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FIGURE 3. BCR-induced apoptosis in B cell subsefs. A, Naive and [gM™ memory B cells were incubated in the absence or presence of 20 pg/ml F(ab"),
goat anti (o)-hlgM. After 2 days (2 d) of culture, cells were double-stained with FITC-labeled annexin V and propidium iodide (PI) and analyzed using
flow cytometry. Apoptotic cells are visible as annexin V-positive population, both propidium iodide negative (early apoptosis) and propidium iodide
positive (late apoptosis). The results shown are representative of three independent experiments. B, Percentage apoptosis of B cell subsets after BCR
stimulation. The data are shown as the mean = SD of six independent experiments. *, p < 0.01. C, BCR-induced mitochondrial inner membrane
depolarization in B cell subsets. Naive and IgM™ memory B cells were treated for 2 days with either medium or 20 wg/ml F(ab'), goat anti-human IgM.
Percentages of Mitotracker Red CMXRos™™ cells are shown. Data obtained from cells immediately after isolation are also shown. Results are representative

of three independent experiments.

expression of Bim, Bel-x, , and Mcl-1 in naive and IgM ™ memory
B cells (Fig. 4B). Three isoforms (Bim-EL, Bim-L, and Bim-S) are
expressed in various cell types, including lymphocytes (17). In the
absence of stimuli, Bim-EL was weakly expressed in both subsets,
but in [gM™ memory B cells BCR stimulation induced all of three
Bim isoforms at the level higher than those in naive B cells. On the
other hand, the expression level of anti-apoptotic proteins Bel-xy
and Mcl-1 was higher in naive B cells after BCR stimulation.
Given that the difference in expression levels of surface 1gM be-
tween two subsets (Fig. 1C) might cause these phenomena, we

tested Mcl-1 expression in naive and IgM™ memory B cells using
titrated doses of anti-IgM Ab. Higher levels of Mcl-1 in naive B
cells were observed at all doses of anti-IgM tested (Fig. 4C). Col-
lectively, these results suggest that after BCR stimulation, anti-
apoptotic Bel-x, and Mcl-1 are predominantly expressed in naive
B cells, whereas the proapoptotic protein Bim was more abun-
dantly expressed in [gM* memory B cells. The discrepancy of
mRNA and protein levels strongly suggests the existence of post-
transcriptional regulation of Bim and Mcl-1 expression in both
subsets.
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FIGURE 4. BCR-induced expression of Bel-2 family proteins in B cell subsets. Naive and [gM™* memory B cells were incubated for the indicated time
periods in the absence or presence of 20 mg/ml F(ab'), goat anti (a)-hIgM. A, Quantitation of Bim, Bcl-x,, and Mcl-1 mRNA by real-time PCR in B cell
subsets. Data are normalized to the expression of 18S rRNA. Results are representative of three independent experiments. =, p < 0.01. B, Cell lysates were
separated on a 12.5% SDS-PAGE gel, and analyzed by Western blotting with anti-Bim and -Mcl-1 sera and anti-Bcl-x;_ and -B-actin mAb. The results shown
are representative of five independent experiments. RE, Relative expression. C, Effect of a titrated dose of anti-IgM on Mcl-1 induction in B cell subsets.
Results are representative of three independent experiments. RE, relative expression.

PI3K activation plays a role in reciprocal regularion of Mcl-1
and Bim protein in B cell subsets

A previous report suggests a critical role of the PI3K pathway in
Mcl-1 expression (18). We tested an effect of a selective PI3K
inhibitor L¥294002 on BCR-induced Mcl-1 expression in naive B
cells (Fig. 54). Treatment of cells with Ly294002 strongly inhib-
ited Mcl-1 induction in naive B cells, suggesting a critical role of
PI3K activity in Mcl-1 expression in naive B cells. In contrast,
Ly294002 treatment induced the expression of Bim-EL protein
after BCR stimulation (Fig. 5A). These results suggest reciprocal
Mcl-1 and Bim expression is dictated by the PI3K pathway. We
thus monitored the phosphorylation of Akt, a downstream mole-
cule of PI3K, during BCR stimulation. Akt phosphorylation was
sustained for longer periods in naive B cells than [gM " memory B
cells (Fig. 5. B and C). A previous study showed that PI3K acti-
vation is critical for BCR-mediated induction of CD86 and CD69
surface expression in murine B cells (19). As shown in Fig. 1C,
expression levels of CD86 and CDG69 are higher in naive than
IeM™ memory B cells at a late time point. Collectively, these
results suggest that reciprocal expression of Mcl-1 and Bim protein
in both subsets could be explained by their distinet regulation of
the PI3K pathway.

Tell and Gal-1 are the critical mediators for B cell to express
Mcl-1 and Bim proteins, respectively

To identify the molecule responsible for sustained activation of the
PI3K pathway, we conducted gene expression profiling of B cell
subsets before and after BCR stimulation. A subset of genes dis-
played >2-fold differences between naive and IgM™ memory B
cells (data not shown). Among these genes, we focused on Tcll, a
potent Akt kinase coactivator (20, 21). We tested Tcll mRNA

expression in both subsets (Fig. 64). In the absence of stimuli, a
higher level of Tcll mRNA was observed in naive B cells than in
IgM™ memory B cells. BCR stimulation resulted in more than
10-fold mRNA induction of Tcll in naive B cells. We next eval-
uated the level of Tcll protein in both subsets (Fig. 68). Tell
protein was detected only in naive B cells irrespective of stimu-
lation. Reduction in the expression of Tcll protein implies the
existence of a posttranscriptional inhibitory mechanism of Tcll ex-
pression. To determine whether Tcll expression can induce Mcl-1
expression to promote B cell survival, Tcll transgene was overex-
pressed in IgM™ memory B cells. Enforced Tell expression induced
a high level of Mcl-1 expression in [gM™ memory B cells and pro-
tected their apoptotic cell death (Fig. 6, C and D). Thus, Tcll expres-
sion in naive, but not [gM™* memory B cells plays a critical role in
Mcl-1 expression that in turn promotes their survival.

We also sought to identify a molecule involved in Bim expres-
sion and apoptosis in [gM™ memory B cells. In a list of genes
identified in microarray analysis, higher levels of a glycoprotein
Gal-1in IgM ™" memory B cells were noted (data not shown). In the
absence of stimuli, Gal-1 mRNA was more expressed in IgM ™
memory B cells and BCR stimulation of this subset caused drastic
mRNA induction of this gene (Fig. 74). Consistent with its mRNA
expression, Gal-1 protein was abundantly expressed in IgM™*
memory B cells (Fig. 7B). To test whether Gal-1 expression can
induce Bim expression in B cells and enhance their apoptosis,
Gal-1 wansgene was overexpressed in naive B cells. Enforced
Gal-1 expression resulted in higher levels of Bim expression in
naive B cells, which is associated with the increment of apoptotic
cells by >2-fold (Fig. 7, C and D). These results suggest that Gal-1
plays a vital role in promoting Bim expression and inducing apo-
ptosis in IgM " memory B cells. Interestingly, Gal-1 also functions
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FIGURE 5. Regulation of Mcl-1 and Bim protein expression by the PI3K pathway. A, Naive B cells were pretreated with or without Ly294002 (Ly; 10
M) for 30 min and stimulated for 36 h in the absence or presence of 20 pg/ml F(ab’), goat anti («)-hlgM. Cell lysates were separated on a 12.5%
SDS-PAGE gel, and analyzed by western blotting with anti-Bim, -Mcl-1 sera, and anti-$-actin mAb. The results shown ave representative of three
independent experiments. B, Naive and IgM™ memory B cells were pretreated with or without Ly294002 (10 uM) for 30 min and stimulated for the
indicated time periods in the absence or presence of 20 ug/ml F(ab’), goat anti-human IgM. Cell lysates were separated on a 10% SDS-PAGE gel and
analyzed by Western blotting with anti-phospho-Akt sera and anti-B-actin mAb. Results are representative of three independent experiments. C, Densi-
tometric analyses of Akt phosphorylation in B cell subsets. The resulting values were expressed as the percentage in reference to that of BCR-stimulated
naive B cells at 0.5 h. Values are the mean * SD of three independent experiments. #, p < 0.05; =, p < 0.01.

