphorylation sites of
Raf activity, is constitutively phosphorylated in fibroblasts
(49). These results seem to explain the fact that B-Raf exhibits
a higher intrinsic kinase activity in a quiescent situation and,
once stimulated, a longer activation period than does Raf-1 in
our system and other systems.

It should be noted that the dominant negative mutant of
B-Raf (B-Raf AA) did not impair the transient MEK/ERK acti-
vation but did suppress the sustained MEK/ERK activation
although B-Raf was activated and associated with MEK in both
the early and the late phase after TCR stimulation. Why was
not MEK/ERK activation in the early phase drastically atten-
uated by B-Raf AA? The most likely explanation is that Raf-1
can compensate for the defects of B-Raf activation due to the
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functional redundancy between Raf-1 and B-Rafin early phase.
_The idea was supported by our observations; the B-Raf AA did
not grossly perturb ERK activation when Raf-1 was active in
3-20 min after TCR stimulation (Figs. 2 and 4), suggesting that
Raf-1 activity is sufficient to induce ERK activation in the early
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FiG. 6. B-Raf activity does not influence ¢-Fos induction and
AP-1 activation. A, Western blotting analysis using an anti-c-Fos
antibody (upper panel). Jurkat clones expressing wild-type B-Raf
(WT30) or B-Raf AA (AA2) were stimulated with immobilized anti-CD3
antibedy for the indicated times. Blotting with an anti-g-actin antibody
indicated equal loading of proteins (lower panel). The arrowheads indi-
cate the phosphorylated forms of e-Fos. B, luciferase assay for AP-1
promoter activity. Jurkat clones expressing wild-type B-Raf (WT30) or
B-Raf AA (AA2) together with an AP-1-luciferase construet were stim-
ulated with immobilized anti-CD3 and anti-CD28 antibodies for 8 h
followed by a 12-h culture. Each luciferase activity was measured and
normalized by the co-transfected B-galactosidase activity. RLU, relative
luciferase unit. The data are representative of three independent and
reproducible experiments. Ab, antibody.
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phase. On the other hand, ERK activation in the late phase
(~20 min) was abrogated by B-Raf AA, because the kinase
activity of Raf-1 declined, and Raf-1 could no longer compen-
sate for B-Raf activity. Consequently, although we could not
exclude the possibility that Raf-1 activity in early phase mod-
ulates the TCR-mediated B-Raf activation, our observations led
to the model that Raf-1 activity is responsible and sufficient for
the early phase MEK/ERK activation, whereas B-Raf activity is
essential for the late phase MEK/ERK activation in TCR-stim-
ulated T cells.

ERK activation is critical for the precise outcome of T cell
activation, including IL-2 production (7, 15). The marked de-
crease in IL-2 production in T cells by the expression of B-Raf
AA and by the inhibition of the late phase ERK activation using
10126 leads to the conclusion that ERK activation in the late
phase regulated by B-Raf was critical for the full IL-2 produe-
tion in response to TCR stimulation. In view of no defect of
TCR-mediated ¢-Fos induction and AP-1 activation in Jurkat
cells expressing B-Raf AA, it was indicated that these events
were less dependent on B-Raf activity. In contrast to AP-1
activation, we found that B-Raf AA inhibited TCR-mediated
nuclear translocation of NFAT and NFAT-mediated reporter
activation (Figs. 6 and 7). The correlation between B-Raf and
these transcriptional factors was also noted by Brummer et al.
(24), who reported that in B-Raf null chicken B cells, B cell
receptor-mediated ERK activation was eliminated in only late
phase, whereas c-Fos induction was not abrogated. On the
contrary, the loss of B-Raf expression resulted in significant
defects in the B cell receptor-mediated activation of NFAT
transeription factor, suggesting that NFAT activation is regu-
lated by B-Raf in chicken B cells. The selective role of TCR-
mediated B-Raf activation in NFAT regulation was consistent
with that observed in B cells, and their regulatory mechanisms
may be conserved between immunoreceptor-mediated activa-
tion in both B and T cells. These results suggest that NFAT-
responsible transcriptions and subsequent IL-2 production
were dependent on B-Raf and that Raf-1-induced ERK activa-
tion in the early phase is not sufficient to provoke these immu-
noreceptor-mediated activations.

It was expected that the inhibitory effect of B-Raf AA on
NFAT activation was due to a defect in sustained ERK activa-
tion mediated by B-Raf, because the treatment of Jurkat cells
with MEK inhibitor also reduced the NFAT activation. Evi-
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Fic. 7. B-Raf activity is required for NFAT activation. A, a, TAg-Jurkat cclls co-transfected with the NFAT-GFP reporter construct and
mock or B-Raf AA expression vector were stimulated with (+) or without (-} immobilized anti-CD3 and anti-CD28 antibodies for 9 h, A
representative flow cytometric profile for GFP expression is shown. b, NFAT-GIFDP-transfected Jurkat cells were stimulated, and then GFP
expression was examined by blotting with anti-GFP antibody (fower panel) and flow cytometry (upper panel). The diagram represents the average
of GFP mean fluorescence intensity (MFI) obtained from three independent experiments. U0126 (5 un) was added to the culture at 0 or 2 h after
TCR stimulation. B, nuclear extracts were isolated from mock- or B-Ral AA-transfected cells stimulated with or without immobilized anti-CD3 and
anti-CD28 antibodies for indicated times. Then, the nuclear fractions were separated by SDS-PAGE, and the translocations into nucleus of NFAT1
and NFAT2 were analyzed by Western blotting. Blotting with anti-Lamin B antibody indicated the appropriate nuclear fractionation and protein
loading. Essentially similar results were obtained in three independent experiments.
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dence has been accumulated that supports the contribution of
ERK signaling to NFAT activation. In T cells, the transerip-
tional activity of NFAT was reported to be regulated by Ras/
MEK/ERK acting in synergy with a ealcium/ealmodulin phos-

phatase, calcineurin (7, 44). Morcover, the mechanism by .

which some kinases and phosphatases regulate the NFAT ac-
tivity implies modulation of nuclear translocation of this factor,
its binding to DNA, or transactivation of its target gene expres-
sion. Because B-Raf AA abrogated the nuclear localization and
transcriptional activity of NFAT, we propose that the model
that sustained B-RaffMEK/ERK activation modulating NFAT-
dependent transcription could be achieved by regulation of
intrinsic nuclear translocation of NFAT. Supporting this inter-
pretation, it has been reported that ERK1 overexpression aug-
mented the DNA binding activity of NFAT, resulting in NFAT
activation in Jurkat cells (50). However, it has been shown that
activated ERK binds to and phosphorylates NFAT2, which
negatively regulates nuclear translecation and activation of
NFAT2 in fibroblasts (51). Conversely, in Jurkat cells, we ob-
served the attenuation of TCR-stimulated nuclear transloca-
tion of NFAT by MEK inhibitor.2 These seemingly discrepant
results might be accounted for by use of different systems and
cell types. In any case, the formal demonstration of a role for
B-Raf and ERK in the regulation of NFAT activation in vivo
requires more detailed analysis.

