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Thrombopoietin initiates demethylation-based transcription of GP6
during megakaryocyte differentiation

Sachiko Kanaji, Taisuke Kanaji, Beatrice Jacquelin, Mei Chang, Diane J. Nugent, Norio Komatsu, Masaald Moroi, Kenji izuhara,

and Thomas J. Kunicki

Glycoprotein VI (GPVI) is an essential plate-
let receptor for collagens that is exclusively
expressed in the megakaryoeytic lineage.
Transcription of the human gene GP6 is
driven largely by GATA-binding protein 1
(GATA-1), specificity protein 1 (Spi), and
Friend leukemia integration 1 (Fli-1). In this
veport, we show that GPVI expression dur-
ing megakaryocytic differentiation is depen-
dent on cyltosine-phosphate-guanosine
(CpG) demethylation that can be initiated by
thrombopoietin (TPO). Sodium bisuliite
genomic sequencing established thata CpG-
rich island within the GP6 promoter region

is fully methylated at 10 CpG sites in GPV)-
nonexpressive cell lines, such as UT-7/EPO
and C8161, but completely unmethylated in
GPVi-expressive cell lines, including UT-7/
TPO and CHRF288-11. To further confirm
the relationship between CpG demethyl-
ation and expreasion of GPVI in primary
cells, we treated human cord blood cells
with TPO. The GP6 promoier is highly
methylated in cord biood mononuclear
cells {progenitors) but not in CD41+-
enriched celis obtained after TPO differ-
entiation. Furthermore, when UT-7/EPO-
Mpi cells, which stably express human

C-myeloproliferative leukemia virus li-
gand (c-Mpl), were treated with TPO,
demethylation of the GP6 promoter was
induced. In every case, demethylation
of the GP6 promoter correlated with
an increase in MANA level. Thus,
megakaryocyle-specific expression of
the GP6 gene is regulated, in part, by
CpG demethylation, which can be di-
rectly initiated by TPO. (Blood. 20085;
105:3886-3892)
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Introduction

GP6 is uniquely expressed by cells of the megakaryocyte
lineage and encodes platelet glycoprotein VI (GPVI), which
figures prominently in collagen-dependent activation and signal
transduction.! GP6 transcription requires a number of factors,
such as GATA-binding protein 1 (GATA-1), Friend leukemia
integration 1 (Fli-1), and specificity protein 1 (Spl).23 However,
the mere presence of these is not sufficient to initiate transcrip-
tion during megakaryocyte differentiation, since all of these
transcription factors are already present in megakaryocyte-
erythrocyte progenilors that do not express GPVL UT-7/TPO is
a thrombopoietin (TPO)-dependent human erythro-megakaryo-
cytic human cell line that has an absolute requirement for TPO
to induce and maintain proliferation. GPVI is expressed ip
UT-7/TPO cells cultured in the presence of TPO, but expression
declincs rapidly (within hours) after TPO starvation. Since the
expression of these essential transcription factors is not changed
before or after TPO starvation, other mechanisms must be
involved in the regulation of megakaryocyte-specific expression
of GPVI, and TPO likely initiates these mechanisms.
Methylation of cytosines within the dinucleotide sequence
cytosine-phosphatc-guanosine (CpG) is probably the most com-
mon epigenctic mechanism of transcriptional suppression in verte-
brates,* and it is widely involved in the establishment and

maintenance of cell type—specific gene expression.>¢ In this study,
we show that TPO can initiate the reversal of CpG methylation
during human megakaryocyte differentiation leading to the expres-
sion of GPVL

Materials and methods

Sequence analysis

DNA sequences were obtained using an Applied Biosystems ABI Prism
Model 377 DNA Sequencer (Perkin-Elmer Applied Biosystems, Foster
City, CA) by personnel in the DNA Core Laboratory of the Department of
Molecular and Experimental Medicine, The Scripps Research Institute.

Cultured human cell lines

The megakaryocyte cell line CHRF-288-117 was a gift from Dr M. A.
Lieberman (Cincinnati, OH). The human cell line C8161 was purchased
from The American Type Tissue Culture (Manassas, VA). For treatment
with §-aza-2'-deoxycytidine (5-aza-dC; Sigma, St Louis, MO), 6 X 106
cells were cultured in the presence of 10 puM 5-aza-dC in dimethyl
sulfoxide (DMSO) for 48 hours.

The erythropoietin (EPO)—dependent cell tine UT-7/EPO and the
thrombopoietin-dependent cell line UT-7/TPO were established from bone
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marrow cells obtained from a pailent with acute megakaryocytic leuke-
mia.}® UT-7/TPO cells were maintained in liquid culture with Iscoves
modified Dulbecco medium (IMDM; Invitrogen, San Diego, CA) contain-
ing 10% fetal calt serum (FCS) and 10 ng/mL recombinant human (rh)
TPO. UT-7/EPO cells were maintained in the same culture conditions as
UT-7/TPO cells, except for the addition of 1 IU/mL thEPO; both UT-7/EPO
and UT-7/TPO were kindly provided by the Kirin Brewery (Gunma, Japan).

Reverse transcriptase-polymerase chain reaction (RT-PCR)

RNA was exiracted using ISOGEN (Nippongene, Tokyo, Japan) according to the
manufacturer’s instructions. Total RNA was reverse transcribed using the
GeneAmp RNA PCR kit (Applicd Biosystems Japan, Tokyo, Japan). The PCR
primers used were as follows: GPVI forward, 5'-CTCAGGACAGGGCTGAG-
GAA-3'; GPVI reverse, 5'-GGATGAAGAGGACTGCCTGA-3"; glyceralde-
hyde phosphate dehydrogenase (GAPDH) forward, 5'-GAAGGTGAAGGTCG-
GAGT-3'; and GAPDH reverse, §'-CTTCTACCACTACCCTAAAG-3'.

Bisulfite treatment of DNA samples

Genomic DNA (1 j1g) was denatured in 50 pL 0.2-M NaOH at 37°C for 20
minutes and then mixed with 30 pL 10-mM hydroquinone (Sigma) and 520
wL 3-M sodium bisulfite (pH 5.0; Sigma). Reactants were incubated at
55°C for 16 hours. Bisulfite-modified DNA was purificd using the Wizard
purification resin and a Vacuum Manifold (Promega, Madison, W) and
eluted into 50 LL water. After addition of 5.5 pL 3-M NaOH (final 0.3 M),
samples were let to stand at 37°C for 20 minutes, then precipitated in
ethanol and dissolved in 20 wl. water. A fragment of genomic DNA
encompassing the CpG island of GP6 (—264 to +35) was amplified using
the following primer pair: forward, 5'-GTGATATTAGGGAGTTTATGG-
GAGT-3'; and reverse, S'-AAAACATAATTCCTCAACCCTATCC-3'.

For methylation-specific PCR, dmsp-R1 (5'-TTTCCTAATTAAAACT-
CATCAAACCA-3') or msp-R2 (5'-CGACCTTTCCTAATTAAAACT-
CATCG-3') was used in combination with the same forward primer
described in the previous paragraph.

In the case of established cell lines, PCR products were directly
sequenced; when primary mononuclear or CD41-enriched cells, or UT-7/

EPO Mpl cells, were studied, the PCR products were gel purified using the °

QIAquick Gel Extraction kit (Qiagen, Hilden, Germany) and cloned into
the pGEM-T easy vector (Promega).

Serum-free liquid culture system for in vitro analysis
of megakaryocytopoiesis

Culture was carried out as previously described, with modifications.'®
Briefly, venous cord blood from the umbilical vessels of healthy, full-term
infants was collected immediately after delivery and mixed with one quarter
volume of 6% hydroxyethyl starch. Erythrocytes were allowed to settle at
room temperature for 30 to 45 minutes. Mononuclear cells (MNCs) in the
supernatant were then isolated using a Ficoll-Hypaque density gradient,
washed, and resuspended for culture, as previously described.!! The culture
system consisted of 1 X 10° MNCs/mL in Iscoves modified Dulbecco
medium (Irvine Scientific, Irvine, CA), supplemented with 1% bovine
serum albumin (BSA); 75 uM a-thioglycerol; 40 pg/mL each of linoleic
acid, lecithin, and cholesterol; 1% Nutridoma Huo (Roche Boehringer
Mannheim, Indianapolis, IN); and 30 ng/mL recombinant human thrombo-
poietin (thTPO, 288-TPN-005; R&D Systems, Minneapolis, MN). The
total number of suspension cells in culture was determined using a
CELL-DYN 1600 multiparameter hematology analyzer (Abbott Laborato-
ries, Abbott Park, IL). The day-8 cells were used for the CD41% cell
purification.

isolation of CD41+ cells

CD41* cells were isolated using Dynabeads Pan Mouse immunoglobulin G
(IgG; Dynal Biotech, Lake Success, NY) and murine anti-CD41 monoclo-
nal antibody (mAb, clone 5B12; DAKO, Carpinteria, CA), according to the
manufacturer’s instruction (Dynal Biotech). Briefly, Dynabeads Pan Mouse
1gG and murine anti-CD41 mAb (0.5-1 pg anti-CD41 mAb/ 107 beads) were
incubated at 4°C for 30 minutes and washed. Cultured cells (4 X 107) were

CpG METHYLATION 3889

then incubated for 30 minutes at 4°C with the anti-CD4 1-coated beads, and
those cells adherent to the beads were separated magnetically.

Isolation of DNA from mononuclear cells and enriched
CD41+ cells

DNA from cord blood MNCs or CD41*-enriched cells was purified using
the Puregene DNA isolation kit (Gentra Systems, Minneapolis, MN),
according to the manufacturer’s instruction.

Measurement of surface expression of GPVI

Surface expression of GPVI was measured by flow cytometry using mouse
anti-GPVI monoclonal antibody (204-11).!2 Cells were incubated for 20
minutes at 4°C with the appropriately diluted antibody. After a first
washing, the cells were incubated with a fluorescein-labeled second
antibody for 20 minutes ut 4°C. After a second washing, bound antibody
was detected using a Facscalibur flow cytometer (Becton Dickinson, San
Jose, CA), and data were reported as the geometric mean fluorescence

intensity (GMFI).

