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up-regulation of SOCS3 and VCAN (CSPG2), two genes
responsive to IL-10, was impaired in MoDCs from STAT3
patients, as demonstrated by comparison with control subjects
(Fig. 2 A). Intact signal transduction was observed for TGF-$1,
the other critical inhibitory cytokine, in the MoDCs of
STAT3 patients (Fig. S2 E). We evaluated the effect of prior
treatment with IL-10 on the phenotypic maturation of
MoDCs. IL-10 was added to the culture medium on day 3 of
DC difterentiation. The prior treatment with IL-10 did not
block the differentiation of MoDCs in response to GM-CSF
and IL-4 (Fig. $3. A and B) but inhibited the LPS-induced
maturation of MoDCs, with inhibition of the up-regulation
of co-stimulatory molecules CD80 and CD86 and defective
up-regulation of the DC maturation marker CD83 in a con-
trol subject. In contrast, the maturation of MoDCs derived
from STAT3 patients showed little sign of inhibition by prior
treatment with IL-10 (Fig. $3 C). Up-regulation of CD80,
CD83, and CD86 expression by LPS was inhibited by IL-10
pretreatment in control subjects, but the IL-10 pretreatment
failed to inhibit the up-regulation of CD80, CD83,and CD86
by LPS in STAT3 patients (Fig. 2 B). Consistent with this ob-
servation, the production of inflammatory cytokines, includ-
ing TNE IL-6, and IL-12p40, was suppressed by prior
treatment with IL-10 in control subjects. The suppression by
IL-10 was severely impaired in the MoDCs from STAT3 pa-
tients (Fig. 2 C). Untreated and IL-10-treated MoDCs were
harvested, extensively washed, and co-cultured with third-
party allogeneic naive CD4" T cells from control subjects.
LPS-stimulated mature MoDCs induced a significant increase
in the uptake of PH]thymidine by naive CD4* T cells, with
IL-10~treated DCs (IL-10-DCs) from a control subject
markedly inhibiting the incorporation of [*H]thymidine.
In contrast, the down-regulation was very modest in the IL-10—
treated MoDCs from STAT3 patients. In the absence of
MoDCs or naive CD4* T cells, almost no incorporation of
[’H]thymidine was detected (Fig. S4 A). Production of IFN-y,
IL-5, and IL-13 followed a very similar pattern, with prior
IL-10 treatment inducing significant down-regulation in control
subjects and barely detectable down-regulation in STAT3 pa-
tients (Fig. 2 D). Thus, IL-10 was defective in MoDCs from
STAT3 patients, impairing suppression of (a) the up-regulation
of co-stimulatory molecules on MoDCs, (b) the up-regulation
of cytokine production by MoDCs, (c) the proliferation of
co-cultured naive CD4* T cells, and (d) cytokine production
by co-cultured naive CD4* T cells.

IL-10 signaling defect in MoDCs leads to the defective
generation of tolerogenic DCs and iT,, cells

Control MoDCs up-regulated the expression of inhibitory
molecules, including PD-L1, PD-L2, ILT-3, and ILT-4 but
not ICOS-L by IL-10 treatment. The up-regulation of these
inhibitory molecules was severely impaired in the MoDCs of
STAT3 patients (Fig. 3 A). We then investigated the functional
consequences of the defective up-regulation of inhibitory
molecules for MoDCs by co-culturing untreated and IL-10—
DCs with third-party allogeneic naive CD4* T cells from
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control subjects. FOXP3 messenger RNA (mRNA) levels in
CD4* T cells co-cultured with control IL-10-DCs were ap-
proximately four times higher than those for cells co-cultured
with untreated control MoDDCs. However, up-regulation was
severely impaired when naive CD4* T cells were co-cultured
with IL-10-DCs from STAT3 patients (Fig. 3 B). This obser-
vation was confirmed by the cytoplasmic staining of FOXP3
protein and flow cytometric analysis of the CD4" T cells
(Fig. 3 C).This up-regulation of FOXP3 was not likely to be
mediated by simple T cell activation because naive CD4*
T cells cultured with control IL-10-DCs proliferated less vig-
orously compared with those with control DCs and because
naive CD4% T cells cultured with patient DCs proliferated
more vigorously compared with those with control DCs in
the absence or presence of pretreatment with IL-10 (Fig. $4 B).
iT,, cells from control subjects and STAT3 patients expressed
equivalent amount of CD25 on their surface, but the expres-
sion levels of CTLA-4 and GITR (glucocorticoid-induced
TNFR-related) were up-regulated by the co-culture with
control IL-10-DCs, but the up-regulation was impaired by
the co-culture with patient IL-10-DCs (Fig. S5).

We further evaluated the consequences of defective
FOXP3 up-regulation by investigating iT,, cell activity. Puri-
fied CD47CD25* T cells from the co-culture were added to
autologous CD4*CD25" responder T cells, and the mixture
was stimulated with anti-CD3/CD28 mAbs. CD4*CD25*
T cells cultured with control IL-10-DCs efficiently suppressed
the proliferation of CFSE-labeled autologous responder T cells
(Fig. 3 D, left, second panel). The suppression of proliferation
was severely impaired by CD4*CD25% T cells cultured with
patient IL-10-DCs (Fig. 3 D, left, third panel). We further
evaluated cytokine production by a co-culture of responder
T cells and CD4*CD25* T cells. The production of TFN-v,
IL-5,and IL-13 was suppressed by co-culture with CD4+*CD25*
cells cultured with control IL-10-DCs (Fig. 3 E). The cyto-
kine production was rather increased by the addition of
CD47CD25* T cells cultured with patient IL-10-DCs, which
might be caused by decreased iT,, cells and increased acti-
vated T cells in this CD4*CD25" T cell population from
STAT3 patients. Thus, the IL-10 signaling defect in MoDCs
results in the impaired generation of tolerogenic DCs and
1T, cells.

The generation of FOXP3" iT,, cells is dependent on
TGF-B1 (Chen et al., 2003; Coombes et al., 2007; Rubtsov
and Rudensky, 2007; Zheng et al., 2007). We therefore inves-
tigated the relationship between IL-10-DCs and TGF-B1 in
the generation of FOXP3" iT,, cells. TGE-B1 in the culture
medium efficiently up-regulated FOXP3 expression in naive
CD4" T cells in the presence of untreated immature DCs
(Fig. 3 F). Control IL-10-DCs up-regulated FOXP3 expres-
sion, equivalent to TGF-B1 (Fig. 3 E fifth dataset vs. third
dataset), and a combination of control IL-10-DCs and TGF-B1
(Fig. 3 E seventh dataset) further up-regulated FOXP3 ex-
pression. TGF-B1 effectively up-regulated FOXP3 expression
in naive CD4" T cells when co-cultured with patient DCs,
but patient IL-10~DCs were inefficient for the up-regulation
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of FOXP3 expression (Fig. 3 Esixth dataset). Thus, in addition  that the defect in FOXP3 up-regulation was not caused by
to TGF-B1, IL-10-DCs play a crucial role in the generation  the lack of TGF-B1 in IL-10-DCs from STAT3 patients be-
of FOXP3* iT,, cells. Moreover, these results demonstrated cause the addition of exogenous TGF-B1 did not rescue this
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Figure 2. Defective IL~10 signaling in MoDCs from STAT3 patients. (A) Immature DCs from a control subject and a STAT3 patient were stimulated
with or without IL-10 for 2 h, and the amounts of SOCS3 and VCAN (CSPG2) mRNAs were analyzed by Q-PCR. The representative data are shown at the
top, normalized to HPRT levels, with the level of unstimulated control cells defined as 1.0. Summary data (n = 8 each) showing fold increase are at the
bottom. Data are representative of at least two independent experiments performed in triplicate. (B) IL-10-treated MoDCs (IL-10-DCs) were generated
from CD14* monocytes by culturing with GM-CSF and IL-4 in the presence of IL-10 from day 3 of the culture. Representative histograms of CD80, CD83,
and CD86 expression of IL-10-DCs (IL~10) and LPS-matured MoDCs after prior treatment with IL-10 (IL-10 — LPS) from a control subject and a STAT3
patient are at the top. Dashed lines indicate staining with isotype-matched control mAbs. Summary data (n = 8 each) showing delta values of mean fluo-
rescence intensity (AMFI), LPS-matured IL-10-DCs minus {L-10-DCs, of CD80, CD83, and CD86 are at the bottom. (C) Representative cytokine levels in the
culture supernatants of unstimulated immature MoDCs, LPS-matured MoDCs (LPS), and LPS-matured MoDCs after prior treatment with IL-10 {IL-10 —
LPS) from a control subject and a STAT3 patient are on the left. Summary data (n = 8 each) showing percent suppression are on the right. All samples
were evaluated in triplicate. (D) Third-party allogeneic naive CD4* T cells from control subjects were co-cultured with immature DCs {—), LPS-matured
DCs {LPS), or LPS-matured DCs after prior treatment with IL-10 {IL-10 — LPS), and the levels of the cytokines were evaluated by ELISA in triplicate. Repre-
sentative data are on the left, and summary data of percent suppression by IL-10 pretreatment {n = 8 each) are on the right. Data are representative of at
least two independent experiments. (A, C, and D) Graphs show mean x SD. (A-D) Horizontal bars indicate mean values. ** P < 0.001.