It is noteworthy that temporal difference in the Raf-induced
ERK activation signal induces qualitatively different cellular
responses. In PC12 cells, epidermal growth factor-driven pro-
liferation was coupled with transient ERK activation. On the
contrary, neural growth factor-driven differentiation of PC12
cells into sympathetic neurons was induced by sustained ERK
activation (10), which was mediated by B-Raf (23). A similar
phenomenon was found in T cells. Mariathasan et al. (52)
demonstrated that in thymocytes, negatively selecting stimuli
by agonistic peptides through TCR induced transient and
strong ERK activation, resulting in cell death, whereas posi-
tively selecting stimuli by the analogue peptides induced sus-
tained and weak ERK activation, resulting in cell survival. In
a very recent study, it has been reported that B-Raf but not
Raf-1 was activated with TCR stimulation in CD4*CD8* dou-
ble positive thymocytes (53). These observations and our find-
ings that B-Raf and Raf-1 activities regulated the strength and
the duration of TCR-mediated ERK activation prompted us to
consider that the Ras/B-RaffMEK/ERK pathway also could
play important roles in determining the cell fate such as thy-
mocyte differentiation regulated by temporally distinct ERK
activity.

In summary, our data suggest that Ras/B-RaffMEK/ERK can
serve as a novel component of signaling pathways that regulate
the duration of ERK activity in response to TCR stimulation.
B-Raf and ERK activation with a proper duration determines
biclogical outcomes such as 1L-2 production in human T cells.
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Abstract

Uvea! autoantigen with coiled coil domains and ankyrin repeats (UACA) is an autoantigen in patients with panuveitis such as
Vogt-Koyanagi-Harada disease. The prevalence of IgG anti-UACA antibodies in patients with uveitis is significantly higher than
healthy controls, suggesting its potential role as an autoantigen. Originally, UACA was cloned from dog thyroid tissue following
TSH stimulation, So, we presumed UACA could be a novel autoantigen in auteimmune thyroid diseases. We measured serum an-
ti-UACA antibody titer using ELISA in patients with autoimmune thyroid diseases (Graves’ disease, Hashimoto’s thyroiditis, sub-
acute thyroiditis, and silent thyroiditis). The prevalence of anti-UACA antibedies in Graves’ disease group was significantly higher
than that in healthy group (15% vs. 0%). Moreover, the prevalence of anti-UACA antibodies in Graves’ ophthalmopathy was sig-
nificantly higher than that in Graves’ patients without ophthalmopathy (29% vs. 11%4). Especially, 75% of severe ocular myopathy
cases showed high UACA titer, Immunchistochemical analysis revealed that UACA protein is expressed in eye muscles as well as
human thyroid follicular cells. Taken together, UACA is a novel candidate for eye muscle autoantigens in thyroid-associated
ophthalmopathy.
© 2004 Elsevier Inc. All rights reserved.

Keywords: Uveal autoantigen with coiled coil domains and ankyrin repeats; Graves' discase; Graves’ ophthalmopathy; Autoantigen; Ocular
myopathy; FRTLS; Vogt-Koyanagi-Harada disease; Thyroid-eye shared autoantigen

Uveal autoantigen with coiled coil domains and an- ra of Vogt-XKoyanagi-Harada disease (VKH), sarcoido-
kyrin repeats (UACA) is an autoantigen associated with sis, and Behget disease with uveitis. Although UACA is
panuveitis. Anti-UACA antibody appears in patients se- expressed in various tissues such as skeletal muscle and

melanocyte, the appearance of anti-UACA antibody
7" Corresponding author, Fax: +81-859-34-8099, seems to reflect the autoimmune reaction against uveal
E-mail address: stani@grape.med.tottori-u.acjp (S. Taniguchi), melanocyte [1]. Interestingly, UACA was originally

0006-291X/$ - see front matter © 2004 Elsevier Inc. All rights reserved.
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identified from dog thyroid as one of TSH regulated
genes with unknown function [2]. The dual expression
of UACA in thyroid and skeletal muscle led ws to the
idea that UACA could be an autoantigen associated
with Graves’ disease, since patients with Graves” discase
frequently suffer from ophthalmopathy with ocular my-
opathy [3-15].

Thyroid-associated ophthalmopathy (TAO) is con-
sidered to be an autoimmune disorder of eye muscle
and surrounding orbital connective tissue and fat, and
the current dogma tells that TAO is induced by autoim-
mune reaction against thyroid and orbital tissue shared
antigens [3-21]. One such candidate is TSH receptor,
which is expressed in the orbital preadipocyte and fibro-
blast [8-11]. Several eye muscle and thyroid shared anti-
gens also have clinical relevance in TAO; flavoprotein
[16,17], 1D [18], and G2s protein [22-24). The primary
reaction in ocular tissue is thought to be T-cell-mediated
autoimmunity against TSH receptor (TSHR) expressed
in ocular fibroblasts. The appearance of antibodies
against Fp, G2s, and 1D seems to be the secondary
event in TAO process, reflecting the release of seques-
tered cytoskeletal proteins from damaged eye muscles
[23,24). These eye muscle proteins are expressed in eye
muscles as well as skeletal muscles. Since UACA is ex-
pressed in skeletal muscle as well as thyroid tissue, we
presumed that the appearance of anti-UACA autoanti-
body could be linked to the autoimmune response asso-
ciated with Graves’ ophthalmopathy.