Results and discussion

As shown in Figure 1A, the proximal 5'-regulatory region of GP6
contains 10 CpG sites within the segment from —238 to —90,
which overlaps the core promoter. We used bisulfite sequencing to
analyze the methylation status of these CpG sites in the GP6
promoter of DNA isolated from various established cell lines.
Primers were designed that are complementary to sequences
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Figure 1. (A) Schematic diagram showing the sequence encompassing the CpG
islands within the prowmal §'-reguiatory region of human GP6. The CpG sites are
indicated in bold and numbered consecutively in the 5’ to 3’ direction. The sequences
of the flanking primar pairs usad to amplify each CpG-rich segment are undedined.
(B} Methylation status of the GP6 CpG island in human cord blood mononuclear cells
(left) or anriched CD41* calis (right). in each grid, each CpG site is represented by a
column and indicated at the top, while individual cloned DNA sequences are
represented by rows and numbered to the left. Bl indicates methyiated CpG sites; (1,
unmethylated sites. Numbers at the top correspond to the same CpG sites shown in
pane! A. In MNC precursors, 18 (89%) of 18 clones showed methylation at 7 or more
of the 10 sites; and in the CD417-enriched population, only 4 (22%) of 18 ciones
showed methylation at 8 or more sites.
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flanking this region and lacking CpG dinucleotides, in order to
permit amplification of all genomic sequences, regardless of the
status of methylation.

In GPVI-expressive cell lines, such as CHRF-288-11 and
UT-7/TPO, these CpG sites are unmethylated, while the correspond-
ing tract in genomic DNA of the GPVI-nonexpressive cell lines
C8161 and UT-7/EPO is fully methylated (data not shown). These
results establish that the expression of GPVI correlates with the
CpG methylation status of the proximal 5'-regulatory region.

To obtain a more accurate evaluation of a role for CpG
methylation in expression of these genes during megakaryocytic
differentiation, we turned to the study of primary human megakaryo-
cytes. We isolated mononuclear cells (MNCs) from human cord
blood, cultured these in the presence of thTPO for 8 days, and then
selected the CD41* cells. The methylation status of the GP6
promoter region of CpG islands was then compared between
rhTPO-stimulated CD41*-enriched (megakaryocyte enriched) cells
and the MNCs from which they were derived.

In the initinl MNC population, megakaryocytes and progenitors
may represent no more than 5% to 10% of the total cell population.
The allelic methylation status is shown in Figure 1B. In MNCs, 16
of 18 clones showed substantial methylation (at least 7 of the 10
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possible CpG sites), whereas the majority of DNA clones obtained
from the CD41*-enriched population now contained unmethylated
CpG sites (14 of 18). These results suggest that megakaryocyte
differentiation is characterized by a decrease in CpG methylation of
the GP6 proximal 5'-regulatory region. Because of the difficuity in
obtaining adequate numbers of primary megakaryocytes in suffi-
cient purity, the CD41*-enriched population we used contains a
significant proportion of CD41~ or CD41-low cells. Thus, it is
highly likely that contamination by these cells contributes to the
proportion of unmethylated CpG detected in the CD41*-enriched
preparations.

To directly show that CpG methylation plays an important role
in the regulation of GPVI expression during megakaryocyte
differentiation, we elected to differentiate a homogeneous non-
megakaryocytic cell line with TPO. UT-7/EPO is an erythropoietin
(EPO)~dependent human leukemic cell line that does not express
endogenous ¢-Mpl. The related cell line UT-7/EPO-Mpl stably
expresses exogenously introduced c-mpl cDNA and can be differ-
entiated by TPO."® We treated UT-7/EPO-Mpl with TPO and
examined the expression of GP6 by RT-PCR (Figure 2A, upper
panel). UT-7/EPO-Mpl cells do not express GPVI when they are
grown in the presence of EPO. Expression of GPVI was detected
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Figure 2. (A, i-i) TPO induced expression of GPVI on UT-7/EPO Mpt calls. Total RNA was extracted from celis treated with 10 ng/ml. TPO for 3, 5, or 9 days or with 10 M
5-aza-dC for 48 hours. GPV! (i) and GAPDH (ily mANA wera then amplified by RT-PCR. By this mathod, GPVI mRNA was detecled in cells treated with TPO for 5 or 9 days or in
celis traated with 5-aza-dC. (ii-v) Suriace expression of GPVI by UT-7/EPO Mpl cells treated with TPO, as determined by flow cytometry. — represents binding of the murine
monocional antihuman GPY) antibady 204-11; --- corrasponds to staining with fluorescein isothiocyanate-labeled secondary aniibody alons. (ili} No binding was observed
when UT-7/EPO Mpi are cultured in 1he prasence of EPO. (iv) Weak, but reproducitle, binding was observed following culture of UT-7/EPO Mpl in the presence of TPQ for 9
days. (v) Intense binding is observad when UT-7/TPO are cultured in the presence of TPO. These resulls are representatives of identical findings made in 3 independent
experiments. (B) Methylation-specific PCR of tha GPE promoter CpG Island. Reverse primers were designed to distingulsh the unmethyiated (left) or methytated (right) DNA.
The melhylation-negalive primer dmsp-R1 includes the eighth and ninth CpG sites converted 1o TG; in the methylation-pesitive primer msp-R2, the ninth CpG site is conserved
as CG. The GPE product (170 bp) is obtained using dmsp-R1 only when the cells are treated with TPO. (C) Mathylation status of GP8 CpG sites in the product amplified with
dmsp-R1 and shown in panel B. DNA was isolated from UT-7/EPO Mp! celis stimulated with TPO for 3 days or 5-aza-dC for 48 hours and treated with sodium bisulfite. PCR was
performed with the same forward primer used in Figure 1B and dmsp-R1 used as tha reverse primer. Amplified DNA was cloned into pGEM-T easy vector, and the methylation
status was determined by DNA sequencing. @ indicates methylated CpG sites, O, unmethylated sites; and .+, sites contained within the reverse primers. Numbers at the top
corraspond to the same CpG sites shown in Figure 1A
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when cells were treated with 5-aza-dC for 48 hours, which suggests
that inactivation of GPG in this cell line is caused by methylation.
De novo expression of GPVI was also detected when the cells were
cultured in the presence of TPO but not EPO for 5 days. We also
analyzed surface expression of GPVI by flow cytomeiry and
detected very low but reproducible expression of GPVI after TPO
differentiation (Figure 2A, lower panel).

To confirm that TPO-induced expression of GPVI occurs via
demethylation of the GP6 promoter, we next assessed the methyl-
ation status of the GP6 promoter region (Figure 2B). In this case,
sodium bisulfite~treated genomic DNA was amplified with 2 kinds
of reverse primers, which anneal specifically to either unmethyl-
ated (dmsp-R1) or methylated (msp-R2) sequences. We used these
primers in order to more efficiently detect the small population of
demethylated alleles that would otherwise have been obtainable by
sequencing a large number of alleles amplified with the primers
used in the experiments described in Figure 1B. By this approach,
product is obtained with the dmsp-R1 primer (specific for the
unmethylated sequence) only when UT-7/EPO-Mpl cells are cul-
wured in the presence of TPO (Figure 2Bi). Nothing is detected
when they are cultured in the presence of EPO. In contrast, a
detectable product is obtained from UT-7/EPO-Mpl cells with
the msp-R2 primer (specific for the methylated sequence) when
these are cultured either in the presence of thEPO or thTPO
(Figure 2Bii). At the same time, no product is obtained from
UT-7/TPO cells.

Thus, we detected PCR product amplified with dmsp-R1 when
UT-7/EPO Mpl cells were maintained in the presence of TPO. This
product was cloned into the pGEM-T easy vector, and individual
DNA clones were characterized by diréct sequencing. As shown in
Figure 2C, 43% of CpG sites in the 5’ -regulatory region of GP6
were unmethylated in the alleles amplified with dmsp-R1. These
results confirmed that TPO induced partial demethylation and
expression of the GP6 gene in UT-7/EPC-Mpl cells. Alihough
GPV]I mRNA is maximally up-regulated when these cells are
differentiated with TPO for 9 days, the methylation status is not
significantly changed between 3 and 9 days of TPO differentiation.
Additional factors, not expressed by this cell line, may be required
for complete demethylation and full expression of GPVI.

The demethylation of the GP6 promoter and surface expression
of GPVI initially observed in primary megakaryocytes (Figure 1B)
was mimicked by these established UT-7 cell lines, but the extent
of methylation/demethylation was not as dramatic as in the primary
cells. Since UT-7/EPO was established from UT-7 by prolonged
selection in the presence of EPO, it may well be that this subline is
so extensively differentiated into an erythroid lineage that it is not
possible to completely dedifferentiate and redifferentiate the cell
line into a full megakaryocyte lineage. .

To distinguish whether demethylation of the GP6 promoter is
directly linked to signal induction by TPO or merely a nonspecific
result of the differentiation of these cells, we assayed the demethyl-
ation status of UT-7/TPO grown in the presence of granulocyte-
macrophage colony-stimulating factor (GM-CSF) for 2 days. As
shown in Figure 3A, the surface expression of GPVI decreased
following culiure in the presence of GM-CSF. Using methylation-
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Figure 3. Lack of effect of nonspaciflc differentiation upon demeihylation. (A)
Surface expression of GPV! by UT-7/TPO ceils cultured in the presence of GM-CSF.
UT-7/TRO calls ware cultured in the presence of 1 ng/ml. GM-CSF for 2 days, and
surface axpression of GPVI was analyzed by flow cytomelry using antibody 204-11
(). — corresponds o staining with fluorescein isothiocyanate-labeled secondary
antibody alona. The respactive GMF! for eath tracing is indicated in the respective
penel, and these results are representative of 3 independent experiments. (B)
Methylatlon-specific PCR of the GPSE promoter in UT-7/TPO cells cullured in the
pressnce of GM-CSF. The reverse primer msp-R2 was used to spscifically ampiify
methylated alleles. A product was oblained when UT-7/TPO were cuitured in the
prasence of GM-CSF (right lane) but not when they were cultured in the presence of
TPO (canter iane).

specific PCR, we also obtained a product with the msp-R2 primer
only when UT-7/TPO cells were grown in the presence of GM-CSF
(Figure 3B). This product was cloned into the pGEM-T easy vector
for sequencing, and 17% of CpG sites were methylated in the
alleles amplified with msp-R2 (data not shown). These results
support the contention that demethylation and expression of GP6
are not an indirect effect of the differentiation state of the cells buta
direct consequence of TPO signaling.

