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Overexpression of T-bet Gene
Regulates Murine Autoimmune Arthritis
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Objective. To clarify the role of T-bet in the
pathogenesis of collagen-induced arthritis (CIA).

Methods. T-bet-transgenic (Tg) mice under the
control of the CD2 promoter were generated. CIA was
induced in T-bet-Tg mice and wild-type C57BL/6 (B6)
mice. Levels of type II collagen (CIl)-reactive T-bet and
retinoic acid receptor-related orphan nuclear receptor
vt (RORyt) messenger RNA expression were analyzed
by real-time polymerase chain reaction. Criss-cross
experiments using CD4+ T cells from B6 and T-bet-Tg
mice, as well as CD11c+ splenic dendritic cells (DCs)
from B6 and T-bet-Tg mice with CII were performed,
and interleukin-17 (IL-17) and interferon-y (IFNy) in
the supernatants were measured by enzyme-linked im-
munosorbent assay. CD4+ T cells from B6, T-bet-Tg, or
T-bet-Tg/IFNy ™/~ mice were cultured for Th17 cell
differentiation, then the proportions of cells producing
IFN+y and IL-17 were analyzed by fluorescence-activated
cell sorting.

Resudts. Unlike the B6 mice, the T-bet-Tg mice
did not develop CIA. T-bet-Tg mice showed overexpres-
sion of Thx2l and down-regulation of Rorc in CII-
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reactive T cells. Criss-cross experiments with CD4+ T
cells and splenic DCs showed a significant reduction in
IL-17 production by CIl-reactive CD4+ T cells in
T-bet-Tg mice, even upon coculture with DCs from B6
mice, indicating dysfunction of IL-17-producing CD4+
T cells. Inhibition of Th17 cell differentiation under an
in vitro condition favoring Th17 cell differentiation was
observed in both T-bet-Tg mice and T-bet-Tg/IFNy ™/~
mice.

Conclusion. Overexpression of T-bet in T cells
suppressed the development of autoimmune arthritis.
The regulatory mechanism of arthritis might involve
dysfunction of CIl-reactive Th17 cell differentiation by
overexpression of T-bet via IFNy-independent path-
ways.

Rheumatoid arthritis (RA) is a chronic inflam-
matory disorder characterized by autoimmunity, infiltra-
tion of the joint synovium by activated inflammatory
cells, and progressive destruction of cartilage and bone.
Although the exact cause of RA is not clear, T cells seem
to play a crucial role in the initiation and perpetuation of
the chronic inflammation in RA.

The Thl cell subset has long been considered to
play a predominant role in inflammatory arthritis, be-
cause T cell clones from RA synovium were found to
produce large amounts of interferon-y (IFNy) (1). Re-
cently, interleukin-17 (IL-17)-producing Th17 cells have
been identified, and this newly discovered T cell popu-
lation appears to play a critical role in the development
of various forms of autoimmune arthritis in experi-
mental animals, such as those with glucose-6-phosphate
isomerase—induced arthritis (2) and collagen-induced
arthritis (CIA) (3). Conversely, IFNy has antiinflamma-
tory effects on the development of experimental arthritis
(4,5). IL-17 is spontancously produced by RA synovium
(6), and the percentage of IL-17-positive CD4+ T cells
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was increased in the peripheral blood mononuclear cells
of patients with RA compared with healthy control
subjects (7). It is therefore necessary to determine if auto-
immune arthritis is a Th1- or a Th17-associated disorder.
The lineage commitment of each Th cell subset
from naive CD4+ T cells is dependent on the expression
of specific transcription factors induced under the par-
ticular cytokine environment. Differentiation of Thl
cells is dependent on the expression of the transcription
factor T-bet, which is induced by IFNy/STAT-1 signaling
pathways and directly activates the production of IFNy
(8,9). Similarly, Th17 cell differentiation in mice is
dependent on the transcription factor retinoic acid
receptor-related orphan nuclear receptor yt (RORwyt)
induced by transforming growth factor 8 (TGFB) and
[L-6 (10). Previous studies showed that these transcrip-
tion factors negatively regulate the differentiation of
other T cell subsets by direct co-interaction and/or
indirect effects of cytokines produced from each T cell
subset (11,12). How the predominant differentiation of
CD4+ T cells affects the development of autoimmune
arthritis remains unclear, however.
In the present study, CIA was induced in
>57BL/6 (B6) mice and T-bet-transgenic (Tg) mice
under the control of the CD2 promoter. The results
showed that CIA was significantly suppressed in
T-bet-Tg mice as compared with B6 mice. IL-17 pro-
duction was not detected in type II collagen (CII)-
reactive T cells from T-bet-Tg mice, and a significant
reduction in IL-17 production by Cl-reactive CD4+ T
cells from T-bet-Tg mice was observed even when they
were cocultured with splenic dendritic cells (DCs) from
B6 mice. IFN+y production was also reduced in T-bet-Tg
mice as compared with B6 mice, and levels of IFNy in
CllI-reactive CD4+ T cells from T-bet-Tg mice were not
different from those in B6 mice. Inhibition of Th17 cell
differentiation and predominant differentiation of Thl
cells under an in vitro condition favoring Thl7 cell
differentiation was observed in T-bet-Tg mice, and
surprisingly, this inhibition was also observed in T-bet-
Tg/IFNy™~ mice. These results indicate suppression of
Th17 cell differentiation by overexpression of T-bet, but
not IFNvy. Our findings support the notion that the
suppression of autoimmune arthritis in T-bet-Tg mice
might be due to the direct inhibition of Th17 cell
differentiation by T-bet overexpression in T cells.

MATERIALS AND METHODS
Mice. CD2 T-bet-Tg mice (12) were prepared by

backcrossing mice on a C57BL/6 background. IFNy™~ mice
were obtained from The Jackson Laboratory. Littermates of

T-bet-Tg mice were used as controls in all experiments. All
mice were maintained under specific pathogen-free condi-
tions, and the experiments were conducted in accordance with
the institutional ethics guidelines.

