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cardiomyocyte apoptosis is unknown. Further investiga-
tion is required to understand the precise mechanisms of
the antiapoptotic signaling pathway by ET-1 in the
myocardium.

In summary, we demonstrated a novel signaling pathway
for the antiapoptotic effect of ET-1 in cardiac myocytes. ET-1
prevents serum deprivation—induced apoptosis in cardiac
myocytes via the ET, receptor. c-Stc is activated by ET-1,
upregulates Bel-x,, expression, and shows an antiapoptotic
effect in cardiac myocytes. Collectively, these findings indi-
cate a potentially important role for the c-Src/Bel-x, pathway
in the antiapoptotic effect of ET-1. Becausc the loss of
contractile cardiac myocytes duc to apoptosis results in a
further decrease of cardiac function, identification of the
signaling pathway that mediates survival and/or apoptosis in
cardiac myocytes is important. Thus, our data provide new
insight into the molecular basis and therapeutic target for
several cardiovascular diseases, including CHF and ischemic
heart disease.
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Abstract

Lipopolysaccharide (LPS), a product of Gram-negative bacteria, is potent mediator of tumor
necrosis factor (TNF)a production by myeloid/macrophage cells. Inhibitors capable of block-
ing the signaling events that result in TNFa production could provide useful therapeutics for
treating septic shock and other inflammatory diseases. Broad spectrum tyrosine inhibitors are
known to inhibit TNFa production, however, no particular family of tyrosine kinases has been
shown to be essential for this process. Here we show that the Bruton’s tyrosine kinase (Btk)-
deficient mononuclear cells from X-linked agammaglobulinemia patients have impaired LPS-
induced TNFa production and that LPS rapidly induces Btk kinase activity in normal mono-
cytes. In addition, adenoviral overexpression of Btk in normal human monocytes enhanced
TNFao production. We examined the role of Btk in TNFo production using luciferase reporter
adenoviral constructs and have established that overexpression of Btk results in the stabilization
of TNFa mRNA via the 3’ untranslated region. Stimulation with LPS also induced the activa-
tion of related tyrosine kinase, Tec, suggesting that the Tec family kinases are important com-
ponents for LPS-induced TNFa production. This study provides the first clear evidence that
tyrosine kinases of the Tec family, in particular Btk, are key elements of LPS-induced TNFa
production and consequently may provide valuable therapeutic targets for intervention in
inflammatory conditions.

Key words:  tyrosine kinase ¢ adenovirus ¢ TNFo ¢ macrophage ¢ X-linked agammaglobulinemia

Introduction

TNFa is a proinflammatory cytokine pivotal to the patho-
genesis of chronic inflammatory diseases such as rheuma-
toid arthritis and Crohn’s disease (1), and in inflammatory
responses such as leukocyte migration, tissue resorption,
the acute-phase response, and fever (2). The major produc-
ers of TNFa are cells of the mononuclear phagocyte lin-
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eage including macrophages, microglia, osteoclasts, and
myeloid dendritic cells. Despite considerable efforts, rela-
tively few signaling molecules, e.g., nuclear factor (NF)*-«xB
(3, 4) and p38 MAPK/MK?2 (5, 6), have been shown to be
essential for TNFa expression in macrophages. It is well
documented that tyrosine kinase inhibitors are potent sup-
pressors of LPS-induced TNFa production (7, 8) and that

* Abbreviations used in this paper: AdBtk, adenovirus-encoding human Bru-
ton’s tyrosine kinase; ARE, AU-rich element; Btk, Bruton’s tyrosine ki~
nase; IkBa, inhibitory protein kBa; MAPK, mitogen-activated protein
kinase; m.o.i., multiplicity of infection; NF, nuclear factor; UTR, un-
translated region; xid, X-linked immunodeficiency; XLA, X-linked agam-~
maglobulinemia.
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the activation of tyrosine kinase activity is one of the earli-
est detectable events after LPS stimulation of monocytic
cells (9-11). However, defining a causal relationship be-
tween a particular tyrosine kinase and TNFa production
has been difficult. LPS can activate the Src family kinases
p58hek, p53m and p59%, as well as p72%k (12—14), yet mac-
rophages from mice deficient in these kinases do not show
any impairment of LPS-induced TNFa production (15,
16). LPS has also been shown to activate the tyrosine kinase
Pyk-2 (17), but its role, if any, in TNFa production has yet
to be elucidated.