Certain genes with restricted expression to hematopoietic cells,
such as the genes for myeloperoxidase,!* globin,' c-fms,'6 and the
granulocyte colony-stimulating factor (G-CSF) receptor,'’ are
regulated by methylation in a lineage- and differentiation-
dependent manner. Megakaryocyte-specific gene induction, how-
ever, has not yet been associated with changes in promoter CpG
methylation. As the CpG island is located in the core promoter of
GP6 and some of, CpG sites reside close to the binding sites for
essential transcription factors, CpG methylation may directly
interfere with the binding of transcriptional activators, or con-
versely, enhance the binding of transcriptional repressors.

Although TPO is the principal regulator of megakaryopoiesis
and thrombocytopoiesis, it is not known whether it is directly
involved in the mechanisms that regulate CpG methylation. Our
results establish, for the first time, a role for TPO in dynamic
changes in CpG methylation status that are involved in the
epigenetic regulation of megakaryocyte-specific gene expression.
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Interleukin-13 (IL-13) possesses two types of receptor:
the heterodimer, composed of the IL-13Ral chain (IL-
13Real1) and the IL-4Ra chain (IL-4Re), transducing the
11.-18 signals; and the IL-13Ra2 chain (IL-13Ra2), acting
as a nonsignaling “decoy” receptor. Extracellular por-
tions of both IL-13Ral and IL-13Ra2 are composed of
three fibronectin type III domains, DI, D2, and D3, of
which the last two comprise the cytokine receptor ho-
mology modules (CRHs), a common structure of the
class I cytokine receptor superfamily. Thus far, there
has been no information about the critical amino acids
of the CRHs or the role of the D1 domains of IL-13Ra1
and IL-13Ra2 in binding to IL-13, In this study, we first
built the homology modeling of the IL-13'hIL-13 receptor
complexes and then predicted the amino acids involved
in binding to IL-13. By incorporating mutations into
these amino acids, we identified Tyr-207, Asp-271, Tyr-
315, and Asp-318 in the CRH of human IL-13Ra2, and
Leu-319 and Tyr-321 in the CRH of human IL-13Ral, as
critical residues for binding to IL-13. Tyr-315 in IL-
13Ra2 and Leu-319 in IL-13Ral are positionally con-
served hydrophobic amino acid residues. Furthermore,
by using D1 domain-deleted mutants, we found that the
D1 domain is needed for the expression of IL-13Ra2, but
not IL-13Ral, and that the D1 domain of IL-18Ral is
important for binding to IL-13, but not to IL-4. These
resulis provide the basis for a precise understanding of
the interaction between IL-13 and its receptors.

Interleukin (IL)*-13 is a pleiotropic Th-2-type cytokine pro-
duced by CD4" T cells, natural killer T cells, mast cells, ba-
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sophils, and eosinophils (1). It is known that IL-13 plays a
pivotal role in host defense against parasite infection and in the
pathogenesis of allergic diseases (1-3). IL-13 exerts its actions
by binding to the IL-13 receptor (IL-13R) on the cell surface,
the heterodimer comprised of the IL-13Ral chain (IL-13Ral)
and the IL-4Ra chain (IL-4Ra). IL-13 binds to IL-13Ral first
with low affinity (K; = 2-10 nM) and then recruits IL-4Ra to
the complex, generating a high affinity receptor (K; =0.03-04
nMm) (4—6). Heterodimerization of IL-13R causes activation of
Janus kinases, TYK2 and JAK1, constitutively associated with
IL-13Ral and IL-4Ra, respectively, followed by activation of
the signal transducer and activator of transcription 6 (STAT6)
(1). STATS is a transcription factor critical for IL-13 signals,
causing expression of various IL-13-inducible genes together
with other transcriptional factors (1, 7). There is another IL-
13-binding unit, the IL-13Ra2 chain (IL-18Ra2), which binds to
IL-13 with high affinity (0.25-1.2 nm) (8, 9). No other receptor
molecule is known to be involved in the IL-13-IL-13Ra2 com-
plex. I1.-13Ra2 is thought to act as a nonsignaling “decoy”
receptor because its cytoplasmic tail is short and does not
contain any obvious signaling motif (10, 11). Consistent with
this notion, IL-13Ra2-disrupted mice showed enhanced IL-13
responses (12, 13). Thus, the two IL-13-binding molecules, IL-
13Rel and IL-13Ra2, have different affinities with IL-13 and
opposite roles in signal transduction, which would cooperate
with each other in tuning the IL-13 signals in the body.

The extracellular domains of all members of the class I
cytokine receptor superfamily, including IL-13Ral and IL-
13Ra2, contain the cytokine receptor homology module (CRH),
composed of two fibronectin type III (Fnlll) domains (14). Each
domain consists of ~100 amino acid residues, generating a
B-sandwich structure where seven B-strands are arranged in
the Greek key topology analogous to an immunoglobulin-con-
stant domain. Four positionally conserved cysteine residues in
the first FnlIl domain form two disulfide bonds, and a WSXWS
sequence locates in the F'-G’ loop in the second FnIll domain,
both of which are critical for the receptors to position correctly
and bind to ligands (14). Crystal structural analyses of the
ligand-receptor complexes of growth hormone (GH), erythropoi-
etin, IL-4, IL-6, IL-12, and the granulocyte colony-stimulating
factor (G-CSF) have demonstrated that several loops of the
CRHs of these receptors provide binding interfaces composed of
hydrophobic and polar amino acids (15-20).

The extracellular domains of a subgroup of the class I cyto-
kine receptor superfamily (gp130, G-CSFR, the granulocyte/
macrophage colony-stimulating factor receptor « chain, the
leukemia inhibitory factor receptor (LIFR), IL-3Ra, and IL-
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F1G. 1. Comparison of the amino acid sequences of hIL-13Ra2
and hIl-13Ral with other receptor components. Alignments of
the amino acid sequences between hIL-13Ra2 and hIL-13Ral (A), ex-
tracellular portions of human PRLR and hIL-13Ra2 (B), and extracel-
lular portions of gp130 lacking the D1 domain and hIL-18Ral (C) are
depicted. The black and gray boxed amino acids represent identical and
homologous amino acids, respectively. The conserved disulfide bonds
(gray solid dashed lines) and the WSXWS sequences (dashed line
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Fic. 2. Homology modelings of the IL-13-hiIL-13Ra2 and IL-
13-bIL-13Ral complexes. A, homology modeling of the D2 and D3
domains of the IL-13-hIL-13R«2 complex was built based on the x-ray
structure of the GH-PRLR 1:1 complex (PDB code 1BP3) as a template.
The E-F, B’-C’, D’-E’, and F'-G' loops of hIL-13R«&2 are colored in red,
yellow, orange, and green, respectively. Residues that were replaced by
Ala in 4A-mut (Tyr-207, Asp-271, Tyr-315, and Asp-318) are depicted.
The pink portion represents a-helix D of IL-13. B, homology modeling of
the IL-13-hIL-13Ral complex was built based on the x-ray structure of
the viral IL-6-gp130 complex (PDB code 111R) and the IL-13-hIL-13Ra2
modeling as templates. The E-F, B’-C’, and F'-G’ loops of hIL-13Ral
are colored in red, yellow, and green, respectively. Leu-319 and Tyr-321
of hIL-13Ral are depicted. The pink portion represents o-helix D
of IL-13.

5Ra) possess an extra Fnlll domain in addition to the CRH.
Although even in these receptors, it has been thought that
ligand binding is driven principally by the CRH structure,
several lines of evidence have shown that the extra FnlIll
domains of these receptors are also important for the ligand
binding. Involvement of the extra FnlIl domains of gp130,
G-CSFR, LIFR, and IL-5R« in binding to the ligands has been
verified by biochemical analyses (21-27). Furthermore, the
x-ray structure of the IL-6-IL-6Rargp130 complex shows that
the extra Fnlll domain of gp130 has a bridging function, inter-
acting with the binding epitope on IL-6 in the opposite trimer,
generating the hexametric receptor complex (18, 28).

The extracellular domains of human IL-13Ral (hIL-13Ral)
and h1L-13Ra2 have ~33% homology and ~21% identity (Fig.
1A). Both are composed of three FnlII domains, D1, D2, and D3
(numbering from the N terminus), of which D2 and D3 com-
prise the CRHs. The most homologous receptor molecules of
hil.-13Ral and hIL-13Ra2 in their extracellular domains are
hIL-5Ra (44% for hIL-13Ral and 45% for hIL-13Ra2, respec-
tively). Mutagenesis analyses of IL-13 have been performed
extensively, identifying the amino acid residues important for
binding to IL.-13 receptors (29-31). However, there has been no
information about the critical amino acids of the CRHs of
1L-13Ral and I1.-13Ro2 for binding to IL-13, and the role of the
D1 domain in I1.-13Rel and IL-13Ra2 has been unknown.

In this study, we first built the homology modeling of the
IL-13-hIL-13 receptor complexes and then identified critical
residues in the CRHs of hIL-13Rea1 or hIl.-13Ra2 by mutagen-
esis analyses, based on these models. Furthermore, we ana-
lyzed the roles of the D1 domains in IL-13Ral and IL-13Ra2 in
their expression and binding to IL-13 and IL-4.