Induction of CIA and assessment of arthritis. Native
chicken CII (Sigma-Aldrich) was dissolved in 0.01M acetic acid
and emulsified in Freund’s complete adjuvant (CFA). CFA
was prepared by mixing 5 mg of heat-killed Mycobacterium
tuberculosis H37Ra (Difco) and 1 ml of Freund’s incomplete
adjuvant (Sigma-Aldrich). Mice ages 8-10 weeks were injected
intradermally at the base of the tail with 200 ug of CII in CFA
on days 0 and 21. Arthritis was evaluated visually, and changes
in each paw were scored on a scale of 0-3, where 0 = normal,
1 = slight swelling and/or erythema, 2 = pronounced swelling,
and 3 = ankylosis. The scores in the 4 limbs were then summed
(maximum score 12).

Histopathologic scoring. For histologic assessment,
mice were killed on day 42 after the first immunization, and
both rear limbs were removed. After fixation and decalcifica-
tion, joint sections were cut and stained with hematoxylin and
eosin. Histologic features of arthritis were quantified by 2
independent observers (YK and IM) who were blinded with
regard to the study group, and a histologic score was assigned
to each joint based on the degree of inflammation and erosion,
as described previously (13). The severity of inflammation was
scored on a scale of 0-5, where 0 = normal, 1 = minimal
inflammatory infiltration, 2 = mild infiltration with no soft
tissue edema or synovial lining cell hyperplasia, 3 = moderate
infiltration with surrounding soft tissue edema and some
synovial lining cell hyperplasia, 4 = marked infiltration,
edema, and synovial lining cell hyperplasia, and 5 = severe
infiltration with extended soft tissue edema and marked syno-
vial lining cell hyperplasia. The severity of bone erosion was
also scored on a scale of 0-5, where 0 = none, 1 = minimal,
2 = mild, 3 = moderate, 4 = marked, and 5 = severe erosion
with full-thickness defects in the cortical bone.

Analysis of cytokine profiles and cytokine and tran-
scriptional factor geme expression. Inguinal and popliteal
lymph nodes were harvested [rom each mouse on day 10 after
the first immunization with CIIL Single-cell suspensions were
prepared, and lymph node cells (2 X 10°/well on a 96-well
round-bottomed plate) were cultured for 72 hours in RPMI
1640 medium (Sigma-Aldrich) containing 10% fetal bovine
serum, 100 units/ml of penicillin, 100 pg/ml of streptomycin,
and 50 pM 2-mercaptoethanol in the presence of 100 pg/ml of
denatured chicken CII. The supernatants were analyzed for
IFNy, IL-4, IL-10, and IL-17 by enzyme-linked immunosor-
bent assay (ELISA) using specific Quantikine ELISA kits
(R&D Systems).

Lymphocytes harvested on day 10 after immunization
were used to obtain complementary DNA (cDNA) by reverse
transcription, using a commercially available kit. A TagMan
Assay-on-Demand gene expression product was used for real-
time polymerase chain reaction (PCR; Applied Biosystems).
The expression levels of Ifng, Ill7a, Thx21, Rorc, Il12a, and
{1232 were normalized relative to the expression of gapdh.
Analyses were performed with an ABI Prism 7500 apparatus
(Applied Biosystems).

Criss-cross coculture with CD4+ T cells and CD11c+
splenic dendritic cells. Ten days after the first CII immuniza-
tion, CD4+ cells in draining lymph nodes were isolated by
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positive selection, using a magnetic-activated cell sorter
(MACS) system with anti-CD4 monoclonal antibody (mAb;
Miltenyi Biotec). After treatment with mitomycin C, CD1lc+
cells were isolated from the spleen by positive selection, using
a MACS system with anti-CDllc mAb (Miltenyi Biotec).
Criss-cross coculture for 72 hours was performed with 1 X 10°
CD4+ cells and 2 X 10* CDllc+ cells in 100 ug/ml of
denatured ClI-containing medium. Cytokine production and
transcription factor expression were then analyzed.

Measurement of collagen-specific immunoglobulin ti-
ters. Serum was collected from the mice on day 56 after the
first immunization. A total of 10 pg/ml of CII in phosphate
buffered saline (PBS) was coated overnight at 4°C onto 96-well
plates (Nunc MaxiSorp; Nalge Nunc). After washes with
washing buffer (0.05% Tween 20 in PBS), the blocking solu-
tion, including 1% bovine serum albumin in PBS, was applied
for 1 hour. After washing, 100 ul of diluted serum was added,
and the plates were incubated for 1 hour at room temperature.
After further washing, horseradish peroxidase-conjugated
anti-mouse IgG, IgG1, 1gG2a, or IgG2b (1:5,000 dilution) in
blocking solution was added, and the plates were incubated for
1 hour at room temperature. After washing, tetramethylben-
zidine was added, and the optical density was read at 450 nm
using a microplate reader.

Purification of CD4+ cells and in vitro T cell cultures.
CD4+ cells (1 % 10%well) were cultured in medium
with 1 pg/ml of soluble anti-CD3e mAb (eBioscience), 1 ng/ml
of soluble anti-CD28 mAb (BioLegend), 10 pg/ml of anti-
[FNy mAb (BioLegend), and 10 pg/ml of anti-1L-4 mAb
(BioLegend) for a neutral condition. For Th17 cell differ-
entiation, CD4+ cells (1 X 10%well) were cultured in medium
with 1 pg/ml of soluble anti-CD3s mAb, 1 ug/ml of soluble
anti-CD28 mAb, 3 ng/mi of human TGFB (R&D Systems),
20 ng/ml of mouse IL-6 (eBioscience), 10 pug/ml of anti-
IFNvy mAb, and 10 pg/ml of anti-IL-4 mAb. On day 4, cells
were restimulated for 4 hours with 50 ng/ml of phorbol
myristate acetate and 500 ng/ml of ionomycin and used in the
experiments.

Surface and intracellular staining and fluorescence-
activated cell sorter (FACS) analysis. GolgiStop (BD
PharMingen) was added during the last 6 hours of each
culture. Cells were stained extracellularly, fixed, and perme-
abilized with Cytofix/Cytoperm solution (BD PharMingen).
Then, intracellular cytokine staining was performed according
to the manufacturer’s protocol, using fluorescein isothiocya-
nate (FITC)-conjugated anti-IFNy (BD PharMingen) and
phycoerythrin (PE)-conjugated anti-IL-17 (BD PharMingen)
or FITC-conjugated anti-IL-17 (BioLegend). A Treg cell
staining kit (eBioscience) was used to stain T-bet, ROR+t,
and FoxP3 in cultured cells according to the manufacturer’s
protocol, using PE-conjugated anti-T-bet (eBioscience),
allophycocyanin-conjugated anti-RORyt (eBioscience), and
PE-conjugated anti-FoxP3 (eBioscience). Samples were ana-
lyzed with a FACSCalibur flow cytometer (Becton Dickinson),
and data were analyzed with FlowlJo software (Tree Star).

