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X-linked agammaglobulinemia (XLA) is usually presented
with clinical manifestations of bacterial respiratory and/or
gastrointestinal infections below the age of 1 year, when
the maternal IgG through placenta disappears from the
circulation of the baby. Here, we describe an infant with
XLA; who presented with interstitial pneumonia suggestive
of Pneumocystis jiroveci: (formerly Preumocystis carinii)
infection.

1 Patient report

A 3-month-old boy was admitted to Mie Hospital because
of a long-standing cough, tachypnea and cyanosis. Physical
examination showed a weight of 5.8 kg, temperature of
36.3°C, pulse of 170/min, respiration rate of 68/min, oxy-
gen saturation on room air of 60%; respiratoty retraction;
and abnormal lung auscultation, but. there was no lym-
phadenopathy. - Chest radiology showed alveo-interstitial
pneumonia (Fig. 1a), and chest computed tomography
demonstrated diffuse ground-glass opacities (Fig. 1b).
Laboratory tests showed a white blood count of 15,500/u1
with 31.9% neutrophils and 54.4% lymphocytes, along
with C-reactive protein of 0.02 mg/dl. The patient needed
supplement oxygen, but did not require mechanical venti-
lation. He was first suspected of viral or Chlamydia
pneumonia, and clarythromycin was administered but there
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was no improvement. Serum IgM against Chlamydia tra-
chomatis and cytomegalovirus were negative. The patient’s
serum 1gG, 1gA and IgM levels were 108, 0 and 15 mg/dl,
respectively, and the peripheral B cells were absent, sug-
gesting an XLA despite the lack of a family history. With
parental consent, the patient was diagnosed as having XLA
based on a missense mutation (Arg28His) in the Bruton’s
tyrosine kinase (BTK) gene. The responses to phytohem-
agglutinin and concanavalin A are 56900 and 30900 cpm
(control 141 cpm), respectively. Although T cell number
and function were normal, he was suspected to have
Pneumocystis jirovect pneumonia. An elevated level of ff-p
glucan of >300:pg/ml (normal value <20) and KI1.-6 of
8750 U/ml (normal value, <500); suggested interstitial
pneurnonia- caused by Pneumocystis jiroveci; however,
polymerase chain reaction of sputum showed a negative
result of Pneumocystis jiroveci. This may have been due to
inadequate  collection of sputum. He was treated  with
administration of sulfamethoxazole-trimethoprim (ST) and
intravenous  immunoglobulin - (IVIG), = with = clinical
improvement. The patient is currently well with: IVIG
replacement therapy and prophylactic administration of ST
(Fig. 2).

2 Discussion

Interstitial pneumonia is caused by many organisms such
as cytomegalovirus, adenovirus, fungus, and Preumocystis
jiroveci. An infant with interstitial pneumonia may be
suspected of having an immunocompromised host with T
cell deficiency, although there may have been: Pneumo-
cystis jiroveci pneumonia. even in immunocompetent
infants [1, 2]. XLA is a humoral immunodeficiency
resulting from a block in early B cell development, and it is
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Fig. 1 Radiological findings in the patient. a Chest radiograph
demonstrated bilateral perihilar opacities. b Computed tomography
demonstrated diffuse ground-glass opacities in both lungs
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Fig. 2 BTK mutational analysis. DNA sequences of the exon 2 of the
BTK gene in the patient and a control are shown. Arrows indicate
position 215 in which the patient demonstrates a G to A mutation,
indicating an amino acid substitution of Arg28His

clinically characterized by recurrent bacterial infections
[3]. Although XL A patients sometimes demonstrate
enteroviral infections, they usually show a normal response
to viral and fungus infections because of normal T. cell
functions. However, 3' XLA patients with Phneurnocystis
jiroveci pneumonia have been reported: [4-6]::One of these
three was an adult receiving immunosuppressive therapy,
but 2 patients were infants as in our case. It has recently
been reported that Toll-like receptor signaling is impaired
in XLA [7, 8] and that may be associated with the devel-
opment of Prneumocystis jiroveci infection in XLA patients.
Prophylactic administration of ST as well as IVIG
replacement therapy would be recommended for the
treatment of XILA patients.
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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 18. Normal human keratinocytes
and bronchial epithelial cells were deeply dependent on the synergistic action of Th17
c¢ytokines 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 cenfined 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
variotis 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 €D4 T cells; Th17 cells
require different cytokines and transcription
factors than do Th1, Th2; orregulatory T cells.
‘The roles of Th17 cells in immune responses
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are also different from those of ‘other: helper
T cells. In particular, their pathological roles
in autoinnnune and inflammatory diseases, in-
cluding multiple sclerosis, rheumatoid arthritis,
psoriasis, and inflamimatory 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
Thi7 cells play crucial roles in the host de-
fense against extracellular pathogens that are
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not efticiently cleared by Thi- 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 TL-22 are susceptible to' lung infection
by the Grami-negative bacteria Klebsiella preisitoriiae 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 15 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 serunm 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 ina 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 eytokines 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=18, -
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which was insufficient for triggering keratinocytes and bron-
chial epithelial cells but sufficient for other cell types to pro-
duce antistaphylocoecal factors. Th17 cytokines and classical
proinflammatory cytokines synetgistically 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 deficieticy 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-1,
and TNEF-a 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 fuinctional consequences of the
Th17 deficiency in the context of staphylococcal inféctions of
the skin: Normal human primary épidermal 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 ¢ells; CXCL$
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
CXCLS8 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 Stapliylococciis aureus using a
colony-forming assay (Fig. 2, B and C). When bactetia 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 froni the control T cells was pretreated with the blocking
mAbs for IL-17A and TL-22 before it was added to the kerati-
nocytes (Fig. 2 B), and it was attenuated when the keratinocyte
supernatants were pretteated 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 c¢ytokines 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 learn 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 BD:s 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 front control T cells but not
from HIES T cells (Fig: 3-A and Fig. S3). Interestingly, pri-
mary dermal fibroblasts, human umbilical vein eéndothelial
cells: (HUVEQ), ‘and human' lung’ microvascular éndothelial
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: S3). This was also
true for the expression and prodiiction of CXCL8 and €XCL1
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 theéir induction to secrete chemokines and BDs.