MATERIALS AND METHODS

Reagents and Cells—Recombinant human IL-13 was expressed in
Escherichia coli transformant-harboring pET28a vector (Novagen,
Madison, WI) in which the DNA encoding human IL-13 was inserted.
The expressed IL-13 was purified by nickel-nitrilotriacetic acid resin
(Qiagen) followed by refolding in 0.1 M Tris-HC], pH 8.5, containing 3 M

boxes), characteristics of the class I cytokine receptor superfamily, are
indicated. The thick dashed lines represent the predicted transmem-
brane portions. The asterisks indicate Ser-195, Ser-196, Phe-197, Leu-
319, Tyr-321, and Asp-323 of hIL-13Ral; Tyr-207, Asp-271, Tyr-315,
Asp-318 of hIL-13Ra2; and Trp-72 of PRLR.
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IL-13Ra2 Kd Binding Sites
pM sites/cell
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Fic. 3. Characterization of the mutated types of hIL-13Ra2. A, schematic model of mutated types of hIL-13Ra2 and their K, values with
IL-13 using stable DND-39 transfectants. Experiments were done at least twice for one clone in at least two different clones, and statistical
differences with p < 0.05 (*) are indicated. The white bands in the D2 domain and the gray band in the D3 domain represent the conserved cysteine
residues and the WSXWS sequence. B, expression of hIL-13Ra2 on the surface of DND-39 cells stably transfected with hIL-13Ra2 (wild type,
4A-mut, Y207A, D271A, Y315A, D318A) by flow cytometry. The shaded and open areas represent the counts with or without the first Ab,
respectively. C, binding assay of DND-39 cells stably transfected with hIL-13Ra2 (wild type, 4A-mut, Y207A, D271A, Y315A, D318A).

urea, 30% glycerol, 5 mM cysteine, and 5 mM cystamine for 4 days at
4 °C. JL-18 was further purified by SP-Sepharose Fast Flow column
chromatography (Amersham Biosciences) and then TSKgel SP5-PW
column chromatography (Tosoh, Tokyo, Japan). Detailed expression
results of human IL-13 will be published elsewhere.? Recombinant
human IL-4 was purchased from PeproTech (Rocky Hill, NJ). A human
Burkitt’s B-lymphoma cell line, DND-39, and DND-39 cells transfected
with the germ line e promoter-luciferase gene (DND-39/Ge cells) were
prepared and cultured, as described before (32, 33). HEK 293T cells
were cultured in Dulbecco’s modified Eagle’s medium (Invitrogen) sup-
plemented with 10% fetal calf serum, 100 pg/ml streptomycin, and 10
units/ml penicillin G.

Plasmids and Transfection—Plasmids encoding wild types of hIL-
13Ral (pIRES1hyg-FLAG-hIL-13Ral) and hIL-13Ra2 (pIRESneo2-
HA-hIL-13Ra2) were prepared as described previously (32, 33). The
FLAG and HA sequences were attached to the N termini of the D1
regions of hIL-18Ral and hIL-13Ra2 ¢DNA, respectively. The mu-
tated types of IL-13Ral and IL-13Ra2 were generated by the
QuikChange method (Stratagene, La Jolla, CA) or the modified in-
verse PCR method using mutation-incorporated oligonucleotides as
the primers and pIRES1hyg-FLAG-hIL-13Ral and pIRESneo2-HA-
hIL-13Ra2 as the templates.

2 E. Honjo, unpublished data.

The plasmids were transfected into DND-39 cells by electroporation.
Stable transfected cells were maintained with the culture medium
containing 250 pg/ml hygromycin B (Wako, Osaka, Japan) for the
hIL-13Ral mutants or 1.25 mg/ml G418 (Sigma) for the hIL-13Ra2
mutants, respectively. Expression of the receptors was confirmed by
flow cytometry (FACSCalibre, BD Biosciences) using anti-FLAG anti-
bodies (Abs, Sigma) for the IL-13Ra1 mutants and anti-HA Abs (Sigma)
for the IL-13Ra2 mutants. Transient transfection of the plasmids into
HEK 293T cells was performed by Lipofectamine 2000 (Invitrogen),
according to the manufacturer’s protocol.

Sequence Alignment and Homology Model Building—Alignment of
the amino acid sequences of hIL-13Ra2 and hIL-13Rea1 without signal
peptides (1 to 26, and 1 to 22, respectively) and prediction of FnIIl
domains (D1, D2, and D3), the transmembrane regions, and several
B-strand sequences of the D2 and D3 domains of both receptors were
executed through the MyHits data base (34). The sequence alignments
of extracellular portions of human prolactin (PRL) receptor-hIL-13Ra2
and human gpl30-hiL.-13Ral were performed by FUGUE (85) with
slight manual modification based on experimental results.

The complex structure of I1-13 and the D2 and D3 domains of
hIL-13Ra2 was modeled based on the crystal structure of the GH-PRLR
complex (PDB code 1BP3). The hIL-13Ral was modeled from the crys-
tal structure of the viral IL-6-gp130 complex (PDB code 111R), and the
resulting structure was overlaid onto the IL-13-hIL-13Ra2 complex
structure model. Homology modelings of hIL-13Ra2 and hIL-13Ral
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were generated with MODELLER6v2 (36) followed by energy minimi-
zation and simulated annealing with Amber. The figures were drawn
with DS Viewer Pro 5.0 (Accerlys, CA).

1251.11.-13 Binding Assay—Iodination of IL-13 and the binding assay
were performed as described previously (33). In brief, 1 pg of IL-13 and
1 mCi of Na'®I in 50 pl of phosphate-buffered saline were incubated in
a microcentrifuge tube coated with 2 pg of IODO-GEN (Pierce) at 4 °C
for 10 min. Radiolabeled IL-13 was purified by a PD-10 column (Amer-
sham Biosciences) and stored at 4 °C for up to 2 weeks. The concentra-
tion of 2°[-IL-13 was quantified by self-displacement of IL-13Ra2-
expressing DND-39 cells. After cells were incubated with various
concentrations of *5I-IL-13 at 4 °C for 2 h, bound and free ligands were
separated by centrifugation through an oil gradient, and their radioac-
tivity was measured. Nonspecific binding was determined by counts in
the presence of 100-fold unlabeled IL-13. The dissociation constants
(K.) were determined from specific binding data by using the program
GraphPad Prism Version 4 (GraphPad Software, Inc., San Diego).

Luciferase Assay—The luciferase assay was performed as described
previously (33). DND-39/Ge cells transfected with the mutated hIL-
13Ral were stimulated with the indicated concentrations of IL-4 or
1L-13 for 24 h, and then total cell lysates were applied to the Picagene
Dual Luciferase assay kit (Toyo, Inc., Tokyo, Japan). HEK 293T cells
were cotransfected with various types of pIRES1hyg-FLAG-hIL-13Ral,
pME18S-STATS, and pGL3-N4x8 (kind gifts of Dr. T. Sugahara, Asahi
Kasei Pharma Corp., Fuji, Japan). pGL3-N4x8 has the eight tandem-
lined STAT6-responsible element (TTCNNNNGAA), as a promoter se-
quence of the firefly luciferase gene. The Renilla luciferase reporter
gene (phRL-Tk; Promega, Madison, WI) was used as an internal con-
trol. 24 h after transfection, HEK 293T cells were detached by phos-
phate-buffered saline containing 5 mM EDTA, washed twice with phos-
phate-buffered saline, and reseeded. Adhered HEK 293T cells were
stimulated with the indicated concentrations of IL-4 or IL-13 for 16 h,
followed by washing once by phosphate-buffered saline, and total cell
lysates were applied to the Picagene Dual Luciferase assay kit.

Western Blotting and Immunoprecipitation—The procedures of
Woestern blotting and immunoprecipitation were performed as de-
scribed previously (37). DND-39 cells stably transfected with various
kinds of IL-13Ral were stimulated with 10 ng/ml IL-4 or IL-13 at 37 °C
for 10 min. The solubilized lysates or the immunoprecipitates from the
lysates with anti-TYK2 Ab (Santa Cruz Biotechnology, Santa Cruz, CA)
were subjected to SDS-PAGE and transferred to polyvinylidene fluoride
membrane. Membranes were incubated with either anti-FLAG Ab
(Sigma), anti-HA Ab (Sigma), anti-phosphotyrosyl STAT6 Ab (Cell Sig-
naling Technology, Inc., Beverly, MA), anti-STAT6 Ab (Santa Cruz
Biotechnology), anti-phosphotyrosine Ab (4G10, Upstate Biotechnology,
Lake Placid, NY) or anti-TYK2 Ab, followed by incubation with second-
ary Abs conjugated to horseradish peroxidase. The signals were visu-
alized with an enhanced chemiluminescence system (ECL, Amersham
Biosciences) and LAS-1000PLUS (Fuji Film, Tokyo, Japan).

RESULTS

Homology Modeling of the IL-13-hIL-13Ra2 Complex—In IL-
13R, IL-13 binds to IL-13Ral primarily, and this complex is
further stabilized by recruiting I1L-4Ra, forming at least a
trimer structure of ligand-receptor complex (4, 6). In contrast,
IL-13Re?2 is likely to form a 1:1 complex with IL-13, which is
easy to be modeled (11, 38). Therefore, we first built the homol-
ogy modeling of the IL-13hIL-13Ra2 complex. Because no
structural information was available for the IL-13 receptors,
the model was built based on the x-ray structure of the
GH-PRLR 1:1 complex (PDB code 1BP3) as a template. Because
PRLR does not contain an extra FnlIl domain, we built the
model as for the D2 and D3 domains of hIL-13Ra2, predicting
that amino acids within the CRH of hIL-13Ra2 would interact
with IL-13 (Fig. 2A). In this model, it was assumed that the E-F
loop, the B'-C’ loop, and the F'-G' loop of hIL-13Ra2 are com-
posed of Leu-202 to Lys-208, Ser-259 to Arg-268, Asn-313 to
Lys-328 amino acids, respectively (Fig. 1B). Furthermore, it
was predicted that Tyr-207 in the E-F loop and Tyr-315 and
Asp-318 in the F'-G' loop of hIL-13Ra2 would be exposed to the
binding interface (Figs. 1A and 2A4). It is of note that Tyr-207 in
the E-F loop of hIL-13Ra2 corresponds to Trp-72 of PRLR,
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Fic. 4. Expression of D1-deleted types of IL-13Ra2. A, schematic
model of D1-deleted type of hIL-13Ra2. EC, TM, and CY represent the
extracellular domain, transmembrane domain, and cytoplasmic do-
main, respectively. Either wild type or the Dl-deleted type of hIL-
13Ra?2 was transfected into HEK 293T cells. Their protein expression
was analyzed by Western blotting (B) and flow cytometry (C). In B, the
arrow represents the expressed hIL-13Ra2. In C, the shaded and open
areas represent the counts with or without the first Ab, respectively.

Trp-104 of GHR, Phe-169 of gp130, and Phe-93 of the erythro-
poietin receptor, known as a “hot spot” of the ligand binding
(Refs. 15, 16, 18, 39, and Fig. 1B).

