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Fig. 7 Endoscopic findings of
GI-FL, ¢ polymerase chain
reaction (PCR) analysis of GI-
FL, and d fluorescence in situ
hybridization (FISH) analysis of
GI-FL in a 47-year-old man.
DBE revealed a submucosal
tumor-like lesion with
ulceration in the middle portion
of the small intestine (a). There
were small whitish granular
lesions on the oral side of the
ulcer (b). PCR analysis. IgH/
BCL2 rearrangement was
detected with probes for major
break region (MBR; ¢). FISH
analysis. #(11;14)(q13;q32) was
demonstrated by the yellow
fusion signals in an abnormal
nucleus (d). mcr, Minor cluster
region

Molecular size marker (tkbp)
Bcl-2/igH (primers for MBRO1/E 2 01)
Bcl-2/gH (primers for mcrO1/E 12 01)
Bcel-2gH (primers for merO2/E 2 01)
Positive control (t-PA: 8.3kbp)

o s ep

. IGH/BCL2 probe fusion signals (yeisw)

I BCL2 (18q21) probe signals (red)
* IGH {14932) probe signals (green)
Table 6 Histologic grade of GI-FL Table 7 Immunophenotype of GI-FL
Histologic grade n (%) n (%)
Grade 1 157 (84.4) Surface marker
Grade 2 21 (11.3) CDI10 (+), Bcl-2 (+) 155 (68.9)
Grade 3 8 (4.3) CDI10 (+), Bcl-2 (—) 3(1.3)
Grade 3a 3(1.6) CDI10 (-), Bcl-2 (+) 7 (3.1)
Grade 3b 1 (0.5) CD10 (—), Bel-2 (—) 3(1.3)
Details unknown 4(2.2) CDI10 (?7), Bel-2 (+) 51 (22.7)
CDI10 (?7), Bel-2 (—) 6(2.7)
Surface immunoglobulin
’ IgM 14 (50.0)
of gastric FL [37] and 2 cases of FL of the small intestine IgD 4 (15.4)
[32]. In all of these cases, the primary lesion formed a mass TgA 4(15.4)
lesion. It is noteworthy that small mediastinal lymph node 1eG 2(17)
dissemination was detected with FDG-PET in one gastric Nok defected 3(11.5)

FL case (Fig. 6c, arrowhead) [37]. In this case, the dis-
seminated lesion above the diaphragm could not be
detected with CT, which was performed before the FDG-
PET examination. In another case of duodenal FL [24],
18F-FDG accumulated in the mesenteric lymph nodes,
whereas there was no obvious uptake in the primary site.
Therefore, this modality may not be useful for evaluating
the spread of the primary lesion, as Hoffman et al. [44] and
Higuchi et al. [32] demonstrated, but the modality is useful
for evaluating lymph node dissemination.
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Prognosis in patients with gastrointestinal follicular
lymphoma

Prognosis of GI-FL
The long-term clinical outcome of GI-FL remains unclear

because there has been no analysis of a large population-
based registry of survival for patients with GI-FL. In 2 case
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Fig. 8 PCR analysis in an
81-year-old woman with GI-FL.
Primers for MBR failed to
detect 7(14;18)(q32:921)

(lane 2), and PCR products
using primers for mecr were
observed in lane 3

Table 8 Genetic features of GI-FL

n (%)

Southern blotting

Positive (MBR) 1 (20.0)

Positive (mcr) 1 (20.0)

Positive (break point unknown) 1 (20.0)

Negative (MBR and mcr) 2 (40.0)
Polymerase chain reaction

Positive (MBR) 23 (46.9)

Positive (mcr) 1 (2.0)

Positive (break point unknown) 4 (8.2)

Negative (MBR) 21 (42.9)
Fluorescence in situ hybridization

Positive 18 (72.0)

Negative 7 (28.0)

MBR major breakpoint region, mcr minor cluster region

series on long-term outcomes of patients with GI-FL,
relapse-free median time or median relapse-free survival
was similar to that for nodal FL [12, 15]. Shia et al. [15]
reported a median relapse-free survival of 63 months in 25
GI-FL patients. Damaj et al. [12] reported a median time to
progression of 37.5 months in 7 patients without any
treatment and a median time to recurrence of the disease of
31 months in 18 patients with treatment.

On the other hand, based on all available data reported
previously, GI-FL seems to have a better prognosis than
nodal FL. There are only five reported cases in which the
patients died of GI-FL, and, among 249 GI-FL patients, 3
patients died of another disease [12, 20, 22, 54]. In addi-
tion, the median relapse-free survival was 98 months in 96
patients with GI-FL (Fig. 9a), which appears to be a more
favorable outcome compared with that of nodal FL.

In GI-FL, the frequency of grade | lymphoma is much
higher compared with that in nodal FL (see “Histologic
erading”), and most GI-FL presents as a localized disease
at the time of diagnosis, while most nodal FL involves
multiple sites when staging procedures are performed (see

Molecular size marker (1kbp)
Bcl-2/IgH (primers for MBRO1/E g 01)
Bel-2/IgH (primers for mer01/E £ 01)
Bcl-2/IgH (primers for mcr02/E 12 01)
Positive control (t-PA: 9.3kbp)

A B O

Negative control (H,0)

“Clinical stage™). These features may indicate that GI-FL
is a distinct entity from nodal FL, and is slower to progress.

There may be other reasons for the better prognosis of
GI-FL compared with that of nodal FL. When lymphoma
cells infiltrate not only the GI tract but also extraintestinal
sites, e.g., peripheral or mediastinal lymph nodes, liver or
spleen, most such cases, especially those with massive
extraintestinal lesions, are excluded from primary GI-FL
[11, 12, 15-17] because of the inability to distinguish
between primary GI-FL with extraintestinal invasion and
secondary GI-FL as a result of dissemination from another
site (see “Definition of primary Gl lymphoma”). Second,
there are only a few GI-FL patients with a long-term follow
up, because of its rarity. The median follow-up duration of
the reported cases of GI-FL is only 24.5 months, while the
median follow up was more than 50 months in most studies
of the long-term clinical outcome of nodal FL [103—105].

Grade 1 GI-FL tends to have a better relapse-free survival
than grade 2 GI-FL, but the prognosis for grade 3 lymphoma is
unclear because of its rarity. Relapse-free survival of grade 1,
grade 2, and grade 3 is 61.6% at 180 months (n = 48),41.7%
at 112 months (n = 13), and 100% at 108 months (n = 3),
respectively (Fig. 9b). The difference in overall survival
between each grade is also unknown, as only 5 patients died of
GI-FL and 3 died of other diseases, based on the data in the
available literature [12, 20, 22, 54].

To compare the prognosis between localized GI-FLs
(i.e., stage I or II) and systemic ones (i.e., stage Il or IV) is
difficult, because only 13 of 193 GI-FL patients (6.7%)
with available clinical stage data had a systemic disease.