These findings prompted us to exaniine the responses of
different cell types to individual cytokines and their combi-
nations, including the Th17 cytokines (IL-17A, IL-17F, and
1L.-22), classical proinflammatory.cytokines (IL-18, TNF-c, and
TFN-¥), or both. Keratinocytes secreted CXCL8 in response
to [L=17A, 1L-22, IL-1B, or TNF-«a in a dose=-dependent

(ng/mi) IL-17A (ng/mi) 1L-22
o 37 % 8 *%
8 ®
g 2 6
£ 1 4
0 -l
O ol v+ % o ~
- += - E o - b xd - +
Cont. Pt. Cont. pPt.
(ng/mi) IFNy (ngim) IL-1B (ng/mi) TNFa
o
2 400
o t | i |
g 200 ! h 1 °
s
O 0 P & . OJ F 3 f 3 0 [ e $
- + = + - + = - + = +
Cont. Pt. Cont. Pt. Cont. Pt.

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.< 001
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manner, but they responded poorly to IL-17F and IFN-vy
(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 promflammatory 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 muich 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 ~v10-30% of that produced by
stimulation .with . the classical proinflammatory. cocktail.
Macrophages: responded to the c¢ytokines in a pattern similar
to:fibroblasts; HUVEC, and HMVEC-L,; although the mac-
rophages produced 10X less CXCLS8 than the others:

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

CXCLS8

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 agreenient with this, the keratinocytes showed
up-regulated CXCL8 secretion and BD expression in.re-
sponse to lipoteichoic acid, peptidoglycan, or fixed S. anreus,
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

BD2
*%

kAl

Concentration

-+ =4+
Cont. Pt.

control Ab ..C
W anti-IL-17ANL-22 (CFUIml)
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&

= 4 = 4 4
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w

(CFU/mI)
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100+
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Figure 2. -Supetnatants 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 (CJ, 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; .= 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

A CXCLS

{ng/ml) *k (ng/mi}
60 o r— 40
- 40
Keratinocyte 20 20
0 0
607 ——— 40
Bronchial 40
epithelial 20 20
cell i g
80 30
Fibroblast 40| 20
10
0 0
80 30

20
10
0

HUVEC 40

0

100
HMVEC-L &

40
20

0

BD2
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much poorer up-regulation of c-Fos and IL-6 than fibroblasts
in response to IL-15 (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-17R A, IL-17R C, and IL-22R. was up-regulate, in
keratinocytes.incubated with: the classical proinflammatory

BD3 B CXCL8
{ng/mi) sk (ng/ml) ok
——— 300 3

200
100
0

300
200
100
rrrrr 0

400
200
0

QN B Oy O Lo TR =

200

100

307

Macrophage fg

1%

Cont.

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. 1 A or with the Th17 cytokine cocktail (Th17 mix:
1L217A 4+ 1L-17F + 11-22), the classical proinflammatory cytokine cocktail (classical mix: TNF-ce + IL-15 « 1FN-%), 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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cytokines but not the Th17 cyrokines (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 patt, for the synergistic effect of the Th17 and the classical
proinflaminatory cytokines on the production of antibacterial
factots 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 tesponses 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. aurens—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-13 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
CXCL8and 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 ~1L=22 effictently 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.

(R) PBMCs from HIES patients (Pt) and control subjects (Cont.; n = 6 each, indicated by dots) were stimulated or not (=) with SEB (S, 100 nig/mi) or CAA
{C. 1/20,000 vol/vol) 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 absénce of anti-IL-17A+ anti-L-22 or isotype-matched control anti-
bodies. Their culture supernatants were analyzed by ELISA for the secretion of CXCL8 and BDZ (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< 001
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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 obsérved 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 cytokinie 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 Thl7 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 infeétions (7): We found that skin and lung epithelial
cells efficieritly 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 contiast; fibro-
blasts, endothelial cells, and macrophages efficiently secréted
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
undérlying 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-
Iococeal 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
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patients, unlike other cell types, probably do not secrete suffi-
cient amounts of neutrophil-recruiting chemokines and the
antimicrobial peptide BDs 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
i 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 1L-22 and mice
treated with an anti=IL-17A blocking antibody are susceptible
to infections with Gram-negative bacteria; such as K. preu-
moniae; M. pulmonis, B. fragilis, E. coli; and Citrobacter rodentium,
whichare rarely observed in HIES patients (16, 17, 20, 21, 36,
37). The reason for this difference between human and mouse
inbacterial 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 lLipoteichoic ‘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; TLR 2-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 Jocal application of neiutro-
phil-fecruiting 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 1L-1"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. Al cight patietits enrolled in this study had typical findings associ-
ated with HIES and 2 National Institutes of Health score >40.points (27). The
diagnosis was confirmed by the identification of the mutadons in the STAT3
gene. The study was approved by the Tokyo Medical and Dental University
Ethics Committee; and writteén informed consent was obtained from the pa-
tients; All of the patients were in 2 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/streptoniycin, 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 [1-17A, 200 ng/ml IL-17F; and 200 ng/ml [L-22 (R&D Systems); 10
ng/ml TNE-a, 10 ng/ml1L-1B, 10 ng/ml IFN-y (PeproTech); neutralizing
antibodies against [L-17, IL-22, and BD3 (R&D Systeins); TLR ligands (In-
vivoGen); fixed S aurens (EMD); SEB (Toxin Technology); and C. albicans
skin test antigent (Torii Pharmaceutical Co.; Ltd).