Identification of Critical Residues of the D2 and D3 Domains
of hIL-13Ra2 for Binding to IL-13—To address the importance
of the amino acids in the D2 and D3 domains of hIL-13Ra2,
predicted based on the homology modeling for binding of IL-13,
we generated several kinds of hIL-13Ra2 mutated in these
amino acids and analyzed their binding affinity for IL-13. We
first analyzed the mutated hIL-13Ra2 in which Tyr-207, Asp-
271, Tyr-315, and Asp-318 were replaced with Ala (4A-mut,
Fig. 34). In the modeling, Asp-271 on the strand C’ was as-
sumed to locate close to Asp-318 (Fig. 24). When 4A-mut was
transfected into DND-39 cells, although the expression level of
the receptor on the cell surface was invariable with that of the
wild type of hIL-13Re2 (Fig. 3B), no binding activity was de-
tected (Fig. 3, A and C), demonstrating the critical roles of
these four amino acids in binding to IL-13. To delineate the
contribution of each of these four residues in binding to IL-13,
we next analyzed the mutants in which Tyr-207, Asp-271,
Tyr-315, or Asp-318 was replaced with Ala (Fig. 3A). When any
of these four amino acids was mutated with Ala, the affinity of
the mutated hIL-13Ra2 was significantly decreased. Expres-
sion of these four single mutated h1L-13Ra2 on the cell surface
was invariable with the wild type (Fig. 3B). When Asp-318 was
replaced with Ala together with Asp-271, the affinity was low-
ered more than in the single exchange of Asp-271 or Asp-318
(Fig. 3A). The replacement of amino acids that were either
adjacent or close to these four critical amino acids (Asp-206,
Ala-267, Arg-268, Ser-317, and Asp-319) affected the affinity
with IL-13 (Fig. 3A). Double mutations of Glu-289 and Glu-291
with Ala, but not with Gln, slightly decreased the affinity,
indicating that a hydrogen bond may be formed between Glu-
289 and/or Glu-291 and IL-13. These results coincided with the
molecular model in that the E-F loop and the F'-G' loop of
hIL-13Ra2 generates the main binding surface to IL-13 and
that the critical amino acids in these loops (Tyr-207, Asp-271,
Tyr-315, and Asp-318) are involved in comprising the binding
interface at focal contacts. Particularly, it turned out that Tyr-
207 is a hot spot for the ligand binding as well as Trp-72 of

5._
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PRLR, Trp-104 of GHR, Phe-169 of gp130, and Phe-93 of the Critical Role of the DI Domain of hIL-13Rc2 in Its Expres-
erythropoietin receptor. Although Asp-271 in the B'-C’ loop is  sion—We next analyzed the functional role of the D1 domains
not exposed to the main binding interface, this amino acid of hIL-13Ra2, which could not be modeled because of a lack of
would act cooperatively with Asp-318 for the binding. information about homologous structure. For this purpose, we
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generated a truncated type of hIL-13Ra2 lacking its D1 domain
(hIL-13Ra2AD1, Fig. 4A). When hIL-13Ra2AD1 was trans-
fected in HEK 293T cells, its expression was not detected by
cither Western blotting or flow cytometry analysis (Fig. 4, B
and C). These results showed that the D1 domain of hIL-13Ra2
is critical for its expression.

Homology Modeling of the IL-13-hIL-13Ral Complex—DBe-
cause the extracellular portions of IL-13Ral and IL-13Ra2 are
homologous (Fig. 14; ~33%) and several common amino acids
in a-helix D of IL-13 are important for binding to both receptors
(80), it is reasoned that amino acid residues involved in IL-13
binding are topologically conserved between these two recep-
tors. We built a homology model of the IL-13-hIL-13Ral com-
plex using the x-ray structures of the viral IL-6-gp130 complex
(PDB code 1I1R) and the IL-13-hIL-13Ra2 modeling as tem-
plates (Fig. 2B). In this model, it was assumed that the E-F
loop, the B'-C' loop, and the F'-G’ loop are composed of Thr-190
to Glu-198, Glu-248 to Arg-256, and Asn-317 to Glu-333 amino
acids, respectively (Fig. 1C). Furthermore, it was predicted
that Phe-197 in the E-F loop would correspond to Tyr-207 of
hiL-13Ra2 and that Leu-319 and Asp-323 in the F'-G' loop
would correspond to Tyr-315 and Asp-318 of hIL-13Ra2, re-
spectively (Fig. 1A). The E-F loop of hIL-13Ral was two resi-
dues longer than that of hiL-13Ra2, and Ser-195 to Ser-196
was assumed to be the unique sequence to hIL-13Ral because
no amino acid in hIL-13Ra2 corresponds to these amino acids
(Fig. 1A).

Identification of Critical Residues of the D2 and D3 Domains
of hIL-13Ral for Binding to IL-13—We explored whether the
E-F loop and the F'-G’ loop of hIL-13Ral generate the main
binding interface to IL-13 as well as hIL-13Ra2 and whether
the amino acids in, those loops of hIL-13Ral corresponding to
the critical amino acids in h1L-13Ra2 contribute to the binding.
To address this possibility, we generated several kinds of mu-
tated hIL-13Ral and analyzed their binding affinity for IL-13.
Because DND-39/Ge cells express endogenous hIL-4Re, but not
hIL-13Ral, the mutated hIL-13Ral transfected on the cells
comprises TL-13R/type 11 IL-4R together with endogenous hiL-
4R« (1). We first analyzed the involvement of the E-F loop of
hIL-13Re1 for binding to IL-13. When both Ser-195 and Ser-
196, unique amino acids in hIL-13Ral, were exchanged with
Ala, the affinity was decreased, although the deleted mutant of
both amino acids showed only a slight decrease (Fig. 54). Mu-
tations of Phe-197 corresponding to Tyr-207 in hIL-13Ra2 or
adjacent Glu-198 did not show any difference. We next ana-
lyzed the involvement of the F'-G’ loop. When either Leu-319 or
Asp-323 corresponding to Tyr-315 and Asp-318 in hIL-13Ra2
was replaced with Ala, the affinity of the mutated h1L-13Ral to
11-13 was dramatically decreased in L319A, but there was no
change in D323A (Fig. 5, A and C). Replacement of Asp-324
adjacent to Asp-323 showed only a slight decrease of the affin-
ity. In contrast, when Tyr-321 was exchanged with Ala, the
affinity was decreased significantly. Replacement of Glu-322
also attenuated the affinity, but less than Leu-319 or Tyr-321.
Expression of these mutated types of h1L-13Ral was invariable
with the wild type (Fig. 5B and data not shown). Substitution
at Phe-259 corresponded to Asp-271 in hIL-13Ra2 on the
strand C' and did not influence the affinity.

We next tested whether the lowered affinities of the mutated
hIL-13Ral would lead to reduction in the IL-13 signal. DND-
39/Ge cells expressing endogenous hIL-4Ra and the transfected
hIL-13Rel are able to transduce the IL-13 signal by engage-
ment of the ligand, augmenting expression of the reporter gene.
When we performed a reporter gene assay using DND-39/Ge
cells expressing all kinds of the mutated hIL-13Ral investi-
gated for the binding assay, only the mutant types of Leu-319
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Fic. 6. Expression of D1-deleted types of IL-13R«l. A, schematic
model of D1-deleted type of hIL-13Ral. Either wild type or the D1-
deleted type of hIL-13Ra1 was transfected into HEK 293T cells. Their
protein expression was analyzed by Western blotting (B) and flow
cytometry (C). In B, braces represent the expressed hIL-13Ral. In C,
the shaded and open areas represent the counts with or without the first
Ab, respectively.

ounts

and Tyr-321 significantly impaired the IL-13 response (Fig. 5D
and data not shown). The double mutation type at Ser-195 and
Ser-196 and the single mutation types at Glu-322 or Asp-324
showed normal IL-13 responses. The responses of all transfec-
tants to IL-4 were invariable. To identify the amino acid resi-
dues critical for binding to hIL-13Ral, we generated five more
mutants and analyzed their IL-13 responses in HEK 293T
cells. In this experiment, we stimulated HEK 293T cells with
0.01 ng/ml IL-13 in which expression of the reporter gene
through transfected hIL-13Ral, but not endogenous hIL-
13Ral, was detected (Fig. 5D). We confirmed that the re-
sponses to IL-13 could be detected as the same as in the system
using DND-39/Ge cells and that again L319A and Y321A
showed lower activities. However, none of the additionally in-
vestigated mutants, single mutations of Val-192, Lys-193, or
Asp-194 in E-F loop and Lys-318 or Lys-325 in F'-G' loop with
Ala, changed the IL-13 responses. These results suggested that
both the E-F loop and more dominantly the ¥'-G’ loop contrib-
ute to binding to IL-13 in hIL-13Ral as well as hiL-13Ra2 and
that particularly, Leu-319 and Tyr-321 in the F'-G' loop are
critical residues for the binding to transduce the IL-13 signal.
Leu-319 in hIL-13Ral corresponding to Tyr-315 in h1L-13Ro2
is a positionally conserved hydrophobic residue for binding
to IL-13.

Critical Role of the D1 Domain of RIL-13Ral in Iis Binding
to IL-13 but Not to IL-4—We next analyzed the functional role
of the D1 domain of hIL-13Real, which could not be modeled
because of a lack of information about homologous structure as
well as hI1-13Ra2. For this purpose, we generated a truncated
type of hIL-13Ra1 lacking its D1 domain (hIL-13Ra1AD]; Fig.
6A). When hIL-13Rx1AD1 was transfected in HEK 293T cells,
its expression was detected by both Western blotting and flow
cytometry analysis at the same level as the wild type in con-
trast to hiL-13Ra2AD1, confirming the ability of this mutated
type to be expressed on the cell surface (Fig. 6, B and C).

We next analyzed the involvement of the D1 domain of
hIL-13Ral in binding to IL-13. hIL-13Ra1AD1 completely lost
the binding affinity to IL-13, although it was expressed on the
cell surface at the same level as the wild type (Fig. 7, A and B).
In concordance with the results of the binding assay, hIL-
13Ra1AD1 failed to induce the transcription of the reporter



Interaction between IL-

Fi6. 7. Signal transduction of D1- A

deleted type of IL-13Ral. A, expression
of the wild and D1-deleted types of hIL-
13Ral on the surface of stable DND-
39/Ge transfectants by flow cytometry.