Recurrence after achieving complete
remission in GI-FL

Of 249 patients with GI-FL, 106 achieved complete
remission with various therapies (see “Gastrointestinal
follicutar lymphoma treatment”). Of those, FL relapsed in
16 cases from | to 98 months after achieving of complete
remission [12, [5-17, 47]. Details of relapsed cases are
summarized in Table 9. Median time to recurrence was

D) Springer
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A - Table 9 Recurrence after achieving complete remission in GI-FL
n
0.8 1
o Number of cases with recurrence 16
E 0.6 Sex
9 Male/female/unknown 5/5/6
_% 0.4 Median time to recurrence (months) 44.5°
[}
. Range (months) 1-98°
021 Clinical stage
) LIV /unknown 6/3/1/6
° T T T T T T T T Initial treatments
0 25 50 75 100 125 150 175 200 Suree 4
Months gery
Radiation 1
B ~— Grade 1 (n=48) Chemotherapy 4
77" Grade2 (n=13) Radiation + chemotherapy 2
—'~ Grade 3 (n=3)
° Surgery + chemotherapy 4
g ] Surgery + radiation + chemotherapy 1
“; Recurrent site
&4 0 e e 4 Local recurrence
& ] Locoregional recurrence 6
027 Outside the GI tract 7
Unknown 2
0
0 5 50 75 100 125 150 175 200 * 6 cases in which the duration of remission was not described were

Months

Fig. 9 a Kaplan-Meier plot of relapse-free survival after achieving
complete remission in patients with GI-FL. b Relapse-free survival
according to histologic grade. Relapse-free survival of grade 1, grade
2, and grade 3 was 61.6% at 180 months (n = 48), 41.7% at
112 months (n = 13), and 100% at 108 months (n = 3), respectively

44.5 months. Initial treatments to induce remission were
surgery (4 cases), radiation (1 case), chemotherapy (4 cases),
radiation plus chemotherapy (2 cases), surgery plus chemo-
therapy (4 cases), and radiation plus surgery following che-
motherapy (1 case). It is noteworthy that FL relapsed outside
the GI tract, including in extraabdominal lymph nodes, the
spleen, and tonsils, in about 50% of the recurrent cases [15—
17]. Therefore, not only evaluation of the GI tract using
endoscopy and abdominal CT scan but also whole-body
evaluation, including gallium scintigram or FDG-PET, should
be performed for follow-up studies after the achieving of
complete remission. To screen for extraabdominal relapse,
FDG-PET rather than gallium scintigraphy is recommended
because of its sensitivity [100] (see “Recent advances in
gastrointestinal follicular lymphoma staging”).

Gastrointestinal follicular lymphoma treatment
Management of GI-FL is controversial, mainly because of
its rarity. Damaj et al. [12] reported that there was no

significant difference in the prognosis between patients
without treatment and those with treatment, as in nodal FL.

@ Springer

excluded

b Recurrent sites were submandibular lymph nodes (1 case), axillary
and inguinal lymph nodes (1 case), colon and spleen (1 case), tonsil
(1 case), and unknown (3 cases)

[106-108]. Therefore, a “watch and wait policy” has been
adopted in some asymptomatic patients with GI-FL [13,
15, 17, 18, 20, 23, 54, 55]. In other patients, surgery,
radiotherapy, chemotherapy, monoclonal antibody therapy,
or a combination of these therapies is performed. In addi-
tion, antibiotic therapy has been tried in several patients
with GI-FL [7, 17-19, 24, 25, 34, 50], based on the
established efficacy of antibiotics in patients with other
indolent GI lymphomas, such as gastric MALT lymphoma
or immunoproliferative small intestinal disease (IPSID).

GI-FL treatments and responses are summarized in
Table 10.

Conventional therapies

Patients with GI-FL. have been treated with surgery,
radiotherapy, chemotherapy, or a combination of these
therapies. To compare the effect of each therapy with
another is difficult, however, because the number of
patients receiving each type of treatment is very small and
the background of the cases, including clinical stage and
duration of follow up, varies. In general, a complete
response was achieved in most patients regardless of
treatment modality, reflecting the indolent nature of GI-FL
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Table 10 Therapeutic modalities for GI-FL
n Response to the therapies (n = 159)

CR (recurrence) PR NC PD unknown
Surgery 36 28 (4) 2 0 0 6
Radiation 6 6 (1) 0 0 0 0
Chemotherapy without rituximab 44 22 (4) 9 2 1 10
Chemotherapy + radiation 8 4 (2) 1 1 0 2
Surgery + chemotherapy 24 20 (4) 2 0 0 2
Surgery + radiation 1 1 (0) 0 0 0 0
Surgery + radiation + chemotherapy 1 1 (1) 0 0 0 0
Rituximab monotherapy 8 6 (0) 2 0 0 0
Chemotherapy + rituximab 19 15 (0) 4 0 0 0
Surgery + chemotherapy + rituximab 1 1.(0) 0 0 0 0
Antibiotic therapy 15 2 (0) 1 9 2 1
Observation 48 - - - - -
Total 211 106 (16) 21 12 3 21

CR complete response, PR partial response, NC no change, PD progressive disease

(Table 10) (see “Prognosis in patients with gastrointestinal
follicular lymphoma”).

Chemotherapy for GI-FL is performed based on the
therapeutic regimens of nodal FL, especially in patients
with systemic disease or widespread GI tract involvement.

Rituximab-containing regimen

After the introduction of therapies using the monoclonal
antibody against CD20, rituximab, several randomized
studies demonstrated that this therapeutic modality, com-
bined with conventional therapies, improved not only the
complete response rate and the duration of the response but
also the overall survival rate of nodal FL [109-111]. In
addition, in GI-FL, immunotherapy using rituximab with or
without chemotherapy has been performed [7, 13, 1618,
20, 24, 28, 41, 42, 56], although the efficacy of therapy
including rituximab has not been compared with that of
conventional therapy alone. There seems to be no differ-
ence in the response of GI-FL between therapeutic regi-
mens containing rituximab and conventional therapy at
present, which may be due to the disease rarity and the
favorable nature of the disease (Table 19).

Antibiotic therapy

Growing evidence indicates that some subtypes of marginal
zone lymphomas are associated with chronic antigen stimu-
lation by microbial pathogens and that therapy with antibiotics
is effective in marginal zone lymphoma of MALT type,
including gastric MALT lymphoma and IPSID.

Several studies have revealed a close association of
infection with H. pylori and gastric MALT lymphoma

[112—-115], and the eradication of H. pylori infection results
in lymphoma remission in patients with low-grade MALT
lymphoma localized in the stomach [116-122].

IPSID, which is also called “Mediterranean lymphoma”
or “alpha heavy chain disease” [123], is a variant of
MALT lymphoma in the small intestine. Early-stage IPSID
responds to antibiotics such as tetracycline, ampicillin, or
metronidazole [124]. Recently Lecuit et al. [125] have
reported that IPSID is associated with Campylobacter
Jejuni.

Also in GI-FL, some patients were treated with antibi-
otics using an H. pylori eradication regimen, because
H. pylori was detected in the stomach or a diagnosis of
MALT lymphoma was made at first. Most GI-FL lesions,
however, were unchanged or progressed despite the
administration of antibiotic agents [17, 18, 24, 25, 50]. The
fact that antibiotic therapy is ineffective for most patients
with GI-FL may indicate that the neoplastic follicles of
GI-FL are not composed of antigen-driven cells, different
from MALT lymphoma [126].

In several patients with GI-FL, however, regression of
GI-FL was noted after antibiotic treatment [14, 19, 34].
Toyoda et al. reported a case of duodenal FL that regressed
12 months after eradication of H. pylori although the
immunophenotype of the tumor cells was CD10- and bcl-
24-, which is characteristic of MALT lymphoma rather
than FL [19]. Nakamura et al. [14] described a patient who
showed regression of GI-FL at 15 months after antibiotic
treatment, and Nomura et al. [34] reported that duodenal
FL regressed at 12 months after antibiotic therapy. These
cases may suggest that tumor cell growth depends on
stimulation with antigens originating from the gut lumen
via B-cell receptors on the tumor cells in some cases of
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GI-FL, as Bende et al. [45] and Takata et al. [63] have
speculated.

Conclusion

Although GI-FL is generally considered to be a rare entity,
the number of reported cases of GI-FL is increasing. A
consensus regarding the management of this disorder,
however, has not yet been established. Irrespective of the
specific therapy, the overall survival of GI-FL appears to be
good. Little is known about long-term clinical outcome of
GI-FL, especially since treatment with rituximab was intro-
duced. Therefore, further studies are necessary to evaluate
how rituximab changes the clinical outcome of GI-FL.