Culture of human keratinocytes, brornichial epithelial cells, fibro-
blasts, endothelial cells; and macrophages. Human epidermal keratino-
cytes and bronchial epithelial cells (Lonza) were propagated as adherent cells
to phstic 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 RNeasy Miniprep kit (QIAGEN),
according to the manufacturer’s instructions. Total RNA was reverse tran-
seribed using theé PrimeScript transcription kit (Takara Bio Inc.). An aliquot
of the RT reaction was used as a teniplate for real-time PCR in triplicate us-
ing 2 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 stimulited and stored at. ~80°C until use; [L-17A {eBioscience),
1L-22 (R&D Systems); IFN=y, TNF-q, 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; anrens. S, arrens (strain Rosenbach. 1884)
{was obtained from the National Biological Resource Centet. Bactericidal
activity was evaluated by plating serial dilutions of S aurens mixed with the
supernatant from: ketatiniocytes 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 supematant.

Chemotaxis. Cheriotaxis of neutrophils was determined in triplicate by the
Boyden chamber technique; The migration chamber was divided into upper
and lower compartinents by @ membrane with a pore size of 3 pni. The neu-
trophils were placed into the upper compartment at a conceritration 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 ug/ml aprotinin, and 100 pg/ml PMSE. The cell lysates were sub-
jected to SDS-PAGE, followed by electrotranster to. PVDE membranies and
immunoblotting with antibodies for ILZ1R 1, IL-1R2,'and [L-1Ra (R&D
Systems) and for tubulin (Sigma-Aldrich).

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

Ouline supplemental material. Fig. S1 shows the quantitative RT-PCR.
analysis for chemokine and BD: expression in activated keratinocytes. The
importance of 1L-17A and IL-22 in stimulating keratinocytes to produce
antistaphylococeal factors is demonstrated in Fig. S2. Fig. 3 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: 56 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/jen.20082767/DCL.
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SUMMARY

FoxP3is a key transcription factor for the development
and.function of natural CD4* regulatory T cells (Treg
cells). Here we show that human FoxP3'CD4* T cells
were composed of three phenotypically and function-
ally distinct subpoputlations: CD45RA*FoxP§3'° resting
Treg cells (rTreg cells) and CD45RA~FoxP3" activated
Treg cells (aTreg cells), both: of which were suppres-
sive in vitro, and cytokine-secreting CD45RA FoxP3"°
nonsuppressive T cells. The proportion of the three
subpopulations differed between cord blood; aged
individuals, and patients with immunological diseases.
Terminally - differentiated: aTreg  cells . rapidly  died
whereas rTreg cells proliferated and converted into
aTreg cells in vitro and in vivo. This was shown by
the transfer of rTreg cells. into. NOD-scid-common
v-chain-deficient mice and by TCR sequence-based
T cell clonotype tracing in peripheral blood in anormal
individual. Taken together, the dissection of FoxP3*
cells into subsets enables one to analyze Treg cell
differentiation: dynamics and interactions in normal
and disease states, and to controlimmune responses
through manipulating particular FoxP3* subpopula-
tions.

INTRODUCTION

FoxP3-expressing - CD4* thymus-derived naturally occurring
regulatory T cells (Treg cells) play an indispensable role for the

maintenance of self tolerance and immune homeostasis (Saka-
guchi et al., 2008). They play crucial roles in human diseases,
such as autoimmune disease, allergy, and cancer (Curiel et al.,
2004; Ehrenstein et al., 2004; Kriegel et al., 2004; Miyara et al.,
2005;: Viglietta et al;, 2004). Human' natural Treg cells were
initially defined - according: to their high expression of CD25
(Baecher-Allan-et al.; 2001; Dieckmann et al.,. 2001; Jonuleit
et al.; 2001; Levings et al.; 2001; Ng et al., 2001; Taams et al.,
2001), based on the finding that murine CD25CD4* T cells are
highly suppressive (Sakaguchi et al., 1995). With the discovery
of FoxP3 as a “master control gene” for CD4” Treg cell develop-
ment and function (Fontenot et al.,; 2003; Hori et al., 2003; Khattri
et al.; 2003), detection of FoxP3 at the mRNA and protein level
revealed  that human  CD25"CD4* T cells indeed express
FoxP3 (Miyara et al., 2006; Roncador et al., 2005; Yagi et al.,
2004). In contrast to murine FoxP3" Treg cells, however, human
FoxP3* cells may not be functionally homogenous: For example,
it has been reported that: mere: TCR stimulation can-induce
FoxP3 . expression in: apparently ‘naive human: FoxP3~CD4*
T cells: without conferring suppressive activity (Allan et al.,
2007; Gavin et al.; 2006; Tran et 'al.; 2007; Wang et al.; 2007).
Furthermore, some FoxP3" cells are phenotypically naive (e.g.,
CD45RAY), present in cord blood as well-as in peripheral blood
of adults; and suppressive in vitro (Valmori et al., 2005), whereas
other FoxP3* cells phenotypically resemble memory T cells (e.g.,
CD45RAT). and are suggested to: originate  from peripheral
memory: FoXP3-CD4* T cells (Vukmanovic-Stejic et al.; 2006).
To better understand the roles of FoxP3* T cells for the control
of immune responses, it is necessary: to. determine  whether
FoxP3-expressing T cells in freshly isolated CD4* T cells are
functionally heterogeneous, how functionally different subpopu-
lations of FoxP3* cells can be reliably delineated, and how such
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subsets differentiate and interact in physiological and disease
states.