as a soluble cytokine (22). Because activation of Akt and JNK is Akt phosphorylation, whereas it slightly enhanced JNK phospher-
critical for regulating Bim expression (23, 24), we tested the effect ylation in B cells upon BCR stimulation. Taken together, Gal-1
of recombinant Gal-1 on BCR-induced phosphorylation of Akt and regulates Bim expression through its effects on activation of Akt
INK in B cells. As shown in Fig. 7E, Gal-1 remarkably inhibited and JNK in B cells.
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FIGURE 6. Tcll is critical for Mcl-1 expression and survival of B cell subsets. Naive and IgM™ memory B cells were incubated for the indicated time
intervals in the absence or presence of 20 pg/ml F(ab'), goat anti (a)-hIgM. A, Quantitation of Tcll mRNA by real-time PCR in naive and IgM ™ memory
B cells. Data are normalized to the expression of 18S rRNA. Results are representative of five independent experiments. #, p < 0.01 (with reference to
unstimulated naive B cells). B, Cell lysates were separated on a 12.5% SDS-PAGE gel. and analyzed by Western blotting with anti-Tcll sera, and
anti-B-actin mAb. Results are representative of four independent experiments. [gM™ memory B cells were transfected with either pEGFP-empty or -Tcll
for 18 h and then stimulated with 20 pg/ml F(ab'), goat anti-hIgM for 24 h. C, After culture, intracellular Mcl-1 expression of GFP-positive cells was
analyzed by flow cytometry. Insets, Expression of Tcll transgene. Results are representative of three independent experiments. D. After culture, GFP-
positive cells were stained with PE-labeled annexin V and analyzed using flow cytometry. Percentages of annexin-positive cells are shown. Results are
representative histogram of three independent experiments. Cont, Control.
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18 h and then stimulated with 20 pg/ml F(ab'), goat anti-human 1gM for 24 h. C, After culture, intracellular Bim expression of GFP-positive cells was .

analyzed by flow cytometry. The insets depict the expression of Gul-/ transgene. Results are representative of three independent experiments. Cont, Control.
D. After culture, GFP-positive cells were stained with PE-labeled annexin V and analyzed using flow cytometry. Percentages of annexin-positive cells are
shown. Results are representative histograms of three independent experiments. £, Human B cells (CD19") were pretreated with or without recombinant
Gal-1 (10 ug/ml) for 12 h and stimulated for 5 min in the absence or presence of 20 ug/ml F(ab'), goat anti-human [gG/IgA/IgM. Cell lysates were
separated on a 10% SDS-PAGE gel, and analyzed by Western blotting with anti-phospho-Akt, -JNK sera, and anti-B-actin mAb. The results shown are

representative of three independent experiments. RE, Relative expression.

Discussion

Our study shows that BCR stimulation rescued naive B cells from
apoptosis with Mcl-1 induction, whereas it rather accelerated ap-
optosis of IgM™ memory B cells with Bim induction. Sustained
Akt activation in naive but not [gM™ memory B cells appears to be
critical for reciprocal expression pattern of these Bcl-2 family pro-
teins. Tcll and Gal-1, abundantly expressed in naive and IgM™
memory B cells, respectively, play a crucial role in regulating Akt
activation, thereby affecting their survival and death via the Bel-
2-regulated pathway.

BCR signals regulated Mcl-1 expression primarily at the protein
level (Fig. 4B), presumably because Akt up-regulates Mcl-1 post-
transcriptionally via regulating activation of glycogen synthase ki-
nase-3 (25). Sustained Akt activation in naive B cells (Fig. 5, B and
C) may thus be indispensable for continuous replenishment of
Mcl-1 protein due to extraordinary short half-life of Mcl-1 (26). In
contrast to Mcl-1, Bim transcription is negatively regulated by Akt
through via regulating activation of the forkhead transcription fac-
tor FOX03a (27). A small but significant increase in Bim mRNA
in [gM™ memory B cells (Fig. 44) in response to BCR stimulation
might be induced by immediate inactivation of Akt (Fig. 5, B and

C) in this subset. Thus, Akt signals might play a critical role in
controlling Mcl-1 and Bim expression reciprocally in these B cell
subsets.

In contrast to BCR-induced death, spontaneous cell death is
more pronounced in naive than in IgM ™ memory B cells (Fig. 34).
In addition, 2-day culture of naive B cells without stimuli caused
a further decrease in mitochondrial membrane potential (Fig. 3C),
suggesting that spontaneous cell death is regulated at the mito-
chondrial level presumably by Bcl-2 family proteins. We, how-
ever, found that in the absence of stimuli, expression levels of Bim
and Mcl-1 in naive and IgM~™ memory B cells are comparable
(data not shown). Therefore, Bim-Mcl-1 balances are not the main
determinant of spontaneous cell death in two subsets. Collectively,
Bim-Mcl-1 balances can regulate activation-induced death of B
cell subsets, whereas other Bcl-2 family proteins might be more
critical for the longevity of B cell subsets in the periphery.

We show here that Tcll and Gal-1 are differentially expressed in
human naive and IgM ' memory B cells. Tcll interacts with Akt
and functions as a potent Akt coactivator (20, 21). In Tcll-defi-
cient mice, the number of splenic follicular, germinal center, and
MZ B cells is reduced (28). Our data suggest that Tell positively
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regulates Akt activation, resulting in Mcl-1 expression in B cells
(Fig. 6). To date, three Tcll isoforms have been identified in mice
and humans: Tcll, TCL1B, and MTCP1. Our analysis showed that
Tecll and MTCP1 but not TCL1B mRNA are expressed in human
naive and IgM ' memory B cells, whereas the expression level of
Tcll mRNA is different between the subsets (data not shown).
These data suggest that the difference in Tell expression between
the subsets (Fig. 6) does not reflect the expression patterns of Tell
isoforms in each subset. In contrast to Tell, Gal-1 induced Bim
protein and enhances apoptosis in B cells (Fig. 7, € and D). Fur-
thermore, Gal-1 significantly inhibited BCR-dependent activation
of Akt, leading to the up-regulation of proapoptotic Bim (Fig. 7, C
and E). Gal-1 slightly enhanced BCR-induced JNK phosphoryla-
tion (Fig. 7E). Because JNK activation positively regulates Bim-
induced apoptosis (24, 29), Gal-1 may induce Bim expression in
IgM™ memory B cells also by positively regulating JNK
activation.

Gal-1 may play a critical role in the maintenance of B cell tol-
erance. [n fact, anergic B cells express higher levels of Gal-1 than
wild-type cells do (30). Gal-1 induces tolerogenic dendritic cells
and promotes the expansion of regulatory T cells in vivo (31). In
addition, a high level of Gal-1 is required for naturally occurring
CD4*CD25" T cells to maintain their optimal T, function (32).
These data raise an interesting possibility that human IgM™* mem-
ory B cells play a critical role in the regulation of DC and Treg
functions through Gal-1 production. In contrast, abnormal expres-
sion of Tell could link to the pathogenesis of B cell malignancies.
Tcl l-transgenic mice reveal an expansion of the D5 IgM™ pop-
ulation that is reminiscent of human B cell chronic lymphocytic
leukemia (CLL) (33), and high Tcll expression in human B cell
CLL correlates with an aggressive CLL phenotype showing un-
mutated Ig variable region genes and ZAP70 positivity (34). These
data collectively suggest that fine-tuning of the balance between
Gal-1 and Tell expression is critical for the homeostasis of human
B cell subsets.

Random generation of BCRs results in the emergence of a large
number of self-reactive B cells, together with pathogen-specific B
cells. BCR-induced cell death and anergy are thus critical for purg-
ing or silencing self-reactive B cells. However, there are signifi-
cant differences in self-reactivity between human B cell subsets: in
healthy individuals; up to 20% of mature naive B cells express
self-reactive BCRs, whereas IgM™ memory B cells are devoid of
such self-reactive BCRs (5, 6). Bim plays a critical role in BCR-
induced cell death and anergy based on the fact that Bim defi-
ciency causes a substantial expansion of autoreactive B cells lead-
ing to autoimmune diseases (10, 35). Thus, Bim expression in
IgM™ memory B cells may serve a novel safeguard mechanism
that allows efficient elimination or inactivation of the self-reactive
repertoire. Our data suggest that the balance between Mcl-1 and
Bim is critical in determining B cell survival and death. [t has been
shown that constitutive expression of B cell-activating factor of the
TNF family (BAFF), a survival-promoting cytokine for murine B
cells, can break B cell tolerance through expanding self-reactive B
cell populations in MZ (36, 37). BAFF exerts its effects on murine
B cell survival through down-regulating Bim and up-regulating
Mecl-1 (38, 39). We found that BCR-induced death in human 1gM ™
memory B cells is abrogated in the presence of BAFF (data not
shown). Because patients with systemic lupus erythematosus and
Sjdgren’s syndrome have elevated levels of serum BAFF (37), it is
important to test whether self-reactive [gM* memory B cells are
expanded in these autoimmune diseases.