Accurate evaluation of the distribution of the disease,
however, is necessary for deciding on the treatment
modality. WCE and DBE, which provide detailed infor-
mation about the mucosa of the whole small intestine, are
useful for localizing GI-FL because of the potential mul-
tifocal involvement of the GI tract in many cases. GI-FL
tends to be localized in the GI tract and regional lymph
nodes at diagnosis, whereas extraabdominal relapse is
observed in about 50% of recurrent cases. Accordingly,
endoscopic examination throughout the entire GI tract and
whole-body evaluation with FDG-PET is necessary for
staging and follow-up studies.
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Enhanced cytokine responses to Toll-like and
NOD-like receptor ligands in primary biliary
cirrhosis-CREST overlap syndrome

Sir, Although clinical features of the CREST syndrome are
sometimes exhibited in patients with primary biliary cirrho-
sis (PBC), the mechanisms behind these overlap condi-
tions are poorly understood. Recent studies suggest the
involvement of hyper-responsiveness to Toll-like receptor
(TLR) signalling in PBC and scleroderma [1, 2]. Here, we
report a patient with PBC-CREST overlap syndrome
showing enhanced innate immune responses to TLR
and NOD-like receptor (NLR) ligands.

A T72-year-old Japanese woman was admitted for
further examination of liver dysfunction. She had been
suffering from RP and sclerodactyly for 10 years. Barium
swallow performed for the investigation of nausea showed
a dilated oesophagus and diminished peristalsis due to
oesophageal dysmotility. Biochemical values showed ele-
vated levels of serum hepatobiliary enzymes (aspartate
transaminase 1711U/l, alanine aminotransferase 171 1U/,
alkaline phosphatase 1595 IU/I, y-glutamyl transpeptidase
6121U/1). Serological tests for hepatitis B and C virus were
negative. A marked elevation of serum ANA and ACA titre
was seen (x1280). AMA was also positive. Antibodies
against ssDNA and dsDNA, Scl-70, Jo-1, RNP, Sm,
liver/kidney microsome type-1, and SSA and SSB anti-
gens were negative. Histopathology of the liver biopsy
specimen showed destruction of intrahepatic bile ducts
by infiltration of mononuclear inflammatory cells and
findings are consistent with chronic non-suppurative
destructive cholangitis in PBC (Fig. 1A). She was
diagnosed as PBC-CREST overlap syndrome based on
these results.

Monocytes from patients with PBC exhibit enhanced
pro-inflammatory cytokine responses to TLR ligands, sug-
gesting that over-reactivity to microbial antigens underlies
the immunopathogenesis of PBC [1]. In addition, activa-
tion of Type | IFN signalling mediated by nucleic acid-
containing immune complex is associated with
development of scleroderma [2]. However, it is unknown
which type of immune response is predominant in patients
with PBC-CREST overlap syndrome. CD14" monocytes
were isolated from peripheral blood mononuclear cells of

1602

this patient and two healthy controls to measure the pro-
duction of pro-inflammatory cytokines upon stimulation
with microbial antigens after written informed consent
was obtained according to the Declaration of Helsinki.
The design of the work conforms to standards currently
applied in Kyoto University. Monocytes (1 x 10%/ml) were
stimulated with a broad range of TLR and NLR ligands
[FK156, NOD1 ligand, 10pg/ml; muramyl dipeptide
(MDP), NOD2 ligand, 10pg/ml; PamzCSK4 (PAM),
TLR2 ligand, 1pg/ml; lipopolysaccharide (LPS), TLR4
ligand, 1pg/ml; and flagellin, TLRS ligand, 1pg/ml] for
24 h [3-5]. Monocytes from the patient showed enhanced
production of IL-6 upon stimulation with TLR2, TLR4
and TLR5 ligands as compared with those from healthy
controls (Fig. 1B). Not only TLR but also NLR (NOD1
and NOD2) ligands enhanced IL-8 production by
monocytes from the patient. Interestingly, production of
IFN-B was markedly enhanced by stimulation with TLR3
and TLR4 ligands in monocytes from the patient.
Thus, monocytes from the patient with PBC-CREST
overlap syndrome were characterized by enhanced
pro-inflammatory cytokine and Type | IFN responses to
microbial antigens.

Production of IL-6 and IFN-f depends upon activation
of nuclear factor-kappa B (NF-«B) and IRF3, respectively
[6]. We next addressed whether enhanced cytokine re-
sponses in this patient was associated with transactiva-
tion of these transcription factors. For this purpose,
nuclear extracts (20ug) isolated from monocytes after
stimulation with TLR3 and TLR4 ligands for 1 h were sub-
jected to transfactor binding assay [3-5]. Nuclear trans-
location of NF-«B subunit, p65 and IRF3 was markedly
enhanced in monocytes from the patient upon stimulation
with TLR3 and TLR4 ligands as compared with healthy
controls (Fig. 1C). These data suggest that enhanced ac-
tivation of NF-«<B and IRF3 via TLR signalling causes a
robust production of IL-6 and IFN-B by monocytes from
the patient.

We have found that monocytes from the patient with
PBC-CREST overlap syndrome show hyper-reactivity to
both TLR and NLR ligands in terms of pro-inflammatory
cytokine and IFN-B responses. Production of IL-6
mediated by TLRs is up-regulated in PBC, whereas acti-
vation of Type | IFN signalling may be involved in sclero-
derma [1, 2]. In addition, Takii et al. [7] showed
involvement of Type | IFN signalling via TLR3 in the patho-
genesis of PBC. Thus, activation of Type | IFN signalling is
one of the characteristic findings in innate immune re-
sponses not only in scleroderma but also in PBC. The
results of our study clearly show that monocytes from
the patient with PBC-CREST overlap syndrome exhibit
both phenotypes upon stimulation with TLR and NLR lig-
ands since these microbial antigens induce increased pro-
duction of both IL-6 and IFN-B. Patients with PBC-CREST
overlap syndrome manifest features of both PBC and
scleroderma not only in clinical symptoms but also in
innate immune responses. In this regard, it is possible
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Fig. 1 Enhanced cytokine responses to TLR and NLR ligands in a patient with PBC-CREST overlap syndrome. (A)
Haematoxylin and eosin staining of liver biopsy specimen. Massive infiltration of inflammatory cells, which mainly con-
sists of lymphocytes, was seen around the bile ducts. (B) CD14™ monocytes were isolated from two healthy controls and
the patient. These CD14* monocytes (1 x 10%/ml) were stimulated with TLR and NLR ligands (FK156 10 ug/ml, MDP
10 pg/ml, PAM 1 pg/ml, dsRNA 50 pg/mi, LPS 1 pg/mi and flagellin 1 pg/ml) for 24 h and then culture supernatants
were subjected to IL-6, IL-8 and IFN-f assay. (C) Nuclear extracts were isolated from CD14™ monocytes stimulated
with dsRNA or LPS for 1 h as described in (B). Nuclear extracts (20 ug) were subjected to NF-«B and IRF3 activation
assay. Results are expressed as mean (s.n.) and mean alone, respectively, in the control and patient’s samples (B, C).
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that activation of Type | IFN signalling, a common feature
of innate immune responses in PBC and CREST
syndrome, might haye caused PBC-CREST overlap syn-
drome exhibiting enhanced activation of multiple TLR
pathways. Another important issue arising from this
study is whether microbial infections cause PBC-CREST
overlap syndrome by the breakdown of self-tolerance
through hyper-responsiveness to TLR and NLR ligands.
In fact, molecular mimicry between microbial antigens
and auto-antigens is considered as one possible mechan-
ism of immunopathogenesis of PBC and scleroderma al-
though a direct causal association between infections and
these diseases is missing [8, 9].

In conclusion, we report the first case of a patient
with PBC-CREST overlap syndrome exhibiting enhanced
production of IL-6 and IFN-p to TLR and NLR

www._rheumatology.oxfordjournals.org
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ligands. It should be noted, however, that future
studies using a large number of patients with PBC-
CREST overlap syndrome are absolutely required to
confirm this idea.