JEM VOL. 208, February 14, 2011 239

— 163 —

Z1.0Z ‘0z Alenige uc Bio ssaidns sl woll papeojumod



Published February 7, 2011

JEM

A i isotype
3 ;”_ 10 |Control
S ‘
fand
E
= STAT3
=
©
&
PD-L2 ILT-3 ILT-4
. * Kk — L - Fedk . ek o
i 60 " ! L 404 I ! T 204 ! T100; T ! % 5 NS
2 > E b3 E § P <1 f 1
- . o~ N o Ve 3 %0 - 4251 °
~ 20 o $ @ oo hi PO N ..
= 3 a gl _ata, o0l e ; ol el BN IR CHING T
8 “"Cont STAT3 8 " ContSTAT3 ~— =~ Cont STAT3 Cont STAT3 €~ Cont STAT3
B_.5 & o - C| kk
<5 4 mIL10 81 3 | Control Zisoee] 80y ——
Z 3 BTcel Z3 gl = mil-10 1% 8 g0l -
o 3 @ g ‘ 2 he *
£ a & t—) b = @ 8 .
©F 9 o2 41T g o 240y
3 SHE . 55|
O2 1 o0 2 S SU-— 20 N
L © L e @ .o
¢ 0 Ol (E ——— ob—
~ Control STAT3 DConly Tenly Control STAT3 FOXP3 Control STAT3
D‘ N E o- s kekk
97 %, ® g 4 b 1L-10 ICOHtTOf _ % 100
é = = B = ® 50 e
h'f h 8 g 2 BiL-10 |STATS &5 0 e
L R g’ g = v,e
4 Control : Ta40, —2F & x %0 =
DG iMTreg ﬂg L * -100 e
[L-10-DC i T:@g S301 . . ® 1007
e E o & 50 i
B STAT3 ;z, 8201 . 2 =5 o )
£13iDC iTreg % 131%] £ : . @ o -501 <
2|qIL-00C] Treg g 10 L4 = T
) @ 0 — 2 . - ikt
o Joco3ro-Co28 F=59 € Control STAT3 T g 100,
2| 5 E 180 &
E o =g 0
N o -850 *
d < S
CFSE = “golTHE
CD4*CD25*T + + Control STAT3
»Control R Responder T -+ + +
+ STAT3 dekk
. L a-CD3+¢-CD28 4+  + +
f‘g 15 NS o
2 ' NS ! .
@ £10 . ‘ e
£ g  —
) FkE e °
Lo ! ' Do
S £ 5 IR -
- -a-) S0 M m 008 M :
N b il ¢
- TGFB1 =~ TGFp1
DC iL-10-DC

Figure 3. IL-10 signaling defect in MoDCs leads to the defective generation of tolerogenic DCs and iT.ey cells. (A) Representative histo-
grams showing the levels of PD-L1, PD-L2, ILT-3, ILT-4, and 1COS-L produced by untreated immature MoDCs (—) and IL-10-DCs (IL-10) from a control
subject and a STAT3 patient are shown at the top. Dashed lines indicate staining with isotype-matched control mAbs. Summary data showing AMFI,
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defect to the level of control IL-10-DCs in the presence of
TGF-B1 (Fig. 3 E eighth dataset vs. seventh dataset). To fur-
ther clarify, we evaluated TGF-$1 and IL-10 production from
MoDCs from control subjects and STAT3 patients (Fig. S6).
These results indicate that the production of these inhibitory
cytokines from MoDCs is not impaired in STAT3 patients.

PD-L1, ILT-4, and TGF-B1 in response to IL-10-DCs

and STAT3 in DCs play a major role in FOXP3 up-regulation

A recent study in mice demonstrated that PD-L1 plays an
important role in inducing FOXP3* iT,, cells (Keir et al.,
2008; Francisco et al., 2009). We investigated whether defec-
tive PD-L1 expression in IL-10-DCs from STAT3 patients
played a crucial role in the defective generation of FOXP3*
iT,, cells by adding a peptide neutralizing PD-L1 to the co-
culture of IL-10-DCs and naive CD4* T cells. The addition
of this PD-L1 peptide significantly decreased the levels of
FOXP3 mRNA in the naive CD4" T cells co-cultured with
control IL-10-DCs (Fig. 4 A). The addition of the neutralizing
peptide had no detectable effect on co~cultures with MoDCs
from STAT3 patients.

We next investigated whether defective ILT-4 expression
in IL-10-DCs from STAT3 patients played an important role
in the defective generation of FOXP3* iT,, cells with a neu-
tralizing mAb to the co-culture of IL-10-DCs and naive
CD4" T cells. The addition of anti-ILT-4 mAb significantly
down-regulated the levels of FOXP3 mRNA in the naive
CD4* T cells co-cultured with control IL-10-DCs compared
with a control mAb (Fig. 4 B). The addition of the anti-ILT-4
mADb had no significant effect on the co-culture of the naive
CD4* T cells with patient IL-10-DCs. Thus, in addition to
PD-L1, ILT=4 up-regulation in response to IL-10 plays an
important role in the generation of FOXP3* iT,,, cells.

We further investigated the contribution of TGF-B1 in
the up-regulation of FOXP3 by IL-10-DCs because endoge-
nous TGF-B1 may be supplied by the DCs or from the cul-
ture medium. The addition of anti~TGF-B1 mAb significantly
down-regulated the levels of FOXP3 mRNA in the naive
CD4* T cells co-cultured with control IL-10-DCs compared
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with a control mAb (Fig. 4 C).The addition of anti-TGF-31
mAb had no significant effect on the co-culture of naive
CD4* T cells with patient IL-10-DCs. Thus, TGF-B1 is re-
quired for the formation of FOXP3" iT,, cells in response to
control IL-10-DCs.

We also investigated whether DN-STAT3 expression in
naive CD4* T cells plays a significant role in the generation of
1T, cells by evaluating the up-regulation of FOXP3 mRNA
levels in naive CD4* T cells from STAT3 patients. The up-
regulation of FOXP3 mRNA levels in response to IL-10—
DCs from STAT3 patients was impaired, but naive CD4*
T cells from control subjects and STAT3 patients up-regulated
FOXP3 mRNA levels in response to control IL-10-DCs
(Fig. 4 D). Thus, DN-STAT3 expression in MoDCs plays a
major role in the impairment of FOXP3 mRNA up-regulation,
and DN-STAT3 expression in T cells plays, at most, a minor
role in STAT3 patients.

Primary DCs from STAT3 patients are defective in IL-10
signaling and up-regulation of PD-L1 and ILT-4

We next investigated the development and function of pri-
mary DCs. Two DC subsets were identified in human periph-
eral blood on the basis of the expression of surface molecules,
including CD11c and CD304 (BDCA-4). Lineage marker
(Lin) negative HLA-DRYCD11¢"CD304™ cells are conven-
tional DCs (cDCs), whereas Lin THLA-DR*CD11c~CD304*
cells are plasmacytoid DCs (pDCs). The number of PBMCs
obtained from the peripheral blood and the percentages of
cDCs and pDCs were indistinguishable between control sub-
jects and STAT3 patients (Fig. 5 A). We next investigated
IL-10 signal transduction in primary ¢DDCs and pDCs. The
transcriptional up-regulation of SOCS3 and VCAN (CSPG2)
was impaired in both subsets of primary DCs from STAT3
patients, as demonstrated by comparison with control subjects
(Fig. 5, B and C). We evaluated the effect of prior treatment
with IL-10 on the phenotypic maturation of primary ¢DCs.
IL-10 was added to the culture 1 d before LPS treatment,
which inhibited the LPS-induced maturation by inhibiting
the up-regulation of CD83 and CD86 in control subjects.

IL-10~treated minus untreated, of PD-L1, PD-L2, ILT-3, ILT-4, and ICOS-L (n = 8 each) are at the bottom. (B) Q-PCR analysis of FOXP3 mRNA levels

after the co-culture of third-party allogeneic naive CD4+ T cells from a control subject with untreated immature MoDCs (—) or 1L-10-DCs (IL-10) from
a control subject and a STAT3 patient. Cultures in the absence of naive CD4* T cells (DC only) and MoDCs (T only) were used as negative controls. Rep-
resentative data are on the left, and summary data (n = 8 each) showing fold increase are on the right. (C) Flow cytometric analysis of cytoplasmic
FOXP3 protein levels in naive CD4* T cells co-cultured with untreated immature MoDCs (—) and IL-10-DCs (IL-10) from a control subject and a STAT3
patient. Staining with isotype-matched control mAbs is indicated by dashed lines. Representative data are on the left, and summary data (n = 8 each)
showing percent increase are on the right. (D) CFSE-labeled CD4*CD25~ responder T cells were cultured alone in the absence {—) or presence of anti-
CD3 and anti-CD28 mAbs or with iT,, cells generated by co-culture with control or STAT3 patient immature DCs (iDCs) or IL-10-DCs. After 5 d, the
proliferation of CFSE-labeled responder T cells was assessed by flow cytometry. Representative histograms are on the left, and summary data (n =8
each) showing the percent increase in nonproliferating cells, numbers in magenta minus numbers in blue, are on the right. (E) Cytokine levels in the
supernatants of co-cultures of responder T cells and iT,, cells, as indicated. Representative data are on the left, and summary data (n = 8 each) show-
ing percent increase are on the right. Data are representative of at least two independent experiments. (F) Q-PCR analysis of FOXP3 mRNA expression
after the co-culture of third-party allogeneic naive CD4* T cells from a control subject with untreated immature MoDCs (—) or IL-10-DCs from a con-
trol subject and a STAT3 patient in the absence or presence of exogenous TGF-B1. We show summary data showing relative FOXP3 expression (n = 8
each) performed in triplicate. Data are representative of at least two independent experiments. (B and E) Graphs show mean + SD. (A-F) Horizontal
bars indicate mean values. ™, P < 0.01; ™, P < 0.001.
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In contrast, the maturation of primary ¢DCs derived from
STAT3 patients was almost intact by prior treatment with
IL-10 (Fig. 5 D). We did not detect inhibitory effects of IL-10
on CD8O up-regulation in control subjects and STAT3 pa-
tients. Furthermore, control primary ¢cDCs up-regulated the
expression of inhibitory molecules, including PD-L1, PD-L2,
ILT=3 (unpublished data), and ILT-4 by IL-10 treatment. The
up-regulation of these inhibitory molecules was impaired
in the primary ¢cDCs of STAT3 patients (Fig. 5 E). These
results demonstrate that IL-10 signaling is defective not
only in MoDCs but also in primary DCs, resulting in the
defective up-regulation of surface inhibitory molecules in
STAT3 patients.