Anocther family of nonreceptor tyrosine kinases ex-
pressed by monocytic cells is the Tec family, and in par-
ticular, Bruton’s tyrosine kinase (Btk). Recent studies
have shown that the Tec family kinases are important
components of both antigen receptor signaling and other
cell surface receptors, resulting in the activation of nu-
merous signal transduction pathways, regulation of the
actin cytoskeleton, adhesion, migration, and transcrip-
tional activation (18). Btk is found in all cells of the he-
matopoietic lineage except plasma and T cells (19), and is
required for normal B cell development and signal trans-
duction through cell surface molecules (20). Mutations in
the btk gene result in aberrant B cell development, lead-
ing to the X-linked agammaglobulinemia (XLA) pheno-
type in humans and to the less severe X-linked im-
munodeficiency (xid) in mice. xid B cells show some
hyporesponsiveness to LPS stimulation, although the
precise cause has not been established (21, 22). Because
the major phenotype of Btk deficiency is impaired B cell
development and function, this cell type has been the
major focus of interest to date. Earlier studies performed
on xid mononuclear cells showed no obvious impairment
of TNFa production in response to a series of inflamma-
tory stimuli such as LPS and formalin-killed Staphylococcus
aureus (23). However, bone marrow—derived cultured
mast cells from xid mice have been shown to produce less
TNFa in passive cutaneous anaphylactic reactions (24)
and there is a recent report that xid peritoneal macro-
phages express reduced levels of TNFa and IL-18 in re-
sponse to LPS (25). Additionally, xid mice are resistant to
models of autoimmune diseases, e.g., collagen-induced
arthritis (26, 27).

In humans, XLA is characterized by the absence of ma-
ture B cells in the periphery with a marked reduction in
serum levels of all Ig isotypes resulting in a susceptibility
to recurrent and severe bacterial infections (20, 28). Yet
despite lacking Btk, XLA monocytes appear to develop
normally and are present in expected numbers in the cir-
culation. The importance of Btk in human monocyte/
macrophages remains to be fully elucidated. As the XLA
phenotype differs from that of the xid mice, we have ex-
amined the responses of XLA monocytes and macro-
phages to LPS stimulation. In addition, we have used an
adenovirus expressing Btk in conjunction with TNFa fu-
ciferase reporter adenoviruses to analyze the contribution
of Btk-dependent signaling events to the regulation of
TNFo production.

Materials and Methods

Isolation and Culture of Cells

Isolation and Culture of PBMCs from XLA and Control Donors.
Human blood samples were collected into lithium heparin vacu-
tainers, Each blood sample was mixed with an equal volume of
HBSS. PBMCs were prepared by ficoll-hypaque centrifugation
on a lymphoprep gradient. PBMCs were culiured in RPMI con-
taining 100 units/ml penicillin/streptomycin and 10% heat-inac-
tivated FCS at 37°C in a humidified atmosphere containing 5%
CO,. Monocytes were isolated from the PBMCs by adherence to
plastic for 1 h at 37°C in RPMI containing 100 units/m! penicil-
lin/streptomycin and 10% FCS. Nonadherent cells were then
washed off and the adherent monocytes were rested overnight
and stimulated with LPS. B cells were depleted from PBMC us-
ing Dynabeads® coated with anti-CD19 antibodies. Cells were
incubated with the beads for 1 h with constant agitation at 4°C.
The beads were then magnetically removed and the remaining
cells were subjected to FACS® analysis with FITC-conjugated
anti-CD19 resulting in >90% B cell depletion.

Isolation of Monocytes by Elutriation. PBMCs were prepared
from bufly coat fractions of a unit of blood from a single donor
using ficoll-hypaque. The monocytes were then isolated by cen~
trifugal elutriation as previously described (4). Monocyte frac-
tions of >85% purity were routinely collected in this manner.
Monocytes were cultured in RPMI containing 100 units/ml
penicillin/streptomycin and 10% heat-inactivated FCS at 37°C
in a humidified atmosphere containing 5% CO,. For adenoviral
infection, monocytes were treated with 100 ng/ml M-CSF (pro-
vided by G. Larsen, Genetics Institute, Boston, MA) for 72 h be-
fore viral infection.

Generation of Adenoviral Vectors and Cell Infection. Recombi-
nant, replication-deficient adenoviral constructs encoding wild-
type human Btk (AdBtk; cDNA provided by C. Kinnon, Insti-
tute of Child Health, London, United Kingdom) were prepared
using the AdEasy system as previously described (29). In short,
recombinant viral DNA was transfected into 293 cells in 6-well
tissue culture plates using lipofectamine (GIBCO BRL) accord-
ing to the manufacturer’s instructions. Cells were overlaid with
2% agarose/DMEM 24 h after transfection and viral plaques
were picked after 9-10 d. Viral clones were propagated in 293
cells and screened for transgene expression by Western blotting.
Clonal viruses were then prepared from 20 175 cm? tissue cul-
ture flasks of 293 cells by ultracentrifugation through two cae-
sium chloride gradients. Titres of viral stocks were determined
by plaque assay and viral aliquots were stored at —70°C. The
AdGFP adenovirus was prepared according to this protocol us-
ing AdTrackGFP with no insert. AdTrack0 (Ad0), pAdTrack-
TNF 5’ promoter-Luc-3" untranslated region (UTR; Ad5'3'luc),
and pAdTrack-TNF 5’ promoter-Luc (Ad5'luc) were generated
as previously described (30). The NF-kB luciferase adenovirus
(AdNF-«B-luc) contains four tandem copies of the x enhancer
element located upstream of the firefly luciferase gene (31). This
adenovirus was provided by P.B. McCray Jr. (University of
Towa, lowa City, 1A) and is a modification of the pNF-«B re-
porter vector (BD Clontech). Recombinant adenoviral vectors
encoding Escherichia coli B-galactosidase (AdBgal) were provided
by M. Woods and A. Bryne (Oxford University, Oxford, United
Kingdom).