Rheumatology key message

e Innate immune responses mediated by TLRs

and NLRs are enhanced in PBC-CREST overlap
syndrome.
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Acute haemorrhagic oedema of infancy—a case

of benign cutaneous leucocytoclastic vasculitis

Sir, This 10-month-old male infant presented with a 3-day
history of erythematous, purpuric rash and progressive
swelling of the limbs, 2 weeks after recovering from
chicken pox. Blood tests revealed mildly deranged
clotting: prothrombin time (PT) 12.2s, activated partial
thromboplastin time (APTT) 50.7s and fibrinogen 6.5g/I
(normal range: PT 10.4-12.8, APTT 24-32.2 and
fibrinogen 1.7-5.5). Due to concerns that the rash

1604

may represent purpura fulminans (PF), a rare but ser-
ious immune-mediated complication following chicken
pox, he was referred to the regional tertiary paediatric
unit.

On admission he was afebrile, alert but miserable,
with well-defined tender erythematous palpable annular
lesions with purpuric centres predominantly on the limbs
(Fig. 1a), pale pink reticulate rash on left ear (Fig. 1b) and
right ankle, and with marked oedema of limbs and was
reluctant to move the left shoulder (Fig. 1c). He had scat-
tered healing chicken pox lesions, shotty cervical and
inguinal lymph nodes, but no respiratory or abdominal
symptoms and no other joint pain. He was normotensive,
urinalysis was negative and he had one episode of dark
stool, but no fresh red blood.

A clinical diagnosis of acute haemorrhagic oedema of
infancy (AHOI) was confirmed by skin biopsy demonstrat-
ing leucocytoclastic vasculitis, involving small blood
vessels in the dermis and superficial subcutis, with peri-
vascular neutrophilc infiltrate (Fig. 1d). Immunoperoxidase
staining performed on de-paraffinized sections using pro-
teinase K pre-digestion showed fine granular IgA deposits
around some small blood vessels in the dermis, with no
specific binding of IgG, IgM or C3. Repeated extended
clotting tests showed only slightly reduced free protein S
(63%, range 75-142). ESR was elevated at 56 mm/h.
Autoantibody screen, ANCA, aCL (IlgG and IgM), serum
immunoglobulin and complement C3 and C4 levels were
negative or within normal range.

He was managed conservatively with i.v. fluids, pain
control (paracetamol) and antibiotics (ceftriaxone initially,
changed to oral amoxicillin after 2 days). He made a rapid
recovery, remained afebrile, was eating and drinking
within 1 day of admission and by Day 2 no new lesions
were seen. He was discharged home, and the rash and
oedema resolved completely within 2 weeks.

The uncommon presentation of acute leucocytoclastic
vasculitis in infants and young children between 3 months
and 2 years of age was first described in 1913 [1] and
named as acute haemorrhagic oedema by Finkelstein
in the late 1930s [2]. Our patient had typical presentation
with rapid development of tender and well-demarcated
rosette-like (en cockade after Seidimayer) purpuric lesions
associated with marked painful oedema [2]. The clinical
triad of fever, painful skin lesions and oedema is charac-
teristic. The head and distal limbs are the most common
sites of presentation. Systemic involvement is rare, but
haematuria, mild proteinuria and bloody diarrhoea as
well as arthritis and arthalgia have been reported.
Routine blood tests are essentially normal, except for a
mildly elevated ESR. A profound leucocytoclastic vascu-
litis is usually seen on histology (Fig. 1d); IgM, C1g and
fibrinogen are frequently found, and perivascular IgA
deposition has been reported in ~25% of the cases [3],
as in this case. The benign course is typical with spontan-
eous and complete resolution often occurring within
1-3 weeks, without specific treatment [3, 4].

The pathogenesis and aetiology of AHOI is unknown,
but an IC-mediated vasculitis is most likely [5], as in the
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Distinct Signal Codes Generate Dendritic Cell
Functional Plasticity

Kazuhiko Arima, Norihiko Watanabe,* Shino Hanabuchi, Mikyoung Chang,
Shao-Cong Sun, Yong-Jun Liu®
(Published 19 January 2010; Volume 3 Issue 105 ra4)

Our adaptive immune system induces distinct responses to different pathogens because of the func-
tional plasticity of dendritic cells (DCs); however, how DCs program unique responses remains unclear.
Here, we found that the cytokine thymic stromal lymphopoietin (TSLP) potently transduced a unique
T helper type 2 (T42)-inducing compound signal in DCs. Whereas activation of nuclear factor xB
(predominantly p50) drove DCs to produce OX40L to induce T2 differentiation, the activation of signal
transducer and activator of transcription 6 (STAT6) triggered DCs to secrete chemokines necessary for
the recruitment of T2 cells. In addition, TSLP signaling limited the activation of STAT4 and interferon
regulatory factor 8 (IRF-8), which are essential factors for the production of the Ty;1-polarizing cytokine
interleukin-12 (IL-12). By contrast, Toll-like receptor ligands and CD40 ligand did not activate STAT6 in
myeloid DCs, but instead increased the abundance of STAT4 and IRF-8 to induce Ty;1 responses through
the production of IL-12. Therefore, we propose that the functional plasticity of DCs relies on elaborate

signal codes that are generated by different stimuli.

INTRODUCTION

Dendritic cells (DCs) are professional antigen-presenting cells (APCs),
which are characterized by a strong ability to stimulate the proliferation
of T cells and by a functional plasticity in the induction of distinct T helper
cell responses to different types of invading pathogens (7). Certain microbial
components, such as ligands for Toll-like receptors (TLRs), and CD40 lig-
and (CD40L), which is on activated T cells, induce the maturation of DCs, a
process by which immature DCs differentiate into fully competent APCs
capable of priming T cell responses, and the production of the cytokine
interleukin-12 (TL-12). TL-12 is indispensable for mounting T helper type
1 (Ty1) responses to eradicate most intracellular microbes by inducing the
production of interferon-y (IFN-y) (2, 3). By contrast, extracellular patho-
gens, such as helminths, and allergens induce distinct immune responses
called Ty2 responses, which cause eosinophilic inflammation; however,
the underlying molecular mechanisms that determine the functional plas-
ticity of DCs are poorly understood (4-8).

Thymic stromal lymphopoietin (TSLP) is an IL-7-like cytokine that is a
key molecule for initiating T2 responses (9). In humans, TSLP is produced
predominantly by epithelial cells and activates myeloid DCs (mDCs) to in-
duce T2 responses in T cells, which is associated with allergic inflamma-
tion (9). Inhibiting the function of TSLP in vivo has provided a promising
therapeutic effect for allergic diseases (10, /7). The ability of TSLP-activated
mDCs (TSLP-mDCs) to induce Ty2 responses is directly linked to three
unique features of these cells: (i) the secretion of chemokines that specifi-
cally attract Ty;2 cells; (i) the presence of the Ty2-polarizing molecule
0X40 ligand (OX40L); and (iii) the inability to produce the Ty 1-polarizing
cytokine IL-12 (/2-14). We wished to understand how TSLP receptor
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(TSLPR) signaling induced Ty;2 responses so that we could try to uncover
the molecular mechanisms responsible for the functional plasticity of DCs.