In this study, we measured serum UACA antibody ti-
ter in patients with autoimmune thyroid diseases;
healthy controls, Graves' disease, Hashimoto's disease,
silent thyroiditis, and subacute thyroiditis. The mean
value of UACA antibody titer in the Graves’ disease
group was significantly higher than healthy controls,
but other group was not. Moreover, high UACA titer
was observed in Graves’ ophthalmopathy patients with
severe ocular myopathy.

This is the first report describing the presence of an-
ti-UACA autoantibodies in patients with Graves® dis-
ease. Especially, high UACA titer appears to be
associated with eye muscle damage of Graves' ophthal-
mopathy.

Materials and methods

Study patients. We studied 159 Graves™ disease, 26 Hashimoto's
thyroiditis, 20 silent thyroiditis, 11 subacute thyroiditis, and 43 con-
trols. We explained the purpose of this study to all subjects and ob-
tained their informed consent. Graves' disease patients consisted of
untreated 122 females and 37 males. Diagnosis of Graves' discase was
confirmed by elevated free Ty level {13.61 + 6.67ng/dl), undetectable
TSH level, and positive TSH binding inhibitory immunoglobulin and/
or thyroid stimulating antibody. They had hyperthyroidism symptoms
such as palpitation and body weight loss. Silent thyroiditis group
consisted of 18 females and 2 males with a mean age of 38 year. Di-
agnosis of silent thyroiditis was confirmed by elevation of free T levels

(7.50 £ 2.39ng/dY), suppressed '**I uptake, and elevated thyroglebulin
level. Subacute thyroiditis patients had neck pain and tenderness. They
had elevated free Ty level (8.15 * 5.48ng/dl), CRP and ESR level, and
suppressed TSH level. Hashimoto's thyroiditis group had elevated
TSH levels (69.1 £ 38.2uUfml) and positive thyroid TGAbD (antithy-
roglobulin antibody). Forty three normal individuals of similar age
and gender were used as controls.

Graves’ group included 31 patients with ophthalmopathy (24
females and 8 males, 21-58 years old), 128 patients without ophthal-
mopathy. The eye changes were classified according to an activity in-
dex (Al, 0-7) proposed by a committee of Lhe International Thyroid
Associations. Patients with ophthalmopalthy were defined as >Al, and
patients without ophthalmopathy were defined as A0. Ophthalmologic
examination, including measurement of eye muscle function and per-
formance of orbital MR1, was carried cut on patients with ophthal-
mopathy. The congestive changes were defined as >Al, with or without
eye muscle involvement. Ocular myopathy was defined as: diplopia and
reduced eye movement associated with marked increase of eye muscle
volume on erbital MRY. Congestive ophthalmopathy was defined as:
nil or minimal eye muscle enlargement with, usually, a fibrotic ap-
pearance, as described by Ossoinig [25]), features of periorbital in-
flammation {e.g., chemosis, lid swelling, and conjunctival injection),
and no diplopia or reduced eye movements.

Human subjects. Human thyroid tissues were obtained by the
University of Tottori committee for the protection of human subjects
and in accordance with the Declaration of Helsinki. Thyroid tissue
sample was obtained at surgery from a Graves’ disease patient, Normal
thyroid tissue was obtained at autopsy from a patient without thyroid
disease. Human eye muscle tissue with Graves” ophthalmopathy was
obtained at surgery from a Graves' disease patient (kindly provided by
Dr. Yoichi Incue, Olympia Eye Hospital).

Preparation of glutathione-3 transferase fusion protein. A 783-bp
DNA fragment digested from Homo sapiens cDNA clone IMAGE
608930 (Embank Accession No. AA197064) corresponding to nucle-
otide position 34624245 of UACA cDNA was inserted into pGEXA4T-
2 vector to preduce glutathione-S transferase (GST) UACA fusion
protein. This UACA fragment covers C-terminal 261 amino acids
(18.0%;) of whole UACA consisting of 1449 amino acids. Plasmids with
this construct were transformed in Escherichia cefi and incubated in
500ml Luria broth medium for 8h at 37°C with shaking. Then, IPTG
was added at a final concentration of 0.1 mM and the preparation was
incubated for 16h at 25°C with shaking. This suspension was centri-
fuged and the pellet was suspended in 20ml lysis buffer {(SOmM Tris-
HCI (pH 7.5), 25% sucrose]. Then, we added 100p] of 10% Nonidet
P-40, 1M MgCl; on ice. The lysate was sonicated, centrifuged, and
then the supernatant was incubated with 2ml of slurry of glutathione—
Sepharose 4B for 2h at 4°C. This suspension was centrifuged and the
pellet was washed in WE buffer [20mM Tris-HCl (pH 7.5), 2mM
MgCl,, and TmM DTT] 10 times. The fusion protein was eluted with
G buffer [SmM GSH, 50mM Tris-HCl (pH 9.6)] and eluted protein
concentration was estimated by Bio-Rad Protein Assay kit (Bio-Rad,
Hercules, CA).

Enzyme-linked immunosorbent assay. Detection and titration of
antibody to a fragment of UACA were examined using indirect en-
zyme-linked immunosorbent assay (ELISA). GST-UACA fusion
protein and GST protein were prepared and used as antigens. Mi-
crotiter plates {96-well) (NUNC, Denmark) were coated with GST-
UACA fusion protein in PBS (pH 7.4) for 15h at 4°C, GST protein
was simultaneously coated in different wells as control. The plates were
then washed with 5% skim milk/PBS for 2h at room temperature, The
plates were washed with PBS-T and incubated for 15h at 4°C with
serum samples diluted at 1:50 with 1% skim milk/PBS. The plates were
washed in PBS-T, and 100ul of HRP-conjugated mouse anti-human
IgG diluted at 1:2000 with 1% skim milk/PBS was added to each well
followed by incubation at room temperature for 2h. The plates were
washed with PBS-T, and 100 u solution of o-phenylenediamine (Sigma
Fast; Sigma Chemical, St. Louis, MO} was added to each well. After
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30min, the reaction was stopped by adding 50 of 3M H,S0,, and
OD 490 nm was determined using a Model 550 microplate reader (Bio-
Rad, Hercules, CA). The specific corrected OD value of an individual
sample was calculated by subtracting the OD value of GST protein
coated well from that of GST-UACA fusion protein.