M-CSF—derived monocytes were plated in 96-well plates at
1.5 X 10° cells/well and allowed to settle for at least 4 h. The
cells were washed in serum-free RPMI medium and then ex-
posed to virus at different multiplicity of infection (m.o.i.) for 2 h
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in serum-free RPMI at 37°C, after which cells were washed in
RPMI and cultured in complete medium for 24 h before stimu-
lation with LPS as previously described (4).

Immunoprecipitation and In Vitro Kinase Assay. Btk autokinase
activity was measured in response to LPS in primary human
monocytes. Cells were stimulated with LPS for various times as
detailed. Cells were pelleted by centrifugation and lysed for 20
min on ice with 1% NP-40 lysis buffer containing 20 mM Thris,
pH 8, 130 mM NaCl, 10 mM NaF, 1 mM DTT, 20 pM leupep-
tin, 100 WM sodium orthovanadate, 1 mM PMSF, 10 pM E64,
and 2 mg/ml aprotinin. Lysates were microfuged for 10 min at
13,000 rpm at 4°C and supernatants were removed and pre-
cleared for 30 min at 4°C in 20 pl protein A—sepharose (previ-
ously washed in lysis buffer). After centrifuging the samples for 10
min at 1,300 rpm, the supematants were removed and incubated
with 2 pl rabbit polyclonal anti~Btk (provided C. Kinnon, Insti-
tute of Child Health, London, United Kingdom) for 1 h at 4°C.
30 pl protein A—sepharose was then added to each sample and
incubated for an additional 1.5 h at 4°C. The beads were then
washed three times in lysis buffer and once in kinase buffer (10
mM MgCl,; 10 mM MnCly). Beads were mixed with kinase
buffer containing y*?P[ATP] and incubated for 15 min at room
temperature. The reaction was stopped by the addition of 4X
Laemmli buffer and the samples were boiled for 10 min. Samples
were electrophoresed on an 8% SDS polyacrylamide gel. The gel
was stained, fixed, dried, and autoradiographed. Tec autokinase
activity was measured as previously described (32). Tec protein
was immunoprecipitated, either with rabbit anti-Tec serum (32)
or goat polyclonal anti~Tec (Santa Cruz Biotechnology, Inc.).

Western Blot Analysis.  Cells were lysed in lysis buffer and de-
bris pelleted as described above. Lysate protein concentration was
assessed by Bradford assay and equivalent amounts of lysate pro-
tein were electrophoresed on 8% SDS polyacrylamide gels, fol-
lowed by electrotransfer of proteins onto nitrocellulose mem-
branes. Membranes were blocked in 10% Marvel/PBS/Tween
(0.05%) and probed with either rabbit polyclonal anti~Btk (BD
Biosciences) at 1 pg/ml in 5% Marvel/PBS/Tween (0.05%),
anti-inhibitory protein kBo (IkBo; Santa Cruz Biotechnology,
Inc.), anti-p54/JNK (Santa Cruz Biotechnology, Inc.), or rabbit
anti-Tec for 2 h. After washing, membranes were incubated with
anti—rabbit horseradish peroxidase at 1:5,000 in 5% Marvel/PBS/
Tween (0.05%). After washing in PBS/Tween (0.05%), the
membranes were developed using enhanced chemiluminescence
according to the manufacturer’s instructions (Amersham Bio-
sciences).

ELISA. Supernatants were harvested 18 h after stimulation
of human macrophages or PBMCs. The concentration of TNFo
(BD Biosciences) was determined by ELISA according to the
manufacturer’s instruction. Absorbance was read and analyzed at
450 nM on a spectrophotometric ELISA plate reader (Labsystems
Multiskan Biochromic) using the Ascent 2.4.2 software program.
Results are expressed as the mean concentration of triplicate cul-
tures =SD.

Luciferase Assays. After LPS stimulation, cells were washed
once in PBS and lysed with 100 pl CAT lysis buffer (0.65% [vol/
vol] of NP-40, 10 mM Tiis-HCI, pH 8, 0.1 mM EDTA, pH 8,
150 mM NaCl). 50 pl cell lysate were transferred into the well of
a luminometer cuvette strip containing 120 pl luciferase assay
buffer. Luciferase activity was measured with a Labsystem Lumi-
nometer by dispensing 30 ul luciferin (Bright-Glo luciferase assay
system; Promega) per assay point. Cell lysates were assayed for
protein concentration by Bradford assay and luciferase activity was
adjusted accordingly.