RESULTS

TSLP activates a distinct set of STAT proteins to
program Ty2-inducing mDCs
Previous studies of cell lines that have the TSLPR complex, which consists
of TSLPR and the a chains of the IL-7 receptor (IL-7Ra), showed that
TSLP activates the transcription factors signal transducer and activator of
transcription 3 (STAT3) and STATS (15, 16). However, activation of these
ubiquitous signaling molecules is unlikely to explain the unique features of
TSLP-mDCs. STAT6 regulates the production of the T2 cell-attracting
CC chemokine CCL17 [also known as thymus and activation-regulated
chemokine (TARC)] in T cells and macrophages (/7, 18). We therefore
examined the activation status of all of the STAT proteins in human mDCs
after 24 hours of culture with TSLP, ligands for different TLRs, or CD40L
(Fig. 1A). Phosphorylation of STAT1 and STAT3 was widely induced by
TSLP and certain TLR ligands. In addition, TSLP induced the preferential
phosphorylation of STATS and STAT6, which are involved in T2 re-
sponses (/9), whereas the TLR3 agonist polyinosinic:polycytidylic acid
[poly(I:C)] and the TLR7 and TLR8 agonist R848, two major stimuli of
the production of IL-12p70 in human primary mDCs (20), induced the pref-
erential phosphorylation of STAT2 and STAT4, key transcription factors
that are involved in Ty;1 responses (5). We occasionally observed that R848
also induced much weaker phosphorylation of STATS than did TSLP (fig.
S1). CD40L did not induce detectable phosphorylation of any STAT protein.
To determine whether TSLP directly activated multiple STATs, mDCs
were stimulated for up to 30 min with TSLP, poly(I:C), IFN-B, IL4 (a cy-
tokine that drives Ty2 responses), or bovine serum albumin (BSA) as a neg-
ative control (Fig. 1B). TSLP induced the phosphorylation of STAT1, -3, -4,
-5, and -6 within 5 min, whereas poly(I:C) did not stimulate the phospho-
rylation of any STAT protein within 30 min, which suggests that poly(I:C)
indirectly induces phosphorylation of STAT proteins at later time points,
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possibly through an autocrine pathway that involves IFN-B (Fig. 1A) (21).
Indeed, IFN-B induced the phosphorylation of STAT1, -2, -3, -4, and -5,
whereas [L-4 stimulated the phosphorylation of STAT6 within 30 min,
as was reported for other cell types (22). Phosphorylation of STAT6 is typ-
ically induced by IL-4Ra upon binding to IL-4 or IL-13 (23). TSLP-
mediated phosphorylation of STAT6 was blocked by neutralizing antibodies
against TSLPR but not by antibodies against IL-4Ro, whereas [L4— and
IL-13-mediated phosphorylation of STAT6 was blocked by antibodies
against [L-4Ra but not by antibodies against TSLPR, indicating that
TSLPR mediates the activation of STAT6 independently of IL-4Ra (Fig.
1C). Chromatin immunoprecipitation (ChIP) assays revealed the binding
of TSLP-activated STAT6 to the promoter of CCL/7 (Fig. 1D), suggesting
that the production of CCL17 by TSLP-mDCs (9) depends on TSLP-
mediated activation of STAT6.

TSLP induces robust and sustained activation of

Janus kinase 1 and 2 in mDCs

Cytokine-dependent activation of STATS is primarily mediated by Janus
kinases (JAKs) (22--24); however, JAKs are not involved in TSLP sig-
naling in mice (/5). We therefore examined whether JAKs were activated
by TSLP in human primary mDCs. Whereas TL-7 stimulated a weak and
transient' (<5 min) phosphorylation of JAK 1, TSLP induced robust and sus-
tained (~1 hour) phosphorylation of JAK1 and JAK2 in mDCs (Fig. 2A).
This finding may explain why TSLP, but not other cytokines such as IL-7,
could induce sustained (>2 hours) and broad activation of STATs (Figs. 1B
and 2A and fig. S2). Because JAKs have the potential to activate several
signaling pathways in addition to those involving STATSs (24), we examined
the activation of the phosphoinositide 3-kinase (PI3K)-Akt pathway and of
mitogen-activated protein kinases (MAPKSs) in response to TSLP and found
that phosphorylation of Akt and the MAPKSs extracellular signal-regulated

Fig. 1. TSLP directly activates A

kinase (ERK) and c-Jun N-terminal kinase (JNK) was rapidly induced by
TSLP (Fig. 2B and fig. S3).

To confirm the role of JAKSs in mediating the range of TSLP-dependent
signals, mDCs were pretreated with the pan-JAK inhibitor pyridone 6, the
PI3K inhibitor LY294002, the MEK (ERK) inhibitor U0126, or with di-
methyl sulfoxide (DMSO) as the vehicle control and were then stimulated
with TSLP or IL-1B, a cytokine that stimulates JAK-independent signaling.
We found that the pan-JAK inhibitor completely blocked the TSLP-
dependent phosphorylation of STATs, Akt, and ERK, whereas it did not
block the IL-1B-dependent phosphorylation of ERK and only partially
blocked the phosphorylation of Akt, indicating that the robust and broad
signals in response to TSLP were dependent on the activation of JAKs
(Fig. 2B). The PI3K inhibitor LY294002 did not block TSLP-dependent
phosphorylation of STATSs but blocked the phosphorylation of Akt and
ERK in response to TSLP. In contrast, whereas LY294002 blocked the
IL-1B-dependent phosphorylation of Akt, it did not block the phosphoryl-
ation of ERK in response to IL-1f, demonstrating that the TSLP-dependent
activation of ERK required activation of the PI3K-Akt pathway. The MEK
inhibitor blocked the phosphorylation of ERK in response to either TSLP or
IL-1B, but it did not inhibit the TSLP-dependent phosphorylation of STAT
and Akt, nor did it block the IL-1B-dependent phosphorylation of Akt. Col-
lectively, these data suggest that JAKs constitute critical mediators of the
broad signaling of TSLP in human mDCs.

TSLP induces the production of OX40L in mDCs by the
sustained activation of p50 and RelB

Upon activation with TSLP, mDCs increase the abundance on their cell sur-
face of molecules such as major histocompatibility complex II (MHC II),
CD40, CD80, and CD86 in 24 hours and that of OX40L, a potent T;2-
polarizing molecule, in 48 to 72 hours (9, 12, 13). This increase in the abun-
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(C) Effect of neutralizing antibodies Anti- Control DNA
against IL-4Ra or TSLPR on the LIPS B IR SN ST SN Y TAT G i
i M2 ), / input
activation of the indicated STAT = @° 27 & & @ DV Q7 <@ alAle _Ig P
proteins in mDCs by TSLP, IL-4, | - - | [ - | pSTATS s + = & - # TELP
and IL-13. Cells were preincubated | ” ” — : - |- -] pSTATE [ — (%CTII;{{'ECE)
p

with the indicated neutralizing or

isotype-matched control antibodies

(X 1 I I 1LY T ICYLY VRN

| | CCL17(5)

(10 pg/ml) for 30 min at 37°C and
then stimulated with 10 ng/ml of TSLP, IL-4, or IL-13 or with vehicle control
(BSA) for 10 min at 37°C. (A to C) Western blots were incubated with anti-
bodies specific for the indicated phosphorylated STAT proteins or with an
antibody against STAT6 to confirm equal loading of all lanes. Data are rep-
resentative of three independent experiments. (D) ChIP assays demonstrat-
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ing the enrichment of STAT6 at the region around the STAT6 consensus
elements (STATECE) of the promoter of CCL 17in response to TSLP. A region
~6000 bp upstream of the initiator codon of the gene was used as negative
control. Data are displayed as inverted images for easier visibility and are
representative of three independent experiments. IgG, immunoglobulin G.
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dance of OX40L is the second unique feature of TSLP-mDCs. Because the
promoter of OX40L contains two potential nuclear factor kB (NF-xB)
binding sites (25) and because TSLP increases the expression of several
NF-xB target genes in mDCs (fig. S4), we hypothesized that the NF-xB
pathway might play a role in the increased production of OX40L that is
triggered by TSLP but not by other stimuli (/2). To delineate the differential
activation of NF-xB by different stimuli, we compared the nuclear trans-
location of NF-xB molecules in mDCs cultured with medium alone, TSLP,
poly(I:C), R848, or CD40L for 20 hours, when OX40L messenger RNA
(mRNA) is undetectable, and for 42 hours, when OX40L mRNA is detect-
able (/2) (Fig. 3A). TSLP induced a comparable nuclear translocation of the
NF-xB molecules p52 and RelB to that induced by poly(I:C), R848, and
CDA40L at both time points. In addition, TSLP induced a robust nuclear
translocation of pS0 at both time points.