TYK2-deficient MoDCs are also defective in the generation
of tolerogenic DCs and iT,, cells

We studied MoDCs from a patient with TYKZ2 deficiency to
confirm that the IL-10 signaling defect was responsible for

the defective generation of tolerogenic DCs and iT,,, cells.
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The absolute numbers of ¢cDCs and pDCs in PBMCs were
similar in the TYK2-deficient patient and a control subject,
and no significant difference in the differentiation of MoDCs
was observed on evaluations of forward and side light scatter,
CD1a expression, and the expression of CD80, CD83, and
CD86 of DCs before and after LPS-induced maturation
(Fig. §7, A~D). No inhibition of the up-regulation of CD80,
CD83, and CD86 by prior treatment with IL-10 was detect-
able in cells from the TYK2-deficient patient (Fig. 6 A).
The up-regulation of PD-L1, PD-L2, ILT-3, and ILT-4 on
MoDCs was also defective in the TYKZ2-deficient patient,
as shown by comparisons with control subjects (Fig. 6 B).
An increase in FOXP3 mRNA and protein levels was detect-
able in co-cultures of allogeneic naive CD4* T cells with con-
trol IL-10-DCs but not in co-cultures with TYK2-deficient
IL-10-DCs (Fig. 6, C and D). Consistent with these observa-
tions, no suppression of naive CD4" T cell proliferation
and cytokine production (including IFN-v, IL-5, and 1L-13)
was detected when TYKZ2-deficient IL-10-DCs were used
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Figure 4. PD-L1, ILT-4, and TGF-B1 in response to IL-10~DCs and STAT3 in DCs play a major role in FOXP3 up-regulation. (A-C) Q-PCR
analysis of FOXP3 mRNA levels in third-party allogeneic naive CD4* T cells from control (Cont) subjects co-cultured with untreated immature MoDCs {—)
and IL-10-DCs (IL-10) from eight control subjects and eight STAT3 patients. A neutralizing PD-L1 peptide or a control peptide (A), control or ILT-4-
neutralizing mAb (B), or control or TGF-B-neutralizing mAb (C} was added where indicated. (D) Q-PCR analysis of FOXP3 mRNA levels in third-party alloge-
neic naive CD4* T cells from control subjects and STAT3 patients co-cultured with untreated immature DCs (=) or IL-10-DCs (IL-10) from control subjects
and STAT3 patients. Summary data show relative FOXP3 mRNA expression (n = 8 each) and were performed in triplicate. Data are representative of at
least two independent experiments. {A-D) Horizontal bars indicate mean values. *, P < 0.05; **, P < 0.01; ** P < 0.001.
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(Fig. 6, E and F). MoDCs from the TYK2-deficient patient pro-
duced an equivalent amount of TGF-81 and reduced amount
of TL-10 compared with a control subject, which might be
associated with the fact that the type I IFN signal is impaired in
the TYK2-deficient patient but not in STAT3 patients.(Fig. S7,
E and F). Thus, the IL-10 signaling defect in HIES patients,
STAT3 patients, and the TYK2-deficient patient results in the
impaired generation of tolerogenic DCs and iT,,, cells.
DISCUSSION

We found that the Th1 and Th2 differentiation of naive CD4*
T cells and the suppressive activity of T, cells were normal
in STAT3 patients. Recent data have shown that Ig isotype
switching in B cells is normal in STAT?3 patients (Avery et al.,
2010). Thus, it is not likely that T cell- and B cell-intrinsic
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mechanisms are responsible for the allergic manifestations in
HIES patients. We then investigated DCs, which can regulate
the immune response and tolerance. IL-10 signal transduction
was defective in the primary DCs and MoDCs of patients,
despite the intact TGF-B1 signal transduction in these cells.
This defect resulted in impairment of the suppression of cyto-
kine production and T cell proliferation by IL-10-DCs.
The generation and suppressive activity of FOXP3* 1T, cells
cultured with IL-10-DCs was impaired in HIES patients.
The defective generation of tolerogenic DCs and 1T, cells
in response to IL-10 was also observed in the other type of
HIES, TYK2 deficiency. These results suggest that IL-10
signaling in DCs may be crucial for the generation of tol-

erogenic DCs and 1T, cells to maintain an appropriate Th1—

Th2-T,, cell balance in HIES patients.
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Primary DCs are defective in IL-10 signal and up-regulation of PD-L1 and ILT-4. (A) Dot blots are gated on Lin-negative HLA-DR-

positive cells from a control subject and a STAT3 patient. ¢DCs are CD11¢*CD304~ (BDCA-4), and pDCs are CD11c~CD304+. Representative dot plots from
a control subject and a STAT3 patient are shown at the top, and pooled data (n = 8 each) showing percentages of ¢DCs and pDCs are at the bottom.
(B and C) Primary ¢DCs (B) and pDCs {C) from a control subject and a STAT3 patient were stimulated with 1L-10 for 2 h, and the amounts of SOCS3 and

VCAN (CSPG2) mRNAs were analyzed by Q-PCR. Representative data are shown at the top, normalized to HPRT levels, with the level of unstimulated con-
trol cells defined as 1.0. Summary data {n = 8 each) showing fold increase are at the bottom. Data are representative of at least two independent experi-
ments performed in triplicate. Graphs show mean + SD. (D) Representative histograms of CD80, CD83, and CD86 expression on control and STAT3 ¢DCs
stimulated with LPS alone or LPS after IL-10 treatment. Dashed lines indicate staining with isotype-matched control mAbs. Summary data showing AMFI,
LPS stimulated minus LPS-stimulated IL-10-DCs, (n = 8 each) are at the bottom. (E) Representative histograms of PD-L1, PD-L2, and ILT-4 expression of
primary cDCs (=) and IL-10-treated (IL-10) primary ¢DCs from a control subject and a STAT3 patient are shown at the top. Summary data (n = 8 each)
showing AMFI, IL-10 treated minus untreated, of PD-L1, PD-12, and ILT-4 are shown at the bottom. Data are representative of at least two independent
experiments. (A~E) Horizontal bars indicate mean values. **, P < 0.01; **, P < 0.001.
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Figure 6. TYK2-deficient MoDCs display defective
generation of tolerogenic DCs and T, cells. (A) Flow
cytometric analysis of the CD80, CD83, and CD86 expres-
sion on IL-10-DCs (IL-10) and LPS-matured MoDCs after
prior treatment with IL-10 (IL-10 — LPS), with cells ob-
tained from a control subject and a patient with TYK2
deficiency. We show representative histograms from
three independent experiments. {B) Flow cytometric analy-
sis of the levels of PD-L1, PD-12, ILT-3, and ILT-4 in un-
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treated immature MoDCs (—) and IL-10-DCs (IL-10) from
a control subject and a TYK2 deficiency. We show repre-
sentative histograms from three independent experi-
ments. (C} Q-PCR analysis of FOXP3 mRNA levels after
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the co-culture of third-party allogeneic naive CD4*
T cells from a control subject with untreated immature
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and a TYK2-deficient patient. We show representative
data from three independent experiments. (D) Flow cyto-
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metric analysis of cytoplasmic FOXP3 protein levels in
untreated immature MoDCs (—) and IL-10-DCs (IL-10)
from a control subject and a TYK2-deficient patient.

Isotype-matched control (isotype) antibody staining is
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indicated by a dashed line. We show representative
histograms from three independent experiments.

(E) Third-party allogeneic naive CD4* T cells from control
subjects were co-cultured with immature MoDCs (—),
LPS-matured MoDCs (LPS), or LPS-matured MoDCs after
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The exposure of the skin to allergens induces allergen-
specific unresponsiveness, possibly because of the production
of IL-10 by keratinocytes (Enk and Katz, 1992; Enk et al.,
1993). Langerhans cells and dermal DCs receive IL-10 signal
and induce allergen-specific tolerance. This defect in IL-10-
mediated tolerance to innocuous environmental antigens may
be one of the mechanisms underlying the allergic signs in
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prior treatment with IL-10 (IL-10 — LPS). The celis were
obtained from a control subject and a TYK2-deficient
patient. After 5 d, proliferation was evaluated by pulsing
the cells with 1 pCi (37 kBqg) [PH]thymidine for the final
18 h of culture. All samples were evaluated in triplicate.
We show representative data from three independent
experiments. (F) Cells were cultured as in E, and cytokine
levels were evaluated as indicated. All samples were eval-
uated in triplicate. We show representative data from at
least three independent experiments. (C, E, and F) Graphs
show mean + SD.*, P < 0.05;*, P < 0.01.

HIES patients. In humans, we are not certain
about the nT,, cell/iT,, cell ratio in the pe-
ripheral blood under re\sting conditions. Qur
data suggest that most of the T, cells in the pe-
ripheral blood are nT,,, cells, which are derived
from the thymus and are independent of the
IL-10 signal. iT,, cells in the peripheral blood
may be a minor population under resting con-
ditions but may play a crucial role in the regula-
tion of antigen-specific allergic reactions.
Human peripheral blood T,, cells sup-
pressed proliferation and Th2 cytokine pro-
duction by responder T cells stimulated with
allergens (Bellinghausen et al., 2003; Grindebacke et al., 2004;
Ling et al,, 2004). CD4" T cells cultured with IL-10-DCs
have antigen-specific iT,, cell activity (Steinbrink et al.,
2002). In vitro experiments suggested that the suppression is
dependent on cell to cell contact between iT,, cells and re-
sponder T cells and is not mediated by soluble factors. In this

study, we found that the generation of FOXP3" iT,, cells by

by Toniy

Impaired iT,, cell genesis in hyper-IgE syndrome | Saito et al.
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IL-10-DCs was impaired in HIES patients. Evidence is accu-~
mulating to suggest that interactions between tolerogenic
DCs and T, cells play an important role in the maintenance
of immune tolerance against self-antigens and innocuous en-
vironmental antigens (Yamazaki et al., 2006a; Hubert et al.,
2007). CD4*CD25" T,,,, cell populations can expand in the
presence of DCs with intact suppressive activity in vitro and
in vivo (Yamazaki et al., 2006b). In addition to the IL-10 sig-
nal provided by the cells sensing innocuous environmental
antigens, the IL-10-mediated positive feedback loop between
tolerogenic DCs and iT,, cells is probably impaired in HIES
patients, and this may also constitute one of the mechanisms
underlying the atopic signs in HIES patients.

A large number of clinical studies have demonstrated that
IL-10 is involved in the molecular pathogenesis of atopic dis-
orders in humans. The frequency of allergen-specific, IL-10-
secreting T cells is significantly higher in nonatopic individuals
than in atopic patients (Akdis et al., 2004). IL-10 levels are in-
versely correlated with the severity of human allergic diseases
(Borish et al., 1996; Lim et al., 1998). Furthermore, allergen-
specific immunotherapies increase IL-10 synthesis by T cells
(Francis et al., 2003;Vissers et al., 2004). All of these findings
suggest that IL-10 plays a key role in the control of atopic
diseases in humans.