1605 Horwood et al.

Tagman RT-PCR. M-CSF-treated monocytes were plated at
5 X 105 cells/well in 24-well plates and infected as described
above. Total RNA was extracted using RNeasy Kit (QIAGEN)
according to the manufacturer’s instructions. All semiquantitative
RT-PCR was performed using an ABI PRISM 7700 Sequence
Detection System, Tagman One Step RT-PCR reagent, and
TNFa, IL-6, and GAPDH predeveloped assay reagents (Perkin-
Elmer). ABI PRISM 7700 Sequence detector was programmed
for the RT step of 30 min at 48°C followed by 2 5-min deactiva~
tion step at 95°C. Subsequent PCR amplification consisted of 40
cycles of denaturation at 94°C for 15 s and annealing/extension at
60°C for 60 s. The cycle number at which the amplification plot
crosses a fixed threshold above baseline is defined as threshold cy-
cle (C). To control variation in mRNA concentration, all results
were normalized to the housekeeping gene, GAPDH. Relative
quantitation was performed using the comparative AAC, method
according to the manufacturer’s instructions.

Results

Btk Deficiency Results in Impaired TNFoe Production.  PBMCs
from XLA blood were used to see if Btk deficiency had
any effect on LPS-induced TNFa production. When
compared with PBMC from normal age and sex-matched
controls, the LPS response of XLA cells was impaired. At
the lowest dose of LPS (0.1 ng/ml), XLA and normal PB-
MC:s produced similar levels of TNFa, but increasing con-
centrations of LPS failed to generate the increased response
seen in the normal cells. At 10 ng/ml, LPS-induced TNFa
production by XLA PBMCs was only 15% of the control
cells, whereas at 100 ng/ml LPS the response was only 10%
of control (Fig. 1 A). Although B cells are not known to
produce TNFa in response to LPS, the involvement of
B cells from the normal PBMCs in LPS-induced TNFa
production was investigated to negate any secondary effects
due to the absence of B cells in XLA PBMCs. Depleting
B cells from normal PBMC showed no effect on LPS-
induced TNFa production (Fig. 1 B). Furthermore, we
found that the T cells, the major component of PBMCs,
did not produce TNFw in response to LPS (unpublished
data) and these cells do not express Btk (33). Although the
amount of blood available made purifying the monocytes
from XLA blood difficult, we managed to separate the
monocytic cells using adherence. LPS-induced TNFa pro-
duction was again significantly reduced, although at 50% of
normal controls, the impairment was not as great as seen in
PBMCs (Fig. 1 C).

Stimulation with LPS Induces Btk Kinase Activity In Vitro.
To further establish a role for Btk in LPS-induced TNFa
production, we attempted to determine whether LPS was
able to regulate Btk activity. Autokinase assays of enzyme
immunoprecipitated from human primary monocytes dem-
onstrated that LPS could rapidly activate Btk (Fig. 2 A).
Btk autokinase activity was also observed in the murine
macrophage cell line RAW 264.7 after LPS stimulation
(unpublished data). Additionally, the effect of overexpres-
sion of Btk was examined by infecting 48-h M-CSF-
treated monocytes (4) with increasing amounts of adeno-
virus-encoding human Btk (AdBtk). Infection with AdBtk
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Pigure 1. LPS-induced TNFa expression in PBMCs/monocytes from
XLA and normal donors. (A) PBMCs from XLA and normal male donors
(age range 17-38 yr). (B) Total PBMCs and PBMC:s depleted of B cells
from normal donors. (C) Monocytes prepared by adherence from normal
and XLA PBMC:s. Cells were stimulated with 10 ng/ml LPS (unless oth-
erwise stated) for 18 h and supernatants were assayed for TNFa produc-
tion by ELISA. In A, each point represents a donor, B is representative of
three separate experiments, and C shows the combined results of five do-
nots of each type (error bars * SD). Results from Student’s f test P values:
*, P < 0.05; **, P < 0.01; ***, P < 0.001. TNFa production from unac-
tivated cells was undetectable.

alone did not induce TNFo production (unpublished data).
However, infection with increasing amounts of virus syn-
ergized with LPS to increase TNFa expression, resulting in
a two- to threefold increase in TNFa at the highest m.o.i.
of 100 (Fig. 2 B). This effect correlated with the increased
amounts of Btk protein seen in the infected cells (Fig. 2 C).
No effect on TNFa production was seen with control vi-
ruses encoding either (-galactosidase or Pyk2, another
LPS-activated tyrosine kinase (17), at the highest m.o.i. of
100 (Fig. 2 B).