In summary, BCR signaling dictates survival and death in hu-
man naive and IgM™ memory B cells, respectively. These pheno-
types are driven by reciprocal expression of Bcl-2 family proteins

such as Mcl-1 and Bim in these B cell subsets. Tcll and Gal-1 are
expressed in naive and IgM™ memory B cell subsets, respectively.
Tecll and Gal-1 might play critical roles in the expression of Mcl-1
and Bim, at least through regulating Akt activation. Therefore, a
unique set of molecules such as Tcll and Gal-1 defines distinct
BCR signaling cascades, dictating fate of human naive and IgM™
memory B cells.
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Hyper-IgE syndrome (HIES) is a primary immunodeficiency characterized by atopic manifes-
tations and susceptibility to infections with extracellular pathogens, typically Staphylococ-
cus aureus, which preferentially affect the skin and lung. Previous studies reported the
defective differentiation of T helper 17 (Th17) cells in HIES patients caused by hypo-
morphic STAT3 mutations. However, the apparent contradiction between the systemic Th17
deficiency and the skin/lung-restricted susceptibility to staphylococcal infections remains
puzzling. We present a possible molecular explanation for this enigmatic contradiction.
HIES T cells showed impaired production of Th17 cytokines but normal production of
classical proinflammatory cytokines including interleukin 1B. Normal human keratinocytes
and bronchial epithelial cells were deeply dependent on the synergistic action of Th17
cytokines and classical proinflammatory cytokines for their production of antistaphylococ-
cal factors, including neutrophil-recruiting chemokines and antimicrobial peptides. In
contrast, other cell types were efficiently stimulated with the classical proinflammatory
cytokines alone to produce such factors. Accordingly, keratinocytes and bronchial epithelial
cells, unlike other cell types, failed to produce antistaphylococcal factors in response to
HIES T cell-derived cytokines. These results appear to explain, at least in part, why HIES
patients suffer from recurrent staphylococcal infections confined to the skin and lung in
contrast to more systemic infections in neutrophil-deficient patients.

The identification of Th17 cells as a third sub-
set of helper T cells has illuminated the fact that
distinct subsets of helper T cells have been
evolved to protect our body from infections by
various types of microorganisms and are in-
volved differently in the induction and exac-
erbation of various immunological disorders.
Th17 cells are characterized and distinguished
from IFN-y—producing Thl cells and IL-4-
producing Th2 cells by their production of
so-called Th17 cytokines including IL-17 (IL-
17A), IL-17F, and IL-22 (1-4). For their dif-
ferentiation from naive CD4 T cells, Th17 cells
require different cytokines and transcription
factors than do Th1, Th2, or regulatory T cells.
The roles of Th17 cells in immune responses

are also different from those of other helper
T cells. In particular, their pathological roles
in autoimmune and inflammatory diseases, in-
cluding multiple sclerosis, rheumatoid arthritis,
psoriasis, and inflammatory bowel diseases, have
been studied extensively (5-10).

Although the functions of Th17 cells under
physiological conditions have not been com-
pletely elucidated, accumulating data suggest that
Th17 cells play crucial roles in the host de-
fense against extracellular pathogens that are
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not efficiently cleared by Thl- and Th2-type immune re-
sponses. Th17-type cytokines IL-17A and IL-17F are impor-
tant for the recruitment of neutrophils (11), whereas IL-22
induces the production of antimicrobial peptides B-defensin
(BD) 2 and BD3 by keratinocytes, through the activation of
STAT3 (12-14). Mice with a homozygous deletion of the
gene encoding the IL-17RA (IL-17 receptor A) and mice
that do not produce IL-22 are susceptible to lung infection
by the Gram-negative bacteria Klebsiella pneumoniae and My-
coplasm pulmonis (15-17). Mice that produce neither IL-17A
nor IL-17F are susceptible to skin infection by the Gram-
positive bacteria Staphylococcus aureus (18). Administration of
anti—IL-17A neutralizing antibodies impairs both the intra-
abdominal abscess formation in response to Bacteroides fragilis
and Escherichia coli (19-21) and the host defense against sys-
temic infection by the fungus Candida albicans (22). These
data indicate that Th17 cells play a key role in immune re-
sponses to extracellular bacteria and fungi in mice. In con-
trast, the anti-pathogenic roles of Th17 cells in humans are
relatively uncertain.

Recent studies demonstrated that the differentiation of hu-
man Th17 cells was defective in patients with hyper-IgE syn-
drome (HIES) (23-26). HIES is a primary immunodeficiency
disease caused by dominant-negative mutations in the DNA-
binding domain, SH2 domain, or transactivating domain of
STAT3 (26-28). As expected from the important roles of
STAT3 in transducing signals for a variety of cytokines, growth
factors, and hormones, patients with HIES display complex
clinical manifestations in multiple organs, including atopic der-
matitis with high serum IgE levels and abnormalities of the
bones and teeth (29-32). Most patients suffer from recurrent
infections by fungi and bacteria, predominantly the Gram-posi-
tive bacteria S. aureus. The presence of these infections suggests
that Th17 cells play a crucial role in protection from extracellu-
lar pathogens, not only in mice but also in humans. However,
curiously, the staphylococcal infections in HIES patients are of-
ten confined to the skin and lung and manifest clinically as skin
abscesses and cyst-forming pneumonia. These skin- and lung-
restricted infections are in sharp contrast to the pattern of infec-
tion observed in patients with a neutrophil deficiency. For
example, in patients with chronic granulomatous disease
(CGD), staphylococcal infections occur in a wide variety of or-
gans including the lung, lymph nodes, skin, liver, bone, gastro-
intestinal tract, kidney, and brain (33). Thus, it remains elusive
why HIES patients suffer from skin- and lung-restricted staphy-
lococcal infections in spite of their systemic Th17 deficiency.

In the present study, we explored possible molecular
mechanisms underlying the recurrent staphylococcal infections
confined to the skin and lung in HIES patients. We found that
primary human keratinocytes and bronchial epithelial cells dis-
played a much stronger dependence than other cell types on
Th17 cytokines in their production of antistaphylococcal fac-
tors including the neutrophil-recruiting chemokines and anti-
bacterial peptides. T cells from HIES patients, in spite of their
defect in production of Th17 cytokines, showed normal pro-
duction of other proinflammatory cytokines, including IL-1j3,
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which was insufficient for triggering keratinocytes and bron-
chial epithelial cells but sufficient for other cell types to pro-
duce antistaphylococcal factors. Th17 cytokines and classical
proinflammatory cytokines synergistically stimulated keratino-
cytes and bronchial epithelial cells, but the synergy was not
seen in other types of cells. These findings provide a possible
molecular explanation for the apparent contradiction between
the systemic Th17 deficiency and the skin and lung-restricted
staphylococcal infections in HIES patients.

RESULTS

HIES T cells produce little or no Th17 cytokines and fail

to stimulate keratinocytes to secrete neutrophil-recruiting
chemokines and BDs

We first examined the profile of cytokines produced by T cells
from our cohort of HIES patients whose STAT3 genes carried
mutations. The amounts of IL-17A and IL-22 secreted from
the patients’ T cells upon stimulation with anti-CD3 and anti-
CD28 mAbs were invariably only ~5-10% of those from
healthy control subjects, which is in accordance with previous
results (23—26), whereas the production levels of IFN-y, IL-18,
and TNF-o were comparable in the two groups (Fig. 1).
Real-time quantitative RT-PCR demonstrated that the up-
regulation of IL-17F expression by the patients’ T cells was also
impaired (unpublished data). Thus, the patients’ T cells showed
a selective defect in the production of Th17 cytokines.