I

IL-13Ra1
o (Wild Type) Q

13 and IL-13 Receptors

AD1 c

24921

Feld Induction

°

The shaded and open areas represent the
count with or without the first Ab, respec-
tively. B, the specific bindings of 125]-
IL-13 to DND-39%/Ge cells stably trans-
fected with the wild (squares) and Di-

Counts

W@

ol L
t 10° 10" 10% 10° 10* 16° 10" 107 10° 10*
FLAG (log fluorescence) —-

,
L4 ii-13
D1

]
1L-13
Mock

=]
1L-4

IL-4  IL-13

Wild Type

deleted (triangles) types of hIL-13Ral. C,
luciferase assay using DND-39/Ge cells
expressing wild and D1-deleted types of
hIL-13Ral. The cells were stimulated
with IL-4 or IL-13 (0, 0.1, 0.4, 1, and 10
ng/ml) for 24 h. D, activation of STAT6

E g

Bound [cpm]
g
8

g

Mock
- IL41L13
e

Wild Type
-4 113 -
e

AD1
IL4 IL13

=

= Wild Type
s AD1

and TYK2 using DND-39/Ge cells ex-
pressing wild and D1-deleted types of
hIL-13Ral. The cells were stimulated
with 10 ng/m] IL-4 or IL-13 for 10 min.

=]
3

gene and activate both STAT6 and TYK2 by engagement of
IL-13 (Fig. 7, C and D). In contrast, expression of hIL-
13Ra1AD1 did not prevent the reporter gene activity or STAT6
activation by IL-4 (Fig. 7, C and D). TL-4 could activate STAT6
through either type I IL-4R composed of IL-4R« and the com-
mon vy chain (yc) or type Il IL-4R composed of IL-4Ra and
IL-13Real. It would be possible that even though the type II
1L-4R composed of IL-4Re and hIL-13R«1AD1 was nonfunc-
tional, 114 could activate STAT6 through the type 1 IL-4R.
However, activation of TYKZ, a specific signaling event of type
ITIL-4R/IL-13R, was detected, when hIL-13Ra1AD 1-expressed
cells were stimulated with IL-4 (Fig. 7D), indicating that the
type II IL-4R composed of hIL-4Ra and hIL-13Ral1AD1 was
functional for the IL-4 binding and its signaling. These results
suggested that the D1 domain of hIL-13Ral is critical for
binding to IL-13, but not to IL-4.

DISCUSSION

In this article, we identified for the first time critical residues
in the CRHs of hIL-13Ral and hIL-13Ra2 in binding to IL-13
by the mutagenesis approach based on homology modeling of
the IL-13-hIL-13 receptor complexes. In our findings, Tyr-207,
Asp-271, Tyr-315, and Asp-318 in the CRH of hIL-13Ra?2, and
Leu-319 and Tyr-321 in the CRH of hIL-18Ral are critical
residues for binding to IL-13 (Figs. 3 and 5). Leu-319 in hiL-
13Rel and Tyr-315 in hIL-13Ra2 are positionally conserved
hydrophobic amino acids. Tyr-207, Tyr-315, and Asp-318 in
hIL-13Ra2, and Leu-319 in hIL-13Ral are conserved in all
known species, whereas Tyr-321 in hIL-13Ra1 is conserved in
porcine and canine IL-13Ral but is replaced by Phe in rat and

" mouse IL-13Ral. It has been assumed that the binding site on
IL-13 to IL-13Ral is c-helix A and o-helix D because the
e-helix A and a-helix D of IL-4 interact with either yc or
IL-18Ral, based on the structure of the IL-4-IL-4Re complex
{20), and TL-13 has a significant similarity in folding topology
with IL-4 (40, 41). Consistent with this assumption, it has been
demonstrated that several amino acid residues in a-helix D of
11-13 (Lys-90, Tle-91, His-103, Leu-104, Lys-105, Lys-106, Arg-
109, Glu-110, and Arg-112) are important for binding to hIL-
13Ral and/or hIL-13Ra2, although a-helix A of IL-13 is pre-
dicted to interact with IL-4Ra (29-31). Some of these amino
acids would interact with those identified in our present study,
involved in the binding between IL-13 and hIL-13Ral/hIL.-
13Re2. It is of note that Asp-318 of hIL-13Ra2, contributing
most to the binding among the investigated amino acid resi-
dues, was assumed to interact with Lys-105 of IL-13, forming a
salt bridge, in our present model (data not shown).

We furthermore demonstrated that the D1 domain is neces-
sary for expression of hIL-13Ra2, but not for that of hIL-13Ral

1 2 a
125011 .13 [nt)

Fic. 8. Schematic model of the hexamer of the IL-18-IL-
13Ral-JL-4Ra complex. IL-13 may form a trimer by binding to the
CRH composed of the D2 and D3 domains and furthermore forms a
hexamer by binding to the D1 domain in the opposite trimer (A),
whereas I1-4 forms a trimer by binding to CRHs of IL-13Ral and
IL-4Ra (B).

(Figs. 4 and 6), whereas the D1 domain of hIL-13Re1 is critical
for binding to IL-13 (Fig. 7). Thus far, it is unclear how the D1
domain of hIL-13Ra2-is involved in the expression mechanism
of the receptor. When the D1 domain is deleted, the D2/D3
domains of hIL-13Re2 may be unable to keep their conforma-
tions. Mutagenesis analyses of the extra FnIll domain have
already shown its importance in binding to ligands and the
signal transduction in gp130 (21, 22), G-CSFR (23, 24), LIFR
(25, 26), and IL-5Ra (27). Our present finding is the first
evidence showing involvement of the D1 domain of hIL-13Ral
in binding to IL-13. Structural analyses of the IL-6-IL-
6Rorgp130 complex show that this complex is a 2:2:2 hexamer,
in which the extra FnlIll domains interact with the binding
epitopes on IL-6 in the opposite trimers (18, 28). Although the
precise structure of the IL-13-hIL-13Ra1-hIL-4Re complex re-
mains undetermined, this complex may also form a 2:2:2 hex-
amer via the D1 domain of hIL-13R«l (Fig. 84).

We found that the D1 domain of hIL-13Re!1 is critical for the
binding and signal transduction of IL-13, but not IL-4 Fig. 7).
This finding suggests that the binding modes of IL-4 and I1.-13
with IL-18Ra1 are different, although both ligands utilize the
common heterodimeric complex composed of T.-4dRa and IL-
13Ral. Similarly, it has been already shown that the D1 do-
main of gpl30 is needed for binding to IL-6, but not to LIF,
IL-11, ciliary neurotrophic factor, or oncostatin-M (21,42).1L-4
first binds to IL-4Ra and then recruits IL-13Ra1 or ye to the
complex, forming the high affinity receptor. IL-13Ral alone
has almost no binding activity to IL-4 (4, 43). Mutagenesis
experiments have suggested that Arg-121 and Tyr-124 located
at the a-helix D of IL-4 are important for the interaction with
IL-13Ra1 (44, 45), which overlaps with the interaction site to yc
(46, 47). Our present finding indicates that a-helix D of IL-4
probably interacts with the D2 and D3 domains of IL-13Re1,
independently from its D1 domain (Fig. 8B). Involvement of the
D1 domain of hIL-13Ral in binding to IL-13, but not to IL-4, at
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least partially explains the different affinities of hIL-13Ral to
IL-13 and IL-4.

We found previously that there exists a variant of the IL13
gene, in which arginine residue at 110 (Arg-110; numbering
from the starting residue of the mature protein at Gly-1) is
replaced by glutamine (Gln-110); this variant is associated
with bronchial asthma in both Japanese and British popula-
tions (48). The same variant was thereafter reported to be
positively correlated with high IgE levels and atopic derma-
titis (49-51). We furthermore demonstrated that the Gln-110
type has a lower affinity with hIL-13Ra2 than the Arg-110
type, whereas both types show the same affinity with hIL-
13Re«l, which would cause up-regulation of the IL-13 concen-
tration in the body (33). We assumed that the interaction
between Arg-110 and hIL-13Ra2 might be disrupted by the
substitution of the glutamine residue, although the alanine
scanning approach showed only a slight involvement of this
residue in binding to h1L-13Ra2 (30). If such an amino acid in
hIL-13Ra2 interacting with Arg-110 in IL-13 were displaced
by another amino acid, the affinities of the mutant hIL-
13Ra2 with the Arg-110 and Gln-110 types would become the
same. All of the investigated mutant hIL-13Ra2 showed
lower affinities with the Gln-110 type than the Arg-110 type
or the wild type (data not shown). These results implied the
possibility that R110Q may change the conformation of IL-13
itself, not the direct interaction with IL-13Rea2.

Considering the importance of IL-13 in the pathogenesis of
allergic diseases, particularly bronchial asthma, several IL-13
antagonists have been developed as means of improving aller-
gic states (1). Our present finding would be useful in these
strategies. The D1 domain is a particularly good target to
develop a neutralizing Ab or a low molecular weight compound
to block specifically the interaction between hIL-13Ral and
11.-13, but not IL-4. It has been already shown that the mono-
clonal Abs against the D1 domains of gpl30 (21, 22, 42) or
G-CSFR (24) inhibit binding to ligands and their signals. It will
be of great interest to analyze the effects of a neutralizing Ab or
a low molecular weight compound targeting the D1 domain of
IL-13Ral on the development of allergic diseases.

In conclusion, we for the first time identified the critical
residues in the CRH of hIL-13Ral and hIL-13Ra2 for binding
to IL-13 and clarified the roles of the D1 domains of these
receptors by the mutagenesis approach. These results provide
the basis for a precise understanding of the interaction between
I1.-13 and its receptors.
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of this manuscript.
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Squamous cell carcinoma-related antigen in

children with acute asthma

Natsuko Nishi, MD*; Michiko Miyazaki, MD*; Kosuke Tsuji, MD*; Tomohiro Hitomi, MD¥*;
Eriko Muro, MD*; Masafumi Zaitsu, MD*; Syuichi Yamamoto, MD*; Shigeyasu Inada, MD*;
Ikuko Kobayashi, MD*; Tomohiro Ichimaru, MD*; Kenji Izuhara, MD?; Fumio Nagumo, BS¥;

Noriko Yuyama, PhD§; and Yuhei Hamasaki, MD*

Background: Increased serum levels of squamous cell carcinoma-related antigen (SCCA) have been observed in patients with
allergic disorders, such as atopic dermatitis and bronchial asthma. T2 cytokines, which are known to be involved in the
pathogenesis of allergic disorders, stimulate new synthesis of SCCA in cultured human airway epithelial cells.

Objective: To investigate whether SCCA levels increase during acute exacerbations of asthma in children and whether the T2
cytokines, interleukin 4 (IL-4) and IL-13, are associated with SCCA levels.