In contrast, mice lacking IL-10 or the IL-10 receptor de-
velop spontaneous inflammation in the large intestine (Kithn
et al., 1993; Davidson et al., 1996; Spencer et al., 1998). Mice
with aT,, cell-specific IL-10 deficiency also display inflam-
mation of surfaces in contact with the environment such as
the colon, lungs, and skin (Rubtsov et al., 2008). In humans,
mutations in the genes encoding IL-10 receptor subunits have
been found in patients with early-onset enterocolitis (Glocker
et al., 2009).Thus, a lack of IL-10 signaling results in entero-
colitis in both humans and mice. Interestingly, in patients with
HIES, immune responses to innocuous environmental anti-
gens are limited to the skin, with no marked increase in the
frequency of enterocolitis. One possible reason for this dis-
crepancy is the existence of a partial, as opposed to complete,
IL-10 signaling deficiency in STAT3 patients, creating a situ-
ation resembling T, cell=specific IL-10 deficiency. An alter-
native nonmutually exclusive explanation is that, in addition
to the IL-10 signaling defect, STAT3 patients have defective
Th17 cell development (de Beaucoudrey et al., 2008; Ma
et al., 2008; Milner et al., 2008; Renner et al., 2008; Minegishi
et al., 2009). The combination of Th17 cell deficiency and
IL-10 signaling may result in allergic signs but prevent the
development of enterocolitis (Brand, 2009).

T, cells mediate peripheral tolerance and play a central
role in determining several immunopathologies, including
autoimmunity, chronic infections, tumor development, and
allergies (Hawrylowicz and O’Garra, 2005). FOXP3* T,,,, cells
are involved in protecting humans against allergic diseases, as
patients with IPEX syndrome suffer from allergic symptoms
(Bennett et al., 2001; Wildin et al., 2001). PBMCs from atopic
patients proliferate more extensively and produce more Th2
cytokines in response to allergens than do PBMCs from
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nonatopic healthy individuals (Taams et al., 2002; Ling et al,,
2004). However, patients with atopic dermatitis have normal
numbers of Ty, cells in the periphery with normal suppressive
activity (Ou et al., 2004). These results suggest that iT,,, cells
may be more important than nT,, cells in controlling atopic
dermatitis. Consistent with this hypothesis, a recent study using
two mouse strains, one capable of generating iT,,,, cells but inca-
pable of generating nT,, cells and the other unable to generate
either iT,, or nT,, cells, suggested that iT,,, cells controlled al-
lergic inflammation against innocuous environmental allergens,
whereas nT,, cells did not (Curotto de Lafaille et al., 2008).

TGEF-B1 is the other crucial inhibitory cytokine regulat-
ing lymphocyte homeostasis, inhibiting Th1 and Th2 cell re-
sponses and promoting the differentiation of iT,, cells (Li
et al., 2006). One previous study suggested that STAT3 might
be involved in transduction of the TGF-B1 signal (Ohkawara
et al., 2004), but we detected no impairment of TGF-B1
signaling in DCs from STAT3 patients. Unexpectedly, we
found that TGF-B1 and IL-10-DCs operated synergistically
to up-regulate FOXP3 expression in naive CD4" T cells. This
suggests that the defective generation of IL-10-DCs may
have a far-reaching impact on the induction of iT,, cells in
HIES patients.

We provide in this study the first demonstration that an
IL-10 signaling defect leads to the impairment of tolerogenic
DC and iT,, cell production in the HIES. These results sug-
gest that the defect in tolerogenic DC and iT,, cell produc-
tion, even in the presence of normal nT,, cells, may contribute
to the development of complex clinical manifestations, in-
cluding allergic inflammation in HIES patients. Furthermore,
a unique combination of defective Th17 differentiation and
1T, cell generation may culminate in the development of

atopic dermatitis but not enterocolitis in HIES patients.

MATERIALS AND METHODS

Patients. All STAT3 patients enrolled in this study had typical clinical find-
ings associated with HIES and a National Institutes of Health score >40
points (Table I; Grimbacher et al., 1999). The diagnosis was confirmed by the
identification of mutations in the STAT3 gene. The patient with TYK?2 defi-
ciency has been described elsewhere (Minegishi et al., 2006). The study was
approved by the Tokyo Medical and Dental University Ethics Committee,
and written informed consent was obtained from all patients. Control indi-
viduals were nonatopic, age-matched, and equivalent in sex distribution to
HIES patients. All of the patients and control subjects were in a healthy state
when their blood samples were collected.

Antibodies, cytokines, and peptides. We used mAbs against CD4
(RPA-T4),CD14 (MSE2),CD11c (B-ly6), CD123 (9F5), HLA-DR (TU36),
CD25 (M-A251), CDO62L (Dreg 56), CD1a, (H1149), CD80 (L307.4), CD86
(2331), CD83 (HB15¢), PD-L1 (MIH1), PD-L2 (MIH18), FOXP3 (259D/C7),
and CTLA-4 (CD152; BNI3), a Lin cocktail (antibodies against CD3
[SK7], CD14 [M®PI], CD16 [3G8], CD19 [SJ25C1], CD20 [L27], and
CD56 [NCAM16.2]), and mAbs against IFN-y (45.B3) and IL-4 (8D4-8),
neutralizing mAbs against IFN-y (B27), IL-4 (MP4-25D2), and isotype-
matched control mAbs, all of which were purchased from BD. We obtained
antibodies against ILT-3 (CD85K; 293623), ILT-4 (CD85d; 287219), LAP
(latency-associated peptide; TGF-B1; 27235), and GITR (TNFRSF18;
110416) from R&D Systems. Anti-ICOS-L antibody (MIH12) was obtained
from eBioscience. Anti-CD304 (BDCA-4) antibody (AD5-17F6) was obtained
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Table I.  Characteristics of HIES patients

Patient Age Sex Mutation Domain  Highest IgE NIH score
Total Skin  Pneumonia Eosino Newborn Eczema URI Candidiasis Serious Lung Face Nasal Retained Scoliosis Fracture  Hyperex  High
points abscess philia rash infection abnormality width  teeth tensibility palate
yr 1U/ml
STAT3-1 23 F AV463 DNA 17,500 58 2 8 0 4 2 0 0 0 8 5 3 8 4 0 4 0
binding
STAT3-2 11 F R382W DNA 97,900 66 8 8 6 4 4 2 1 0 8 2 1 8 0 0 4 o]
binding
STAT3-3 24 M AV463 DNA 62,000 56 8 0 6 4 4 0 4 4 8 5 1 0 0 0 0 2
binding
STAT3-4 13 M R382Q DNA 11,600 41 8 8 0 4 4 0 0 4 0 2 1 0 0 0 0 0
binding
STAT3-5 16 F H437Y DNA 50,600 44 8 4 6 4 4 0 0 0 0 5 3 0 0 0 0 0
binding
STAT3-6 23 F S636F SH2 25,400 68 8 8 0 4 2 2 4 0 6 5 3 8 0 4 4 0
STAT3-7 49 F G618D SH2 21,300 53 8 8 0 4 4 0 0 4 8 2 1 0 0 4 0 0
STAT3-8 34 M A371-380 DNA 12,300 53 8 0 0 4 4 0 4 4 0 5 3 1 0 4 4 2
binding
TYK2-1 23 M Frame shift NA 2,100 48 8 8 3 4 4 2 1 8 o} 0 0 0 0 0 0 0

NA, not applicable. Possible HIES patients are evaluated by the National Institutes of Health (NIH) scoring system. If the total points of NIH score are »40 points, the patient is considered as HIES clinically. NIH score is defined as follows. If the
highest serum IgE level is >2,000 1U/ml, the patient scores 10 points. Skin abscess: 8 points indicate more than four, and 2 points indicate one or two episodes of skin abscess in lifetime. Pneumonia: 8 points indicate more than three, and 4
points indicate two episodes of pneumonia in lifetime. Eosinophilia: 6 points indicate >800 eosinophils/pl, and 3 points indicate 700-800 eosinophils/ul of blood (700/ul = 1 SD and 800/l = 2 SD above the mean value from normal individuals),
Newborn rash: 4 points indicate newborn rash is present. Eczema: 4 points indicate eczema is severe, and 2 points indicate eczema is moderate in worst stage. Upper respiratory infections (URI}: 2 points indicate the patient sufferers from upper
respiratory infections six to four times, 1 point indicates three times per year. Candidiasis: 4 points indicate the patient has systemic candidiasis, and 1 point indicates oral candidiasis. Serious infections: 8 points indicate the patient has episodes
of fatal and serious infection, and 4 points indicate the patient has an episode of serious infection. Lung abnormality: 8 points indicate the patient has pneumatocele, and 6 points indicate the patient has bronchiectasis. Face: 5 points indicate
the patient has typical characteristic facial appearance, and 2 points indicate mild characteristic facial appearance. Nasal width: 3 points indicate the patient has nasal width of >2 SD, and 1 point indicates nasal width with 1-2 SD. Retained
teeth: 8 points indicate the patient has more than three retained primary teeth, and 1 point indicates the patient has one retained primary tooth. Scoliosis: 4 points indicate the patient has scoliosis of 15-20°, and 2 points indicate scoliosis of
10-14°. Fracture: 4 points indicate the patient has one or two episodes of fracture with minor trauma. Hyperextensibility: 4 points indicate the patient has hyperextensible joints. High palate: 2 points indicate the patient has a high palate. In all
items, 0 points indicate the finding is absent. None of the patients have lymphoma or midline anomaly.
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from Miltenyi Biotec. Recombinant human (rh) GM-CSE IL-4, IFN-vy,
IL-10, and TGF-B1 were purchased from PeproTech. Neutralizing PD-L1
peptide was obtained from Abcam, and an irrelevant peptide was used as a
negative control.

PBMCs and naive CD4" T cell culture. PBMCs were isolated by Ficoll
density gradient centrifugation (Histopaque-1077; Sigma-Aldrich). PBMCs
were cultured in 96-well plates in RPMI 1640 medium supplemented with
10% fetal bovine serum, 200 mM r-glutamine, 100 mM sodium pyruvate,
nonessential amino acids, minimal essential medium vitamins (all from Invit-
rogen), 50 U/50 pg/ml penicillin/streptomycin (Nacalai Tesque), and 50 uM
mercaptoethanol. Cultures were stimulated with a 1:100 (vol/vol) dilution of
anti-CD3/CD28 mAb—coated beads from Invitrogen. For some experi-
ments, the following mAbs and cytokines were added: 10 ng/ml thIFN-y,
10 ng/ml rhIL-4, and neutralizing antibodies against 10 pg/ml IFN-y and
10 pg/ml IL-4.