We next investigated the functional consequences of the
Th17 deficiency in the context of staphylococcal infections of
the skin. Normal human primary epidermal keratinocytes were
cultured in vitro with culture supernatants from HIES patients’
or control subjects’ T cells that had been unstimulated or stim-
ulated with anti-CD3 plus anti-CD28. The expression and
production of two chemokines, CXCL8 (IL-8) and CCL2,
was up-regulated in the keratinocytes cultured with the condi-
tioned medium from activated control T cells (Fig. 2 A and
Fig. S1). In contrast, although CCL2 was also up-regulated by
the conditioned medium from activated HIES T cells, CXCL8
was not (Fig. 2 A and Fig. S1). Among the three antimicrobial
peptides (BDs) examined, at the mRINA and protein level the
expression of BD1 but not BD2 or BD3 was up-regulated in
keratinocytes when they were stimulated with conditioned
medium from the T cells of HIES patients, but all three were
up-regulated by the conditioned medium from the control
subjects’ T cells (Fig. 2 A and Fig. S1). Thus, the HIES pa-
tients’ T cells could not stimulate keratinocytes to produce a
significant amount of the neutrophil-recruiting chemokine
CXCLS or the antimicrobial peptides BD2 and BD3, but they
could stimulate the up-regulation of CCL2 and BD1.

T cell-derived Th17 cytokines are responsible

for the production of CXCL8 and BDs from keratinocytes
When the supernatants from activated control T cells were
treated with the combination of anti-IL-17A and anti-IL-22
blocking mAbs before incubation with keratinocytes, their
capability of stimulating keratinocytes to up-regulate CXCLS,
BD2, and BD3 was diminished to the level displayed by the
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HIES patients’” T cells (Fig. 2 A and Fig. S1). Either anti-IL-
17A or anti—IL-22 alone was less effective than their combi-
nation (Fig. S2). Thus, the defective production of chemokines
and BDs by keratinocytes in response to the conditioned me-
dium from the patients’ T cells was attributable to the T cells’
defective production of Th17 cytokines.

We next examined the direct effect of the keratinocyte-
derived factors on the growth of Staphylococcus aureus using a
colony-forming assay (Fig. 2, B and C). When bacteria were
cultured with the culture supernatant from keratinocytes stim-
ulated by control T cells, the number of bacterial colonies was
reduced to 60% as compared with that when cultured with
control medium. However, this was not the case when HIES
T cells were used to stimulate keratinocytes. The antibacterial
activity was completely abrogated when the culture superna-
tant from the control T cells was pretreated with the blocking
mAbs for IL-17A and IL-22 before it was added to the kerati-
nocytes (Fig. 2 B), and it was attenuated when the keratinocyte
supernatants were pretreated with an anti-BD3 mAb before
their application to the bacterial culture (Fig. 2 C). These re-
sults indicated that control but not HIES T cells produced
Th17 cytokines that, in turn, acted on keratinocytes to elicit
their secretion of antimicrobial factors including BD3.

Keratinocytes and bronchial epithelial cells display a greater
dependence on Th17 cytokines for their production

of chemokines and BDs than other cell types

To learmn why the staphylococcal infections are confined to the
skin and lung in HIES patients, we analyzed different lineages
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of human primary cells for their ability to secrete chemokines
and BDs in response to T cell-derived factors including Th17
cytokines. We first compared their responsiveness to culture
supernatants from either control or patient T cells that were
activated with anti-CD3 and anti-CD28 mAbs. Primary bron-
chial epithelial cells responded to the T cell conditioned me-
dium just as the primary keratinocytes did. That is, both cell
types up-regulated the expression and production of chemo-
kines (CXCL8 and CXCL1) and BDs (BD2 and BD3) when
incubated with the supernatants from control T cells but not
from HIES T cells (Fig. 3 A and Fig. S3). Interestingly, pri-
mary dermal fibroblasts, human umbilical vein endothelial
cells (HUVEC), and human lung microvascular endothelial
cells (HMVEC-L) responded equally well, in terms of their

. secretion of the chemokines and BDs, to the supernatants from
control or patient T cells (Fig. 3 A and Fig. $3). This was also
true for the expression and production of CXCL8 and CXCL1
by human macrophages (Fig. 3 A and Fig. $3). Human mac-
rophages did not produce detectable amounts of BDs. Thus,
keratinocytes and bronchial epithelial cells responded differ-
ently to T cell-derived factors than the other cell types tested
and appeared to be much more dependent on Th17 cytokines
for their induction to secrete chemokines and BDs.

These findings prompted us to examine the responses of
different cell types to individual cytokines and their combi-
nations, including the Th17 cytokines (IL-17A, IL-17F, and
IL-22), classical proinflammatory cytokines (IL-18, TNF-a, and
IFN-v), or both. Keratinocytes secreted CXCL8 in response
to IL-17A, IL-22, IL-1B, or TNF-a in a dose-dependent
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Figure 1. HIES T cells produce greatly reduced amounts of Th17 cytokines and normal amounts of classical proinflammatory cytokines upon
activation. PBMCs from HIES patients (Pt) and control subjects (Cont.; n = 8 each, indicated by dots) were stimulated (+) or not (=) with anti-CD3 and
anti-CD28 for 72 h, and the concentration of the indicated cytokines in their culture supernatants was determined by ELISA. The results shown are repre-

sentative of three independent experiments. **, P < 0.01.
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manner, but they responded poorly to IL-17F and IFN-y
(Fig. S4 A). Using the Th17 cytokine cocktail or the classical
proinflammatory cytokine cocktail resulted in some additive
effect on the keratinocytes’ secretion of CXCL8 (Fig. S4,
B and C). In contrast, the combination of both types of cyto-
kines dramatically enhanced the CXCL8 production by the
keratinocytes (Fig. 3 B and Fig. S5). This was also the case
for bronchial epithelial cells (Fig. 3 B). In contrast, fibroblasts,
HUVEC, and HMVEC-L secreted a large quantity of CXCL8
in response to the classical proinflammatory cytokine cocktail,
but the further addition of Th17 cytokine cocktail caused no
significant enhancement of CXCL8 production (Fig. 3 B).
Furthermore, the Th17 cytokine cocktail was much less effec-
tive in stimulating fibroblasts, HUVEC, and HMVEC-L than
the classical cytokine cocktail, and the amount of CXCL8
produced by the Th17 cytokine cocktail-treated fibroblasts,
HUVEC, and HMVEC-L was ~10-30% of that produced by
stimulation with the classical proinflammatory cocktail.
Macrophages responded to the cytokines in a pattern similar
to fibroblasts, HUVEC, and HMVEC-L, although the mac-
rophages produced 10X less CXCL8 than the others.

In keratinocytes and bronchial epithelial cells, the marked
synergy caused by combining the Th17 and classical proin-

A CXCLS8

BD2
%%

flammatory cytokines affected not only the expression of
CXCLS8 but also that of other chemokines (CXCL1 and
CXCL2) and BDs (BD2 and BD3; Fig. S6 A). In accordance
with this finding, the supernatants of keratinocytes stimu-
lated with the Th17—classical cytokine combination caused
robust neutrophil chemotaxis compared with the superna-
tants from keratinocytes stimulated with only one of the
cocktails (Fig. S6 B).

Previous studies demonstrated that the stimulation of ke-
ratinocytes with toll-like receptor (TLR) 2 ligands induces
the production of the chemokines and antimicrobial peptides
(34, 35). In agreement with this, the keratinocytes showed
up-regulated CXCL8 secretion and BD expression in re-
sponse to lipoteichoic acid, peptidoglycan, or fixed S. aureus,
but the extent of up-regulation was <10% of that observed
after stimulation with the combination of Th17 and proin-
flammatory cytokines (Fig. S6 C).

Molecular mechanisms underlying the unique responsiveness
of keratinocytes and bronchial epithelial cells to Th17
cytokines in synergy with other proinflammatory cytokines
To explore the possible molecular basis of the poorer re-
sponse of keratinocytes and bronchial epithelial cells to the
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Figure 2. Supernatants of activated HIES T cells fail to stimulate keratinocytes to secrete significant amounts of antibacterial factors.