Methods: Serum levels of SCCA, IL-4, and IL-13 were measured by enzyme immunoassay during the acute phase of an
asthma exacerbation (on hospital admission) and in the recovery phase (after symptoms had subsided).

Results: In the 35 children who participated in this study, serum levels of SCCA were significantly elevated in the acute phase
(mean = SD, 3.09 * 2.03 ng/mL) compared with the recovery phase (mean * SD, 1.47 * 0.64 ng/mL) of an asthma
exacerbation (P < .001). In 12 children, the IL-13 levels were observed to correlate with SCCA levels during the recovery phase
(r = 0.68, P = .02) but not during the acute phase of an asthma exacerbation.

Conclusions: Serum SCCA levels increase during the acute phase of an asthma exacerbation. During this phase, the increased
synthesis of SCCA is not associated with IL-13 but rather mediated by other undefined stimuli. IL-13 may contribute to the basal

production of SCCA in asthmatic children.

INTRODUCTION

The tumor marker squamous cell carcinoma-related antigen
(SCCA) was originally purified from human uterine cervical
squamous cell carcinoma cells.! Two types of SCCA (1 and
2) have been identified. Both of them are closely related
serine protease inhibitors that belong to the ovalbumin-serpin
families. The genes locate at 1821 as a tandem duplication
form, and the protein molecules number 45,000.% Following
its discovery, SCCA expression was observed in normal
epithelial cells from tissue, including the esophagus, tongue,
and airways.> SCCA is released into the serum and can be
measured using an enzyme immunoassay,* although it has a
short half-life. Elevated serum concentrations of SCCA have
been reported in several benign disorders, including allergic
diseases such as atopic dermatitis.> Significantly greater se-
rum SCCA levels have been observed in asthmatic children
compared with nonasthmatic controls.® An increased produc-
tion of SCCA has been observed in cultured airway epithelial
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cells following stimulation with the T2 cytokines interleukin
4 (IL-4) and IL.-13.5

In this study, we measured the serum levels of SCCA in
children with bronchial asthma during the acute and recovery
phases of an exacerbation. We also measured the serum
levels of IL-4, IL-13, and interferon-y (IFN-v) in some pa-
tients, after which we evaluated the relationship between each
of these cytokines and SCCA. We further examined the data
to see if there might be a correlation among serum SCCA
levels, clinical symptoms, and laboratory data, such as atopic
skin lesion and the level of serum IgE.

METHODS

From June 2001 to May 2002, children hospitalized in an
affiliated hospital of Saga Medical School, Saga City, Japan,
with acule exacerbations of bronchial asthma were investi-
gated. The diagnosis of asthma was made based on (1)
effectiveness to inhaled B-agonist, (2) history of recurrent
dyspnea attacks, (3) increased serum IgE levels, and (4)
family history of allergic diseases. Duration of disease indi-
cates the time span since the patients were first diagnosed by
pediatricians as having bronchial asthma. The patients who
needed to be hospitalized because of moderate or severe
asthma attacks were enrolled in the study. Levels of patients’
asthma severity in daily life, defined according to the Global
Initiative for Asthma, were classified as mild persistent or
moderate persistent (Table 1). As a control group for the
measurement of SCCA levels, 21 age-matched (mean * SD,
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Table 1. Patient Disease Profiles

Patient No./ Duration of Positive . Intravenous . Severity
sex/age disease y gE, U RAST result Regular medication steroids Severity of asthma of attack
1/F/4y3m 0.75 1,715 MT, HD TE, LT, and OBA Mild persistent Maoderate
2/IMR2y 7 m 2 1,035 MT, HD, AN, TE and OBA Mild persistent Moderate
FD
3/FBy4m 0.5 TE and OBA Mild persistent Moderate
4/M/4y 2 m 3 54 MT, HD TE and OBA Mild persistent Moderate
5/M/6 y 4 403 MT, HD, AN LT Mild persistent Moderate
6/M/11y5m 8 498 MT, HD TE, LT, and OBA + Mild persistent Severe
7/M/B8y 11 m 2 10,535 MT, HD, FD TEand LT + Mild persistent Severe
8/M/2y3m 1 275 MT, HD, FD TE and OBA + Mild persistent Severe
9M2y1m 1 336 HD, FD TE, LT, and OBA + Mild persistent Severe
10/M/1y 8 m 0.1 138 HD TE, LT, and OBA + Mild persistent Severe
11/M/dy 7m 3 290 MT, HD, AN TE, LT, and OBA + Mild persistent Severe
12/M/6y 6 m 1 292 MT, HD TE, LT, and OBA + Mild persistent Severe
13/M/A0y 11 m 0.5 91  MT, HD TE, LT, and OBA + Mild persistent Severe
14/M/3y3m 1 1,294  MT, AN TE and LT + Mild persistent Severe
15/M/5y 8 m 4 120 TE, LT, and OBA Moderate persistent Moderate
16/M/2y1m 0.5 222 FD TE, LT, and OBA Moderate persistent Moderate
17/M/7y 4 m 4 TE, LT, and OBA Moderate persistent Moderate
18/M/3y9m 1 109 MT, HD TE, LT, and OBA Moderate persistent Moderate
19/F/12y8m 8 35 ICS Moderate persistent Moderate
20/M/7y2 m 1.5 442  MT, HD TE, LT, OBA, and ICS + Moderate persistent Severe
21/F1y9m 1 9 TE, LT, OBA, and ICS + Moderate persistent Severe
22/M/2 y 10 m 2 412 MT, HD TE, OBA, and ICS + Moderate persistent Severe
23/M/1y5m 0.8 222 FD TE, LT, and OBA + Moderate persistent Severe
24/F/5y 9 m 6 5,393 MT, HD, AN TE, LT, and ICS +- Moderate persistent Severe
25/M/5y 4 m 4 38 MT,HD TE, OBA, and ICS + Moderate persistent Severe
26/M/10 m 0.5 19 AN, FD TE, LT, and OBA + Moderate persistent Severe
27/MM1 y8m 0 OBA ND Moderate
28/M/7y6m 0 445 MT, HD TE and OBA ND Moderate
29/F/9y 8 m 5 1,729 MT, HD TE Mild persistent Moderate
30/MR2y7m 1 TE Mild persistent Moderate
31/M3y5m 1.5 941 MT, HD TE and OBA + Mild persistent Severe
32/F/14y 6 m 11 226 HD, AN TE, LT, OBA, and ICS Moderate persistent Moderate
33/F/4yBm 3 95 TE and ICS Moderate persistent Moderate
34/M/3y3m 2 TE and OBA Moderate persistent Moderate
35/F/11 m 0 12 TE and OBA + ND Severe

Abbreviations: AN, animal; FD, food; HD, housedust; ICS, inhaled corticosteroid; LT, leukotriene modifier; MT, mite; ND, not determined; OBA, oral
B-agonist; plus sign, positive; RAST, radicallergosorbent test; TE, theophylline.

571 = 0.86 years), healthy children were enrolled after
informed consent was obtained.

We measured patients’ serum SCCA levels at the time of
admission (ie, during the acute phase of their asthma exac-
erbation, when they showed signs of dyspnea and marked
wheezing and their oxygen saturation as measured by pulse
oximetry was <95% within 24 hours from the onset of the
attack) and after their symptoms had subsided (ie, during the
recovery phase, when they had no signs of dyspnea, wheezing
was either present or absent, and their oxygen saturation as
measured by pulse oximetry was >96% without oxygen
inhalation 3-9 days after onset). Serum levels of SCCA and
those of IL-4, IL-13, and IFN-v in some of these patients
were measured using a commercially obtained enzyme-linked
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immunosorbent assay kit (Dinabot Co Ltd, Tokyo, Japan). A
SCCA reference range according to a commercial laboratory
center is less than 1.5 ng/mL after SCCA-1 and SCCA-2 are
totaled.

Informed consent was obtained from the parents of all
patients and healthy controls, and this study was approved by
our institution’s review board. Proper analytical methods,
unpaired ¢ test, paired ¢ test, Pearson correlation coefficient,
and x* test were applied for each set of data. Data are
presented as mean = SD.

RESULTS
Thirty-five children (24 boys and 11 girls) participated in the
study. Seventeen patients had mild persistent asthma, 15
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SCCA, ng/mL iL-13, pg/mLl. IFN-y
CRP, Temperature

Acute Recovery mg/dL > 38°C Acute Recovery Acute Recovery
phase phase phase phase phase phase
2.7 2.2 0.1 10.7 0.1
3 2.1 1.25 + 9.87 294
59 0.9 0.2 +
3.4 1.6 2.01 +
53 2.6 3.51 +
1.2 0.3 2.7 7.22 1.56
8.6 1.9 2.04
15 0.9 3.38
8.8 1.8 1.2 + 335 1.56
3.6 1.6 0.49 + 15.2 23.6 112 1.56
2.2 07 0.58 29.9 51.1 7.56 10.9
4.2 1.3 1.82 + 18.7 1.56
1.4 0.8 1.06
3 2.8 0.34
54 1.6 0.84 + 59.6 283
2.1 1.2 2.38 +
26 0.8 1.64 +
25 1 1.21 + 337 28 1.56 1.56
3.5 1.1 2.33 +
0.7 0.5 1.01
2 1.7 0.27 11.6 9.56 2 3.12
35 1.4 1.07 8.8 1.56
5 1.6 2.17 +
33 1.4 0.62 14.1 1.56
3.5 0.8 0.18 35.2 1.56
1.9 15 0.16 66 52.7 1.56 7.8
5.5 2.1 0.79 + 123 1.56
3.3 2.2 0.14. +
1.4 1.4 5.37 +
0.8 1.5 2.78 + 17.7 19.2 4.26 1.56
0.8 1.4 1.84 +
0.7 0.8 0.06
23 3 7.42 131 1.56
0.7 0.9 0.71
1.7 2 0.19

patients had moderate persistent asthma, and 3 patients did
not have their conditions categorized because of too short
periods since asthma diagnosis. The patients were 4.65 *
0.57 years of age (age range, 10 months to 14 years), the
mean duration of their hospital stay was 7.6 = 2.1 days, and
the mean interval between their acute and recovery investi-
gations was 5.7 *= 2.7 days. Patient disease profiles and
characteristics are given in Tables 1 and 2, respectively.
Twenty (57%) of the 35 patients had increased C-reactive
protein values (>1.0 mg/dL) and 18 (51%) were febrile
(temperature, >>38.0°C) on admission. All of the patients had
upper respiratory tract infections. Before admission, control-
ler medication had been used by 32 (91%) of the 35 patients
(Table 1). Regarding glucocorticosteroids, 7 (20%) of the 35

patients were regularly taking inhaled glucocorticosteroids as
an controller medicine. Eighteen (51%) of the 35 patients had
received an intravenous injection of hydrocortisone at least
once in a previous hospital admission for treatment of an
asthma attack.