T,y cell purification and functional assay. Total CD4* T cells were
isolated with the CD4™ T cell isolation kit (BD). The cells were stained for
sorting with antibodies against CD4, CD25, and CD62L. All mAbs were
used after dialysis to remove sodium azide (Baecher-Allan et al., 2006).
CD4*CD257CD62L" responder T cells and CD4*CD25*CD62LY T, cell
populations were isolated by sorting with a cell sorter (Moflo; Beckman
Coulter). In the postsort analysis, the resulting cell preparation was found to
be to >99% purity. Co-culture was set up as follows: 1.25 X 10" responder
T cells and 1.25 X 10°T,, cells were co-cultured for 5 d with a 1:100 (vol/vol)
dilution of magnetic beads coated with antibodies against CD3/CD28.
Responder T cells were used as a negative control. Proliferation was assessed
by adding 1 uCi (37 kBq) [*H]thymidine (methyl-[*H]thymidine; ICN Bio-
medicals) to the culture medium for the final 18 h.

Isolation of primary DCs. Primary DCs were obtained by the enrich-
ment using a human DC enrichment set (BD) and cell sorting with FACS
Aria I (BD): ¢DCs as LinTHLA-DR™ CD11¢*CD304~ cells and pDCs as
LinTHLA-DR*CD11¢7CD304* cells. In the postsort analysis, the resulting
cell preparation was to >99% purity.

In vitro generation of MoDCs. CD14* monocytes were isolated from
PBMCs with immunomagnetic beads (BD) at a purity of >98%. Monocytes
were cultured in the presence of 50 ng/ml GM-CSF and 10 ng/ml IL-4 for
5 d. For differentiation into mature DCs, immature DCs were stimulated on
day 5 with 100 ng/ml LPS (O55:B5; Sigma-Aldrich). For the generation of
tolerogenic DCs, 100 ng/ml IL-10 was added to the culture on day 3. Non-
adherent DCs on day 7 were used for T cell stimulation.

Allogeneic naive CD4" T cell proliferation assay. Naive CD4* T cells
were negatively selected from PBMCs through the depletion of CDS,
CD11b, CD16, CD19, CD36, CD41a, CD45RO, CD56, CD123, v8-TCR,
and glycophorin A-positive cells, with antibody-coated paramagnetic micro-
beads (naive CD4* T cell isolation kit from BD), according to the manufac-
turer’s protocol. The purity of the naive CDD4* T cell preparation exceeded
95%. For proliferation assays, 10° naive CD4* T cells were co-cultured in
96-well round-bottomed plates, in triplicate, with 10* allogeneic DCs. After
5 d, the cells were pulsed with 1 puCi (37 kBq) per well of [*H]thymidine
for 18 h, and [*H]thymidine incorporation was evaluated with a B counter
(model 1450; PerkinElmer).

iT,, cell preparation and functional evaluation. Naive CD4" T cells
were obtained from PBMCs with the naive CID4* T cell isolation kit. We ob-
tained CD4*CD25" responder T cells by depleting the CD25* cells with
magnetic beads coated with an antibody against CD25 (BD). The resulting
cell preparation was >95% pure. We obtained iT,,,
cultures as described for the Allogeneic naive CD4* T cell proliferation assay
and purifying CD4*CD25" cells after 3 d with immunomagnetic beads.

CD4*CD25" iT,,, cells were co-cultured with CFSE-labeled autologous

cells by setting up co-
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CD47CD25" responder T cells in 96-well round-bottomed plates con-
taining a 1:100 (vol/vol) dilution of anti-CDD3/CD28 mAb beads. After 5 d,
the proliferation of the CFSE-labeled CD4*CID25™ T cells was assessed by
flow cytometry.

Flow cytometric analysis. Cells were analyzed on a FACSCalibur or
FACSCanto II machine (BD) using CellQuest or FACSDiva software (BD).

Mannose receptor—-mediated endocytosis. 1 mg/ml FITC-dextran
(Sigma-Aldrich) was incubated with 10° cells at 37°C or 4°C for 2 h. FITC-
dextran uptake was stopped by adding ice-cold PBS, and the cells were then
thoroughly washed in a refrigerated centrifuge. Samples were then subjected
to flow cytometry The level of antigen uptake by DCs was assessed as the differ-
ence between the test (37°C) and control (4°C) values for each sample.

Cytokine ELISA. For cytokine determinations, the culture supernatant was
stored at —80°C until use, and the amounts of IFN-y, TNE IL-5, IL-6, IL-10,
[L-12p40, and IL-13 present were then determined by ELISA, according to
the kit manufacturer’s instructions (BD).

Intracellular staining. Naive CD4* T cells were cultured with plate-bound
antibodies against CD3 and CD28 in Th1 conditions, IFN-y plus antibody
against IL-4 in Th2 conditions, or IL-4 and antibody against IFN-y, and the
cells were then fixed and permeabilized (Cytofix/Cytoperm reagents; BD)
and stained with mAbs against CD4, IFN-vy, and IL-4, according to the man-
ufacturer’s instructions (BD). CTLA-4 staining was performed after Cytofix/
Cytoperm treatment.

FOXP3 intracellular staining. Naive CD4" T cells co-cultured with un-
treated DCs or IL-10~DCs were fixed and permeabilized with the human
FOXP3 buffer set (BD) and stained with mAb against FOXP3.

RNA isolation and real-time quantitative RT-PCR (Q-PCR). Cells
were harvested for total RNA isolation with the Fastpure RNA kit (Takara
Bio Inc.). Total RNA was reverse transcribed with Primescript RT (Takara
Bio Inc.). An aliquot of the RT products was used as a template for real-time
PCR with SYBR green Mastermix (Takara Bio Inc.) on an Mx3005P ther-
mocycler (Agilent Technologies) with SYBR. green I dye as the amplicon
detector and ROX as the passive reference. The gene for HPRT (hypoxan-
thine phosphoribosyltransferase) was amplified as an endogenous reference.
Quantification was achieved by both the standard curve and comparative
AACT methods.

Data analysis. Data are expressed as means & the SD. Unpaired ¢ tests or
analysis of variance was used for statistical analysis. P-values <0.05 were con-
sidered significant (*, P < 0.05; ¥*, P < 0.01; and ***, P < 0.001).

Online supplemental material. Fig. S1 shows normal Th1 and Th2 dif-
ferentiation from naive CD4* T cells but increased Th2 cytokine production
from activated T cells in PBMCs of STAT3 patients. Fig. S2 shows that
MoDC differentiation in vitro and TGF-$1 signaling in MoDCs are intact in
STAT3 patients. Fig. S3 shows that IL-10 treatment does not impair the dif-
ferentiation of MoDCs, but down-regulation of CDI80, CII83, and CID86 is
defective in MoDCs from STAT3 patients. Fig. S4 shows that suppression of
proliferation by IL-10 pretreatment is impaired in MoDCs from STAT3 pa-
tients. Fig. S5 shows that up-regulation of FOXP3, CTLA-4, and GITR 'is
impaired in iT,, cells co-cultured with patient IL-10-DCs. Fig. S6 shows
that MoDCs from STAT3 patients produce equivalent amounts of TGF-1.
Fig. S7 shows the characterization of primary DCs and MoDCs from the
patient with TYK2 deficiency. Online supplemental material is available at
http://www.jem.org/ cgi/content/full/jem.20100799/DC1.
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Taste 2 Details of response to sequential treatments where applicable (n=10)

Severe Amilodopine

Nifedipine

1 X v - -
2 Moderate Amlodopine X GTN X - -
3 Moderate Amlodopine X GTN X - -
4 Severe Nifedipine X Amlodopine X - -
5 Severe Nifedipine X Amlodopine X GTN v
6 Moderate Nifedipine X GTN X -
7 Severe GTN X Amlodopine X Nifedipine N
8 Moderate Nifedipine X GTN J - -
9 Severe Amlodopine x Nifedipine X GTN X
10 Moderate Amlodopine v GTN v - -
x: no response/inadequate response; ./ response.
Overall, GTN patches were effective in 55% of the trea- References

ted patients. Efficacy was better than that of nifedipine
and amlodipine (33 vs 25% response rate, respectively),
but small numbers and retrospective analysis does not
allow statistical comparison. Response was similar in
primary and secondary RP. Children with severe RP had
a better response to nifedipine and amlodopine than
children with moderate disease. The sub-group with
severe disease was more likely to be using a disease-
modifying drug, which may have had an impact.
However, numbers are too small for any conclusion to
be drawn from this.

Application of GTN patches allows removal if adverse
events occur. Together with absence of tablets, this may
make treatment with GTN attractive in paediatric practice.
All patients received Deponit GTN patches. Alternative
brands may not have adequate skin adhesion when
cut into quarters for this off-license use.

GTN patches, nifedipine and amlodipine offer sympto-
matic relief for patients with moderate primary/secondary
RP. Further studies, including head-to-head trials, are
needed to determine if one agent is superior. Meanwhile,
GTN patches offer an alternative to oral calcium channel
blockers for symptomatic relief of paediatric RP.

o GTN patches are an efficacious treatment option in
paediatric RP.
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A case of early-onset sarcoidosis with a six-base
deletion in the NOD2 gene

Sir, We present the first case of early-onset sarcoidosis
(EOS, MIM no. 609464) with a six-base deletion in the
NOD2 gene, resulting in the replacement of one amino
acid and the deletion of two additional amino acids. All
previous mutations reported for EOS and Blau syndrome
(BS, MIM no. 186580) were single-base substitutions that
resulted in the replacement of a single amino acid [1-3].

The patient was a Japanese male born after an
uncomplicated pregnancy and delivery. His family had
no symptoms of skin lesions, arthritis or uveitis. At
5 years of age, he was diagnosed with bilateral severe
uveitis. He became blind in both eyes during adolescence.
He had swollen ankles without pain during childhood,

www.rheumatology.oxfordjournals.org
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and developed arthritis in his both knees and ankles at
15 years of age. At 30 years, a skin rash had developed
on his extremities after his first BCG vaccination. The skin
lesions were scaly erythematous plagues with multiple
lichenoid papules and some pigmentation. At the same
age, camptodactyly without obvious synovial cysts of
the hands was observed, and the deformity in all fingers
developed by 35 years. At 41 years, he had low-grade
fever for 1 year. He had no pulmonary lesions. His labora-
tory investigations showed normal white blood cell count,
mildly elevated CRP (1.0 mg/dl) and ESR (20 mm/h).
A skin biopsy from his left forearm revealed non-caseating
granulomas without lymphocyte infiltration. There were no
indications of infection by Mycobacterium.