Cell culture. FRTL-5 rat thyroid cells (Interthyr Research Foun-
dation, Baltimore, MD; ATCC No. CRL 8305) were a fresh subclone
(F1) that had all propertics previously detailed. All cells were grown in
6H medium consisting of Coon’s modified F12 (Sigma Chemical, St.
Louis, MO) supplemented with 5% calf serum, 1mM non-essential
amino acids (Gibeco, Grand Island, NY), and a mixture of six hor-
mones:bovine TSH (1 x 107'°M), insulin (10 pg/ml), cortisol (0.4ng/
mi), transferrin (5pg/ml), glycyi-L-histidyl-L-lysine acetate {I0ng/ml),
and somatostatin (10ng/ml). Fresh medium was replaced every 2 or 3
days, and cells were passaged every 7-10 days. In different experiments,
cells were maintained in 5H medium without TSH and then exposed to
TSH for appropriate time period (0, 3, 6, 12, and 24 h). In dose course
analysis, FRTLS cells were incubated with various concentrations (0,
1073, 102, 107", and !mU/ml) of TSH for 24h.

The following human thyroid cancer cell lines were obtained from
Dr S. Kosugi {Department of Laboratory Medicine and Clinical Ge-
netics Unit, Kyoto University School of Medicine}, NPA [26] and
FRO [27] thyroid cancer cell lines were grown in RPMI medium 1640
(31800-022, Gibco-BRL, USA) supplemented with 10% fetal calf se-
rum, 100U/ml penicillin, and 50 pg/m] streptomycin, FRO cells, de-
rived from a poorly differentiated follicular thyroid carcinoma, were
characterized by the presence of wild-type p53 alleles for exons 5-8
[24]. 8505C [28]) and HTC [29] thyroid cancer cell lines were grown in
Dulbecco’s modified Eagle’s mediom (DMEM) (12800-017, Gibco-
BRL, USA) supplemented with 10% fetal calf serum, 100 U/ml peni-
cillin, and 50 pg/ml streptomycin, Culture medium was changed every 2
days and cells were passaged every 5-6 days.

Western biot analysis. Cells were lysed on ice in 0.6ml lysate mix
containing 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS, 10pg/ml
aprotinin, 10pg/ml leupeptin, 10pg/ml pepstatin, and 1mM phenyl-
methylsulfonyl flueride in PBS. For immunoblotting, 10pg of each
sample was electrically transferred to Immunobilon PYDF (poly-
vinylidene difluoride) Transfer Membranes (Millipore, Bedford, MA).
Membranes were incubated in blocking buffer; Tris-buffered saline
(TBS; Tris-HCl 10mM, pH 8.9, and NaCl 150mM) containing 0.05%
[volivol] Tween 20 and 5% [wtivol] non-fat dried milk for overnight.
Membranes were then incubated in blocking buffer with rabbit poly-
clonal anti-UACA antibody (kindly provided by Dr. K. Yamada)
(1:500 dilution) or geat polyclonal anti-actin antibody (sc-1616, Santa
Cruz Biotechnology, USA) for 45min, and then washed twice with
TBS containing 0.05% Tween 20. Membranes were incubated in
blocking buffer with horseradish peroxidase-conjugated anti-rabbit
IgG antibody for UACA or horseradish peroxidase-conjugated anti-
goat IgG antibody (Amersham, UK) for actin, respectively, washed
three times with TBS with 0.05% Tween 20, and then detected with
enhanced chemiluminescence reagents (Amersham, UK}

Reverse transcription-PCR. Poly(A)” RNA were purified from
10pg of each total RNA and subjected to ¢cDNA synthesis, using
random primers and Superscript reverse transcriptase. Gene-specific
PCR primers were designed to amplify fragments of 505 bp and used in
the reverse transcription-PCR (RT-PCR) (94°C 30s, 56°C 30s, and
74°C 4min, 30 cycles). Forward and reverse primer sequences for PCR
amplification of UACA were 5-GAGAAAAGAAGTTGGAATCAT
AA-3 and 5'-TTGTGTAGGTGAGTTGGGAAAG-¥, respectively.

Immunohistochemical evaluation of UACA expression. UACA ex-
pression was analyzed by immunocytochemical staining of Graves'
thyroid tissues, eye muscle tissue obtained from a patient with Graves'
ophthalmopathy. We immunostained the ocular tissue including ex-
traocular muscles. Paraffin-embedded tissue section, 4-pm thick, was
deparaffinized in xylene, rehydrated through a graded alcchol series to
_deionized water. The endogenous peroxidase activity was blocked with
H;0;. The tissue section was incubated with rabbit polyclonal anti-

UACA antibody (1:10) for 12h at 4°C, then washed and incubated
with biotinylated horse anti-rabbit IgG (1:3000) for 30min at room
temperature. The sections were immersed in a solution with the avidin-
bictin complex (Vector Laberatories, USA) for 30 min, developed with
diaminobenzidine, and counterstained with eosin, The sections were
scanned at magnification (200x, 400x) using light microscopy, Normal
thyroid sample was obtained al autopsy from a pattent without thyroid
discase. .

Immunofluorescent staining and microscopy. FRTLS cells were
plated on coverslips and cultured in Coon’s modification HamF 12
with 5% fetal calf serum, then washed twice with PBS, and fixed
with 2% paraformaldehyde. Cells were permeabilized with 0.5%
Triton X-100, incubated with rabbit polyclonal anti-UACA antibody
(1:100), and then visualized using FITC-conjugated anti-rabbit 1gG
antibody. In order 1o observe the fine localization of UACA protein
within cells, we used confocal microscopy system (FLUOVIEW-
OLYMPUS).

Statistical analysis. We used the ¥ test {with Yeasts’ correction for
small numbers) and Fisher's exact test for categorical comparisons of
the data. Differences in the means of continuous measurements were
statistically analyzed using ANOVA, P value of <0.05 was considered
to indicate stalistical significance, All statistical analyses were per-
formed on a personal computer with the statistical package StatView
5.0 for Macintosh (SAS Institute, Cary, NC).