LPS-induced IkBa Degradation Is Intact in XLA PBMCs.
Overall, the data strongly suggested that there was a role for
Btk in LPS-induced TNFa production. However, there
was the possibility that this was the result of some develop-
ment defect, rather than a direct effect of an absent kinase.
As others have reported (34), FACS® analysis showed no
impairment of CD14 expression, a component of the LPS
binding on XLA monocytes (unpublished data). We also
used the LPS-induced degradation of IkBa as a measure of
signaling function, as this event does not appear to require
tyrosine kinase activity (35, 36) and therefore should be in-
tact. As shown in Fig. 3 A, there was a similar degradation
of IkBa in XLA and normal monocytes in response to LPS,
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Figure 2. Btk is activated by LPS stimulation and modulates TNFa
production. (A) Primary monocytes were stimulated with LPS for the in-
dicated intervals. Cell lysates were immunoprecipitated and immune
complex kinase assays were performed. Autophosphorylated Btk proteins
were detected by autoradiography. This result is representative of three
separate experiments. (B) Monocytes were infected with adenoviruses en-
coding either wild-type Btk (Btk WT), B-galactosidase (B-Gal), or an un-
related tyrosine kinase, Pyk2. Cells were stimulated with LPS for 18 h
and the supernatants were assayed for TNFa expression. Data is presented
as fold activation compared with uninfected LPS stimulated control cells
(£SD). *, P < 0.05; **, P < 0.01 compared with LPS-activated unin-
fected controls. (C) Cell lysates from the infected cells were examined for
Btk expression by immuno-Western blotting. Data is representative of at
least four different donors.

indicating no obvious impairment of the NF-kB activation
pathway. We further investigated the involvement of the
NF-kB signaling pathway by coinfecting M-CSF—treated
monocytes with AdBtk and an NF-«B reporter virus that
encodes luciferase under the control of a series of NF-«kB
binding sites (31). M-CSF monocytes were simultaneously
infected with these viruses and controls, and the luciferase
activity and TNFa production were measured after 18 h of
LPS stimulation. Although we still observed an increase in
TNFa production in these cultures (Fig. 3 C), there was no
corresponding increase in luciferase activity (Fig. 3 B), indi-
cating that Btk was able to promote TNFa production in-
dependently of the NF-«B activation.

Overexpression of Btk Acts via the 3° UTR of TNF mRNA.
To establish the mechanism of Btk action on TNFa pro-
duction, the activity of the human TNF promoter in stim-
ulated human macrophages was studied using 5’ promoter-
luciferase and 5 promoter-luciferase-3' UTR adenoviral
TNF gene reporter constructs (30). Primary human macro-
phages were simultaneously infected with reporter viruses
at an m.o.1. of 40, whereas the Ad0 or AdBtk were used at
an m.o.i. of 100. 24 h after adenoviral infection, macro-
phages were treated with LPS or left unstimulated for 18 h
before assay of luciferase activity and ELISA for TNFa pro-~
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Figure 3. LPS-induced IkBa degradation in XLA and normal PBMCs.
(A) PBMCs stimulated with 10 ng/ml LPS for 20 min were lysed and se-
quentially immunoblotted for the indicated proteins. This result is repre-
sentative of three different experiments. (B and C) M-CSF monocytes
were simultaneously infected with INF-kB luciferase reporter construct
(m.o.i. of 100) alone, or coinfected with either AdBtk or AdO at various
m.o.i. 24 h after adenoviral infection, cells were treated with LPS for 18 h
before assay of (B) luciferase activity and (C) TNFa production. Data are
means of triplicate cultures = SD and are expressed as a percentage of the
control level. This graph is representative of five experiments performed
using different donors.

duction. There was a threefold increase in luciferase activ-
ity in the cells containing the TNF5' 3' UTR reporter
construct compared with the AdO control cells (Fig. 4 A).
However, there was no enhancement of luciferase activity
from the TNF 5’ promoter construct (Fig. 4 C). Overex~
pression of Btk enhanced LPS-stimulated TNFa produc-
tion by threefold in the presence of either TNFE reporter
construct (Fig. 4, B and D). There was no significant differ-
ence in TNF production and luciferase activity when com-
paring AdO-infected macrophages with controls infected
with the reporter constructs alone. The lack of enhanced
luciferase activity from the 5’ promoter construct after LPS
stimulation indicated that the 3’ UTR of TNFu mRINA
was required for the action of Btk.

Overexpression of Btk Leads to Stabilization of TNFo mRINA.
The importance of the 3’ UTR in the stability of TNFo
mRNA has been studied extensively (37, 38). Because Btk
appeared to be acting via the 3’ UTR, it seemed likely that
it was also affecting the stability of TNFo mRNA. To fur~
ther analyze the mechanism by which Btk determines the
levels of TNFoa, we blocked transcription in LPS-stimu-~
lated M-CSF monocytes by using actinomycin D and ana-
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Figure 4. Btk overexpression enhances TNFa via the 3" UTR. (A)
Schematic representation of the human TNF 5’ promoter-luciferase-3’
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the human TNF 5’ 3' UTR (B and C) or TNF 5' promoter (D and E) in
stimulated human macrophages was tested by simultaneously infecting
primary human macrophages with reporter virus at an m.o.i. of 40 and ei-
ther Ad0O or AdBtk at various m.o.i. 24 h after adenoviral infection, mac-
rophages were treated with LPS for 18 h before assay of luciferase activity
(B and D) and TNFa production (C and E). Data are means of triplicate
cultures % SD and are expressed as a percentage of the control level. Each
graph is representative of five experiments performed using different donors.

lyzed half-life of TNFa mRNA by Tagman RT-PCR
analysis. As a control, GAPDH mRNA was detected and
used to normalize the TNFa mRNA levels. For each of
the controls, uninfected Ad0 and PykM, the half-life of
TNFa mRNA was <45 min after actinomycin D treat-
ment. However, in the presence of Btk, TNFo mRNA
levels were maintained at 70-100% of the time 0 control
for the duration of the 120-min time course (Fig. 5 A).
These data demonstrate the ability of Btk to stabilize
TNFa mRINA and consequently this may result in the ele-
vated protein expression observed in these cultures.