To determine whether the NF-kB components were capable of bind-
ing to the kB-like sequences of the OX40L promoter, we performed electro-
phoretic mobility shift assays (EMSAs) at 60 hours after treatment with
TSLP, when the expression of OX40L and the production of OX40L protein
reach maximal levels (/2). TSLP and poly(I:C) induced distinct patterns of
nuclear protein complexes bound to the kB-like sequences of the OX40L

A

TSLP IL-7
0O 5 3060 120, 5 30 60 120 (min)
" i ] pJAK1
y YT.X . & pJAK2
[ o en an o on o | pSTAT5
[ o a» o= o= - o™ -] STAT5A

B
BSA  TSLP IL-1B
GQ)
0O 0. F o O o
SRS ) b Cb ‘L
NI IS NS

| - mw | pSTAT10/8
| o= - | pSTATS
L= - e 1 pSTAT6

pAKT (T308)

e G e w pERK1/2

T AT W 21 D |-/l

Fig. 2. Strong activation of JAK mediates sustained and broad TSLP-
dependent signaling. (A) Western blotting analysis was performed to
compare the kinetics of TSLP- and IL-7-mediated phosphorylation of
JAK1, JAK2, and STATS in mDCs. Western blots were incubated with
specific antibodies against the indicated phosphorylated proteins or
with an antibody against STAT5A to confirm equal loading of all lanes.
(B) Western blotting analysis was performed to demonstrate the contri-
butions of JAK, PI3K, and ERK to TSLP-mediated signals. mDCs were
pretreated with the pan-JAK inhibitor pyridone 6, the PI3K inhibitor
LY294002, the MEK (ERK) inhibitor U0126, or DMSO (0.1%) for 30 min
at 37°C and then were stimulated with 10 ng/ml of TSLP or IL-1B or with
BSA for 10 min at 37°C. (*) Nonspecific bands. (A and B) The data
shown are representative of three independent experiments.
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promoter, whereas they induced an identical pattern of nuclear protein
complexes bound to the control probe containing the NF-Y binding site
(Fig. 3B). Supershift assays demonstrated that the protein complexes bound
to the xB-like sequences of the OX40L promoter observed in TSLP-mDCs
contained predominantly pS0 and, to a lesser extent, RelB and c-Rel (Fig.
3C). The findings that TSLP did not induce the accumulation of detectable
amounts of nuclear c-Rel in mDCs (Fig. 3A) and that RelA was not detected
in the protein complexes bound to the xB-like sequences of the OX40L
promoter (Fig. 3C) suggest that p50 and RelB may be responsible for the
activation of the OX40L promoter in TSLP-mDCs.

To demonstrate the physiological binding of RelB to the OX40L pro-
moter, we performed ChIP assays in primary human mDCs cultured with
TSLP. The recruitment of RelB to the kB-like sequences of the OX40L
promoter (Fig. 3D) was detected at 12 hours and was further increased in
intensity at 48 hours (Fig. 3E and fig. S5). No substantial recruitment of
RelA was detected. As a control, we observed that TSLP induced weak
and transient binding of RelA (~24 hours) but stronger and more sustained
binding of RelB (>48 hours) to the classical NF-xB binding site within the
CD40 promoter (26). To test whether p50 and RelB could activate the
OX40L promoter, we performed luciferase reporter gene assays in human
embryonic kidney (HEK) 293T cells. RelB, p50, or p52 alone did not ac-
tivate the OX40L promoter, whereas RelB and p50, and to a lesser extent
RelB and p52, did (Fig. 3F). Because p52 was not detected among the pro-
tein complexes that bound to the OX40L promoter (Fig. 3C), these data in-
dicate that TSLP induced the nuclear translocation of p50, which formed a
transcriptionally active complex with RelB to induce the expression of
OX40L in mDCs.

Failure of TSLP to stimulate the production of

IRF-8 and STAT4 underlies the uncoupling of

DC maturation from IL-12 production

The third important feature that distinguishes TSLP-mDCs from TLR-
activated DCs is that maturation of TSLP-DCs is uncoupled from the
production of IL-12, an essential cytokine required for induction of Ty1
immune responses (9, 12). Activation of PI3K-Akt and ERK pathways in-
hibits the production of IL-12 in DCs (27, 28); however, poly(I:C)-induced
production of IL-12 could not be dampened by concurrent stimulation with
TSLP, which suggested that TSLP did not use dominant-negative regulators
to inhibit the production of IL-12 (fig. S6). We therefore examined the
potential roles of two stimulators of the production of IL-12, interferon reg-
ulatory factor 8 (IRF-8) (29, 30), and STAT4 (3/). Whereas TSLP did not
increase the abundance of IRF-8 in mDCs, poly(I:C), R848, lipopoly-
saccharide (LPS), and CD40L did (Fig. 4A). TSLP weakly induced an in-
crease in the abundance of STAT4 and a subtle change in the extent of
STAT4 phosphorylation, whereas poly(I:C) and R848 strongly induced in-
creases in both the abundance of STAT4 and the extent of its phosphoryl-
ation (Figs. 1, A and B, and 4B).

To directly demonstrate the role of IRF-8 and STAT4 in the production
of IL-12 in human mDCs, IRF-8, STAT4, and, as a positive control, the
adaptor protein myeloid differentiation marker 88 (MyD88) (32) were
knocked down in human primary mDCs by small interfering RNAs (siRNAs)
(Fig. 4C), and we examined the poly(I:C)-dependent production of IL-12
and the increased abundance of cell-surface CD86 in these cells. Reducing
the abundance of IRF-8, STAT4, or MyD88 strongly suppressed poly(I:C)-
induced production of IL-12p70 without affecting the increase in the abun-
dance of CD86 (Fig. 4D), as was previously suggested in other cell types
(29-32). These data demonstrate that the production of IL-12 can be
uncoupled from DC maturation (as assessed by the increased abundance
of CD86) and that IRF-8 and STAT4 mediate the production of IL-12 but
not the maturation of DCs. The inability of TSLP to increase the abundance
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Fig. 3. TSLP activates NF-kB-dependent pathways that lead to the in-
creased abundance of OX40L at the cell surface of mDCs. (A) Western
blotting analysis was performed to demonstrate the cytoplasmic and nu-
clear localization of NF-kB molecules in mDCs 20 and 42 hours after cul-
ture with medium alone (Med), TSLP, poly(l:C), R848, or CD40L. (B) EMSA
showing the binding of nuclear proteins to probes for the xB-like
sequence of the promoter of OX40L and the binding sequence of the
“housekeeping” transcription factor NF-Y in mDCs cultured for 60 hours
with TSLP or poly(l:C). For the experiment with the OX40L probe, an
autoradiograph of the same gel after a shorter exposure time is added
to show the band separation. T, TSLP-predominant bands. (C) Super-
shift assays were performed with antibodies against the indicated NF-xB
molecules and BCL3 to demonstrate the composition of the nuclear pro-
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teins bound to the kB-like sequence probe of OX40L from mDCs cultured
for 60 hours with TSLP. (D) Nuclectide sequence of the region surrounding
the potential NF-xB binding sites within the 5'-flanking region of OX40L. The
nucleotide positions indicate the relative distance from the initiator codon.
The sequences of the consensus kB site and the activating protein 1 (AP-1)
site are depicted. (E) ChIP assays demonstrating the kinetics of the re-
cruitment of RelA and RelB to the promoters of OX40L and CD40in TSLP-
treated mDCs. Data are expressed as the percentage binding of either
protein to the input DNA amount by quantifying the intensities of PCR-
amplified bands. (A to C, and E) Data are representative of three in-
dependent experiments. (F) NF-«B-dependent activation of the OX40L
promoter in HEK 293T cells was determined by luciferase reporter assay.
Error bars represent the SEM from three independent experiments.
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of IRF-8 and STAT4 in human primary mDCs (Fig. 4, A and B) may there-
fore explain the absence of IL-12 production by TSLP-mDCs.