Statistical analysis. Data are expressed as the mean =
SEM or the mean = SD. Differences between groups were
examined for statistical significance using Student’s ¢-test.
P values less than 0.05 were considered significant.

KONDO ET AL

RESULTS

Construction of the T-bet transgene and tissue
distribution of transcription factors and cytokine pro-
duction in naive mice. To generate transgenic mouse
lines that express high levels of T-bet specifically in
T cells, mouse T-bet ¢cDNA was inserted into a VA
vector containing a human CD2 transgene cassette (14).
To confirm the expression of the transgene, reverse
transcription-PCR (RT-PCR) was performed to moni-
tor the expression of Thx2! (coding for T-bet) in organs
from the T-bet-Tg mice. Thx2! messenger RNA
(mRNA) expression was detected in the lymphatic sys-
tem and in nonlymphatic organs in T-bet-Tg mice, and
the expression levels were higher than those in B6 mice
(data available upon request from the author). Analysis
by semiquantitative RT-PCR and quantitative PCR
(data not shown) revealed that the expression levels of
other transcription factors (Gata3, Rorc, and Foxp3) in
T-bet-Tg mice were not different from those in B6
mice. As previously reported by Ishizaki et al (14), high
production of IFNy was observed even when CD4+
T cells isolated from the spleen of T-bet-Tg mice were
cultured under neutral conditions (data available upon
request from the author).

Failure to induce CIA and low Cll-specific IgG
production in T-bet-Tg mice. To assess whether T
cell-specific T-bet expression affects the development
of arthritis, we induced CIA in T-bet-Tg mice and
in wild-type B6 mice. The incidence and severity of
arthritis in T-bet-Tg mice were markedly suppressed
compared with those in B6 mice (Figure 1A). Sur-
prisingly, the majority of T-bet-Tg mice were essen-
tially free of arthritis, and even when arthritis was
present, it was of the mild type. Consistent with these
findings, histologic analyses of the joints obtained from
each mouse 42 days after immunization revealed that
joint inflammation and destruction were significantly
suppressed in T-bet-Tg mice compared with B6 mice
(Figures 1B and C). These results indicated that en-
forced expression of T-bet in T cells suppressed the
development of CIA.

Because the levels of Cll-specific IgG correlate
well with the development of arthritis (15), we examined
CllI-specific 1gG production in T-bet-Tg mice. CII-
specific IgG, 1gG1, IgG2a, and 1gG2b levels were signif-
icantly lower in T-bet-Tg mice than in B6 mice, as
determined by ELISA (Figure 1D). Thus, enforced
expression of T-bet in T cells suppresses the develop-
ment of CIA and Cll-specific IgG production.
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Figure 1. Significant suppression of collagen-induced arthritis (CIA) and type I collagen (CI)-specific 1gG production in T-bet-transgenic (Tg)
mice. On days 0 and 21, mice were immunized intradermally at several sites at the base of the tail with chicken CII emulsified with Freund’s complete
adjuvant. A, Incidence and severity of CIA. The arthritis score was determined as described in Materials and Methods. Data were obtained from
2 independent experiments involving 10 C57BL/6 (wild-type [WTT]) mice and 11 T-bet-Tg mice. B, Hematoxylin and eosin-stained sections of the
hind paws of mice obtained 6 weeks after the first immunization. Original magnification x 40. C, Inflammation and bone erosion scores in 7 CS7BL/6
mice and 5 T-bet-Tg mice 6 weeks after the first immunization, Scores were determined as described in Materials and Methods. D, Serum levels
of Cll-specific I1gG, 1gG1, IgG2a, and I1gG2b levels in 10 CS7BL/6 mice and 11 T-bet-Tg mice 8 weeks after the first immunization, as measured
by enzyme-linked immunosorbent assay. Values in A, C, and D are the mean = SD. # = P < 0.05; »+ = P < 0.01 by Student’s ¢-test.

Suppression of Cll-reactive IL-17 production
and IL-17 mRNA expression in T-bet-Tg mice. Because
enforced T-bet expression in T cells suppressed the
development CIA, we examined antigen-specific cyto-
kine production and transcription factor expression in
mice with CIA. CD4+ T cells harvested from draining
lymph nodes were stimulated with CII in vitro, and then
various cytokine levels in the supernatants were mea-
sured by ELISA. IL-17 production by Cll-reactive T
cells was significantly reduced in T-bet-Tg mice as
compared with B6 mice (Figure 2A). IFNy production
by Cll-reactive T cells also tended to be decreased in
T-bet—Tg mice.

We analyzed Cll-reactive cytokine and transcrip-
tion factor mRNA expression levels by real-time PCR
(Figure 2B). Similar to the ELISA results, /l17a expres-
sion tended to be lower in T-bet-Tg mice than in B6
mice. No difference in Ifng expression was observed
between B6 and T-bet-Tg mice (Figure 2B). Thx21
expression tended to be higher in T-bet-Tg mice,
whereas Rorc expression was lower in T-bet-Tg mice
than in B6 mice (P < 0.05). The level of expression of
1l12a (coding for IL-12p35) was also higher in T-bet-Tg
mice than in B6 mice (P < 0.05). However, there was no
difference in the expression levels of 1/23a (coding for
IL-23p19) between B6 mice and T-bet-Tg mice. These
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Figure 2. No production of interleukin-17 (IL-17) and low production of interferon-y (IFNy) in type II collagen (CI)-reactive CD4+ T cells, A,
Ten days after the first CII immunization, lymphocytes derived from the draining lymph nodes of CS7BL/6 (wild-type [WT]) mice and
T-bet-transgenic (Tg) mice were cultured for 72 hours in the presence or absence of 100 ug/ml of denatured CIL Levels of IL-17, IFNvy, IL-4, and
IL-10 in the supernatants were measured by enzyme-linked immunosorbent assay. B, After culture of lymphocytes with CII, cDNA was obtained,
and levels of Ifng, 117a, Thx21, Rore, I112a, and 1123a expression were analyzed by real-time polymerase chain reaction. Values are the mean = SD
of 3 mice. * = P <t (.05 by Student’s t-test. ND = not detected: NS = not significant.

results suggest that overexpression of T-bet on CD4+ T
cells suppressed the expression of RORyt and IL-17.