As the stability of TNF mRNA is known to be associ-
ated with p38 mitogen-activated protein kinase (MAPK)
activation, we examined the ability of PBMCs from XLA
patients to phosphorylate p38 MAPK in response to LPS
treatment. We were able to observe consistently low levels
of p38 MAPK phosphorylation in XLA PBMCs (Fig. 5 B),
however there was considerable variability in the degree of
p38 MAPK phosphorylation from person to person in the
normal controls. There was no difference in p38 MAPK
phosphorylation after LPS treatment of normal PBMCs in
either the presence or absence of B cells (unpublished data).
Due to the limitation of patient samples we were unable to
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Figure 5. Btk overexpression stabilizes TNFa mRINA.
(A) Cells were either uninfected or infected with Ad0, Ad
PykM, or AdBtk (m.o.i. of 100) and activated with LPS
for 4 h. 5 ug/ml actinomycin D was added to stop any fur-
ther mRINA synthesis and the cells were incubated for an
additional 0, 15, 30, 60, 90, or 120 min, after which time
they were harvested in RINA lysis buffer and the superna-
tants were reserved for TNFa ELISA. Total mRNA was
prepared and Tagman RT-PCR was used to access the
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quantity of TNFa. The results were normalized to 100% at
the 0-min time point. The lines are representative of Con-
trol (¢), AdO (), Btk (A), and PykM (x). Data are means
of triplicate reactions * SD expressed as a percentage of
the control and are representative of three experiments

performed using different donors. (B) PBMCs from XLA

and normal male donors or (C) M-CSF monocytes in-

P-ERK 5
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fected with AdBtk or AdPyk2, were stimulated with LPS
for 20 min, lysed, and sequentially immunoblotted for the
indicated proteins. These results are representative of three

p38

examine the kinetics of p38 MAPK activation in XLA pa-
tients compared with normal controls. To further establish
the link between p38 MAPK and Btk, we used adenoviral
overexpression of Btk to determine if there was any in-
crease in p38 MAPK activity in normal M-CSF—treated
monocytes. As shown in Fig. 5 C, we were able to observe
a 1.5-2-fold increase in phosphorylated p38 MAPK.

Tec Is Phosphorylated in Response to LPS.  Although we
have demonstrated that Btk is able to modulate TNFa ex-
pression, XLA patients do not show a serious impairment
in their innate immune function. Treatment of XLA
monocytes for 2 d with M-CSF greatly enhanced their
production of TNFa in response to LPS to levels similar
to those obtained with normal monocytes (Fig. 6 A).
Consequently, we examined the mechanism of the in-
creased responsiveness of monocytes after M-CSF treat-
ment. Because members of the Tec family of kinases can
functionally complement each other (39), we tested whether
M-CSF can regulate the expression of an alternative Tec
family kinase to Btk. An obvious candidate was Tec kinase,
as this enzyme is expressed in myeloid cells and does, to
some degree, complement Btk activity in xid B cells (40).
Western immunoblot analysis showed that Tec kinase was
expressed at low levels in untreated monocytes from both
normal donors and XLA patients (Fig. 6 B), however, after
treatment with M-CSF for 48 h the expression of Tec pro-
tein was increased. Counter blots confirmed that the ex-
pression of Btk was restricted to the normal cells (Fig. 6 B).
Next, the response of Tec kinase to LPS in M-CSF-treated

different experiments.

monocytes was investigated using autokinase assays of im-
munoprecipitated enzyme. Like Btk, Tec kinase activity
was increased in response to LPS treatment of human
M-CSF-treated monocytes (Fig. 6 C).

Discussion

Our data has shown that stimulation of human mono-
cytes with LPS triggers the activation of the nonreceptor
tyrosine kinase, Btk. Moreover, in XLA monocytes that
lack functional Btk, there is a failure to respond to LPS
treatment as determined by their reduced TNFa produc-
tion after stimulation. Our initial findings led us to further
examine the contribution of Btk in controlling TNFa pro-
duction. Adenoviral gene transfer has been used extensively
to investigate the role of different transgenes in primary
cells due to the ability of adenoviruses to infect both quies-
cent and dividing cells at high efficiency (4). Overexpres-
sion of Btk resulted in a consistent two- to threefold in-
crease in TNFa production from M-CSF monocytes. In
B cells, activation of the NF-«B transcription complex by
signals derived from the B cell antigen receptor act via Btk
to control B cell development, survival, and antigenic re-
sponses. However, the actions of Btk in macrophages ap-
pear to be independent of NF-kB activation and there is
no defect in IkBa degradation in response to LPS in XLA
monocytes.