In the presence or absence of anti-IL-17A plus anti-IL-22 (A and B), anti-BD3 (C), or isotype-matched control antibodies, primary human keratinocytes were
incubated for 48 h with the supernatants of HIES (Pt or control (Cont) T cells that had been stimulated (+) or not (—) with anti-CD3 and anti-CD28 for
72 h as in Fig. 1. (A) The concentration of CXCL8, BD2, and BD3 in keratinocytes supernatants was determined by ELISA. Representative data from one
patient and one control are shown (mean + SD; n = 3), and similar results were obtained from the other patients and controls. (B and C) The culture su-
pernatants of keratinocytes were analyzed for their antistaphylococcal activity by the colony assay (mean + SD; n = 3). The results shown in are represen-

tative of at least three independent experiments. **, P < 0.01.
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classical proinflammatory cytokines, as compared with the
other types of cells, we analyzed the expression of the classical
cytokine IL-1R1 (IL-1 receptor) and its antagonists IL-1R2
and IL-1Ra (Fig. 4, A and B). Compared with fibroblasts,
keratinocytes expressed 1/600th of IL-1R1 transcripts, 170-
fold more IL-1Ra transcripts, and 260-fold more IL-1R2
(Fig. 4 A). The great difference in their expression between
keratinocytes and fibroblasts was also confirmed at the pro-
tein level (Fig. 4 B). Bronchial epithelial cells showed the ke-
ratinocyte-type expression, whereas HUVEC and HMVEC-L
displayed the fibroblast-type expression (Fig. 4 A and not de-
picted). Consistent with this result, keratinocytes showed a

much poorer up-regulation of c-Fos and IL-6 than fibroblasts
in response to IL-1B (Fig. 4 C). This appeared to partly ex-
plain why keratinocytes and bronchial epithelial cells were
less sensitive to the classical proinflammatory cytokines than
fibroblasts but did not account for the strong synergy be-
tween the Th17 and the classical proinflammatory cytokines
in the keratinocytes. Therefore, we next examined the possi-
ble cross-talk between the two types of cytokines in terms of
the regulation of cytokine receptor expression.

We found that the expression of the Th17 cytokine re-
ceptors IL-17RA, IL-17RC, and IL-22R was up-regulate, in
keratinocytes incubated with the classical proinflammatory
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Figure 3. Keratinocytes and bronchial epithelial cells show greater dependence on Th17 cytokines for the production of chemokines and
BDs than other cell types. Primary human keratinocytes, bronchial epithelial cells, dermal fibroblasts, endothelial cells (HUVEC and HMVEC-L), and mac-
rophages were incubated for 48 h with T cell supernatants that were prepared as described in Fig. 1A or with the Th17 cytokine cocktail (Th17 mix:
IL=17A + IL-17F + 1L-22), the classical proinflammatory cytokine cocktail (classical mix: TNF-a + IL-1B + IFN-v), or the combination of both (both mix; B).
The concentration of CXCL8, BD2, and BD3 in their culture supernatants was determined by ELISA. Representative data from one patient and one control
are shown in A (mean + SD; n = 3), and similar results were obtained from the other patients and controls. The results shown are representative of at

least three independent experiments. **, P < 0.01.
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Figure 4. Distinct‘expression and regulation of the cytokine receptors in keratinocytes and fibroblasts compared with those in other cell
types. (A) The expression of IL-1R1, IL-TRa, and IL-1R2 in the indicated cells was determined by quantitative RT-PCR. Data shown were normalized to
HPRT levels, and the level of expression in keratinocytes was defined as 1.0. (B) IL-1R1, IL-1R2, and IL-1Ra proteins in keratinocytes and fibroblasts were
detected by immunoblotting. (C) Keratinocytes and fibroblasts were cultured for 15 min with the indicated concentration of IL-1B and analyzed by quan-
titative RT-PCR for the expression of c-Fosand IL-6. Data shown were normalized to HPRT levels, and the level of expression in cells cultured without
IL-1B was defined as 1.0 for each cell type. (D) Keratinocytes cultured as in Fig. 3 B were analyzed by quantitative RT-PCR for the expression of IL-17RA,
IL-17RC, and IL-22R. The data shown were normalized to the HPRT levels, and the level of expression in cells cultured without any added cytokine was
defined as 1.0. The results shown are representative of three independent experiments. Error bars show mean + SD (n = 3).*, P < 0.05;**, P < 0.01.
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cytokines but not the Th17 cytokines (Fig. 4 D and Fig. S7).
Conversely, in keratinocytes incubated with the Th17 cyto-
kines, the expression of the receptors for the classical proin-
flammatory cytokines was up-regulated, albeit less markedly
(unpublished data). This reciprocal up-regulation of cytokine
receptor expression was also observed in bronchial epithelial
cells (unpublished data). These findings could account, at least
in part, for the synergistic effect of the Th17 and the classical
proinflammatory cytokines on the production of antibacterial
factors by keratinocytes and bronchial epithelial cells.

HIES T cells show poor ability of stimulating keratinocytes
in response to staphylococcal superantigens

and candida antigens

We next investigated the responses of HIES T cells under
more clinically relevant conditions to obtain a better insight
into the susceptibility to staphylococcal infections observed
in HIES patients. When stimulated with the S. aureus—derived
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superantigens for T cells, staphylococcal enterotoxin B (SEB),
HIES patients’ T cells produced drastically reduced amounts
of IL-17A and IL-22, <10% of those produced by control
T cells (Fig. 5 A). In contrast, the IL-18 production was
normal, and the IFN-y and TNF-a production was even
enhanced in SEB-stimulated HIES T cells (Fig. 5 A). It is of
note that the supernatants of SEB-stimulated HIES T cells
showed much poorer ability to induce the production of
CXCL8 and BD2 in keratinocytes compared with those from
control T cells (Fig. 5 B). In contrast, both supernatants from
HIES and control T cells almost equally well stimulated fi-
broblasts to produce CXCL8 and BD2. The combination of
anti-IL-17A and —IL-22 efficiently inhibited the CXCL8/
BD2-inducing activity of control T cells’ supernatants in ke-
ratinocytes but showed no significant inhibition in the
CXCL8/BD2 production from fibroblasts that were stimu-
lated with the supernatants from either control or HIES
T cells (Fig. 5 B). These results strongly suggested that Th17
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Figure 5. HIES T cells show poor ability of stimulating keratinocytes in response to staphylococcal superantigens and candida antigens.

(A) PBMCs from HIES patients (Pt) and control subjects (Cont.; n = 6 each, indicated by dots) were stimulated or not (—) with SEB (S, 100 ng/ml) or CAA
(C, 1/20,000 valfval) for 5 d, and the concentration of the indicated cytokines in. their culture supernatant was determined by ELISA. (B and C) Fibroblasts
and keratinocytes were cultured for 48 h in the absence (—) or presence (S) of SEB or with the supernatants of patients (Pt.) or control (Cont) PBMCs that
had been unstimulated (—) or stimulated with SEB (S) as in A, in the presence or absence of anti-IL-17A + anti-IL-22 or isotype-matched control anti-
bodies. Their culture supernatants were analyzed by ELISA for the secretion of CXCL8 and BD2 (B) and evaluated for their neutrophil chemotactic activity
(C). The results shown are representative of two independent experiments. Error bars show mean + SD (n = 3).**, P < 0.01.
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cytokines secreted by SEB-stimulated T cells played a critical
role in the induction of CXCL8 and BD2 production in ke-
ratinocytes but not in fibroblasts. In accord with these results,
supernatants of keratinocytes stimulated with HIES T cells
showed little or no ability of neutrophil chemoattraction,
whereas those of keratinocytes stimulated with control T cells
and those of fibroblasts stimulated with either control or
HIES T cells induced robust neutrophil chemotaxis (Fig. 5 C).
These in vitro findings may account in part, if not entirely,
for the skin/lung-confined susceptibility to staphylococcal
infections observed in HIES patients.

We further examined the responsiveness of HIES T cells to
Candida albicans antigen (CAA). HIES T cells showed impaired
cytokine production in response to CAA in the essentially same
pattern as observed in response to SEB (Fig. 5 A). This may also
explain in part the incidence of mucocutaneous infections with
C. albicans that is often observed in HIES patients.