In this report, we show that human FoxP3*CD4™ T cells can be
separated into three functionally and phenotypically different
subpopulations based on the expression of FoxP3, cell surface
phenotype, the degree of DNA methylation of the FoxP3 gene,
DNA microarray profile, proliferation status in the physiological
state, cytokine secreting capacity, TCR repertoire, and in vitro
suppressive activity. These populations are (1) CD45RA*FoxP3™
resting Treg cells, (2) CD45RA~FoxP3" activated Treg cells, and
(3) cytokine-secreting CD45RA~FoxP3"° non-Treg cells.. With
this dissection of FoxP3* T cells into subpopulations, we show
the dynamics of Treg cell differentiation in vitro, in vivo, and ex
vivo in normal and disease states. The resuits indicate that func-
tional and numerical analysis of each FoxP3* subset is essential
for assessing immunological states; and that manipulation of
a particular subset, rather than whole FoxP3* .cells; helps to
dampen or augment a variety of physiological and:pathological
immune responses.

RESULTS

Separation of FoxP3'CD4* T Cells into Three
Subpopulations by the Expression of FoxP3, CD25,

and CD45RA

The combination of CD25 and CD45RA staining of CD4*. T cells
in peripheral blood lymphocytes (PBL} of normal healthy individ-
uals revealed six subpopulations . (Fraction: [Fr.] [-Vi) that
expressed the FoxP3 protein at different amounts (Figures 1A
and 1B). Among them, Fr. I II, and Ill. were FoxP3* (Figure 1B)
and the degree of FoxP3 expression in these fractions were
proportional to CD25 expression (Figure 1C). Notably, these
three FoxP3" populations could be distinctly separated by the
combination of FoxP3 and CD45RA staining; i.e., FoxP3°C-
D45RA* cells, which were CD25** (Fr. 1y, FoxP3"CD45RA™ cells,
which were CD25'** (Fr. )y and FoxP3°CD45RA™ cells,
which were CD25*" (Fr. Ill} (Figure 1D). The fractions could be
prepared as live cells by cell sorting as CD25''CD45RA’,
CD25***CD45RA , and CD25''CD45RA - cells, respectively
(Figure S1A available online). Purified Fr. |, li, and lil popuiations

expressed FoxP3 transcripts to a similar degree irrespective of
different amounts of FoxP3 protein expressed in each population
(Figure 1B; Figure:S1B). Fr. IV formed a distinct population as
CD25*FoxP3™ cells (Figure 1C), but it was not well demarcated
from Fr. V by CD45RA or CD25 staining (Figure 1A). Therefore,
we analyzed Fr. [V and V- together in the functional examination
of FoxP3* subsets (see below).

Assessment of the proliferative status of each subpopulation in
the physiological state by detecting the expression of Ki-67,
a nuclear protein expressed in cells ready to proliferate and at
a higher amount in actually proliferating cells (Figure S2), revealed
that about half of the cells in Fr. Il were proliferating whereas the
cellsin Fr. l'and It were not (red dotted line in Figure 1E). Fr. ll ex-
pressed intracellular CTLA-4 to the highest degree whereas Fr. |
hardly expressed the molecule (Figure 1F). Furthermore, Fr. ||
corresponded to HLA-DR-expressing and also ICOS-expressing
FoxP3" cells as reported by others (Figures 1G and 1H; Baecher-
Allan et al., 2006; ito et al.,; 2008).

Analysis of cytokine production by each fraction showed that
Fr. It scarcely produced IL.-2 or IFN-y. Amiong FoxP3" cells, Fr. |
was poor producer of IL-2 and: IFN=y whereas Fr. lll produced
high amounts of these cytokines (Figure 1I; Figure.S3).

Thebd' flanking region and a STAT5-responsive region in the in-
tron 1 of the FOXP3 gene are critical for induction and enhance-
ment of FoxP3 expression by TCR and IL-2 stimulation (Floess
et al; 2007; Mantel et al.; 2006; Zorn et al., 2006). Analysis of
the DNA methylation status of these regions in each fraction
prepared from. a male donor showed that the CpG methylation
sites in the regions were completely demethylated in Fr. | and
Fr. Il (Figure 1J). The 5’ flanking region of Fr. {ll was also highly
demethylated, although the demethylation: pattern was less
uniform compared with Fr. I and Il. In contrast, their STAT5-
responsive ‘region: was less: demethylated than other: FoxP3*
subsets. . In  addition; . memory-like CD25" . and: CD25~
CD45RACD4" non-Treg cells: (Fr. IV, V), which were FoxP37,
had: their 5’ flanking region: moderately demethylated whereas
the STATS5 responsive region was virtually: completely methyl-
ated. Both regions were highly methylated in naive Fr. VI. These
findings were confirmed by analysis of individual clones isolated
from each subpopulation (Figure S4).-The results collectively