TNF biosynthesis is under the control of multiple and
complex regulatory mechanisms. Because the Tec family is
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Figure 6. The effect of M-CSF treatment on LPS-stimulated TNFa
production and Tec expression, (A) Adherent monocytes from XLA and
normal donors were either stimulated with LPS for 2 h, or incubated with
M-CSEF for 48 h before LPS stimulation for 2 h. Supernatants were as-
sayed for TNFa production. (B} Adherent monocytes from normal (lanes
1 and 2) and XLA donors (lanes 3 and 4) were either lysed immediately,
or after M-CSF treatment for 48 h. Western blot analysis was performed
using either a-TecSH3, a-Btk, or at-actin antibody. (C) Elutriated mono-
cytes from normal donors were stimulated with LPS for the indicated time
periods. Tec was immunoprecipitated and in vitro autokinase assay was per-
formed. Each study is representative of at least three separate experiments.

known to interact with a wide range of signal transduction
molecules (18), we took the alternate approach of examin-
ing the effect of Btk on the UTRs of TNFa. Using the 5’
promoter-luciferase and 5’ promoter-luciferase-3’ UTR
adenoviral reporter constructs, we were able to show that
the ability of Btk to enhance TNFa production required
the 3" UTR. There is considerable evidence indicating that
some of these may occur at the translational level and be
mediated by AU-rich elements (AREs) in the 3' UTR of
the mRNA. Certain inflammatory gene mRNAs, includ-
ing cyclooxygenase-2, IL-6, IL-8, and TNFa mRNAs, are
stabilized by activation of the p38 MAPK pathway by stim-
uli such as IL-1 and LPS (37, 41-43). Studies with mRNA
reporter constructs have shown that the p38 MAPK-medi-
ated stabilization directly involves AR Es (38). Thus, AREs
confer instability on mRNAs. However, after activation of
the p38 MAPK pathway, they allow mRNA stabilization
and hence increased protein expression. There is also a
strong association between Btk and p38 MAPK in B cells
showing that the activation of p38 MAPK was completely
inhibited in cells deficient in Lyn and Btk, and the intro-
duction of wild-type Btk, but not kinase-inactive Btk, re-

1609 Horwood et al.

stored the p38 MAPK activation in response to 280 nm
UV irradiation in chicken DT40 B cells (44). The precise
regions of the TNF 3’ UTR involved in this interaction
with Btk and the potential involvement of p38 MAPK and
other intermediary molecules is a field of ongoing research
in our laboratory.

The proposition that Btk is essential for LPS-induced
TNFa production is not easily reconciled with the XLA
phenotype that shows no obvious gross defect of the innate
immune system. However, there have been limited reports
that XLA patients have reduced inflammatory responses
(45). This is in contrast to patients with common variable
immunodeficiency who are prone to multiorgan granulo-
matous disease, although they too have a type of antibody
deficiency similar to the XLA patients (28, 46). In humans,
Btk is absolutely required for the progression of developing
B cells through the pro-B to pre-B stage. However, in xid
mice the absence of Btk alone does not result in the same
phenotype and it is only when Tec is also ablated that the
same B cell deficiency is observed (40). It would be of in-
terest to investigate LPS responsiveness in monocyte/mac-
rophages from these mice. This suggests that Tec might be
able to substitute for the absence of Btk in mouse pro-B
cells, but at this stage of development in man, Tec is either
unavailable or is incapable of substituting for Btk (47). It is
of interest to note that monocyte differentiation toward
macrophages ablates the differences observed between the
XLA patients and normal donors (Fig. 6 A) and that this is
accompanied by an increase in Tec levels (Fig. 6 B). The
observation that Tec kinase is expressed in resting mono-
cytes from XLA and normal individuals, although at a
lower level, may explain why there is some response to
LPS in the Btk-deficient cells. The data obtained here
would suggest that without an increase in Tec kinase ex-
pression induced by M-CSF, there is insufficient kinase ac-
tivity in the resting XLA monocytes to support a full LPS
response, This hypothesis is supported by the observation
that at the lowest LPS concentration used in this study (0.1
ng/ml), TNFo production by XLA and normal cells was
similar (Fig. 1 A). The majority of the studies in mice (23,
24), with the exception of the study by Mukhopadhyay et
al. (25), have been unable to find any differences in LPS re-
sponsiveness between xid and normal macrophages. We
also examined the responsiveness of peritoneal macro-
phages from xfd mice versus normal mice and were unable
to obsetve any differences in TNFa production and NF-kB
DNA binding activity in response to LPS (unpublished
data). Taken together, these data suggest that rather than a
difference between murine and human cells, that it is in
fact a difference between monocytes and macrophages. It is
therefore possible that the up-regulation of Tec, or other
Tec kinase family members, in human macrophages may
explain why there is no major impairment of innate immu-
nity in XLA patients although further work is required to
confirm this hypothesis.