The clinical symptoms and pathological findings on
the biopsied skin indicated that the patient suffered from
EOS. It has been reported that EOS and BS have
a common genetic aetiology due to mutations in the
NOD2 gene that cause constitutive Nuclear Factor
(NF)-«B activation [4, 5]. Thus we analysed the NOD2
gene from the patient to look for mutations that might
correlate with the pathology of EOS. A written informed
consent was obtained from the patient and his families,
according to the protocol of the institutional review board
of Kyoto University Hospital and in accordance with the
Declaration of Helsinki. Genomic sequencing analysis of
the patient’s NOD2 gene showed the presence of
a heterozygous deletion of six bases in exon 4, which
resulted in ¢.1493_1498delAACTGT, p.E498V, 499~
500del (Fig. 1A). The mutation was novel and was not
identified in 100 normal controls. A genome alignment of
NOD2 among several species showed that E498, 1499
and L500 are conserved from zebrafish to human
(Fig. 1B). These data strongly suggested that the identified
deletion of six bases in the NOD2 gene is not a single
nucleotide polymorphism (SNP), but is probably respon-
sible for EOS in the patient.

Previous studies report that NOD2 mutations causing
EOS/BS show constitutive activation of NF-«B [6-8].
Therefore, we investigated the level of NF-«B activity
associated with the new mutation identified here.
First, we confirmed the level of mRNA expression of the
mutated allele by subcloning analysis of NOD2-cDNA,
which showed that the mutated allele was expressed as
well as the wild type allele (data not shown). We then
evaluated the ability of the NOD2 mutant to constitutively
activate NF-xB by using an in vitro reporter system in
HEK293T cells transfected with both NOD2 mutants and
NF-«B reporter plasmids (Fig. 1C). The deletion mutant
demonstrated almost five times more NF-«B activity
than wild type without muramyl dipeptide (MDP)
stimulation. Western blot analysis confirmed that NOD2
mutant protein expression was similar to that of wild
type (Fig. 1C). Thus, like other mutations of NOD2 identi-
fied previously, the deletion mutant identified here also
showed constitutive activation of NF-«B.

The mechanism underlying EOS/BS has not been totally
understood, although two pathways downstream from
NOD2 have been identified: NF-«B activation through

www.rheumatology.oxfordjournals.org

receptor-interacting protein (RIP) like interacting
caspase-like apoptosis regulatory protein kinase (RICK)
and MAP kinase activation through the caspase recruit-
ment domain 9 (CARD9) [9]. We previously tested
10 NOD2 missense mutations that have been identified
in our cohort of EOS/BS patients in Japan, and all of
them demonstrated constitutive activation of NF-«B [3].
By analysing this newly identified deletion mutant, we
have further confirmed the importance of constitutive
activation of NF-xB by mutated NOD2 for the patho-
genesis of EOS/BS. We would like to emphasize the

Fic. 1 (A) Summary of the mutations identified in our
patient. (B) NOD2 protein alignment among different
species on the mutated amino acids. (C) NF-«B reporter
assay using the NOD2 deletion mutant. In vitro NF-«xB
reporter assays were performed as previously described
[1, 3, 8, 7]. Mock vector, wild type NOD2 (WT) and three
NOD2 variants (R334W, C495Y, H496L) derived from
EOS/BS patients, were used as controls. Values represent
the mean of normalized data (mock without MDP =1)

of triplicate cultures, and error bars indicate s.0. Shown
is one representative result of three independent
experiments. Protein expression levels of NOD2 mutants
analysed by western blotting are shown in the bottom
panel.
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usefulness of the NF-«B reporter assay with mutant NOD2
for observing its role in EOS/BS, although the MAP kinase
activation pathway and other possible pathways need
to be evaluated to more completely understand the
pathogenesis of the NOD2 mutation in EOS/BS.

We have identified the first deletion mutation in the
NOD2 gene responsible for EOS/BS, and the mutant
showed constitutive activation of NF-«B, which is one of
the key features that lead to the pathogenesis of EOS/BS.

o A six-base deletion in NOD2 gene causes EOS.

Acknowledgement

This work was carried out at Department of Pediatrics,
Kyoto University Graduate School of Medicine, Kyoto,
Japan.

Funding: This work was supported by grants from the
Japanese Ministry of Education, Culture, Sports,
Science and Technology and grants from the Japanese
Ministry of Health, Labor and Welfare.

Disclosure statement: The authors have declared no
conflicts of interest.

Hidemasa Sakai’, Shusaku [to?,

Ryuta Nishikomori', Yuuki Takaoka’,

Tomoki Kawai', Megumu Saito?, lkuo Okafuji®,
Takahiro Yasumi', Toshio Heike' and
Tatsutoshi Nakahata'

Department of Pediatrics, Kyoto University Graduate School
of Medicine, Kyoto, ?Department of Dermatology, Hitachi
General Hospital, Hitachi and *Department of Pediatrics, Kobe
City Medical Center General Hospital, Kobe, Japan
Accepted 27 August 2009

Correspondence to: Ryuta Nishikomori, Department of
Pediatrics, Kyoto University Graduate School of Medicine,
54 Kawahara-cho, Shogoin, Sakyo-ku, Kyoto 606-8507,
Japan. E-mail: rnishiko@kuhp.kyoto-u.ac.jp

References

1 Rosé CD, Wouters CH, Meiorin S et al. Pediatric
granulomatous arthritis: an international registry.
Arthritis Rheum 2006;54:3337-44.

2 Arostegui JI, Arnal C, Merino R et al. NOD2 gene-
associated pediatric granulomatous arthritis: clinical
diversity, novel and recurrent mutations, and evidence of
clinical improvement with interleukin-1 blockade in a
Spanish cohort. Arthritis Rheum 2007;56:3805-13.

3 Okafuji I, Nishikomori R, Kanazawa N et al. Role of the
NOD2 genotype in the clinical phenotype of Blau
syndrome and Early-onset sarcoidosis. Arthritis Rheum
2009;60:242--50.

4 Kanazawa N, Okafuji I, Kambe N et al. Early-onset
sarcoidosis and CARD15 mutations with constitutive
nuclear factor «B activation: common genetic etiology
with Blau syndrome. Blood 2005;105:1195-97.

196

5 Rosé CD, Doyle TM, Mclivain-Simpson G et al. Blau
syndrome mutation of CARD75/NOD2 in sporadic early
onset granulomatous arthritis. J Rheumatol 2005;32:
373-5.

6 Chamaillard M, Philpott D, Girardin SE et al. Gene-
environment interaction modulated by allelic heterogeneity
in inflammatory diseases. Proc Natl Acad Sci USA 2003;
100:3455-60.

7 Becker ML, Rosé CD. Blau syndrome and related genetic
disorders causing childhood arthritis. Curr Rheumatol Rep
2005;7:427-33.

8 Kambe N, Nishikomori R, Kanazawa N. The cytosolic
pattern-recognition receptor NOD2 and inflammatory
granulomatous disorders. J Dermatol Sci 2005;39:71-80.

9 HsuYM, Zhang VY, You Y et al. The adaptor protein CARD9
is required for innate immune responses to intracellular
pathogens. Nat Immunol 2007;8:198-205.

Rheumatology 2010;49:196-197
doi:10.1093/rheumatology/kep330
Advance Access publication 25 October 2009

Comment on: Hepatotoxicity rates do not differ in
patients with rheumatoid arthrilis and psoriasis
treated with methotrexate

Sir, We read with interest the recent article by Amital et al.
[1] that compared hepatotoxicity rates in PsA and RA
patients treated with MTX based on the evaluation of stan-
dard liver function tests. The authors conclude that the
incidence of hepatotoxicity does not differ between the
two disease groups after adjusting for the cumulative
dose of MTX.

Several studies in MTX-treated psoriasis patients have
reported that isolated abnormalities of liver enzymes (i.e.
alkaline phosphatase, aspartate aminotransferase and
alanine aminotransferase) were poor predictors of the
severity of liver histopathology. The authors state that
the combined sensitivity of aspartate aminotransferase,
alanine aminotransferase and bilirubin for detecting an
abnormal liver biopsy has been rated at 0.86 based on a
previous study [2]. This figure implies that 14% of those
with normal liver function tests will have undetected hepa-
tic disease. Larger studies have suggested that 30-50%
of the psoriasis patients on MTX have normal standard
liver function test results despite histology showing fibro-
sis and cirrhosis [3]. The lack of correlation between liver
enzymes and hepatic fibrosis and cirrhosis has been the
major factor leading to the recommendation that liver
biopsies be done to monitor potential hepatotoxicity. In
this study, the liver function tests were performed with
varying frequency which could allow abnormal liver func-
tion tests to be missed. The authors acknowledge that the
rates of other hepatotoxic agents such as alcohol use
and the occurrence of other hepatic comorbidities were
not known. We believe that these are significant
confounding variables, which make the interpretation of
the results of this study difficult. The British Association
of Dermatologists recommends serial monitoring

www.rheumatology.oxfordjournals.org
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Abstract

Background Familial hemophagocyttc lymphoh;suocytosns (FHL) is a rare disease of mfancy or early chlldhood To clarify -
“ the incidence and subtypes of FHL in Japan, we' performed genetlc and functtonal analyses of cytotox;c T Iymphocytes
(CTLS) in Japanese Ppatients with FHL. :

Des:gn and Methads. Among the Japanese children: wuth hemophagocyttc ymphohlst;ocytosus (HLH) reg:stered at our.
“laboratory, those with more than one of the following findings were eligible for study entry under a diagnosis of FHL:
positive for known genetic mutations, a family history of HLH, and impaired CTL-mediated cytotoxicity. Mutations. of the
newly identified causative gene for FHL5, STXBP2, and the cytotoxacrcy and degranulation activity of CTLs:in FHL patients, :
were analyzed. s ; ;

Results: Among 31 FHL pattents who satisfied the above criteria, PRF1 mutation was detected in 17 (FHLZ) and UNC13D
mutation was in 10 (FHL3). In 2 other patlents, 3 novel mutations of STXBP2 gene were confi rmed (FHL5). Finally, the -
remaining 2 were classified as having FHL with unknown genetic mutations. In all FHL patients, CTL-mediated cytotoxicity ~
was low or deficient, and degranulation activity was also low or absent except FHL2 patients. In 2 patlents with unknown
genetic ‘mutations, the cytotoxicity -and: degranuiat;on activity of CTLs appeared to be defucnent in one patient and
moderately xmpazred in the other :