Results
ELISA

We measured serum UACA antibody titer in pa-
tients with autoimmune thyroid diseases in ELISA, us-
ing recombinant C-terminal 18% fragment of human
UACA protein, We measured titer of healthy controls
(43 cases), Graves’ disease (159 cases), Hashimoto’s dis-
ease (26 cases), silent thyroiditis (20 cases), and suba-
cute thyroiditis (11 cases). To exclude the effect of
reactivity against GST protein, we used GST-UACA
fusion protein and GST protein for ELISA, simulta-
neously, Evaluation of 1gG anti-UACA autoantibodies
was determined by subtracting the reactivities against
GST from those against GST-UACA. The mean OD
value of anti-UACA autoantibodics in Graves’ patients
was significantly higher than that in healthy controls
(ANOVA; P<0.01) (Fig. 1A). This group patient did
not accompany VKH disease or other uveitis. In con-
trast, Hashimoto's thyroiditis, silent thyroiditis, and
subacute thyroiditis group did not show any statistical
significance compared with control. The cutoff OD val-
ue for positivity of anti-UACA IgG antibodies was de-
fined as the mean value +3 SD of healthy controls
(0.53). We found anti-UACA IgG antibodies in 15%
(24/159) of Graves’ patients and 0% (0/43) of healthy
control (Table 1). The prevalence of IgG anti-UACA
antibodies in Graves’ patients was significantly higher
than that in healthy control (Fisher’'s exact test;
P <0.05). Anti-UACA antibodies were found in 4%
(1/26) of Hashimoto’s thyroiditis, 5% (1/20) of silent
thyroiditis, and 8% (1/11) of subacute thyroiditis group.
The differences in prevalence of anti-UACA antibodies
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Fig. 1. (A) Distribution of anti-UACA IgG autoantibodies titer in healthy controls (control), in patients with Graves’ disease (Graves), Hashimoto's
disease (Hashimoto), silent thyroiditis (silent), and subacute thyroiditis (subacute). The titers of autoantibodies are expressed in the OD units. Broken
line indicates a cutofl level for the positivity of autoantibody. The OD value subtracted GST protein from GST-UACA fusion protein in 159 Graves’
disease samples was 0.339 + 0.305 (mean + SE), in 26 Hashimoto’s thyroiditis samples was 0.269 £ 0.151 (mean * SE), in 20 silent thyroiditis samples
was 0.269 + 0.156 (mean * SE), in 11 subacute thyroiditis samples was 0.315+£0.130 (mean * SE), and in 43 healthy control samples was
0.218 % 0.103 (mean * SE). The OD value for GST-UACA fusion protein to GST protein in 27 positive samples was 0.865 * 0.384 (mean * SE), and
in negative samples was 0.240 + 0.125 (mean * SE). *Significant difference (P < .01) compared with control {ANOVA). (B) Distribution of anti-
UACA I3G autoantibodies titer in patients with Graves’ ophthalmopathy, The clinical manifestations of Graves' ophthalmopathy are classified into
the following four groups; normal MRI, congestive ophthalmopathy with severe fat swelling, congestive ophthalmopathy with mild myopathy, and
severe myopathy. The OD value subtracted GST protein from GST-UACA fusion protein in seven normal MRI samples was 0.167 £ 0.098
(mean * SE), in three congestive ophthalmopathy with severe fat swelling samples was 0,255+ 0.029 (mean * SE), in seven congestive
ophthalmopathy with mild myopathy samples was 0.418 £0.395 (mean % SE), and in eight severe myopathy samples was 0.656 + 0.34%
{mean * SE). *Significant difference (P < 0.005) compared with normal MR1 (ANOVA). NS: not significant.

were not statistically significant between Hashimoto’s Clinical manifestation

thyroiditis and healthy control, silent thyroiditis and

healthy control, and subacute thyroiditis and healthy We investigated clinical manifestation of Graves' pa-
control. More than half of Graves’ patients with posi- tients with high anti-UACA titer in detail. We found
tive titer showed higher titer than patients with VKH 37.5% (9/24) cases had ophthalmopathy. Especially, pa-
disease. Positive patient sera with VKH disease showed tient samples with severe eye muscle inflammation
about 0.5 OD value in the same ELISA. showed high anti-UACA titer. Nine cases with Graves’
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Table t
Prevalence of IgG anli-UACA autoantibodies evaluated by ELISA in
sera from patients with thyroid diseases and healthy controls

Table 3
Prevalence of IgG anti-UACA autoantibodies evaluated by ELISA in
sera from patients with Graves’ ophthalmopathy and MRI study

Discase Anti-human P value Group Anti-human P value
UACA IgG UACA 1gG
positive donors positive denors
Graves' disease 24/159 15% £<0N Severe ocular myopathy 6/8 75% <001
Hashimoto’s disease 1126 44 Congestive ophthalmopathy 217 28%
Silent thyroiditis 1120 5% (with mild myopathy)
Subacute thyroiditis 111 % Congestive ophthalmopathy 013 0%
Healthy controls 0/43 0% (with severe orbital fat swelling)
Normal MRI 0/7 0%

Differences in prevalence of IgG anti-UACA autoantibodies are sta-
tistically significant between patients with Graves' disease and healthy
controls using Fisher’s exact test (2 x 2 table).

ophthalmopathy showed high titer (OD value >0.53)
within 3! Graves’ ophthalmopathy cases. The preva-
lence of anti-UACA antibodies was 29% in Graves’ oph-
thalmopathy cases. But, the prevalence of anti-UACA
antibodies in patients without ophthalmopathy was
11% (15/128). The prevalence of Graves’ ophthalmopa-
thy cases was significantly higher than that of Graves’
patients without ophthalmopathy (Fisher’s exact test;
P < 0.05) (Table 2), Within nine cases of high titer, six
cases showed severe eye muscle inflammation in MRI
study, Graves’ ophthalmopathy is classified into the fol-
lowing four groups; severe ocular myopathy, congestive
ophthalmopathy with mild myopathy, congestive oph-
thalmopathy with severe orbital fat swelling and without
myopathy, and normal MRI. The prevalence of anti-
UACA antibodies was 75% (6/8) in severe ocular myop-
athy, which had severe eye muscle enlargement and high
intensity signal within eye muscle in T2WI1 MRI study.
In contrast, the prevalence of anti-UACA antibodies
was 28% (2/7) in congestive ophthalmopathy cases with
mild myopathy, who had mild eye muscle enlargement
and high intensity signal in T2ZWI MRI study. The prev-
alence of anti-UACA antibodies was 0% (0/3) in conges-
tive ophthalmopathy case, who had severe orbital fat
swelling, no eye muscle enlargement, and no high inten-
sity in T2ZWI MRI study. UACA titer of seven patients
with normal MRI study was all normal.