No reduction of RORyt expression on ClI-
reactive CD4+ T cells in T-bet-Tg mice. CD4+ T cells
from T-bet-Tg and B6 mice were cultured in vitro with
Cll, and analyses of T-bet and ROR~yt expression on
CD4+ T cells were carried out by the intracellular
staining method. T-bet expression on Cll-reactive
CD4+ T cells was significantly higher in T-bet-Tg mice
than in B6 mice (Figure 3A). Surprisingly, the majority
of T-bet+ Cll-reactive T cells expressed RORyt in both
the B6 mice and the T-bet-Tg mice (Figure 3A). Al-
though there was no significant difference in the mean
fluorescence intensity of RORyt between B6 mice and
T-bet-Tg mice, the number of RORyt+ cells tended to
be lower in T-bet-Tg mice (data available upon request
from the author).

Moreover, in the case of CD4+ T cells examined
under conditions favoring Th17 differentiation, RORyt
expression on CD4+ T cells from T-bet-Tg mice was
lower than that on cells from B6 mice (Figure 3B).
Interestingly, most of the RORyt+ cells also expressed
T-bet in the T-bet-Tg mice, and the proportion of
IL-17-producing RORyt+ CD4+ T cells was lower

in the T-bet-Tg mice than in the B6 mice. These find-
ings support the notion that overexpression of T-bet
not only suppresses RORyt expression on CD4+ T cells
but also inhibits the production of 1L-17 from RORyt+
T cells.

To investigate whether the suppression of arthri-
tis and low antigen-specific cytokine production ob-
served in T-bet-Tg mice was related to Treg cells, the
next experiment analyzed FoxP3 expression on CD4+
T cells harvested from draining lymph nodes 10 days
after immunization. There was no significant difference
in the percentage of FoxP3+ cells among the CD4+
T cells between B6 mice and T-bet-Tg mice (data
available upon request from the author). Thus, Treg
cells do not seem to be involved in the suppression of
CIA in T-bet-Tg mice.

Decreased numbers of T cells in the lymph nodes,
spleen, and thymus of T-bet-Tg mice. To evaluate the
low cytokine response and the low population of CII-
reactive RORyt+CD4+ T cells in T-bet-Tg mice
with CIA, we analyzed the lymphocyte subsets in the
draining lymph nodes and spleen after immunization.
The percentage and absolute number of CD3+ T cells
were lower in both the draining lymph nodes and the
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Figure 3. Suppression of Th17 cell differentiation by enforced expression of T-bet in T cells despite expression of retinoic acid receptor—related
orphan nuclear receptor yt (RORyt). A, Ten days after the first type 11 collagen (CII) immunization, lymphocytes derived from the draining lymph
nodes of C57BL/6 (wild-type [WT]) and T-bet-transgenic (Tg) mice were cultured for 72 hours in the presence or absence of 100 pg/ml of denatured
CIL Levels of T-bet and RORyt expression on CD4+ T cells were analyzed by intracellular staining. Numbers in each compartment of the
histograms are the percentage of transcription factor—expressing cells gated on CD4+ T cells. Values in the bar graphs are the mean *+ SD of 3 mice
per group. * = P < (.05 by Student’s t-test. NS = not significant. B, CD4+ T cells were isolated from the spleen of CS7BL/6 and T-bet-Tg mice
by magnetic-activated cell sorting and were then cultured for 96 hours with soluble anti-CD3 antibody, soluble anti-CD28 antibody, interleukin-6
(IL-6). and transforming growth factor B. Cytokine production and transcription factor expression on CD4+ T cells were analyzed by intracelfular
staining. Representative histograms from flow cytometric analysis of T-bet and RORyt expression with 1L-17 production are shown. Numbers in each

compartment are the percentage of positive cells gated on CD4+ T cells.

spleen of T-bet-Tg mice as compared with B6 mice
(Figures 4A and B). The absolute number of CD4+
and CD8+ T cells also tended to be lower in T-bet-Tg
mice (Figure 4B). Moreover, analysis of the thymus
showed a significantly low number of total thymocytes
in T-bet-Tg mice and the presence of an abnormal
proportion of T precursor cells, such as a low number of
double-positive T cells and CD4 single-positive T cells
in T-bet-Tg mice (Figure 4C). These results suggest
abnormal T cell development in the thymus of T-bet-Tg
mice.

Inhibition of 1L-17 production by Cll-reactive
CD4+ T cells in T-bet-Tg mice. To clarify whether T-bet
overexpression on CD4+ T cells directly affects cytokine
production, we performed criss-cross experiments using
CD4+ T cells from B6 and T-bet-Tg mice, as well as
DCs from B6 and T-bet-Tg mice in Cll-containing

medium, and measured IL-17 and IFNvy levels in the
supernatants by ELISA. IL-17 production was detected
in Cll-reactive CD4+ T cells from B6 mice and in DCs
from T-bet-Tg mice. Interestingly, [L-17 production was
significantly reduced, even when CD4+ T cells from
T-bet-Tg mice were cocultured with DCs from B6 mice
(Figure 5A). These observations suggest that T-bet
overexpression on CD4+ T cells is responsible for the
inhibition of Cll-reactive IL-17 production. No differ-
ence in [FNy production was noted among the experi-
mental conditions (Figure 5A), suggesting that reduced
IFNy production by Cll-reactive CD4+ T cells from
T-bet—Tg mice (Figure 2) was probably related to the
reduced numbers of CD4+ T cells in draining lymph
nodes. Moreover, intracellular staining revealed that
RORYyt expression was suppressed and T-bet expression
was increased, even when CD4+ T cells from T-bet-Tg
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Figure 4. Decreased number of CD3+ T cells in spleen and lymph nodes and abnormal development of T precursor cells in the thymus in
T-bet-transgenic (Tg) mice. A, Ten days after first immunization, the proportion of lymphocytes in draining lymph nodes and spleen were analyzed
by fluorescence-activated cell sorting (FACS), and the absolute numbers of cells were calculated. Numbers in cach compartment are the percentage
of the parent population. B, The absolute numbers of CD3+, CD19+, CD4+, and CD8-+ T cells in the lymph nodes and spleen of C57BL/6
(wild-type [WT]) and T-bet~Tg mice were determined. Values are the mean = SD of 3 mice per group. NS = not significant. C, The proportion
of T precursor cells in the thymus of nonimmunized mice was analyzed by FACS, and the absolute numbers of thymocytes, double-negative (DN)
T cells, CD4 and CD8 single-positive (SP) T cells, and double-positive (DP) T cells were determined. Values in the bar graphs are the mean = SD

of 3 mice per group. # = P < 0.05; =+ = P < (.01 by Student’s f-test.