Conclusions: FHL can be diagnosed and classified on the basis of CTL-mediated cytotoxicity, degranulation activity, and
genetic analysis. Based on the data obtained from functxonal analysis of CTLs, other unknown gene(s) responsnble for FHL
remain to be identified. , e
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Introduction excessive production of inflammatory cytokines and macrophage
activation [6]. The genetic mutations responsible for FHL have
been identified by various methods. Linkage analysis has indicated
two possible loci: FHL1 (MIM 603552) in 9q21.3-22, and FHL2
(MIM 603553) in 10g21-22 [7,8]. In 1999, a mutation in the
perforin gene (PRFI) was identified as the cause of FHL2 [9-12].
Further genetic mutations of the Munci3-4 gene (UNCI3D)
mapped to 17¢25 (the cause of FHL3, MIM 608898) and the

Hemophagocytic lymphohistiocytosis (HLH) is characterized by
fever and hepatosplenomegaly associated with pancytopenia [1-3].
Histologically, infiltration of lymphocytes and histiocytes with
hemophagocytic activity is evident in the reticuloendothelial system,
bone marrow, and central nervous system [4]. HLH can be classified
as either primary or secondary [5]. Primary HLH, also known as

familial hemophagocytic lymphohistiocytosis (FHL), is inherited as an
autosomal recessive disorder that usually arises during infancy.

The pathogenesis of FHL has been considered to involve
dysfunction of cytotoxic T lymphocyte (CTL) activity, leading to

@ PLoS ONE | www.plosone.org

gyntaxinl 1 gene (STX1I) mapped to 6q24 (the cause of FHIA,
MIM 603552) were subsequently identified [13-15]. These
mutations affect proteins involved in the transport and membrane
fusion, or exocytosis, of perforin contained in cytoplasmic
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granules. Recently, mutations of the Muncl8-2 gene (STXBP2),
located in 19q, were detected as a cause of FHL5 [16,17].
Muncl8-2 regulates intracellular trafficking and controls the
soluble N-ethylmaleimide-sensitive fusion factor attachment pro-
tein receptor (SNARE) complex.

The molecular mechanisms underlying vesicular membrane
trafficking and regulation of exocytosis have been clarified in recent
years. The final step of vesicle transport is mediated by a bridge
between a vesicle and its target membrane through formation of a
ternary complex between a vesicle-SNARE (v-SNARE), such as a
VAMP, and a target membrane-SNARE (i-SNARE), such as a
syntaxinl1 or a member of SNAP23/25/29 [18]. The SNARE
complex is composed of three molecules: VAMP, syntaxin and
SNAP23/25/29. Syntaxinll, in association with SNAP23, localizes
to the endosome and trans-Golgi network [19]; however, the precise
biological functions of the SNARE system are stll poorly
understood. Recent evidence suggests that members of the SNARE
family mediate fusion of cytotoxic granules with the surface of
CTLs. Syntaxinl 1, SNAP23 and VAMP7 are prime candidates for
functioning as SNAREs in this fusion event [20].

It has been considered that clarification of the molecular
abnormalities in FHI. might shed light on the mechanisms of
CTL-mediated cytotoxicity. Accordingly, we have been studying
the functional abnormalities of G'TLs in Japanese patients with FHL
[21]. Our previous studies have shown that the FHL2 and FHL3
subtypes account for 20-25% of all FHL cases, respectively,
whereas no FHL4 subtype exists; therefore, 45-50% of FHL cases
in Japan harbor still unknown genetic mutations [21,22]. However,
secondary HLH could be involved in patients with unknown genetic
mutations, because both FHL and secondary HLH share similar
clinical and laboratory characteristics. Therefore, in the present
study aimed at clarifying the incidence and subtypes of FHL in
Japanese children by genetic and functional analyses of C'TLs, only
patients positive for known genetic mutations, a positive family
history of HLH, or impaired natural killer (NK)/CTL-mediated
cytotoxicity were diagnosed definitively as having FHL.

Materials and Methods

Patients

A total of 87 Japanese children aged <15 years diagnosed as
having HLLH based on the diagnostic criteria of the Histiocyte
Society [23] were registered at our laboratory between January
1994 and December 2009. Among them, 40 were excluded from
analysis because they were diagnosed as having secondary HLH, or
their parents did not provide permission for use of clinical samples.
None of the patients had Chediak-Higashi syndrome, Griscelli
syndrome, or Hermansky-Pudlak syndrome type 2, based on
clinical and laboratory findings, including albinism or the presence
of gigantic granules in lymphocytes or granulocytes. A final total of
31 patients, who met the diagnostic criteria for FHL, and for whom
documented informed consent had been obtained in accordance
with the Declaration of Helsinki, were entered into the study.

Genetic analysis of the STXBP2 gene

For the detection of STXBPZ mutations, genomic DNA was
isolated from a T-cell line established from each patient. Genomic
DNA (5 ng) was subjected to PCR using the primers listed in
Table S1. These primer sets were designed to amplify 19 exons
including the 5'-untranslated region and the coding regions with
the exon-intron boundaries of STXBP2. The PCR products were
treated with ExoSAP-IT (GE Healthcare Bio-Sciences, Little
Chalfont, England) by incubation at 37°C for 15 minutes to
inactivate the free primers and dNTPs, and then subjected to

PLoS ONE | www.plosone.org
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sequencing reactions using forward or reverse primers and
BigDye® Terminator v3.1 (Applied Biosystems, Foster City, CA).
The DNA fragments were purified using Magnesil (Promega,
Madison, WI), and sequencing was carried out with an ABI 3730
Genetic Analyzer (Applied Biosystems). Sample sequences were
aligned to reference sequences obtained from the UCGSC Genome
Bioinformatics website (http://genome.ucsc.edu/index.html) us-
ing the ClustalW program in order to identify nucleotide changes.
Mutations were numbered according to GenBank Reference
Sequence NM_001127396.1; additionally, the A of the ATG
initiator codon was defined as nucleotide +1. To identify splicing
variants generated by ¢.88-1g>>a mutation of STXBP2, total RNA
was extracted from each patient’s T-cell line and reverse
transcriptase PCR (RT-PCR) was performed using the forward
primer on exon 1 (5’-TTGGGACACACCCGGAAG-3') and the
reverse primer on exon 5 (5'-AAGAAGATATGGGCCGCTTT-
3"). The PCR products were directly sequenced using the forward
primer, as described above,

Western blot analysis of MUNC18-2 protein

Expression of Munc18-2 protein encoded by STXBP2 in T-cell
lines established from FHL patients and a healthy individual was
analyzed by Western blotting. C'TLs were harvested after 5 days of
stimulation with allogeneic LCL cells. Cell lysates were then
prepared by extraction with 1% NP-40, and the extracts (10 pg
per lane) were analyzed by Western blotting with anti-Munc18-2
rabbit polyclonal antibody (LifeSpan BioSciences, Seattle, WA).
Horseradish peroxidase-labeled anti-rabbit IgG polyclonal anti-
body was used as the secondary antibody with detection by
enhanced chemiluminescence (Amersham Biosciences, Buckin-
ghamshire, UK).

Establishment of alloantigen-specific CTL lines
Alloantigen-specific CD8" CTL lines were generated as
described previously [24,25]. Briefly, peripheral blood mononu-
clear cells (PBMCs) were obtained from FHIL patients and
unrelated healthy individuals. These cells were co-cultured with
a mitomycin G (MMC)-treated B-lymphoblastoid cell line (B-LCL)
established from an HLA-mismatched individual (KI-LCL). Using
cell-isolation immunomagnetic beads (MACS beads) (Miltenyi
Biotec, Auburn, CA), CD8" T lymphocytes were isolated from
PBMCs that had been stimulated with KI-LCL cells for 6 days.
CD8* T lymphocytes, cultured in RPMI 1640 medium supple-
mented with 10% human serum and 10 IU/ml interleukin-2
(Roche, Mannheim, Germany), were stimulated with MMC-
treated KI-LCL cells 3 times at 1-weck intervals; subsequently,
these lymphocytes were used as CD8" alloantigen-specific CTL
lines. The alloantigen specificity of the C'TL lines was determined
by assay of interferon-y (IFN-y) production in response to
stimulation with KI-LCL cells, as described previously [24,25].
Briefly, 1x10” T lymphocytes were co-cultured with or without
1x10° MMC-treated B-LCL cells in 0.2 ml of RPMI 1640
medium supplemented with 10% fetal calf serum (FCS) in a flat-
bottomed 96-well plate. In some experiments, an anti-HLA class 1
monoclonal antibody (w6/32; American Type Culture Collection,
Manassas, VA) was added to wells at an optimal concentration.
After 24 hours, the supernatant was collected from each well and
assayed for production of IFN-y using an enzyme-linked
immunosorbent assay (ELISA; ENDOGEN, Woburn, MA).

Analysis of CTL-mediated cytotoxicity

~ The cytotoxic activity of CTLs was measured by a standard
?!Crorelease assay, as described previously [21]. Briefly, alloanti-
gen-specific CTLs were incubated with *'Cr-labeled allogencic
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KI-LCL cells or TA-LCL cells for 5 hours at an effector:target cell
ratio (E/'T) of 2.5:1, 5:1, and 10:1. Target cells were also added to
wells containing medium alone and to wells containing 0.2%
Triton X-100 to determine the spontancous and maximal levels of
’'Cr release, respectively. After 5 hours, 0.1 ml of supernatant was
collected from each well. The percentage of specific *'Cr release
was calculated as (cpm experimental release - cpm spontaneous
release)/(cpm maximal release - cpm spontaneous release) x100,
where cpm indicates counts per minute.

Degranulation analysis by flow cytometry

Degranulation activity was analyzed by flow cytometry using
anti-CD107a antibody (BioLegend, San Diego, CA) as described
previously [16,17]. Briefly, 1 x10” alloantigen-specific C'TLs were
co-cultured with or without 1x10° KI-LCL cells in 0.2 ml of
RPMI 1640 medium supplemented with 10% FCS, and then
FITC-conjugated anti-CD107a antibody was added to each well.
After 3 hours, incubated cells were collected and analyzed by flow

Subtypes of FHL

cytometry using PE-conjugated anti-CD8 antibody (BD Biosci-
ences, Franklin Lakes, NJ). For analysis of degranulation, the
relative log fluorescence of live cells was measured using a FACS
flow cytometer (BD Biosciences).