Figure 1. Delineation of FoxP3'CD4" T Cells into Subsets by Cell Surface Molecules, Proliferative State; Cytokine Production, Methylation
Status of the FOXP3 Gene, and In Vitro Suppressive Activity

(A-D). Six subsets of CD4" T cells defined: by the expression: of CD45RA and: CD25: pink line (Fraction [Fr.] I}, CD25"CD45RA" cells; bold: red iine (Fr. il),
CD25***CD4a5RA T cells; broken brownline (Fr. lll), D25 CD45RA™ cells; green line (Fr. 1V}, CD25'CD45RA. cells; blue line (Fr. V), CD25 CD45RA™ cells; black
line {Fr. Vi), CD25-CD45RA" cells. Expression of FoxP3 (B), CD25 and intracellular FoxP3 (C}, and CD45RA and FoxP3 (B} in each fraction shown in (A). Data are
representative of 19 blood donors.

(E): Flow: cytometry of the expression of nuclear Ki-67 and FoxP3 in CD4* T cells: Red broken line separates Ki-67'FoxP3" from Ki-67 FoxP3" cells and
CD45RA'FoxP3® from CD45RA FoxP3™ cells. The percentages of Ki-67¢ and Ki-67- FoxP3" cells among CD4" cells are indicated in the top panel and the
percentage of FoxP3"'CD45RA™ cells in the bottom panel.

(F} Flow cytometry of the expression of intracellular CTLA:4 and FoxP3 {top left); CD45RA and CTLA-4 {top right) by CD4* T cells; and expression of CTLA-4 by
each fraction defined in (A-(D). (bottom): Numbers indicate percent of cells in each quadrant,

(G and H) Expression of Ki-67 and FoxP3 (top) and of HLA-DR or ICOS and FoxP3 {bottom). Red broken line separates Ki-67 FoxP3" from Ki-67-FoxP3" cells
and HLA-DR FoxP3" from HLA-DR*FoxP3" cells (G) or ICOS FoxP3" from ICOS FoxP3™ cells (H).

() Production of IFN=y, IL-2 by each fraction after stimulation with PMA '+ ionomycin, and percent of cytokine-secreting cells in‘each fraction is shown. Data are
representative of six independent experiments.

(J) Analysis of DNA methylation status at 5 flanking region (left) and STATS-responsive (right) region of the FOXP3 gene in FoxP3-expressing or -nonexpressing
CD4* T cell subsets (Figure S1) from PBMCs of one healthy male donor. Percentages of clones displaying demethylation of indicated CpG methylation sites are
indicated and depicted in white in sector graphs. 19 to 20 clones were sequenced from each:CD4™ T cell subset.

(K) CFSE dilution by 10* labeled CD25-CD45RA*CD4" responder T cells assessed after 84-90 hr of TCR-stimulated coculture with indicated CD4* T cell subset
at a 1 to 1ratio. Cell number and percentage of dividing celis per well are indicated. Data are representative of 12 separate experiments.

Immunity 30, 899-911, June 19, 2009 ©2009 Elsevier Inc.. 901
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Figure 2. CD45RA FoxP3'°CD4* T Cells Contain Cells with Th17 Cell Potential
(A) The amounts of transcripts of indicated genes in separated CD4" T cell subsets were assessed by quantitative PCR:
(B} Flow cytometry of the production of IL-17 by gated CD4" T cell subsets after stimulation with PMA + ionomycin for 5 hr. Percentages of cytokine-secreting

cells are shown. Data are répresentative of six independent experiments.

indicate that Fr. [.and |l:are active in FoxP3 gene transcription
and close in: their differentiation. stage, and that, compared
with these fractions; Fr. lll may be less capable of maintaining
FoxP3 expression in.the presence of IL-2 and STATS5 signaling:

Toassess the in vitro suppressive potency of each fraction, we
measured  the “extent of  CESE dilution of :labeled: naive
CD25 CD45RATCD4" T cells (hereafter called responder cells)
cocultured with an equal number of each fraction and stimulated
for 4 days (Figure 1K). Fr. I and Il (isolated as CD25**CD45RA*
and CD25***CD45RA " cells, respectively, as shown in Figure 51)
potently suppressed the proliferation of responder cells, where-
as Fr. lll; 1V, and V did not and even enhanced the responder
proliferation. The inability of Fr. Ili (CD45RAFoxp3® cells) to
suppress: was confirmed by using CD127 as an additional
marker for purifying FoxP3-expressing cells from CD4" T cells
(Figure S5; Liu et al., 2006; Seddiki et al., 2006).

Taken together, three distinct subpopulations of FoxP3*CD4*
T.cells can be defined in human PBL by the expression of
CD45RA and FoxP3 as summarized in Table S1; ie., Fr. L
CTLA-4°Ki-67 CD45RA’FoxP3" T cells; Fr. I CTLA-4"C-
D45RA FoxP3" cells, both of which possess a fully functional
FOXP3 gene, hardly secrete cytokines, and potently suppress
proliferation; and Fr. lii: CTLA:4™CD45RA FoxP3"° T cells,
which secrete cytokines, are much less active in the expression
of the FOXP3 gene under the control via STAT5, and do not
suppress: proliferation. in vitro. Based on their phenotypic and
functional characteristics, Fr. | and Fr. Il can be designated as
resting Treg cells (rTreg cells) and activated Treg cells (aTreg
celis), respectively.