DISCUSSION

Here, we demonstrated that TSLP induces a unique compound signal that
programs mDCs to induce T2 responses that is distinct from those signals
induced by other known activators of mDCs such as poly(I:C), R848, LPS,
peptidoglycan (PGN), and CD40L, which normally activate mDCs to in-
duce Tyl-type responses. In experiments with human primary mDCs we
found that TSLP induced broad and robust JAK-dependent signaling. In
particular, TSLP directly activated STAT6, which explains the unique ability
of TSLP-mDCs to produce the Ty;2-attracting chemokine CCL17. Previous
studies on TSLP signaling with TSLPR-expressing cell lines failed to detect
the activation of JAKs and STAT6, which underscores the importance of
analyzing primary cells. The human mDCs used in this study are in
vivo—derived mDCs that represent about 0.5% of total peripheral blood
mononuclear cells. We did not use mDCs generated in vitro from blood
monocytes or from CD34" hematopoietic progenitor cells because they
do not respond to TSLP (33). The yield of mDCs per buffy coat sample
(which represents about 500 ml of human peripheral blood) is about
500,000 cells. For typical experiments, we used 2 x 10° to 5 x 10° mDCs
(at >99% purity) that were isolated by cell sorting of 4 to 10 human blood
buffy coat samples. Our study thus shows the feasibility of conducting com-
prehensive cell signaling studies in rare primary human DCs.

The second most important feature of TSLP signaling in human primary
mDCs is that it increases the abundance at the cell surface of OX40L, a key
molecule for polarizing naive CD4 " T cell differentiation into inflammatory
Tw2 cells through the activation of the NF-kB pathway. Notably, TSLP-
induced nuclear p50 and RelB to contribute to the expression of OX40L in
mDCs (72, 13). However, OX40L is distinct from many of the typical
NF-xB-regulated genes, such as those that encode MHC II and the costim-
ulatory molecules CD40, CD80, and CD86, whose promoter regions con-
tain the well-conserved consensus NF-xB binding sites (xB sites). The
OX40L promoter, on the other hand, contains two atypical NF-xB binding

sites that consist of 11 base pairs (bp) (xB-like sequences; Fig. 3D), which
may have relatively low binding affinity for canonical NF-xB dimers (25).
It was postulated that the p5S0 homodimer preferably recognizes an 11-bp
DNA sequence, whereas the RelA homodimer and the RelA-p50 hetero-
dimer prefer 9- and 10-bp DNA sequences, respectively (34). This unique
feature of the OX40L promoter region may explain (i) why TSLP, but not
other stimuli such as poly(I:C) and CD40L, efficiently induces the expres-
sion of OX40L, and (ii) why it takes 48 to 72 hours for TSLP to induce the
expression of OX40L as opposed to its faster (~24-hour) induction of the
expression of the genes encoding MHC II, CD40, CD80, and CD86 in
mDCs. Our study also suggests that the type of nuclear NF-xB compo-
nents or complexes may dictate the ability to activate the OX40L promoter
in mDCs. The nuclear p50-RelB complex induced by TSLP is relatively
more cfficient in binding to the two atypical xB-like sequences in the
OX40L promoter and therefore in activating the expression of OX40L than
are the typical NF-xB complexes. During immune responses to pathogens,
the production of different costimulatory and coinhibitory molecules on
APCs have different kinetics (35). Our study suggests that the nature of
the NF-xB binding sites within the promoter regions of the genes that en-
code these molecules may represent “molecular timers” of their expression.

The third important feature of TSLP signaling in human primary mDCs
is that TSLP does not increase the abundance of IRF-8 or STATA4, the two
critical transcription factors required for the production of IL-12 in mDCs.
The maturation of mDCs by various TLR ligands and CD40L is coupled
with the production of IL-12 by the DCs (4-8). However, maturation of
mDCs induced by TSLP, including the increased abundance of MHC II,
CD40, CD80, and CD86, is uncoupled from the production of IL-12
(9, 12). Given that the activation of NF-kB is a critical signal for DC mat-
uration (36), our study suggests that the uncoupling of mDC maturation
from the production of IL-12 is due to the ability of TSLP to activate
multiple NF-xB components without the apparent induction of the expres-
sion of IRF-8 or STAT4. Because the activation of NF-kB is involved in the
TLR- or CD40L-mediated expression of STAT4 in monocyte-derived DCs
(37), TSLP-mediated activation of NF-kB may be qualitatively different
from that induced by TLR ligands or CD40L.

Fig. 4. TSLP does not stimulate A ) « o

the production of IRF-8 or STAT4, > A 2N & 0w
essential factors for the produc- WV DL T 8T® Qg’b‘Oo

tion of IL-12 by mDCs. (A) Western I - e e | IRF-8
blotting analysis was performed

to compare the differential regu-
lation of the abundance of IRF-8

in mDCs that were activated for c
24 hours by the indicated stimuli,
as described in Fig. 1A with the
inclusion of IL-7 (25 ng/ml) and
the exclusion of LTA. (B) Western
blotting analysis was performed
to compare the abundance of
STAT4 in mDCs after 24 hours of
activation by the indicated stimuli,
as described in (A) with the inclu-
sion of IFN-B (25 ng/ml). (C) Western
blotting analysis was performed to
show the efficiency of knockdown
of the indicated proteins in poly(l:C) (5 pg/ml)-stimulated mDCs transfected
with siRNAs specific for IRF-8, MyD88, or STAT4 or with a nontargeting con-
trol siRNA (siControl). (A to C) Western blots were incubated with antibody
against B-actin to demonstrate equivalent loading of all lanes. (D) siRNA-

IL-12p70 (ng/ml)
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transfected mDCs were stimulated with poly(1:C) for 24 hours and the con-
centration of IL-12p70 in the culture supernatants and the mean fluorescent
intensity (MFI) of cell-surface CD86 are depicted. Data are representative of
three (A and B) or five (C and D) independent experiments.
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In conclusion, this study demonstrates that TSLP programs human
mDCs to induce T2 responses by activating multiple signal pathways in
a unique manner. The functional plasticity of mDCs to induce distinct T
helper cell responses relies on elaborate signal codes generated by the acti-
vation of different receptors on mDCs. This study also highlights the impor-
tance and the feasibility of studying signal transduction in rare human
primary cells.

MATERIALS AND METHODS

Reagents

PGN from Bacillus subtilis (5 pg/ml); lipoteichoic acid (LTA, 1 pg/ml),
poly(I:C) (25 pg/ml, unless otherwise stated), LPS from Escherichia coli
O111:B4 (1 pg/ml), flagellin from Salmonella typhimurium (5 pg/ml), and
R848 (1 pug/ml) were purchased from InvivoGen. Recombinant human IL-2
and IFN-B were purchased from PeproTech. Recombinant human IL-1, IL-
4, IL-7, and neutralizing antibodies against IL-4Ro were purchased from
R&D Systems. Recombinant human TSLP was either purchased from
R&D Systems or expressed in HEK 293A cells and purified as described
previously (/2). These two independent recombinant TSLP proteins exhib-
ited identical signal transduction capabilities. All recombinant cytokines
were resuspended in phosphate-buffered saline containing 0.1% BSA,
which was used as a vehicle control, where applicable. Neutralizing mouse
antibodies against TSLPR (clone 1F11) were developed in our laboratory.
Recombinant soluble CD40L (1 pg/ml) and Enhancer Solution (1 pg/ml)
(Alexis Biochemicals) were used to stimulate CD40. The pan-JAK inhibitor
pyridone 6 (38) (16 uM for the treatment of DCs), the PI3K inhibitor
LY294002 (32.5 uM), and the MEK (ERK) inhibitor U0126 (10 uM) were
purchased from EMD Biosciences and dissolved in DMSO before use.