DISCUSSION
In the present study, we demonstrated that skin and lung epi-
thelial cells displayed an unusual pattern of responsiveness to
Th17 and other proinflammatory cytokines that was distinct
from that of the other cell types tested. This previously unrec-
ognized modes of cytokine responses could fill in the apparent
gap between the systemic Th17 deficiency and the tissue-
dependent susceptibility to staphylococcal infections in the
HIES patients. Both Th17 cytokines and other classical
proinflammatory cytokines stimulate a variety of cells to pro-
duce neutrophil-recruiting chemokines and antimicrobial
peptides, which are important for providing protection against
bacterial infections (7). We found that skin and lung epithelial
cells efficiently secreted antibacterial factors only when stimu-
lated with a combination of Th17 cytokines and classical pro-
inflammatory cytokines. These observations were made using
primary cells that were grown on plastic. In contrast, fibro-
blasts, endothelial cells, and macrophages efficiently secreted
antibacterial factors when stimulated with the classical proin-
flammatory cytokines alone. Thus, skin and lung epithelial
cells showed a much higher dependence on Th17 cytokines,
in synergy with the classical proinflammatory cytokines, than
the other cell types. The classical proinflammatory cytokines
up-regulated the expression of Th17 cytokine receptors and,
conversely, the Th17 cytokines up-regulated the expression
of receptors for the classical proinflammatory cytokines, albeit
less strongly. This reciprocal up-regulation of cytokine recep-
tor expression could be one of the molecular mechanisms
underlying the strong synergy between the Th17 and classical
proinflammatory cytokines in skin and lung epithelial cells.
This synergistic action of the cytokines appears to account
in part, if not entirely, for the skin- and lung-restricted staphy-
lococcal infections of HIES patients. S. aureus produces en-
terotoxins, including SEB, that function as superantigens
to stimulate the bulk of T cells. The HIES patients’ T cells
showed impaired production of Th17 cytokines in response to
SEB but normal production of the classical proinflammatory
cytokines. Therefore, the skin and lung epithelial cells of HIES

1298

patients, unlike other cell types, probably do not secrete suffi-
cient amounts of neutrophil-recruiting chemokines and the
antimicrobial peptide BD:s to fend off staphylococcal infection.
With regard to the sites of bacterial infections, it is important
to consider the pathogen’s characteristics. The tendency of
S. aureus to colonize the skin and upper respiratory tract may
explain the skin/lung-restricted staphylococcal infections ob-
served in HIES patients. It is of note, however, that CGD
patients suffer from staphylococcal infections that occur in a
wide variety of organs, including the lung, lymph nodes, skin,
liver, bone, gastrointestinal tract, kidney, and brain (33). The
difference in the spectrum of affected tissues between HIES
and CGD patients strongly suggests that the host factors, in
addition to the pathogen’s intrinsic factors, would determine
the preferential sites of infections. In HIES patients, unlike
in CGD patients, the neutrophils themselves are normal in
their number and function; however, they probably cannot
be recruited to the skin and lung because HIES T cells cannot
induce the skin and lung epithelial cells to produce neutrophil-
recruiting chemokines like CXCLS8, even though we cannot
formally exclude the possibility that the STAT3 mutation
in the epithelial cells of HIES patients also contributes to
impaired production of antistaphylococcal factors including
CXCLS8. Mice deficient for IL-17RA or IL-22 and mice
treated with an anti—IL-17A blocking antibody are susceptible
to infections with Gram-negative bacteria, such as K. pneu-
moniae, M. pulmonis, B. fragilis, E. coli, and Citrobacter rodentium,
which are rarely observed in HIES patients (16, 17, 20, 21, 36,
37). The reason for this difference between human and mouse
in bacterial susceptibility remains to be determined.

TLR-mediated signals are known to be important for im-
mune protection from staphylococcal infections. The outer
cell wall of Staphylococcus aureus is composed of exposed pepti-
doglycan and lipoteichoic acid, which are recognized by
TLR2 (38—40). Mice deficient in TLR 2 and patients deficient
in IRAK4, a transducer of TLR signaling, show increased
susceptibility to staphylococcal infections (41-43). Impor-
tantly, TLR2 signaling is intact in HIES patients (44, 45). We
demonstrated in the present study that keratinocytes indeed
produced antibacterial factors in response to TLR2 ligands,
but the amounts were <10% of those induced when the cells
were stimulated with the combination of Th17 and classical
proinflammatory cytokines. Thus, TLR2-mediated signaling
alone appears to be insufficient for the full protection against
staphylococcal infection of the human skin and lung.

Skin and lung epithelial cells are located, respectively, at
the major outer and inner surface barriers of the body, and are
constantly exposed to agents from the environment. There-
fore, these cells probably need to discriminate between
infectious and noninfectious agents to avoid unnecessary in-
flammation. The present study demonstrated that they secrete
antibacterial factors only when they receive stimuli from both
classical proinflammatory cytokines delivered by innate im-
munity—type cells and Th17 cytokines delivered by T cells.
Thus, an attractive hypothesis is that epithelial cells have been
equipped by evolution to respond poorly to the first alert
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signal, i.e., the classical proinflammatory cytokines produced by
innate immunity cell types, which might be evoked even by
noninfectious agents. Infectious agents, such as S. aureus, could
evoke the production of the second alert signal, i.e., Th17 cyto-
kines produced by T cells, in addition to the first alert signal.
This would allow the epithelial cells to respond selectively to
pathogens. In HIES patients, the second alert signal is not deliv-
ered because of the Th17 deficiency, which probably results in
skin- and lung-restricted staphylococcal infections.

Accumulating evidence indicates that Th17 cells and their
products are very important in the induction and propaga-
tion of autoimmunity (5-10). Therefore, the neutralization of
Th17 cytokines appears to be a promising therapeutic strat-
egy for the control of inflammation in autoimmune disor-
ders. Moreover, antagonists of STAT3 are considered good
candidates for the treatment of tumors because a variety
of tumor cells show up-regulated STAT3 expression (46).
However, our data indicate that such treatments would ren-
der patients susceptible to staphylococcal infection, particu-
larly of the skin and lung, as observed in HIES. Fortunately,
our study also suggests that this undesirable side effect might
be prevented or treated by the local application of neutro-
phil-recruiting chemokines and BDs or their derivatives.

In summary, we demonstrated in the present study that
T cells from HIES patients, in spite of their defect in produc-
tion of Th17 cytokines, showed normal production of other
proinflammatory cytokines including IL-1B in response to
staphylococcal antigens, which was insufficient for triggering
keratinocytes and bronchial epithelial cells but sufficient for
.other cell types to produce antistaphylococcal factors. This pro-
vides a possible molecular explanation for the apparent contra-
diction between the systemic Th17 deficiency and the skin- and
lung-restricted staphylococcal infections in HIES patients.

MATERIALS AND METHODS

Patients. All eight patients enrolled in this study had typical findings associ-
ated with HIES and a National Institutes of Health score >40 points (27). The
diagnosis was confirmed by the identification of the mutations in the STAT3
gene. The study was approved by the Tokyo Medical and Dental University
Ethics Committee, and written informed consent was obtained from the pa-
tients. All of the patients were in a healthy state when their blood samples were
collected. Blood samples from patients and age-matched healthy subjects were
obtained and PBMCs were prepared by density-gradient centrifugation.

Cell culture. PBMCs were cultured in 96-well plates in RPMI medium
1640 supplemented with 1% penicillin/streptomycin, 1% glutamine, and
10% heat-inactivated FCS. Cultures were stimulated with a 1:100 (vol/vol)
dilution of anti-CD3 and anti-CD28 beads (Invitrogen). For some experi-
ments, the following mAbs, cytokines, and TLR ligands were added: 20 ng/
ml IL-17A, 200 ng/ml IL-17F, and 200 ng/ml IL-22 (R&D Systems); 10
ng/ml TNF-a, 10 ng/ml IL-1B, 10 ng/ml IFN-y (PeproTech); neutralizing
antibodies against IL-17, IL-22, and BD3 (R&D Systems); TLR ligands (In-
vivoGen); fixed S. aureus (EMD); SEB (Toxin Technology); and C. albicans
skin test antigen (Torii Pharmaceutical Co., Ltd). .
Culture of human keratinocytes, bronchial epithelial cells, fibro-
blasts, endothelial cells, and macrophages. Human epidermal keratino-
cytes and bronchial epithelial cells (Lonza) were propagated as adherent cells
to plastic in RPMI 1640 medium containing bovine pituitary extract,
human epidermal growth factor, insulin, hydrocortisone, gentamicin, and
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amphotericin at 37°C in a 5% CO, incubator. Human primary dermal
fibroblasts, HUVEC, HMVEC-L were obtained from Lonza. Macrophages
were derived from adherent cells in PBMCs cultured in the presence of
30 ng/ml GM-CSF for 7 d.