FoxP3'°CD45RA Nonregulatory T Cells Contain Cells
with Th17 Cell Potential

DNA microarray analysis of each fraction showed that the gene
expression patterns in the three FoxP3-expressing subpopula-

902 - immunity 30, 899-911, June 19, 2009 ©2009 Elsevier Inc:

tions were' distinct: (Figure S6A). Quantitative assessment of
mRNA expression of differentially expressed genes revealed
that the expression of RORC, a key transcription factor in Th17
cell fineage (Ivanov et al., 2006); was highly upregulated in Fr. Il
and 11, indicating that RORC-FoxP3 double-positive population,
which was: recently described in mice (Yang et al., 2008a;
Zhou et al; 2008); exists in. humans as.well in Fr. Il and Uit (Fig-
ure S6B). Transcripts encoding RORe, and-AHR, both of which
contribute to Th17 cell differentiation in mice (Veldhoen et al.,
2008; Yang et al., 2008b), were highly upregulated in Fr.lil, further
indicating that this population contains cells with Thi7 cell
potential (Figure 2A). Also of note is that Fr. Il specifically ex-
pressed high amounts of AHR repressor transcripts, suggesting
that Treg cell differentiation might accompany an inhibition of
Th17 cell differentiation via expression of AHR repressor.
Assessment of cytokine production revealed that Fr. lll was the
highest producer of iL-17 even compared with naive FoxP3™C-
D45RA*. (Fr. Vi) or memory-like FoxP3~CD45RATCD4* non-
Treg cells (Fr. IV and V) (Figure 2B; Figure S3).

Thus, DNA microarray profiling of FoxP3' subpopulations
supports the relevance of separating FoxP3'CD4" T cells into
three subsets. Further, regarding the celi lineage relationship of
FoxP3' cells and Thi7 cells, Fr. Il contains FoxP3-RORy
double-positive cells with a Th17 cell potential, in addition to
1L-2- and/or IFN-y-producing cells (Figure 11).

Resting Treg Cells Proliferate whereas Activated Treg
Cells Die while Suppressing In Vitro

As shown in Figure 1E, fresh Fr. | cells (rTreg cells) did not
express Ki-67. However, when they were cocultured with
responder cells and TCR stimulated, all the FoxP3-expressing
cells became Ki-67* on day 4, indicating that rTreg cells prolif-
erate (Figure S7). Assessment of proliferation by CFSE difution
during 4 days of culture also revealed that both aTreg cells
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Figure 3. In Vitro Properties of FoxP3" Subpopulations

(A} CESE dilution by rTreg or aTreg cells and intraceliular expression of FoxP3 w

re analyzed after 4 days TCR stimulation in the absence or presence of non-

€
labeled responder cells. Percentages of FoxP3: and of FoxP3* cells among CFSE-labeled cells are indicated.
(B) Viability assessed by 7-AAD staining of CFSE-labeled CD45RA*FoxP3" (feft) or CD45RAFoxP3" Treg cells (right) cocultured with nonlabeled responder cells
for 4 days. Only CFSE-labeled cells are shown. Numbers indicate percentage in each quadrant. Data shown are representative of five independent experiments.
(C) CESE dilution, surface CD45R0, and intracellular FoxP3 expression by CFSE-labeled responder eells cultured alone or cocultured with unlabeled Treg cell

subsets for 4 days. Numbers indicate percentage in each quadrant.

(D) CESE dilution of labeled rTreg cells cultured alone or with aTreg cells at a 1 to 1 ratio. Numbers and percentage of proliferating cells are indicated. Data shown

in (B) and (D} are representative of five independent experiments.

(Fr.Ityand rTreg cells (Fr. Iy gave rise to CESE-diluting FoxP3* cells
when cultured alone (Figure 3A). In addition, rTreg cells showed
more active proliferation than did aTreg cells in the presence of
responder cells. In contrast with rTreg or alreg cells, most
{~70%) of CD45RA FoxP3'°CD4* T cells (Fr. [1}) did not express
FoxP3 during their proliferation;, indicating that FoxP3 expression
in the majority. of Fr. lll cells may not be stable in concordance
with the methylation status of their FOXP3 gene (Figure 3A).
Based on the finding that very few alreg cells (Fr. Il) were
detectable after 4 days of culture (Eigure $7), we assessed the
viability. of Treg cells by measuring incorporation of 7-AAD by
CESE-labeled rTreg or alreg cells cultured with responder cells
(Figure 3B). The majority (~75%) of aTreg cells were positive for
7-AAD:. By contrast, although a fraction (~20%) of rTreg cells
were nonproliferative and 7-AAD?, the majority of proliferating
rireg cells (~60%) were 7-AAD " (Figure 3B). In addition to
proliferation,: rTreg: cells  showed  increased  expression of

FoxP3  (Figure 3A), CD45R0O (Figure 3C), and intracellular
CTLA-4 (Figure S8). High expression of CD45R0 was secondary
to activation because rTreg cells, which were CD45RA’, did
not express CD45R0O. when freshly isolated from peripheral
blood (Figure S9). Further, when CFSE-labeled rlreg cells
(Fr. ) were cultured with nonlabeled aTreg cells (Fr. Il); the latter
substantially suppressed the proliferation of the former
(Figure 3D).