mice were cocultured with DCs from B6 mice (Figure
5B). These results indicate that T-bet overexpression on
CD4+ T cells suppressed Cll-reactive 1L-17 production
by inhibition of the expression of ROR+yt.
Overexpression of T-bet directly suppresses
Th17 cell differentiation via IFNy-independent mecha-
nisms. To clarify whether IFNy production influences
Th17 cell differentiation, we generated T-bet-Tg/
IFNy™~ mice. CD4+ T cells were isolated from the

spleen of T-bet-Tg, T-bet-Tg/IFNy ™", and B6 mice
and were then cultured for Thl7 cell differentiation.
FACS analysis demonstrated that the proportion of
[L-17-producing CD4+ T cells was lower in T-bet-Tg
mice than in B6 mice, whereas the proportion of IFNvy-
producing CD4+ T cells was higher in T-bet-Tg mice.
Similarly, the proportion of 1L-17-producing CD4+ T
cells was also lower in T-bet-Tg/IFN y~'~ mice, although
no IFNy-producing CD4+ T cells were detected in
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Figure 5. Impaired antigen-specific Th17 cell responses in T-bet-transgenic (Tg) mice with collagen-induced arthritis (CIA). Ten days after the first
type II collagen (CII) immunization, CD4+ cells were isolated from draining lymph nodes of CS7BL/6 (wild-type [WT]) mice and T-bet-Tg (TG)
mice by positive selection using magnetic-activated cell sorting (MACS) with anti-CD4 monoclonai antibody (mAb). After treatment with mitomycin
C. CDllc+ cells were isolated from the spleen by positive selection using a MACS system with anti-CD11¢ mAb. Criss-cross coculture for 72 hours
was performed with 1 X 10° CD4+ cells and 2 % 10* CD1lc+ cells in 100 png/ml of denatured CIT-containing medium. A, Levels of interleukin-17
(IL-17) and interferon-y (IFNwv) in culture supernatants were measured by enzyme-linked immunosorbent assay. B, Expression of retinoic acid
receptor-related orphan nuclear receptor yt (RORyt) and T-bet expression on CD4+ T cells were analyzed by intracellular staining. Representative
data from flow cytometric analysis of the percentage of RORyt+ or T-bet+ cells in the CD4+ T cell subset are shown. Values are the mean + SD

of 3 mice per group. * = P < 0.05 by Student’s r-test. DC = dendritic cells.

T-bet-Tg/IFNy™" mice (Figure 6). These results
strongly support the view that inhibition of Thl7 cell
differentiation in T-bet-Tg mice cannot be due to
overproduction of IFNv, indicating that overexpression
of T-bet directly suppresses Th17 cell differentiation in
T-bet-Tg mice.
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Figure 6. Suppressed expression of interleukin-17 (IL-17) by T-bet
overexpression independently of interferon-y (IFNvy) in T-bet-
transgenic (Tg) mice. CD4+ T cells were isolated from the spleen of
C57BL/6 (wild-type [WT)), T-bet-Tg, and T-bet-Tg/IFNy™~ mice by
magnetic-activated cell sorting and then cultured for 96 hours with
soluble anti-CD3 monoclonal antibody (mAb). soluble anti-CD28
mADb, IL-6, and transforming growth factor g. IFNy and IL-17
production by CD4+ cells was analyzed by intracellular cytokine
staining. Numbers in each compartment are the percentage of cells
secreting cytokines.

DISCUSSION

Recent studies showed that IL-17 plays a crucial
role in the development of CIA (3) and other types of
experimental arthritis (2). In contrast, it has been re-
ported that IFNy can suppress 11.-17 production in vitro
(16) and has antiinflammatory effects on the develop-
ment of experimental arthritis (4,5). T-bet is a transcrip-
tion factor known to induce the differentiation of naive
CD4+ T cells to Thl cells (8). Although the absence of
T-bet can result in severe [L-17-mediated experimental
autoimmune myocarditis via dysregulation of IFNvy (17),
several studies have shown that T-bet is essential for the
development of several models of autoimmunity, such as
experimental autoimmune encephalitis (18,19), colitis
(20), and diabetes mellitus (21). Nevertheless, the effect
of T-bet expression on Th17 cell differentiation and
function during arthritis remains unclear.

T-bet-Tg mice overexpress T-bet and mainly
produce IFNy in their T cells (14). Previous studies in
T-bet-Tg mice suggested that overexpression of T-bet
and a predominant Thl response affect the pathogenesis
of various diseases (14,22,23). To examine whether
T-bet overexpression on T cells affects the regulation of
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autoimmune arthritis, we induced CIA in T-bet-Tg mice
and found marked suppression of CIA in T-bet-Tg mice.

To determine the reason for the low incidence of
CIA in T-bet-Tg mice, we measured Cll-reactive cyto-
kine production and expression in vitro. 1L-17 produc-
tion from ClI-reactive CD4+ T cells and I/17a expres-
sion were reduced in T-bet-Tg mice as compared with
B6 mice. Although a predominant Thl cell response was
reported by Ishizuka et al (14), Cll-specific [FNy pro-
duction was reduced in T-bet-Tg mice, and no signifi-
cant difference was observed in Ifng expression between
B6 mice and T-bet-Tg mice. Furthermore, I//2a expres-
sion was significantly higher in T-bet-Tg mice than in
B6 mice, suggesting that overexpression of T-bet on
T cells seems to affect innate immune cells, because the
main producers of IL-12 are DCs and macrophages, not
CD4+ T cells.