The mean UACA titer of severe ocular myopathy
cases was significantly higher than that of seven normal

Table 2

Prevalence of IgG anti-UACA autoantibodies evaluated by ELISA in
sera from patients with Graves’ ophthaimopathy and without Graves’
ophthalmopathy

Group Anti-Human P value
UACA IgG
positive donors

Graves’ ophthalmopathy (+) 9131 29% P <005

Graves’ ophthalmopathy (-) 15/128 1%

Statistical analyses refer to differences between patients with Graves’
ophthalmopathy and without Graves’ ophihalmopathy determined
using ¥* test (2 x 2 table, Yeasts' correction for small numbers).

Statistical analyses refer to differences between patients with severe
ocular myopathy and Normal MRI group determined using Fisher’s
exact test (2 x 2 table).

cases in MRI study (ANOVA; P < 0.005) (Fig. 1B). The
prevalence of anti-UACA antibodies was 75% (6/8) in
patients with severe ocular myopathy. The prevalence
was significantly higher than that of normal MRI group
(Fisher’s exact test; P <0.01) (Table 3). But, any other
group did not show the significant difference compared
with normal MRI group.

Expression of UACA in thyroid

To examine mRNA expression of UACA in thyroid,
we performed RT-PCR analysis (Fig. 2C). Gene-specific
PCR primers were designed to amplify 505bp fragments
of C-terminal portion of human UACA cDNA. The ex-
pression of UACA mRNA was observed in all human
thyroid cancer cell lines (HTC, 8505C, FRO, and
NPA), as well as human thyroid tissue of Graves’ dis-
ease, Hashimoto’s thyroiditis, and normal control. This
result indicates UACA mRNA is expressed in human
thyroid follicular cells,

To examine the expression profile of UACA protein
in FRTLS cell, we performed Western blot analysis.
UACA encoded 160kDa protein (Figs. 2A and B).
The amount of UACA protein was augmented in a time
(0, 3, 6, 12, and 24h) (Fig. 2A) and dose-dependent
manner following TSH stimulation (0, 1073, 10’2,
107!, and 1mU/ml) (Fig, 2B). In a time course, UACA
protein increased after 3h following TSH stimulation.
The strongest signal was observed after 6 or 12h follow-
ing TSH stimulation, and the signal decreased after 24h
following TSH stimulation. In a dose course of TSH, the
minimum concentration of TSH to increase UACA pro-
tein was 10™*mU/ml.

In order to study the cytochemical localization of
UACA, we estimated the expression of UACA in
FRTLS5 cells. The UACA protein was weakly expressed
both in nucleus and cytoplasm of cells in the absence of
TSH (Fig. 3A). Interestingly, TSH stimulation recruited
UACA into nucleus (Fig. 3A; 24h), In order to observe
the fine localization of UACA within TSH-stimulated
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Fig. 2. TSH potentiates UACA protein expression in FRTLS thyroid cells: {(A) 1ime sequence, (B) dose dependency. FRTLS cells were preincubated
in 5H medium with 5% CS for 5-6 days and then incubated with appropriate concentrations of TSH. To ensure the total amount of protein in each
lane was identical, membranes were simultaneously incubated with anti-actin antibody (1:250 dilution}. (C) RT-PCR analysis using human UACA-
specific primers revealed the expression of UACA mRNA in human thyroid cancer cell lines (HTC, 8505C, FRO, and NPA), and the thyroid tissue
of Grave's disease, Hashimoto’s discase, and normal subject. Contrel lane indicates PCR product when any template was not included in PCR.

FRTLS, we used a differential interference contrast im-
age. Most of the UACA fluorescence was localized with-
in nucleus, whereas less was localized in cytoplasm (Fig.
3B). To examine UACA expression in human thyroid
tissue, we then carried out an immunohistochemical
analysis using rabbit polyclonal anti-UACA antibody.
In thyroid tissue of Graves® disease, UACA appeared
to be expressed in the nucleus of thyroid follicular cells
(Fig. 3C).

Expression of UACA protein in eye muscle

In order to investigate the association of Graves’ oph-
thalmopathy and anti-UACA antibody production, we
examined UACA expression in human eye muscle de-
rived from a patient with Graves’ ophthalmopathy, In
human eye muscle tissue with Graves’ ophthalmopathy,
UACA protein was exclusively expressed in eye muscle
fiber (arrow), but UACA expression was relatively weak
in surrounding orbital connective tissue and fat (Fig.
3D). The eye muscle sample was derived from a patient
with Graves’ ophthalmopathy, who was already treated
by methimazole and corticosteroid. Since this pretreat-
ment may modify the UACA expression in eye muscle,
we simultancously examined UACA expression in nor-
mal rat eye muscle. UACA protein was expressed in nor-
mal rat eye muscle fiber as observed in the human
sample (data not shown). This result indicates UACA

is expressed in eye muscle fiber as well as thyroid cells,
which are the autoimmune target tissues in Graves’
disease.

Discussion

UACA is a protein cloned by serological analysis of
recombinant cDNA expression libraries (SEREX) meth-
od with serum samples obtained from patients with
VKH disease, to identify the tarpget autoantigens in
VKH disease [1]. VKH disease is recognized as an auto-
immune systemic disorder. In VKH, inflammatory dis-
orders in multiple organs include melanocytes, uvea
{resulting in acute bilateral panuveitis), skin (vitiligo
and alopecia), central nervous system (meningitis),
and inner ears (hearing loss and tinnitus). These inflam-
matory aspects are attributed to the immunological
destruction of melanocytes. The prevalence of IgG an-
ti-UACA autoantibodies is 19.6% in patients with
VKH, and 0% in the healthy controls, 28.1% in patients
with Behget disease, and 21.1% in patients with sarcoid-
osis, so anti-UACA autoantibodies are considered as
one of the autoantibodies in these panuveitis diseases.
Originally, UACA was cloned from dog thyroid tissue
following TSH stimulation, so we presumed UACA
could be a novel candidate of autoantigen in autoim-
mune thyroid diseases [2). Then, we analyzed the
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Fig. 3. {A) The cytochemical localization of UACA protein in FRTLS
cells in the absence or presence of TSH (I mU/ml, 24h}, Inserted bar
indicates 10um, (B) The fine cytochemical localization of UACA
protein in FRTLS5 cells followed by TSH stimulation {TSH 1 mU/ml,
24h), Differential interference contrast image (right panet), and
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Inserted bar indicates10pm. (C) The expression of UACA protein in
human thyroid tisswe of Graves’ discase. Immunohistochemical
analysts was done using rabbit anti-UACA antibodies. The scctions
were scanned at magnification (400x} using light microscopy. The
arrows indicate nucleus of thyroid follicular cell expressing UACA
protein. (D) The expression of UACA protein in human eye muscle
tissue with Graves' ophthalmopathy. The sections were scanned at
magnification (200x) using light microscopy. The arrows indicate eye
muscle fibers expressing UACA proteins.

presence of anti-UACA antibodies in autoimmune thy-
roid diseases.