RNA isolation and real-time quantitative RT-PCR. Cells were har-
vested for total RNA isolation using the R Neasy Miniprep kit (QIAGEN),
according to the manufacturer’s instructions. Total RNA was reverse tran-
scribed using the PrimeScript transcription kit (Takara Bio Inc.). An aliquot
of the RT reaction was used as a template for real-time PCR in triplicate us-
ing a SYBR Green MasterMix (Takara Bio Inc.) on an Mx3005P thermo-
cycler (Agilent Technologies) with SYBR green I dye as the amplicon
detector and ROX as the passive reference. The gene for HPRT was ampli-
fied as an endogenous reference. Quantification was determined using both
a standard curve and comparative AACT methods.

ELISA. Conditioned medium from cultured cells was collected after the
cells were stimulated and stored at —80°C until use. IL-17A (eBioscience),
IL-22 (RS&D Systems), [EN-y, TNF-a,, IL-1B, CXCL8 (BD), BD2 (KOM-
ABIOTECH), and BD3 (Alpha Diagnostics) were measured in triplicate by
ELISA according to the manufacturers’ instructions.

Bactericidal activity against S. aureus. S. aureus (strain Rosenbach 1884)
was obtained from the National Biological Resource Center. Bactericidal
activity was evaluated by plating serial dilutions of S. aureus mixed with the
supernatant from keratinocytes or bronchial epithelial cells, and the CFUs
were determined in triplicate on the next day. In some experiments, a neu-
tralizing antibody to BD3 was added to the supernatant.

Chemotaxis. Chemotaxis of neutrophils was determined in triplicate by the
Boyden chamber technique. The migration chamber was divided into upper
and lower compartments by a membrane with a pore size of 3 um. The neu-
trophils were placed into the upper compartment at a concentration of 10¢/ml,
and the lower compartment contained the supernatant from the kerati-
nocytes or fibroblasts grown under the conditions indicated. The chambers

" were incubated at 37° C for 1 h, and the number of neutrophils that mi-

grated to the lower chamber was counted.

Immunoblotting. Cells were lysed on ice for 30 min in lysis buffer con-
taining 1% Triton X-100, 50 mM Tris, pH 8.0, 150 mM NaCl, 2 mM
EDTA, 2 pg/ml aprotinin, and 100 pg/ml PMSF. The cell lysates were sub-
jected to SDS-PAGE, followed by electrotransfer to PVDF membranes and
immunoblotting with antibodies for IL-1R1, IL-1R2, and IL-1Ra (R&D
Systems) and for tubulin (Sigma-Aldrich).

Statistical analysis. Data were compared by a two-tailed Mann-Whitney U
test or unpaired Student’s ¢ test. P-values < 0.05 were considered significant.

Online supplemental material. Fig. S1 shows the quantitative RT-PCR.
analysis for chemokine and BD expression in activated keratinocytes. The
importance of IL-17A and IL-22 in stimulating keratinocytes to produce
antistaphylococcal factors is demonstrated in Fig. S2. Fig. S3 shows the
quantitative RT-PCR analysis for chemokine and BD expression in vari-
ous types of cells. Production of CXCL8 by keratinocytes and fibroblasts in
response to various cytokines is displayed in Figs. S4 and S5. Fig. S6 shows
the expression and production of antistaphylococcal factors by keratinocytes
in response to various stimuli. Up-regulation of the Th17 cytokine receptors
in keratinocytes in response. to classical inflammatory cytokines is displayed
in Fig. $7. Online supplemental material is available at http://www jem
.org/cgi/content/full/jem.20082767/DC1.
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Identification of Severe Combined Immunodeficiency by T-Cell Receptor
Excision Circles Quantification Using Neonatal Guthrie Cards

Yoichi Morinishi, MD, PhD, Kohsuke Imai, MD, PhD, Noriko Nakagawa, MD, Hiroki Sato, MHSc, Katsuyuki Horiuchi, MD, PhD,

Yoshitoshi Ohtsuka, MD, PhD, Yumi Kaneda, MD, Takashi Taga, MD, PhD, Hiroaki Hisakawa, MD, PhD, Ryosuke Miyaji, MD,

Mikiya Endo, MD, Tsutomu Oh—ishi, MD, PhD, Yoshiro Kamachi, MD, PhD, Koshi Akahane, MD, Chie Kobayashi, MD, PhD,

Masahiro Tsuchida, MD, PhD, Tomohiro Morio, MD, PhD, Yoji Sasahara, MD, PhD, Satoru Kumaki, MD, PhD,

Keiko Ishigaki, MD, PhD, Makoto Yoshida, MD, PhD, Tomonari Urabe, MD, Norimoto Kobayashi, MD, PhD, Yuri Okimoto, MD,
PhD, Janine Reichenbach, MD, PhD, Yoshiko Hashii, MD, PhD, Yoichiro Tsuji, MD, PhD, Kazuhiro Kogawa, MD, PhD,
Seiji Yamaguchi, MD, PhD, Hirokazu Kanegane, MD, PhD, Toshio Miyawaki, MD, PhD, Masafumi Yamada, MD, PhD,

Tadashi Ariga, MD, PhD, and Shigeaki Nonoyama, MD, PhD

Objective To assess the feasibility of T-cell receptor excision circles (TRECs) quantification for neonatal mass
screening of severe combined immunodeficiency (SCID).

Study design Real-time PCR based quantification of TRECs for 471 healthy control patients and 18 patients
with SCID with various genetic abnormalities (IL2RG, JAK3, ADA, LIG4, RAG1) were performed, including patients
with maternal T-cell engraftment (n = 4) and leaky T cells (n = 3).

Results TRECs were detectable in all normal neonatal Guthrie cards (n = 326) at the levels of 10* to 10° copies/ug
DNA. In contrast, TRECs were extremely low in all neonatal Guthrie cards (n = 15) and peripheral blood (n = 14) from
patients with SCID, including those with maternal T-cell engraftment or leaky T cells with hypomorphic RAG1
mutations or LIG4 deficiency. There were no false-positive or negative results in this study.

Conclusion TRECs quantification can be used as a neonatal mass

screening for patients with SCID. (J Pediatr 2009;155:829-33).

See related article, p 834
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Table. Genotype, lymphocyte subset, and TRECs of patients with SCID
CD45R0+ Guthrie cards PB Pre-HSCT
/
Age at Age at CD4+CD3  Matemnal TRECs TRECs
onset of SCID Lymphocytes CD3+ CD3+ CD19+ + lymphocyte (/ug (/ug
Patient Sex Genotype symptoms diagnosis (/uL) (%) (/pb) (%) (%) engraftment DNA) DNA) Age

1 M IL2RG 3 mo 3mo 720 0.0 0 86.0 - <10 - -

2 M IL2RG - 0 mo 780 0.0 0 94.0 <10 <10 0y, 0mo

3 M IL2RG - 0 mo 920 0.0 0o - 91.0 <10 <10 0y, 0mo

4 M IL2RG 4mo 5mo 2550 0.2 5 NA 99.4 - <10 <10 0y, 5mo

5 M IL2RG 10 mo 10 mo 1035 0.0 0o - 947 - <10 <10 0y, 10mo

6 M IL2RG 4 mo 5mo 3560 0.0 0o - 95.8 - <10 <10 0y,5mo

7 M IL2RG - 0 mo 966 0.7 7 953 715 <10 <10 0y,0mo

8 M JAK3 4 mo 4 mo 3810 0.0 0o - 87.0 <10 - -

9 F  JAK3 2 mo 5mo 2495 0.0 0 - 89.8 <10 <10 0y,6mo
10 M ADA 1 mo 4mo 90 400 36 995 44 <10 <10 0y,2mo
1 M ADA 1 mo 2m 100 6.8 7 899 09 - 6.2 x 10° <10 0y, 1mo
12 M IL2RG 8 mo 8 mo 3250 40.8 1326 89.8 65.5 T+ NK+ - <10 1y
13 M IL2RG - 0 mo 950 42 40 NA 68.6 T+ <10 - -

14 M IL2RG 9 mo 10 mo 860 70 60 996 859 T+ NK+ <10 <10 0y,10mo
15 M IL2RG 3mo 3mo 300 365 110 NA 53.5 T+ <10 - -
16 F LIG4 - 0 mo 550 38.7 213 976 0.3 - # <10 2y
17 M LG4 1y,6mo 4y 300 443 133 252 0.1 <10 <10 4y
| 18 F  RAG1 8 mo 1y9mo 550 531 292 916 12.0 - 8.0x10' 2y
NA, Not available.

developed T cells."*®” T-cell receptor excision circles
(TRECs) are small circular DNA fragments formed through
rearrangement of the T-cell receptor (TCR) a locus and do
not multiply during cell division.”"*> Therefore, TRECs
quantification is reportedly useful for determining recent
thymic emigrants. Two reports of a method for neonatal
screening of SCID using TRECs quantification by real-time
PCR have been published.*” Both studies quantified TRECs
of patients with SCID using peripheral blood and found sig-
nificantly lower levels of TRECs than those of control neo-
nates. In addition, Guthrie cards from 2 patients with SCID
retrospectively had undetectable TRECs.® Most control neo-
nates had high amounts of TRECs. However, TRECs were
undetectable in some samples. To increase specificity, 1
study” proposed a 2-tiered strategy using a combination of
quantified TRECs and IL-7.