The immunofluorescence intensities of CTLs cultured with and
without alloantigen stimulation were measured, and the mean
fluorescence index (MFI) was calculated as (mean value for
stimulated sample — mean value for non-stimulated sample)/mean
value for non-stimulated sample.

Results

Genetic subtypes of FHL patients

Among the 31 patients with FHL, 17 appeared to have PRFI
mutation and lacked expression of perforin protein as measured by
flow cytometry and Western blotting, whereas 10 patients
appeared to have UNCI3D mutation and lacked Muncl3-4
protein expression as measured by Western blotting. No S7X77

@ PLoS ONE | www.plosone.org

Table 1. Genetic mutations of PRF1, UNC13D, STX11, and STXBP2 identified in 31 patients.

UPN Age/Sex PRFT UNCT13D STXT1 STXBP2

T 3 mofF _1090.91delCT/1090.91delCT - - -

2 ' 2 mo/F ' '1(’390.’9’1delCT/2i)7dye|C - - -

3 moF 1090.91delCT/207delC - : .

4 n y/F ' 949G>A (M)/1A>G (N) - - -

5 1 mo/F 1083delG/1491T>A (N) - : -

6 4 mo/F 1289insG/1289insG - - -

7 1 mo/F 1349C>T (M)/1349C>T - - -

8 2 mo/F 1090.91delCT/1246C>T (N) - - -

9 12 y/F 1090.91delCT/1228C>T (M) - - -

10 7 y/F 1349C>T (M)/1349C>T - - -

11 2mo/M 207deiC/1122G>A (M) - - -

12 1 mo/M 1090.91delCT/NT - - -

13 S 4mofE ©757GA (M), 253G>A (M)/853-855delAAG. - e 2

14 1 moF 160C>T (M), 272C>T (M)/853-855delAAG - - -

15 3mosF 853-855delAAG/1491T>A (N) - : -

16 5 mo/M 1090-1091delCT/1168C>T (N) - - -

17, 1y/M £1090:1091delCT/1349CST (M) - : - S

18 1 mo/M - ' ‘ 640C>T (M)/- B ;

19 6 mo/F. L 1596+1g>¢ (S)/1596+1g>c (5) - - S

20 4 mo/F - 766C>T (M)/1545-2a>g (S) - ‘ -

21 2 mo/M - 640C>T (M)/1596+1g>¢ (5) - -

22 5 mo/M ' - 1596+1g>c (5)/1723insA - -

23 5mo/M. o 1596+1g>¢ (5)/754-1g>>¢ (S) - S

24 6 mo/M - 754-1g>c (S)/754-1g>c (5) - -

25 11 mo/M - 1596+1g>¢ (5)/322-1g>a () - -

26 1 mo/M - 754-1g>¢ (5)/2163G>A (N) - -

27 -2 mo/F - 322-1g>a (S)/754-1g>¢ (5) e -

8 2 mo/M - - - 292-294delGCG/88-1g>>a

20 2moM - - o 1243-1246delAGTG/1243-
R Lo o 1246delAGTG

30 OdayM - - . . -

31 0 day/F S - - ~ -

UPN, unique patient number; M, male; F, female; -, not detected, NT, not tested.

In parenthesis, M means missense mutation, N means nonsense mutation, and S means splicing abnormality.

doi:10.1371/journal.pone.0014173.t001

November 2010 | Volume 5 | Issue 11 | 14173

— 179 —



Subtypes of FHL

A B

UPN28 primer 1 primer 2
aa py i
wildtype N2 14 115]
mutation YooK oA A H IF ¢. 88 -lg»a
{c.202-2%4delGCG o ~LCATATCTTCTTC
p. Madsdel) YooK & H IOFF
wildtype
A 4
mtation catctguacagBiog] il s
(c. 88-1g=a) a
exond C
large PCR product
UPN29 ] % - ”‘
o g M %ﬁMQ NI
(. 1423-1246del2GTG  cocoagGTGTGARGASALE Sk : Lileddandl
0. Serd{Sorgfeni) ﬂ_é,(\ CGACTGGEGlutaguyygtyga atetggacas)
delet dli exon 2 ‘ 283 bp insstionofinton 2
Slee GEes
R product

amall PC

n

.
i
4
¥
.

Rini fg
AURIARLINSI
CGARTGE TTGTTIGAMGA
ewonz axond

Figure 1. Identification of STXBP2 mutations. (A) Sequencing analysis of 4 patients with non-FHL2/3/4 and detection of 3 novel mutations in 2 of
them: a compound heterozygous mutation of 292_294delGCG resulting in Ala98del at exon 5 (upper panel) and 88-1g>a in intron 2 (lower panel) in
one patient (UPN28), and a homozygous mutation of 1243-1246AGTG resulting in Ser415ArgfsX6 at exon 15 in the other (UPN29). (B) Expression of
STXBP2 ¢DNA in UPN28 with 88-1g>a mutation. Schematic representation of positions of the primers for RT-PCR and 88-1g>a mutation is shown in
the upper panel, and for RT-PCR products from 88-1G>A mutation of STXBP2 in the lower panel. The expected 350-bp product of STXBP2 exons 1-5
was detected in a healthy control individual, whereas extra larger- and smaller-sized products were detected in UPN28 (arrow). (C) Sequence analysis
revealed that the 88-1g>a mutation retained the entire intron 2 (243 bp) in the cDNA. This insertion is predicted to cause addition of 81 amino acids
to the N-terminal region of the large Sec1 domain of the Munc18-2 protein (upper panel). Sequence analysis of the smaller fragment revealed that
the mutation caused skipping of exon 3 (82 bp), resulting in a frame shift and translational arrest after an additional 20 amino acids (lower panel).
doi:10.1371/journal.pone.0014173.g001

mutations were detected in any of the patients (Table 1). Most of
the data have been reported elsewhere [11,12,14,21,22,26]. For
the remaining 4 patients (UPN28-31), STXBP2 mutation and CTL
function were further analyzed.

STXBP2 analysis and Munc18-2 expression in 4 patients
with non-FHL2/3/4

Genetic analysis of STABP2 was performed in 4 patients with
non-FHL2/3/4 (UPN28-31). As shown in Fig. 1A, a compound
heterozygous STXBP2 mutation with 292_294delGCG and 88-

Figure 2. Western blot analysis of Munc18-2 protein expres-
sion, Expression of Munc18-2 protein in each CD8" T-cell line that had
been stimulated with allogeneic B-LCL cells was analyzed by Western
blotting using anti-Munc18-2 antibody. Munc18-2 protein was abun-
dantly detected at 67 kDa in CTL lines established from healthy control
individuals and 2 non-FHL2/3/4/5 patients (UPN30, and UPN31).
doi:10.1371/journal.pone.0014173.g002
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K

lg>a was detected in UPN28, and a homozygous mutation with
1243_1246delAGTG appeared to be present in UPN29. These 3
mutations of STXBP2 are all novel. RT-PCR analysis showed that
2 aberrant cDNAs were produced in UPN28 (Fig. 1B). Sequence
analysis revealed that the large fragment 88-1g>a mutation
caused insertion of the entire intron 2 (243 bp) into the ¢cDNA,
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Subtypes of FHL
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IFN-y production (pgiml)

Figure 3. IFN-y production by alloantigen-specific CD8" T cell lines. CD8" T-cell lines were generated from the PBMCs of the patients with
FHL and healthy individuals as controls by stimulation with allogeneic B-LCL (KI-LCL) cells. Responder cells were co-cultured with or without KI-LCL or
TA-LCL, which shared no HLA antigens with KI-LCL, in the presence or absence of anti-HLA class | monoclonal antibody for 24 hours. IFN-y production
was measured by ELISA. All FHL patients showed normal production of IFN-y. The HLA type of KI-LCL is HLA-A01/30, B13/17, Cwé/-, DRB1#0701/
*0701, and that of TA-LCL is HLA-A24/26, B62/-, Cw4/w9, DRB1*0405/%0901. NS indicates PRFT nonsense mutation.

doi:10.1371/journal.pone.0014173.g003

while in the small fragment the mutation caused skipping of exon 3
(82 bp), resulting in a frame shift and translational arrest after an
additional 20 amino acids (Fig. 1Q).

We analyzed the expression of Muncl8-2 protein in CTLs of

these 4 patients using Western blotting. As shown in Fig. 2, the
Muncl18-2 protein band at approximately 67 kDa was scarcely
detectable in 2 FHL patients with STXBP2 mutation (UPN28,
UPN29). On the basis of these data, these 2 were diagnosed as
having FHL5. On the other hand, Munc18-2 protein expression
was clearly detected in C'TL lines established from the remaining 2
patients (UPN30, UPN31); therefore, these patients were consid-
ered to have FHL with unknown genetic mutations.

Functional analysis of CTL lines established from FHL
patients

Alloantigen-specific CD8" CTL lines were generated from
healthy individuals, and from patients with FHI.2 (UPN8), FHL3
(UPN23), and non-FHL2/3/4 (UPN28-31). The antigen specific-
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ities of the T-cell lines were examined by measuring their IFN-y
production in response to stimulation with allogeneic LCL cells. As
shown in Fig. 3, all alloantigen-specific GCD8" T-cell lines gencrated
by stimulation with allogeneic KI-LCL produced large amounts of
IFN-y in response to stimulation with KI-LCL, cells, but not with
TA-LCL cells, which share no HLA antigens with KI-LCL. These
results indicated that T lymphocytes of FHL patients can respond
normally to antigen stimulation and produce inflammatory
cytokines. Their IFN-y production was significantly abrogated by
anti-HLA class I antibody, indicating that the responses of these T-
cell lines were alloantigen-specific and HLA class I-restricted.
Cytotoxic activity mediated by CD8" alloantigen-specific T-cell
lines generated from healthy individuals (n = 24) and FHL patients
are measured, and the representative data are shown in Fig. 4.
Antigen-specific cytotoxicity mediated by CTLs from FHL2
patients with PRFI nonsense mutation was entirely deficient,
whereas that of GTLs from FHL3 patients with UNCI3D splicing
abnormality was low but stll detectable, as we have reported
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