In ELISA study, the prevalence of anti-UACA anti-
bodies in Graves disease was significantly higher than
that in healthy controls (15% vs. 0%). Moreover, the
prevalence of anti-UACA antibodies in Graves' oph-
thalmopathy was significantly higher than that in

Graves’ disease without ophthalmopathy (29% vs,
11%). We then investigated clinical manifestation of
these patients with high UACA titer in detail. The prev-
alence of anti-UACA antibodies was 29% (9/31) in
Graves’ ophthalmopathy cases. These results clearly
suggest that the appearance of anti-UACA antibody is
strongly associated with eye muscle inflammation in pa-
tients with Graves’ ophthalmopathy.

Thyroid-associated ophthalmopathy is considered to
be an autgimmune disorder of eye muscle and sur-
rounding orbital connective tissue and fat [3-7]. The
eye symptoms associated with TAO can be classified in-
to two subtypes, congestive ophthalmopathy (CO), in
which inflammatory changes in periorbital tissues pre-
dominate, and ocular myopathy (OM), in which eye
muscle is mainly damaged [30]. The current dogma tells
that TAO ts best explained by reactivity against thyroid
and orbital tissue shared autoantigens [6,7]. One of such
shared antigens is TSH receptor (TSHR), which is
expressed in orbital preadipocytes. TSHR is mainly
associated with the development of Graves® ophthal-
mopathy {§-11]. Several shared eye muscle and thyroid
autoantigens have been investigated in eye muscle com-
ponent in TAO, such as 63-67kDa eye muscle mem-
brane antigens and 55kDa protein [12-24]. The
flavoprotein (Fp) subunit of the mitochondrial enzyme
succinate dehydrogenase is the so-called 64-kDa pro-
tein. Antibodies against Fp seem to be the best clinical
marker of ophthalmopathy in patients with Graves’ hy-
perthyroidism, and they are sensitive predictors for the
development of eye muscle dysfunction in ophthalmop-
athy patients treated by antithyroid drugs [16,17]. The
“55-kDa protein” was identified as G2s protein, eye
muscle shared autoantigen with unknown function
[22-24]. The primary reaction in eye muscle may be
T-cell-mediated autoimmunity against TSHR of fibro-
blasts. The antibodies against Fp and G2s are produced
secondary during the ophthalmopathy process, reflect-
ing the release of sequestered cytoskeletal proteins from
damaged eye muscles. Our observation indicates that
UACA could be a novel candidate for thyroid and or-
bital shared autoantigen such as Fp in Graves’ ophthal-
mopathy.

We also showed that UACA is expressed in eye mus-
cle of patients with TAQ as well as thyroid foilicular
cells in Graves® disease by immunohistochemical analy-
sis. UACA was highly expressed in human eye muscle fi-
bers of Graves” disease (Fig. 31)). This result indicates
that UACA is simultaneously expressed in orbital eye
muscle as well as thyroid follicular cells. High preva-
lence of anti-UACA antibodics is observed in patients
with Graves’ ophthalmopathy (Fig. 1). In particular, pa-
tients with severe ocular myopathy showed high UACA
titer. Taken together, we presume that the appearance of
anti-UACA antibodies could be a clinical marker for se-
vere ocular myopathy, especially when its titer is high.
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Wall and co-workers [16,17] suggested that anti-flavo-
protein antibodies are produced by secondary immuneo-
regulatory event resulting from eye muscle necrosis.
They also showed that the prevalence of anti-G2s anti-
bodies was 50% in Graves' ophthalmopathy, and anti-
G2s antibodies appear in early phase of TAO [22-24].
In our study, the prevalence of anti-UACA antibodics
in Graves' ophthalmopathy is lower (29%) compared
with anti-G2s antibodies. If UACA is the primary auto-
antigen in Graves’ ophthalmopathy, the prevalence
should be higher. It is more likely that anti-UACA Ab
is produced by secondary immunoregulatory process re-
sulting from eye muscle necrosis like anti-flaveprotein
antibodies. The low prevalence of anti-UACA Ab may
raise the possibility that UACA is not relevant for the
development of TAO. But, the prevalence of anti-
UACA antibodies is only 20% in VKH disease, the ori-
ginal disease with anti-UACA antibodies. Because of the
difficulty to produce recombinant UACA protein as a
whole molecule (160kDa), we used the C-terminal
18.0% portion of UACA to detect anti-UACA antibod-
ies in patients’ sera. A relatively lower prevalence of an-
ti-UACA antibodies in Graves’ patients may be due to
the limited usage of C-terminal fragment of UACA pro-
tein for ELISA. To evaluate the presence of autoanti-
body against the whole UACA molecule, it is
necessary to analyze patients” sera using other N-termi-
nal fragments of UACA protein.

At present, the recognition of TSHR on the retro-
ocular preadipocytes by TSHR autoantibodies and
TSHR-specific T cells could be the initial event that
drives the “homing” of the lymphocyles 1o the retro-or-
bital tissue. Then, the cye muscle inflammation is acti-
vated, resulting in the appearance of eye muscle
autoantibodies including G2s, Fp, and UACA. Conse-
quently, our observation about anti-UACA Ab is not
contrary to this theory explaining the development of
TAO. Since UACA is expressed in eye muscle, the ap-
pearance of anti-UACA antibodies may reflect immuno-
logical damage of eye muscle fiber, as observed in
flavoprotein. We presume that not thyroid destruction
but eye muscle destruction is directly associated with
the production of anti-UACA antibody. If we examine
more TAO cases with anti-UACA antibodies, we can
identify the clinical relevance of anti-UACA antibodies
for the development of TAO.