Taken together, rTreg cells are not anergic and are able to prolif-
erate upon TCR stimulation. They acquire a Ki-67FoxP3" aTreg
cell phenotype and exert suppression during and after their prolit-
eration and conversion to aTreg cells; which die after proliferation
andexertionof suppression. Activated Treg cells also suppress the
proliferation of resting Treg cells in a negative feedback fashion.
‘Thus, in addition to different cell surface phenotypes, rTreg and
aTreg cells possess different cell fates despite their comparable
invitro suppressive activity when assessed separately.
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In Vivo Conversion of rTreg Cells to aTreg Cells

and Differentiation of a Small Fraction of FoxP3 Celis
to FoxP3* Cells

Next, to investigate whether the in vitro conversion of rreg cells
to: aTreg cells could also occur in.vivo, we transferred human
PBMCs containing: CFSE-labeled CD4* T cells into: NOG (Nod-
scid-common y-chain-deficient) “mice and analyzed their
splenocytes 5 days after transfer (Hiramatsu et al:; 2003). Fox-
pP3"CD4* T cells recovered in the recipients were largely
CD25™ and CD45R0* (data not shown) and mostly confined to
Ki-67 CFESE-diluting cells; which had divided more than 6 times
after transfer (Figure 4A). In-addition, most CD4" T cells express-
ing low amounts of FoxP3 had not proliferated. These findings
correspond to the in vitro findings that FoxP3™ aTreg cells found
in PBMCs were highly proliferative and that FoxP3'°CD4* T cells
were Ki-67- in PBMCs {Figure 1E), suggesting that;, upon activa-
tion, rTreg cells upregulate FoxP3 expression and then prolif-
erate. We also examined the behavior of Treg cells or whole
FoxP3* cells when injected without other effector CD4* T cells:
Neither population proliferated, indicating that the maintenance
and’ proliferation of FoxP3-expressing cells requires the pres-
ence of other CD4* T cells in vivo (Figure S10).

Similar ‘analysis of PBMCs containing: CFSE-labeled rTreg
cells, prepared as shown in Figure 1A and Figure S1, showed
that they proliferated in vivo and upregulated the expression of
FoxP3 and CD45R0 along several cell divisions (Figure 4B and
data not shown). Because most FoxP3™ cells were detected in
CFSE-negative ‘cells after transfer of CFSE-labeled CD4"
Tcells or rireg cells (Figures 4A and 4B), we attempted to deter-
mine whether rTreg cells were the major source of CEFSE-nega-
tive FoxP3™ cells. Injection of PBMCs containing CFSE-labeled
CD4* T cells devoid of rTreg cells revealed amuch lower number
of FoxP3" celis when compared with injection of whole CD4*
T cells, indicating that most FoxP3" aTreg cells derive from rTreg
cells (Figure 4C).

Further, to investigate whether the conversion of FoxP3~ to
FoxP3* in CD4* T cells could occur in vivo, we transferred
PBMCs containing CFSE-labeled FoxP3™ CD1 27"cD4* T cells
together with nonlabeled FoxP3* cells (as CD257CD127° cells)
in. NOG mice and examined whether FoxP3-CD4' T cells could
upregulate FoxP3 in vivo (Figure 4D). Although most CFSE-
labeled cells remained FoxP3 ", a small number of cells upregu-
lated FoxP3 from low to high amounts. Injection of only CFSE-
labeled CD4'FoxP3™ cells confirmed that a small fraction
(<1%) of CD4'FoxP3  cells indeed divided at least 6 times to
give rise to FoxP3" cells (Figure 4E). Taken together; these
results indicate that rTreg cells convert to alreg cells and that
only a small fraction of aTreg cells derives from FoxP3 CD4*
non=Treg cells in.vivo.

In Vivo Conversion of rTreg Cells to aTreg Cells

in a Normal Human Individual

To obtain further evidence for the in vivo rTreg to alreg cell
conversion in normal humans, we attempted to trace clonotypes
of each Treg cell fraction in a single individual at separate time
points. Cells in rTreg cells (Fr. ), aTreg cells (Fr. lf), and also
FoxP3 non-Treg CD4" T cells (Fr. IV, V, Vi) that expressed the
same TCRBV5 family were sorted from a single healthy individual
at 18 month intervals. Single-cell RT-PCR and DNA sequencing
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of the amplicons was performed to compare TCRBV5 CDR3
regions in each sorted subset. Given the small size of the sample,
the analysis was able to monitor dominant clones only. First, we
observed that rTreg (Fr. 1} and aTreg (Fr. ll) cell subsets shared
few dominant clonotypes at a given time point. Second, we
found that a clonotype initially detected in the rTreg cell subset
was found dominant 18 months later in the aTreg but not in the
rTreg cell subset. The TCR repertoire being potentially so hetero-
geneous and the sample:size being so limited (45 to-137 cells
analyzed in each'subset); itis highly improbable that T cell clones
with identical TCR sequences could be found in the same
subsets only by chance. Indeed, when random samples of
conventional CD4™ T cells were similarly compared; shared clo-
notypes were never found:in-this individual (Figure 5; Table S2).
The analysis also revealed that none of the clonotypes found in
FoxP3~ cells was found in aTreg cells 18 months later, indicating
that if conversion of FoxP3~CD4* T cells ever occurs in vivo, it
may not be a frequent phenomenon compared with the conver-
sion of rTreg cells to alreg cells (Figure 5).

Based on these observations in Figures 4 and 5, we'conclude
that most FoxP3™ aTreg cells are derived from recently activated
and vigorously proliferating rTreg cells, and that only a minority of
aTreg cells ¢can ‘devélop from FoxP37CD4* non-Treg cells
in vivo. The result also indicates that the TCR repertoire of Treg
cells, in particular that of aTreg: cells, adaptively changes in
normal individuals.