In criss-cross coculture experiments with CD4+
T cells and splenic DCs from B6 mice and T-bet-Tg
mice, Cll-reactive IL-17 production was also reduced
even when CD4+ T cells from T-bet-Tg mice were
cocultured with DCs from B6 mice, although there was
no significant difference in IL-17 production by CD4+
T cells from B6 mice cocultured with DCs from either
B6 mice or T-bet—Tg mice. In contrast, no difference in
IFNy production was observed under all coculture con-
ditions examined. Moreover, suppression of RORyt
expression and high expression of T-bet on CD4+ T
cells were observed even when CD4+ T cells from
T-bet-Tg mice were cocultured with DCs from B6 mice.
These findings indicate that T-bet overexpression on
CD4+ T cells might suppress ClI-reactive IL-17 produc-
tion resulting from suppression of RORyt expression in
an IFNy-independent manner, and that overexpression
of T-bet has no direct effect on DC function.

Cll-specific 1gG levels correlate well with the
development of arthritis (15). We observed significant
suppression of Cll-specific IgG production in the
T-bet-Tg mice as compared with the B6 mice. A previ-
ous study showed that IL-17 is required for anti-ClI
antibody production (3). Therefore, the suppression of
anti-CII antibody formation might be due to lower
CllI-reactive IL-17 production in T-bet-Tg mice.

To evaluate the low cytokine response to CII in
T-bet-Tg mice, we analyzed lymphocytes obtained after
immunization from draining lymph nodes and spleen.
The percentage and absolute number of T cells tended
to be lower in both the draining lymph nodes and spleen
of T-bet-Tg mice compared with B6 mice. Moreover,
significantly lower numbers of total thymocytes and an
abnormal proportion of T precursor cells were observed

KONDO ET AL

in T-bet-Tg mice. The latter phenomenon could be due
to T-bet transgene expression on double-negative thymic
cells in T-bet-Tg mice. Because previous observations
showed that T-bet interferes with GATA-3 function (11)
and that GATA-3 was required for the development of
early thymic T cells (24), one of the reasons for abnor-
mal T cell development in the thymus might be the
dysfunction of GATA-3 by overexpression of T-bet.
These results suggest that overexpression of T-bet in
thymic T cells affects T cell development, is responsible
for the low number of T cells in spleen and lymph nodes,
and is related to the low cytokine production against CII
in T-bet-Tg mice.

To assess the effect of T-bet on CD4+ T cell
differentiation in T-bet-Tg mice, we performed in vitro
induction of Th17 cells. Analysis of T-bet-Tg mice
showed a reduction in IL-17-producing CD4+ T cells
and an increase in [FNy-producing CD4+ T cells in
spite of the condition favoring Th17 differentiation,
which indicates suppression of Th17 cell differentiation
and predominance of Thl cell differentiation in vitro in
T-bet-Tg mice. These results did not contradict the
previous findings that the phenotype of polarized Thl
cells was not affected by Th cell-polarizing conditions
(25). It is possible that suppression of Cll-reactive
IL-17 production in T-bet-Tg mice was not associated
with [FNvy. For this reason, we generated T-bet-Tg/
[FNv ™~ mice and performed in vitro induction of Th17
cells in these mice. Surprisingly, in T-bet-Tg/IFNy™/~
mice, the levels of IL-17-producing CD4+ T cells were
also markedly reduced under Th17 cell differentiation—
favoring conditions, indicating an IFNvy-independent sup-
pressive pathway against Th17 cell differentiation. Al-
though previous studies showed that suppression of
Th17 cell differentiation was mediated through IFNy
signal transduction (16), our findings allow us to propose
a new hypothesis: Th17 cell differentiation is regulated
by a pathway that is distinct from the IFNy signaling
pathway. Therefore, we suggest that T-bet expression
either directly or indirectly suppresses Th17 cell differ-
entiation via an IFNy-independent mechanism.

Tbx21 expression was significantly higher in
T-bet-Tg mice as compared with B6 mice, and FACS
analysis of Cll-reactive CD4+ T cells revealed a signif-
icantly higher percentage of T-bet+ cells among the
CD4+ T cell subset in T-bet-Tg mice. While there was
no significant difference in the percentage of RORyt+
cells among the CD4+ T cell subset in T-bet-Tg mice
as compared with B6 mice, Rorc expression was
down-regulated on Cll-reactive CD4+ T cells in
T-bet-Tg mice. In the case of CD4+ T cells under
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conditions favoring Th17 cell differentiation, RORyt
expression on CD4+ T cells from T-bet-Tg mice was
lower than that on cells from B6 mice. Interestingly,
most of the RORyt+ cells also expressed T-bet in
T-bet-Tg mice, and the proportion of IL-17-producing
RORwyt+ T cells in the CD4+ cell subset was lower in
T-bet-Tg mice than in B6 mice. These findings support
the notion that overexpression of T-bet not only sup-
" presses RORyt expression on CD4+ T cells, but also
inhibits the production of 1L-17 from RORyt+ T cells.

Previous studies showed that RORyt expression
is positively regulated by several transcription factors,
such as runt-related transcription factor 1 (RUNX-1),
interferon regulatory factor 4, and STAT-3 (26-28).
Lazarevic et al (29) recently reported that T-bet pre-
vented RUNX-1-mediated activation of the gene en-
coding RORyt, followed by the suppression of Th17
cell differentiation. In addition to direct promotion of
RORyt expression, RUNX-1 also acts as a coactivator,
together with ROR+yt, and induces the expression of
[l17a and Il17f (26); therefore, T-bet inhibits IL-17
production by RORyt+ cells induced by RUNX-1 (29).
Although further studies will be required to identify
the effect of T-bet overexpression on the function of
RUNX-1, it might be associated with the suppression
of Th17 cell differentiation that was observed in the
T-bet-Tg mice.