Purification and culture of mDCs

The Institutional Review Board (IRB) for Human Research at The Uni-
versity of Texas M. D. Anderson Cancer Center approved this study.
CD11c lineage mDCs were isolated from the blood of healthy donors
with a FACSAria (BD Biosciences) as previously described (12). Sorted
CD1lc" mDCs with purity >99% were cultured in RPMI 1640 medium
(Invitrogen) containing 5% fetal calf serum (FCS) (Atlanta Biologicals).
For short-term stimulation, freshly isolated mDCs were cultured in medi-
um alone for 18 hours before stimulation.

Western blotting analysis

Cultured mDCs were collected and lysed with the PhosphoSafe Extraction
Buffer (EMD Biosciences) supplemented with proteinase inhibitors [1 mM
Pefabloc, 10 uM leupeptin, and 5 mM EDTA (Thermo Fisher Scientific)] for
10 min at room temperature. In some experiments, cytoplasmic and nuclear
proteins were separated with the NE/PER Nuclear and Cytoplasmic Extrac-
tion Reagents (Thermo Fisher Scientific). Cell lysates were mixed with SDS
sample buffer and boiled for 5 min. Samples were subjected to Western
blotting analysis with antibodies against phosphorylated STAT1 (pSTAT1)
(Tyr’°T), pSTAT2 (Tyr®®), pSTAT3 (3E2) (Tyr’"), pSTATS (Tyr*),
pSTAT6 (Tyr®"'), STAT4 (C46B10), pJakl (Tyr'%2¥'%%), pAkt (Thr'®),
Akt (5G3), pERK1/2, pp38 MAPK, inhibitor of NF-xBa (IxkBa; Cell
Signaling Technology); pSTAT4 (Tyr(’%) (BD Biosciences); STAT1
(E-23), STAT3 (C-20), STAT6 (S-20 or M-20), pJak2 (Tyr'*”"'®®), p50
(E-10), RelA (C-20), RelB (C-19), c-Rel (N), IRF-4 (N-18), IRF-8 (C-19),
BCL3 (C-14) (Santa Cruz Biotechnology); p52 (#05-361) (Millipore);
active JNK (Promega); STATSA (R&D Systems); MyD88 (Invitrogen);
or B-actin (Sigma-Aldrich). To detect different proteins on the same mem-
brane, bound antibodies were stripped off by incubating the membrane
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in either the Restore PLUS Western Blot Stripping Buffer (Thermo
Fisher Scientific) or 62.5 mM tris-HCI (pH 6.5), 2% SDS, 0.68% (v/v)
B-mercaptoethanol for S min at room temperature, or 30 min at 55°C, re-
spectively, and then intensive washing.

ChIP assays

ChIP assays were performed with the ChIP assay kit (Millipore) with slight
modifications to the manufacturer’s instructions. To detect the binding of
STAT6 to DNA, we used 0.4% formaldehyde for cross-linking as reported
(17). To detect the binding of RelA or RelB to DNA, we conducted a two-
step cross-linking method as previously reported (39). Antibodies against
STAT6 (M-20), RelA (C-20), and RelB (C-19) (Santa Cruz Biotechnology)
were used for the immunoprecipitations. Primers for the detection of precip-
itated DNA by polymerase chain reaction (PCR) assay were as follows:
CCL17 (TARC), surrounding region of STAT6 binding site, 5’-CAG
CTG TGC GTG GAG GCT TTT CA-3" and 5'-TCC TTC CCT AGA
CCA GTG AAG TTC GAA GA-3'; 6000-bp upstream region, 5'-ACA
AGT GGG CAG AGA GGA AA-3" and 5'-TCA GTT GCA CTG CCA
TCT TC-3'); TNFSF4 (OX40L), surrounding region of kB-like sequences,
5’-CCT GTT AGC CCA GAG GAA AA-3"and 5'-CCA GGG CCA GAG
ATA AAA GG-3'); and TNFRSF5 (CD40) (26), surrounding region of
proximal kB site, 5'-GAG GTG GGA TGG AAT GGA AT-3’ and 5'-
GTA TGG GGA GGC GTT TCA AG-3’; 2500-bp upstream non-xB
region, 5-TTG CTG AAC CCA CTC ATT CA-3" and 5'-AGC ATT
TAG CAT GCC AGC TC-3".

EMSAs

Nuclear extracts were subjected to EMSAs with a *?P-radiolabeled OX40L
promoter kB-like sequence oligonucleotide probe (5'-AAA GGG GAA
ATT CAG ATT AGT CAC AAA GAA GTT CCC CCG-3') or a control
probe bound by the constitutive transcription factor NF-Y (5'-AAA AGA
TTA ACC AAT CAC GTA CGG TCT-3’). Antibodies against p50 (NLS),
p52 (C-5),RelA (A), c-Rel (N), RelB (C-19), and BCL3 (C-14) (Santa Cruz
Biotechnology) were used for supershift assays.

Luciferase reporter assays

All plasmids were constructed by standard molecular biology techniques.
HEK 293T cells were maintained in Dulbecco’s modified Eagle’s medium
(Invitrogen) supplemented with 10% FCS. Cells were transiently trans-
fected with a 1000-bp OX40L promoter-inserted firefly luciferase reporter
plasmid (pGL-4.10, Promega), a constitutive Renilla luciferase expression
vector phRL-TK (Promega), and expression vectors for NF-xB molecules
(RelB, p50, and p52) by Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions. Promoter activity was measured with the DLR
kit (Promega) on a Sirius luminometer (Berthold Detection Systems) and
expressed as arbitrary units (firefly luciferase activity normalized by Renilla
luciferase activity). Statistical analysis was performed with the two-tailed
Student’s ¢ test with Prism software (GraphPad).

Transfection of mDCs with siRNAs

Freshly isolated mDCs were precultured with granulocyte-macrophage
colony-stimulating factor (GM-CSF, R&D Systems, 50 ng/ml) for 18 hours,
and cells were transfected with siRNAs at a final concentration of 120 nM
with Lipofectamine 2000-CD (Invitrogen) according to the manufacturer’s
instructions. One day after transfection, cells were resuspended in fresh
medium and stimulated with poly(I:C) for 24 hours. The following
Dharmacon ON-TARGETplus SMARTpool siRNA reagents (Thermo
Fisher Scientific) were used: IRF-8 (Dharmacon Catalog # L-011699-00),
STAT4 (L-011784-00), MYD88 (L-004769-00), and Non-targeting pool
(D-001810-10).
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ELISAs

The amount of human IL-12p70 in culture supernatants was measured
by DuoSet ELISA development kit (R&D Systems) according to the
manufacturer’s instructions.

Flow cytometry

The abundance of CD86 on the surface of mDCs was analyzed by a
FACSCalibur with a fluorescein isothiocyanate—conjugated antibody
against CD86 (BD Biosciences), and the geometric means of the fluo-
rescent signals were used to express the results in terms of mean flu-
orescence intensity (MFT).

SUPPLEMENTARY MATERIALS

www.sciencesignaling.org/cgi/content/full/3/105/ra4/DC1

Fig. S1. R848 is a weaker inducer of STAT5 phosphorylation than is TSLP.

Fig. S2. TSLP, but not IL-7 or IL-4, is capable of inducing the activation of a range of STAT
proteins in mDCs.

Fig. §3. TSLP induces the phosphorylation of ERK, JNK, and Akt in mDCs.

Fig. S4. TSLP increases the abundance of NF-xB target molecules in mDCs.

Fig. S5. PCR gel electrophoresis data for the ChIP assays shown in Fig. 3E.

Fig. S6. TSLP is not a dominant-negative regulator of the production of IL-12.
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