We have evaluated blood from Guthrie cards and periph-
eral blood from control patients and patients with SCID for
detecting TRECs.

Peripheral blood samples were obtained from 112 healthy
volunteers (median age, 14 years; range, 0.1 to 51 years).
Thirty-three umbilical cord blood samples (median gesta-
tional age, 38.9 weeks) were collected at the National Defense
Medical College Hospital. Dried blood spots of umbilical
cord blood were obtained by applying 50 uL of residual blood
to the 11-mm circles on filter-paper cards (PKU-S, Toyo-
roshi, Tokyo, Japan). Twenty-six neonatal Guthrie cards
with dried blood spots were donated from surplus routine
samples for newborn mass screening from neonates born at
National Defense Medical College Hospital during this study

830

period (January 2005 to December 2007). In addition, 300
neonatal Guthrie cards, stored at —20°C for less than 5 years
in a neonatal mass screening center at Shimane University,
were analyzed.

Eighteen patients with SCID were analyzed for TRECs
(Table). All patients were genetically diagnosed using geno-
mic DNA sequencing. Mutations of either IL2RG (n=11),
JAK3 (n=2), RAGI (n=1), ADA (n=2), or LIG4 (n=2)
were identified in the patients (Table).

Peripheral blood samples of 14 patients before hematopoi-
etic stem cell transplantation were used. In addition, neonatal
Guthrie cards of 15 patients that had been stored in newborn
mass screening centers were obtained.

Maternal T and NK lymphocyte engraftment was diag-
nosed by fluorescent in situ hybridization (FISH) using
X and Y chromosome-specific probes after purification of
each compartment by specific monoclonal antibodies and
immunomagnetic beads.

The study protocol was approved by the National De-
fense Medical College Institutional Review Board, and in-
formed consent was obtained from the parents of patients
with SCID and healthy control patients, as well as adult
control patients, in accordance with the Declaration of
Helsinki.

Quantification of TRECs by Real-Time PCR
We used 100 uL of whole blood (EDTA anticoagulated pe-
ripheral blood and heparinized cord blood) or 2 punches
of 6 mm in diameter from Guthrie card to extract genomic
DNA.

Concentrations of DNA from peripheral blood, fresh dried
blood punches from normal neonates (n =26), and stored
dried blood spots from normal neonates (n=300) were

Morinishi et al
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Figure 1. Umbilical cord blood (UCB) (n = 33) and peripheral
blood (n=112, 0 to 51 years) samples were analyzed. TRECs
in different age groups are shown. TRECs were significantly
higher in umbilical cord blood (6.2 +3.2 x 10° copies/ug
DNA) and infants (5.8 & 2.3 x 10° copies/ug DNA) as com-
pared with other age groups of children (3.5 +2.8 x 10°
copies/ug DNA in 2 to 6 years old, 2.0 + 1.4 x 10° copies/ug
DNAn 7 to 12 years old, 8.2 + 6.3 x 10? copies/ug DNA in 13
to 18 years old) and adults (3.4 + 3.6 x 102 copies/ug DNA).

40.6 + 2.3 ng/uL (mean + SEM) (range, 13 to 167 ng/uL),
7.8 +£2.8 ng/uL (2.9 to 13.0 ng/uL), and 5.3+ 0.2 ng/uL
(0.6 to 20.2 ng/uL), respectively.

Quantitative real-time PCR for dRec-y/Ja sjTRECs was
performed using the same primers and dRec probes as
reported by Hazenberg et al.'*

As an internal control, RNaseP gene was amplified in each
sample tested using TagMan RNaseP Primer-Probe (VIC
dye) Mix (Applied Biosystems, Foster City, California).

Statistical Analysis
An exponential regression model was used to quantify the re-
lationship between age and TRECs levels (per ug DNA and
per RNaseP). Goodness-of-fit of the model was evaluated
by R% The Dunnett multiple comparison test was conducted
to test the differences of each age group (0to 1,2t0 6,7 to 12,
13 to 18 years and adults) versus umbilical cord blood com-
parisons serving as a control group (Figure 1). RNaseP and
TRECs levels of patients with SCID and control patients
were compared by an unpaired Student ¢ test (if the variance
was equal) or Welch ¢ test (if the variance was different).
All statistical analyses were performed using GraphPad
Prism Version 4.00 (GraphPad Software, San Diego, Califor-
nia). P < .05 denotes a statistically significant difference.

TRECs were detectable in all DNA samples from whole blood
of normal control patients, including umbilical cord blood
(n=33), healthy infants (0 to 1 year old, n=12), children
(2 to 18 years old, n=63), and adults (n=37). TRECs in
whole blood were found to decline with increasing age
(r=0.851). TRECs of umbilical cord blood were significantly
higher than those of children and adults but were not signif-
icantly different from those of infants (Figure 1). We found
a strong correlation between TRECs copies/ug DNA and
TRECs/RNaseP ratio (r=0.979).

TRECs of peripheral blood samples from all 14 patients
with SCID before hematopoietic stem cell transplantation
were below detectable levels (<10 copies/ug DNA) with the
exception of 1 (P18, see below), in contrast to high levels
of control infants (5.8+0.7 x 10*/ug DNA, n=12)
(P < .0001) (Figure 2, A). ,

Next, we analyzed TRECs of dried blood spots from
normal control neonates using simulated Guthrie cards
from cord blood (n =31), neonatal Guthrie cards obtained
during this study period (January 2005 to December 2007)
(n = 26), and those stored in a neonatal mass screening center
for less than 5 years (n =300). TRECs were detectable in all
dried blood spots: in cord blood (1.3 & 0.1 x 10* copies/ug
DNA, mean=+SEM), in neonatal Guthrie cards
(2.340.2 x 10* copies/ug DNA), and in stored neonatal
Guthrie cards (3.6 £ 0.2 x 10° copies/ug DNA).

To determine whether this method can identify patients
with SCID, we quantified TRECs using 15 stored neonatal Gu-
thrie cards from patients with SCID (patients 1 through 11, 13
through 15, and patient 17). RNaseP levels were high in all neo-
natal Guthrie cards from patients with SCID (1.8 + 0.3 x 108
copies/ug DNA, n = 15), which were similar to control levels
(2.3 £0.1 x 10° copies/ug DNA, n=26) (P=.184), indicat-
ing an appropriate amount of genomic DNA was extracted
from the neonatal Guthrie cards (Figure 2, B). In contrast,
TRECs were below detection levels in all patients (P < .0001)
except 1 (patient 11). This patient with SCID had compound
heterozygous mutations of ADA (GIn119Stop/Arg34Ser). He
had detectable but significantly lower levels of TRECs
(6.2 x 10* copies/ug DNA) than those of control neonates
(2.3 £0.2 x 10* copies/ug DNA, n = 26) (Figure 2, B). At 1
month of age, the TRECs from the peripheral blood of patient
11 were below detectable levels (Table and Figure 2, A).

These results indicate that neonatal mass screening of
SCID by quantitative real-time PCR for TRECs using neona-
tal Guthrie cards is feasible.

We analyzed TRECs in 4 patients with SCID with maternal
T-cell engraftment (patients 12 through 15, CD3" cells: 40 to
1326/uL). We found that all patients had undetectable levels
of TRECs in neonatal Guthrie cards (patients 13 through 15)
and peripheral blood (patients 12 and 14). Patient 12 had
a normal lymphocyte count (3250/uL) on admission as
well as a significant number of T, B, and NK cells (Table).
His peripheral blood TRECs level was below the detection
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