In conclusion, our results demonstrated that
overexpression of T-bet in T cells suppressed the devel-
opment of autoimmune arthritis. The regulatory mech-
anism of CIA might involve dysfunction of Cll-reactive
Th17 cell differentiation by overexpression of T-bet via
[FNvy-independent pathways. These findings should en-
hance our understanding of the pathogenesis of auto-
immune arthritis and help in the development of new
therapies for RA.
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In conclusion, the associations among asthma, biofilm-
forming bacteria, and revision ESS are strong and robust after
adjusting for other factors in patients with CRS from a tertiary
medical center. Despite its limitations, this study may improve
our understanding of refractory CRS pathogenesis, possibly
leading to more effective treatment strategies, such as incorpo-
rating the treatments of asthma and biofilm infection into
conventional CRS therapies. Prospective cohort studies in di-
verse populations are needed to assess the causality of these
associations.
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Quantification of k-deleting recombination
excision circles in Guthrie cards for the iden-
tification of early B-cell maturation defects

To the Editor:

X-linked agammaglobulinemia (XILA) is a primary immuno-
deficiency caused by severely decreased numbers of mature
peripheral B lymphocytes as a result of a mutation in the BTK
gene. Non-XLA is characterized by hypogammaglobulinemia
with decreased B-cell counts (less than 2% of mature B cells)
in the absence of the BTK gene mutation. Both XLA and non-
XLA are caused by an early B-cell maturation defect.' In patients
with XL A and non-XLA, recurrent infections appear between 3
and 18 months of age, whereas the mean age at diagnosis is 3
years.” This delayed diagnosis results in frequent hospitalization
because of pneumonia, sepsis, meningitis, and other bacterial
infections, which frequently require intravenous administration
of antibiotics and can be fatal. Frequent pneumonia results in a
high incidence of chronic lung diseases.” Thus, carly diagnosis
and early treatment, including periodical intravenous immuno-
globulin replacement therapy, is essential to improve the progno-
sis and the quality of life of patients with XLA and non-XLA.

In the process of B-cell maturation, immunoglobulin k-delet-
ing recombination excision circles (KRECs) are produced during
k-deleting recombination allelic exclusion and isotypic exclusion
of the \ chain.* Coding joint (cj) KRECs reside within the chro-
mosome, whereas signal joint (sj) KRECs are excised from
genomic DNA. ¢jKREC levels remain the same after B-cell divi-
sion, whereas sjKREC levels decrease, because sjKRECs are not
replicated during cell division.” Because the B-cell maturation
defectsin XLA and non-XLA occur before k-deleting recombina-
tion, KRECs are not supposed to be produced. Therefore, mea-
surements of KRECs have the potential to be applied to the
identification of these types of B-cell deficiencies in patients,
which consist of around 20% of all B-cell defects.® In addition,
some types of combined immunodeficiencies show an arrest in
B-cell maturation and can also be identified by this method.
The success of newborn screening for T-cell deficiencies by mea-
suring T-cell-receptor excision circles’ prompted us to develop a
newborn screening method for XLLA and non-XL.A by measuring
KRECs derived from neonatal Guthrie cards.

The study protocol was approved by the National Defense
Medical College institutional review board, and written informed
consent was obtained from the parents of normal controls, the
affected children, and adult patients, in accordance with the
Declaration of Helsinki.

First, we determined the sensitivity of detection levels of
¢jKRECs and sjKRECs in Guthrie cards using real-time quanti-
tative PCR.* Normal B cells from a healthy adult were isolated
from peripheral blood (PB; mean purity, 88.5%). PB was also ob-
tained from 1 patient with XLA (P20) whose B-cell number was
0.09 in 1 pL whole blood and who was negative for sjKRECs
(<1.0 X 107 copies/p.g DNA). Various numbers of normal B cells
were serially added to 1 mL whole PB obtained from this patient
with XLA. The B-cell-added XLLA whole blood was then applied
to filter papers, and 3 punches (3 mm in diameter) of dried blood
spots were used for DNA extraction. At least 3 DNA samples con-
taining the same B-cell concentrations (0.09-400 B cells/p.L)
were used for the real-time quantitative PCR of ¢jKRECs and
sJKRECs. The percentages of the positive samples (>1.0 X 10?
copies/ig DNA) of ¢jKRECs and sjKRECs increased constantly
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FIG 1. Sensitivity levels of ¢jKRECs and sjKRECs. Various numbers of purified normal B cells were serially
added to whole PB from a patient with XLA {P20) to obtain B-cell-added XLA whole blood. ¢jKRECs and
sjKRECs were measured in 3 to 10 samples of each concentration in triplicate. In all analyses, RNaseP
(internal control) was positive {2.3 = 0.2 x 10° copies/ug DNA). X-axis, B-cell numbers in 1 uL whole blood
from a patient with XLA. Y-axis, Percentages of the KREC-positive results in the tests.

as the B-cell concentrations increased (Fig 1). None of the sam-
ples were positive for sjKRECs when the B-cell numbers were
less than 20/.L, but ¢jKRECs were often positive. It has been re-
ported that 90% of patients with XLA have less than 0.2% B cells
in the PB at diagnosis.! Because peripheral lymphocyte numbers
in neonates range from 1200 to 9800/wL,® the absolute B-cell
numbers of 90% of patients with XL.A are estimated to be 2.4
to 19.6/pL at the time of blood collection for Guthrie cards, al-
though exact B-cell numbers of XLA in neonatal periods are
not known at this moment. Because neonates are known to have
fewer B cells than infants,” and we observed that B-cell numbers
are constantly low in patients with XLA throughout infancy
{Nakagawa, unpublished data, June 2010), which is consistent
with the fact that BTK plays an essential role in B-cell maturation.
It is likely that neonates with XA also have severely decreased B
cells. On the other hand, all samples obtained from 400 B cells/pL
were positive for both ¢jKRECs and sjKRECs. We also observed
that all healthy infants (1-11 months old; n = 15) were sjKREC-
positive (Nakagawa, unpublished data, June 2010) and might
have at least 600 B cells/pL whole blood.” From these data, it
is assumed that at least 90% of patients with XLLA are sjKREC-
negative, and healthy neonates are positive for sjKRECs on neo-
natal Guthrie cards.