Variations in Human rTreg and aTreg Cell Populations
under:Normal and Disease Conditions

We then attempted to determine whether the dissection of
FoxP3'.T cells in adult humans into Fr. I-lli based on CD45RA
and: FoxP3 ‘expression: was pertinent to the analysis of the
dynamics of Treg cell generation and differentiation in ontogeny;,
aging; and disease states.

Although rTreg cells were highly prevalent in cord blood, we
could easily detect Ki-67*FoxP3MCD45RACD4" T cells thatcor-
responded to aTreg cells in adults. Wefailed to confirm the previ-
ously reported finding that all CD25*CD4" T cells were FoxP3* in
cord. blood (Fritzsching et al., 2006). However, CD4" T cells ex-
pressing the highest amounts of CD25 contained only FoxP3*
cells and CD127 expression efficiently separated FoxP3*CD25"
from FoxP3 CD25'CD4* T cells (Figure 6A). IEN-y production
was barely detectable in: whole CD4* T cells whereas: IL-2
production was observed in FoxP3'°CD45RA CD4* T cells as
in adults (data not shown).

Analysis: of the expression of CD31 (PECAM-1),: which is
known: to be expressed: in recent thymic emigrants but lost
during their post-thymic peripheral expansion (Kimmig et al.,
2002), revealed that almost all CD31 FoxP3'CD4" | cells in'adult
PBL were confined in the. CD45RA FoxP3" poputilation (Fr. I).
This finding suggests that the majority of rTreg cells may be
recently derived from the thymus (Figure 6B}).

The proportion of rireg cells (Fr: I} among CD4' T cells was
decreased in aged donors (1.1% % 0.59%, n = 12 versus
2.40% =+ 0.89% in healthy donors; n = 29; p < 0.0001) whereas
that of aTreg cells (Fr. ll) was increased (2.48% + 1.07% versus
1.63% + 0.53%; p = 0.01; Figures 6C and 6D).

We next applied our new definition of FoxP3* T cell subsets to
the analysis of two pathological conditions that reportedly show.
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A Injected cells

CFSE-labeled CD4* T cells

FoxP3

CFSE-labeled CD45RA*
Tregs(Fr. I} with non-labeled
CD4* T cells

CESE-labeled CD4" T cells
without CD45RA* Tregs (Fr. 1)

FoxP3

CFSE-labeled FoxP3: cells
(Fr. IV, V, VB
with non-labeled CD4* T cells

Human cells on day 5

CESE-labeled FoxP3 CD4*
T cells (Fr. 1V, V, V]) only

CD45RA

FoxP3

different patterns of Treg cell involvement (Miyara et al., 2005,
2006). In sarcoidosis, a granulomatous disease of unknown
origin, . patients - with active disease showed a‘ considerable

Figure 4. In Vivo Conversion of Treg Cell
Phenotype in NOG Mice

PBMCs containing human CD4* T cells were i.v.
injected in NOG mice andcollected in the spleen
5:days later. In schematic représentations (left) of
flow. cytometric ‘profiles: of injected : cells: before
transfer,. CFSE-labeled. CD4* T subsets are. de-
picted in green and injected with nonlabeled cells
in black. Flow cytometry. of human CD4* T cells
in the spleen after transfer of PBMCs containing
CFSE-labeled human whole CD4*' T cells ‘() or
indicated CFSE-labeled CD4" T cell: subpopula-
tions /(B=E} into. NOG'mice.. Numbersindicate
percentage in each quadrant {right). Representa-
tive data of four mice transferred with PBMCs con-
taining: CFSE-labeled. CD4* T cells isolated from
three different donors (A), and mice (two for each
condition) transferred with PBMCs with indicated
CFSE-labeled: T cell populations: ‘obtained: from
two different donors (B-E).

increase.in the proportion of alreg cells
among CD4"* T cells (4.67% + 3.35%, n =
41; p < 0.0001) combined with a high prev-
alence of Ki-67'FoxP3"CD4" T cells and
adecrease in the proportions ofrTreg cells
(1:48% + 0.89%; p < 0.0001). In active
systemic lupus erythematosus (SLE), a
prototype of systemic. autoimmune. dis-
ease, there was a decrease in the pro-
portion of aTreg cells (1.24 £ 0.72; n = 15;
p = 0.006) and an increase in the propor-
tions of rireg cells (4.2 = 1.86; p =
0.0008). Notably,. CD45RA_FoxP3'¢ non:
Treg. cell fraction (Fr.. Ill) increased to
form a distinct population in active SLE
(10:37% = 9.3% versus 3.04 = 1.1 in
healthy donors; p < 0.0001; Figures 6C
and 6D).

Thus,; distinction of Treg cell subsets
simply based onthe combination  of
CD45RA and FoxP3 expression is highly
informative in assessing the dynamics: of
Treg cell differentiation under physiolog-
ical and disease conditions.

DISCUSSION

We have shown in this report that FoxP3*
cells in human PBL are heterogeneous in
function and include not only suppressive
T cells but also nonsuppressive ones: that
abundantly secrete proinflammatory cyto-
kines such as IL-17. Further, Treg cells
functionally and phenotypically differen-
tiate within the FoxP3' population. This

functional heterogeneity and differentiation dynamics can be
clearly shown by separating FoxP3” cells into three subsets based
on: the expression of FoxP3. and CD45RA (or CD45R0), which
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