The SCCA levels in control subjects and those in asthma
patients at recovery phases are shown in Figure 1. The levels
of SCCA 1in these 2 groups were not significantly different,
although the mean value in asthma patients seemed to be
higher than that in the controls (P = .12). The patients’
SCCA levels at 2 different phases are shown in Figure 2. The
acute-phase SCCA level was 3.09 = 2.03 ng/mL, beyond
which the mean serum SCCA level returned to within the
reference range (1.47 *= 0.64 ng/ml) during the recovery
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Table 2. Patient Characteristics

Characteristic Finding
M/F 24/11
Age, mean (range), y 4.6 (10-14)
Duration of disease, mean (range), y 2.4 (0-11)
Hospital days, mean = SD 7621
Fever (temperature >38°C), No. (%) 18/35 (51)
CRP >1.0 mg/dL, No. (%) 20/35 (57)
Inhaled corticosteroid use, No. (%) 7/35 (20)
IV corticosteroid use, No. (%) 18/35 (51)
IgE, mean (range), IU/mL 914 (9-10, 535)
RAST result positive for mite, No. (%) 20/26 (77)
RAST result positive for house dust, No. (%) 20/26 (77)
RAST result positive for animal, No. (%) 7/26 (27)
Abbreviations: CRP, C-reactive protein; IV, intravenous; RAST, radioallergosorbent test.
r ns ‘ P<0.0001

P=0.12

SCCA(ng/ml)
4

T 1.15+/-0.19, n=21 1.47+1-0.64, n=35
@
3 - ® a
A
A
“ Iy
93 o A A A A
] Aasan
—Egmn ah
1 [t Aghiaad
HEEBgEaD A
& A
o L] L
control asthma (recovery)
age(y) 5 71+/-0.86 4.65+/-0.57 P=0.29

Figure 1. Serum squamous cell carcinoma-related antigen (SCCA) levels
in asthma patients and age-matched controls in the recovery phase. No
statistically significant difference was found (unpaired ¢ test). NS indicates
nonsignificant.

phase. Thus, a significantly greater serum SCCA level was
observed during the acute phase compared with the recovery
phase (P < .001). The data were analyzed in 3 different
groups of asthma severity (mild persistent, moderate persis-
tent, and undefined groups) and also in 2 different severities
of exacerbation (moderate and severe). No differences were
found among these subgroups (data not shown).

Serum levels of IgE (P = .52 and .66 for the acute and
recovery phases, respectively), regular use of inhaled glu-
cocorticosteroids (P = .68 and .24 for the acute and recovery
phases, respectively), a history of intravenous hydrocortisone
injection during an acute attack (P = .87 and .41 for the acute
and recovery phases, respectively), and the presence of atopic
dermatitis (P = .52 and .58 for the acute and recovery phases,
respectively) were not observed to correlate with increased
serum levels of SCCA during both phases of an attack.

—_

SCCA (ng/ml)
3.09+/-2.03, n=35

1.47+1-0.64, n=35

Acute recovery

Figure 2. Serum squamous cell carcinoma—related antigen (SCCA) levels
in the acute and recovery phases of an asthma attack. A statistically signif-
icantly increased mean serum SCCA level was observed in the acute phase
compared with the recovery phase (paired ¢ test).

Serum levels of IL-13 were measured during the acute
phase in 11 patients, during the recovery phase in 12 patients,
and in both the acute and recovery phases in 6 patients.
Serum levels of IL-13 were not increased during the acute
phase of exacerbation compared with those observed in the
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recovery phase (Fig 3). We then evaluated the relationship
between IL-13 and SCCA levels. The IL-13 levels were
observed to correlate with SCCA levels in the recovery phase
(r = .68, P = .01) but not in the acute phase (Fig 4A and B).
Levels of IFN-+y were not significantly different in the acute
phase when compared with the recovery phase, and no cor-
relation was demonstrated between SCCA and IFN-vy (data
not shown). Serum levels of IL-4 were below the limits of
detection by enzyme immunoassay.

DISCUSSION

SCCA, which was first identified as a marker of squamous
cell carcinoma, is a serine protease inhibitor.” A recent study®
has demonstrated that IL-4 and IL-13 induce marked SCCA
expression in cultured human bronchial epithelial cells. This
suggests that SCCA might be involved in the pathogenesis of
bronchial asthma, since IL-4 and IL-13 are Ty2 cytokines
observed in association with chronic eosinophilic inflamma-
tion of the airway.®’ IL-4 induces class switching of immu-
noglobulin production to IgE class in B lymphocytes and also
activates mast cells.'? IL-13 induces mucous hypersecretion,
subepithelial fibrosis, and eotaxin production within the re-
spiratory epithelium.!! Thus, IL-4 and IL-13 induce many of
the changes seen in allergic diseases, including asthma.

In allergic disorders other than asthma, a potential role for
SCCA has been reported. Kawashima et al’ reported in-
creased SCCA levels in patients with atopic dermatitis. In the
present study, however, significantly increased serum SCCA
levels were not observed in patients with asthma and atopic
dermatitis compared with patients with asthma alone. SCCA
may be associated with the state of allergic inflammation of
epithelial cells, including airway and skin. Therefore, in
asthma exacerbation, the condition of airway epithelial cells
may be mainly reflected. Alternatively, there may have been

IL-13(pg/ml)
70 = P=(r)\.|888
60 =

29.02+/-8.19, n=6

50 =  30.69+/-7.16, n=6

40 -

30 -

20' )__——/i:
==

10 = = -

0 7 T

Acute recovery

Figure 3. Serum interleukin 13 (IL.-13) levels in the acute and recovery
phases of an asthma attack. A statistically significant difference in the mean
IL-13 level was not observed between the acute and recovery phases (paired
t test). NS indicates nonsignificant.

differences in the severity of skin lesions between the patients
described by Kawashima et al and our patients, who had skin
lesions of mild to moderate severity.

In the present study, we observed elevated levels of serum
SCCA in the acute phase of an asthma exacerbation, which
decreased to within the reference range (<<1.5 ng/mL) during
the recovery phase, suggesting that SCCA might play a
pathophysiologic role in moderate to severe asthma attacks in
children. A previous study® indicated that SCCA was in-
creased in asthmatic children when compared with a control
group. This other study included patients with and without
attacks in the same group and compared this group with the
control subjects. Therefore, SCCA levels in the asthma group
might be higher than those in the control group. The present
study confirmed that SCCA was increased only during the
acute phase of exacerbation, which might indicate an inflam-
matory response of airway epithelial cells.

It has been well known that upper respiratory tract infec-
tions are closely associated with the exacerbation of asthma
in children. In our data, more than 50% of patients (body
temperature, >38°C; C-reactive protein, >1.0 mg/mL) had
upper respiratory tract infection; however, these inflamma-
tory factors were not significantly correlated with increased
SCCA 1levels (>1.5 ng/mL; for body temperature >38°C,
P = 37 and .39 for the acute and recovery phases, respec-
tively; for C-reactive protein level of >1.0 mg/mL, P = .25
and .24 for the acute and recovery phases, respectively),
suggesting that allergic inflammation, but not infectious in-
flammation, might be associated with an acute reactive pro-
duction of SCCA in airway epithelial cells.

As indicated previously, IL-4 and IL-13 induce SCCA
production in human bronchial epithelial cells in vitro, and
IL-13 increases serum SCCA in vivo, suggesting a role for
these cytokines in the elevation of SCCA observed during
acute exacerbations of asthma. However, our results did not
demonstrate a change in IL-13 levels during the acute phase
of an asthma exacerbation compared with the recovery phase,
suggesting that IL-13 is not associaled with the elevation of
SCCA observed in the acute phase. On the other hand, serum
SCCA levels were correlated with IL-13 levels in the recov-
ery phase, suggesting that IL-13 might contribute to the basal
production of SCCA. However, careful evaluation may be
required because of limited sample number. Thus, the rela-
tionship between IL-13 and SCCA production is still unclear.
Other as yet unidentified bioactive substances are also likely
involved in the transitory increase in SCCA synthesis seen
during the acute phase of an asthma attack. In this study, IL-4
in the samples could not be detected even in the acute phase,
suggesting no contribution of IL-4 to SCCA synthesis. Serum
IL-4 levels were reported to be very low and close to the
sensitivity limit of the assay in asthmatic children.'?

It is unclear, however, whether SCCA plays a proinflam-
matory or anti-inflammatory role during an acute asthma
attack. As indicated previously, SCCA is a protease inhibi-
tor.” Mite Der p 1, a major antigen observed in childhood
asthma and rhinitis, is a cysteine protease that acts on several
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Figure 4. Relationship between serum squamous cell carcinoma-related antigen (SCCA) and interleukin 13 (IL-13) levels during the acute and recovery phases
of an asthma attack. A statistically significant correlation was observed between mean IL-13 levels and mean SCCA levels during the recovery phase (A) but

not the acute phase (B) (Pearson correlation coefficient).

protein molecules, such as protease-activated receptor 2,
CD25, and CD40.13-15 These protein molecules are converted
to bioactive forms by Der p 1. Activated protease-activated
receptor 2, for example, increases the production of
RANTES, IL-8, and granulocyte-macrophage colony-stimu-
lating factor, which recruit inflammatory cells such as eosin-
ophils and Ty2 lymphocytes to respiratory mucosa, resulting
in allergic inflammation.'®!” Recently, SCCA has been ob-
served to inhibit the protease activity of Der p 1. This
context suggests that SCCA may counteract allergic inflam-
mation and function as an anti-inflammatory molecule in
vivo. On the other hand, another finding suggests that SCCA
may promote the inflammatory process in the airway.
SCCA-1 augmented cell growth by attenuating cell apopto-
sis," indicating that SCCA might promote airway remodeling
following allergic airway inflammation. Further studies are
needed to clarify the significance and regulation of SCCA
production in allergic disease.
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