Next, we measured ¢jKRECs and sjKRECs in dried blood spots
in filter papers or Guthrie cards from 30 patients with XLA and 5
patients with non-XILA and from 133 neonates born at the National
Defense Medical College Hospital during this study period (Au-
gust 2008 to October 2009) and 138 healthy subjects of various
ages (1 month to 35 years old) to investigate the validity of this
method. The levels of B cells of the patients ranged from 0.0% to
1.1% of total lymphocytes and 0.0 to 35.78/.L. IgG levels were 10
to 462 mg/dL (see this article’s Tables E1 and E2 in the Online Re-
pository at www.jacionline.org). Patients with leaky pheno-
types"'® were included; 1 patient (P30) had more than 1% B
cells and 34.22/pL total B cells, and 4 patients had more than
300 mg/dL serum IgG (P12, P30, P31, P33). All of the normal
neonatal Guthrie cards were positive for both ¢jKRECs and
sjKRECs (7.2 = 0.7 X 10° and 4.8 *+ 0.6 X 10 copies/pg
DNA, respectively). All healthy subjects of various ages were
also positive for both ¢jKRECs and sjKRECs (Nakagawa,
unpublished data, June 2010). In contrast, specimens from all 35
B-cell-deficient patients were sjKREC-negative (<1.0 X 10* cop-
ies/ig DNA; Fig 2). All 5 patients with leaky phenotypes were also
sjKREC-negative, which might be explained by the hypothesis that
leaky B cells of patients with XA are long-lived B cells that di-
vided several times and have fewer sjKRECs than naive B cells.
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FIG 2. Copy numbers of sjkRECs measured in neonatal Guthrie cards or
dried blood spots obtained from B-cell-deficient patients. On all samples
from control, neonatal Guthrie cards {n = 133) were sjKREC-positive (4.8 +
0.6 x 10° copies/ug DNA). B-cell-deficient patients were negative for
siKRECs in neonatal Guthrie cards (XLA, n = 7; non-XLA, n = 1) and dried
blood spots (XLA, n = 23; non-XLA, n = 4),

One patient (P27) was positive for cjKRECs, but other patients
were negative for it. RPPHI (internal control) was detectable at
the same level as in normal controls in all samples.

These results indicate that sjKRECs are undetectable in XILA
and non-XLA and suggest that measurement of sjKRECs in
neonatal Guthrie cards has the potential for the use of newborn
mass screening to identify neonates with early B-cell maturation
defects. Greater numbers of neonatal Guthrie cards should be
examined to confirm this potential, and the data obtained from
dried blood spots on filter papers must be examined to prove that
they truly reflect the data obtained from neonatal Guthrie cards.
We should also examine whether screening can reduce the cost of
treatment of the bacterial infections and chronic lung diseases in
patients with XL A and non-XLA and increase the benefits for
these patients. An anticipated pilot study using a large cohort of
newborns must address these problems. We also found that
T-cell-receptor excision circles and sjKRECs can be measured
simultaneously on the same plate. Thus, a pilot study of neonatal
screening for both T-cell and B-cell deficiencies could be
performed simultaneously.
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TABLE E1. Characteristics of patients with XLA
Serum Ig
Patient Unique Age {mg/dL) cD19* BTK mutation Source
no. patient no. (y} Sex IgG IgA IgM % Lymph /pL Genomic DNA cDNA Amino acid Guthrie Dry spot
Pl 670 0 M 87 <6 10 021 12.99 29269G>T 1178-1G>T Splice acceptor defect — x
P2 718 0 M 215 <10 <10 0.07  7.04 11593_11594 insA 144_145insA Arg49 frameshift X
P3 722 0 M 80 <1 1 <1.00 NA 25644C>T 763C>T Arg255X X
P4 727 8 M 295 59 57 0.t1 3.52 29269G>T 1178-1G>T Splice acceptor defect X
P5 132 34 M 1140 <6 8 0.02 0.24 11631T>A 182T>A Ile61Asn X
P6 811 24 M 458+ 0 13 0.50  5.32 23570T>G 426T>G Tyr142X X
P7 813 18 M 628« 109 6  0.60 6.87 23570T>G 426T>G Tyr142X X
P8 814 19 M 260 0 NA 020  3.01 16180C>T 344C>T Serl15Phe X
P9 815 13 M 600% <10 <5 0.08  1.72 11590G>T 142-1G>T Splice acceptor defect X
P10 816 I M 12 0 5 0.00  0.00 150kb deletion of BTK, TIMMSA, TAF7L, DRP2 X
P11 817 10 M 10 2 24 080 35.78 36288C>T 1928C>T Thr6431le X
P12 8§24 13 M 462 6 27 0.41  14.49 27518C>A 895-11C>A Splice acceptor defect X
P13 834 5 M <237 <37 43 0.00  0.00 25715_26210del 776+57_839+73del Exon 9 deletion X
P14 838 2 M <50 <5 7 0.00  0.00 31596G>C 1631+1G>C Splice donor defect X
P15 839 16 M 604% <1 <2 0.04  0.66 31596G>C 1631+1G>C Splice donor defect X
P16 847 I M 698 26 11 0.08  1.86 25536delG 655delG Val219 frameshift X
P17 877 14 M 20 19 8 021 NA 32357T>C 1750+2T>C Splice donor defect X
P18 880 5 M 233 39 41 0.06 NA 10941-?_14592+72del  1-?_240+ 2del Exon -3 deletion X
P19 888 8 M <212 <37 150 0.15  6.60 11023G>A 83G>A Arg28His X
P20 891 21 M 195 <6 37 0.02  0.09 32243C>G 1638C>G Cys502Trp X
P21 958 0 M <50 <10 9 0.80 27.14 31544_31547 1580_1583del GTTT Cys527 frameshift X
delGTTT
P22 701 2 M 115 <2 4 0.09  1.99 16172C>A 336C>A Tyr112X X
P23 911 0 M <i0 <6 <4 0.00  0.00 29955A>C 1350-2A>C Splice acceptor defect  x
P24 937 0 M 60 <2 38 0.00  0.00 11022C>T 82C>T Arg28Cys X
P25 938 0 M <20 <4 <6 0.00  0.00 36269-?_36778+7del  1909-7_2418+7del  Exon 19 deletion X
P26 939 0 M 60 <2 22 0.00  0.00 11022C>T 82C>T Arg28Cys X
P27 890 12 M <237 <37 <20 003 NA 36261G>A 1909-8G>A Splice acceptor defect X
P28 944 6 M 12 <l 1 0.02 NA 36281C>T 1921C>T Arg641Cys X
P29 948 5 M <237 <37 <20 0.01 070 36261G>A 1909-8G>A Splice acceptor defect X
P30 1053 5 M 386 5 113 1.10  34.22 32259A>C 1654A>C Thr552Pro X

Age, Age at analysis of KRECs; CDI19Y % Lymph, CDI9-positive cell percentage in lymphocytes; CDI9™ /uL, CDI19-positive cell number in 1 wL whole peripheral blood;

M, male; NA, not available; Serum Ig, serum levels of immunoglobulins at diagnosis.
BTK mutations reference sequences are NCBI NC_000023.9, NM_000061.2, and NP_000052.1.
#*Trough level during intravenous immunoglobulin therapy.
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