Although the physiological function of UACA pro-
tein s still unclear, UACA contains six ankyrin repeats
and coiled coil domains, including a motil of leucine zip-
per pattern. Ankyrin repeat is 31-33 amino acid motif
present in a number of proteins and contributing to pro-
tein—protein interactions [31]. In FRTLS thyroid cells,
the amount of UACA protein increased in a time- and
dose-dependent manner following TSH stimulation. In
the absence of TSH, UACA protein was diffusely dis-
tributed both in nucleus and cytoplasm of FRTLS5 cells.

Following TSH stimulation, UACA protein was exclu-
sively recruited into nucleus of FRTLS cell (Fig. 3A).
Consequently, TSH augments UACA expression and si-
multaneously converts the localization of UACA within
FRTLS thyroid cells. Interestingly, UACA protein was
highly expressed in nucleus of thyroid follicular cell in
human thyroid tissue of Graves' disease. These results
suggest that UACA protein may play a potential role
for thyroid cell proliferation, since TSH drives the
growth of thyroid follicular cells. Further study is neces-
sary to reveal the physiological relevance of UACA in
thyroid cell proliferation,

In summary, we demonstrate the high prevalence of
anti-UACA autoantibodies in patients with Graves’ dis-
case. We confirmed that patients with Graves’ ophthal-
mopathy (especially, with severe ocular myopathy)
showed high UACA titer. UACA protein is expressed
in autoimmune target tissues of Graves' disease, such
as thyroid follicular cells and ocular eye muscles, indi-
cating UACA is a novel thyroid-eye shared autoanti-
gen. Although the sequence of autoantibodies
production such as anti-GZ2s, anti-Fp or anti-UACA re-
mains unknown, anti-UACA antibodies could be a clin-
ical marker of ocular myepathy in patients with Graves’
ophthalmopathy.
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Enhanced Priming of Antigen-Specific CTLs In Vivo by
Embryonic Stem Cell-Derived Dendritic Cells Expressing
Chemokine Along with Antigenic Protein: Application to
Antitumor Vaccination'

Hidetake Matsuyoshi, Satoru Senju, Shinya Hirata, Yoshihiro Yoshitake, Yasushi Uemura, and
Yasuharu Nishimura®

Dendritic cell (DC)-based immunotherapy is regarded as a promising means for anti-cancer therapy. The efficiency of T cell-
priming in vive by transferred DCs should depend on their encounter with T cells. In the present study, we attempted to improve
the capacity of DCs to prime T cells in vivo by genetic modification to express chemokine with a T cell-attracting property. For
genetic modification of DCs, we used a recently established method to generate DCs from mouse embryonic stem cells. We
generated double-transfectant DCs expressing a chemokine along with a model Ag (OVA) by sequential transfection of embryonic
stem cells, and then induced differentiation to DCs. We comparatively evaluated the effect of three kinds of chemokines; secondary
lymphoid tissue chemokine (SL.C), monokine induced by IFN-y (Mig), and lymphotactin {(Lptn). All three types of double trans-
fectant DCs primed OVA-specific CTLs in vivo mere efficiently than did DCs expressing only OVA, and the coexpression of SLC
or Lptn was more effective than that of Mig. Immunization with DCs expressing OVA plus SLC or Mig provided protection from
OVA-expressing tumor cells more potently than did immunization with OVA alene, and SLC was more effective than Mig. In
contrast, coexpression of Lptn gave no additive effect on protection from the tumor. Collectively, among the three chemokines,
expression of SLC was the most effective in enhancing antitumor immunity by transferred DCs in vivo. The findings provide useful
information for the development of a potent DC-based cellular immunotherapy. The Journal of Immunology, 2004, 172: 776-786.

endritic cells (DCs)? are potent immunostimulators. In
D vivo transfer of Ag-bearing DCs has proven efficient in

priming T cell responses specific to Ag. DC-based meth-
ods are now regarded as being a promising approach for immu-
notherapy, especially for anti-cancer immunotherapy. DCs pulsed
with peptide Ags or genetically modified to present Ags are cur-
rently being clinically tested in cases of immunotherapy for sub-
jects with malignant tumors (1-4).

The efficiency of T cell-priming in vivo by injected DCs should
depend on their encounter with T cells. When exogenous Ag was
injected intracutaneously, ~25% of the DCs capturing the Ag mi-
grated to the T cell area of draining lymph nodes (LN) (5), where
they presented Ag to prime naive T cells specific to the Ag. In
contrast, when bone marrow cell-derived DCs (BM-DCs) or
splenic DCs are transferred exogenously by s.c. or Lp. injection,
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the absolute number of the DCs found within the draining LN
represented only a small proportion (0.1-1%) (6-8). It has alse
been reported that almost all of transferred DCs remained at the
s.c. immunization site 24 h after transfer (9). Inefficient migration
of exogenous DCs to lymphoid organs may lower the frequency of
their encounter with T cells. Therefore, it may be possible to im-
prove the efficacy of exogenously transferred DCs to prime im-
mune responses by augmenting their encounter with T cells. For
example, if transferred DCs produce chemekines to intensively
attract T cells, they may prime immune response efficiently, even
though the DCs do not migrate to lymphoid organs.

Several kinds of chemokines with the capacity to attract T cells
are produced by different cell types. Secondary lymphoid tissue
chemokine (SLC)YCCL21 is produced in T cell regions of LN and
spleen and also by high endothelial venules in LN. SLC chemoat-
tracts T cells, NK cells, B cells, and DCs (10-12). Monokine in-
duced by IFN-y (Mig)/CXCL9 is produced by macrophages and
binds to the chemokine receptor CXCR3, which mediates the re-
cruitment of predominantly Thl cells and activated NK cells (13}.
Lymphotactin (Lptn)’XCL1, produced by activated T cells, has
chemoattractive properties on CD4™ and CD8* T cells and on NK
cells (14, 15). This chemotactic action of Lptn is mediated through
the receptor XCR1.

Recently, we established a novel method for genetic modifica-
tion of DCs, where we generated DCs from mouse embryonic stem
(ES) cells by in vitro differentiation {16). ES cell-derived DCs
{ES-DCs) express MHC class II, CD11c, CD80, and CD86. They
can strongly simulate MLR and efficiently process and present protein
Ag to T cells. Their capacity to do so is comparable to that of BM-
DCs. We can readily generate genetically modified DCs by introduc-
ing expression vectors driven by a $-actin promoter and subsequent
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