In summary, this study has demonstrated that Btk is not
only another tyrosine kinase activated by LPS, but also that
deficiency in its expression is associated with impairment of
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TNFa expression. Furthermore, overexpression of Btk in
macrophages synergizes with LPS to induce TNFa pro-
duction by stabilizing TNFa mRINA. Although these data
imply that Btk is the first described tyrosine kinase having a
key role in LPS-induced production of TNFa by mono-
cytes, this role is probably not restricted to Btk alone. The
intriguing question remains as to what role Tec kinases
may have in mediating TNFa production by myeloid cells
to other stimuli, particularly those involved in inflamma-~
tory conditions like rheumatoid arthritis and Crohn’s dis-
ease, where TNFa is a validated therapeutic target.
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Abstract

The Glu residue in the helix A is conserved among many cytokines. Mutation in this residue converts some cytokines to an
antagonist. Such an artificial cytokine with an antagonist activity may be useful in a clinical area. In this study we generated a mutant
granulocyte colony-stimulating factor (G-CSF) termed G-CSF.E20K in which this residue is substituted to Lys. It is known that
G-CSF binds to a homodimeric receptor, while other cytokines which can be converted to antagonists bind to heterodimeric
receptors. We showed that G-CSF.E20K does not bind to the receptor at all, and that it fails to stimulate proliferation. Thus, the
mutant did not act as an antagonist. We propose that the nature of the receptor, namely whether it is a homodimer or heterodimer,

determines the antagonist activity of the mutant.
© 2003 Elsevier Ltd. All rights reserved.

Kewvords: 9-Helix: Amino acid residue: Ligand-receptor interaction: Mutein; Recombinant protein

Abbreviations: 1L, interleukin: G-CSF. granulocyte colony-stimulating factor; GM-CSF, granulocyte macrophage colony-stimulating factor; wt,

wild-type

1. Introduction

Adequate cytokine activity is critical for the mainte-
nance of body homeostasis including hematopoiesis and
immune status. It is not surprising that the malfunction
of cytokine activity is linked to many human diseases.
Consequently, under the conditions of inappropriately
high or low cytokine activity, cytokine antagonists or
agonists may constitute valuable families of new ther-
apeutic agents [1-5]. Actually some wild-type ligands or
biotechnologically modified cytokines have been widely
used in clinical practice [6,7]. Recently it is getting more
common to create a new bioactive molecule using three-
dimensional structure information with a computer-
alded drug design system. These methods have been
successful in some areas such as protein tyrosine phos-
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phatase inhibitors and tyrosine kinase inhibitors [8-11].
Quality of a designed molecular seed is mainly dependent
on an information of structure~function relationship in
atomic level. Although the structure—function relation-
ship was largely analyzed in each cytokine, information
generalized in each family was limited. Insight of active
sites such as active motifs or binding interfaces may
help to design a novel agonistic or antagonistic small
molecule to cytokine receptors.

Most of four helical bundle cytokine molecules
conserved negatively charged Glu residue at the amino
terminal o-helix (helix A). The conserved Glu locates at
the identical position if aligned based on the pattern of
hydrophobic residues of the first o-helices [12,13]. Seven
antagonistic molecules have been created by substituting
the conserved Glu into the positively charged Lys residue
[12]. While these antagonists bind to their specific recep-
tor, they do not stimulate any signal transductions that
trigger a cell proliferation or the other functions even
at high concentration. Both conserved Glu of human
interleukin-4 and human granulocyte colony-stimulating
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factor (G-CSF), in which the crystal structure of the
ligand-receptor complex is clarified, exist at the binding
interface [14,15]. As far as we explore three-dimensional
structures of their ligand-receptor complex, their con-
served Glu form hydrogen bonds with Tyr residues of
their receptor molecules. Moreover, some of neutralizing
antibodies against human G-CSF receptor recognize
epitopes including the conserved Tyr residue [16]. These
observations led us to speculate that substituting the Glu
of human G-CSF may create a novel G-CSF antagonist.
In this study, we created a novel mutant G-CSF termed
G-CSF.E20K and tested its biological activities.

2. Results and discussions
2.1. Alignment of amino terminal helices of cytokines

The binding of cytokines to their functional receptors
and subsequent signal transduction is a complex process
which includes the interaction with multiple receptor
molecules. Many cytokines have overall conserved struc-
ture as four major o-helical bundles. Many efforts have
been made to determine amino acid residues which govern
receptor binding and signal transduction for many
cytokines [14,17-36]. A part of amino acid sequence of
helix A is shown in Table 1. Homology alignment based
on the locations of hydrophobic residues (underlined)
indicates that there is an absolute conservation of
a negatively charged residue (Glu/Asp) in the helix A
(Table 1). This conserved residue may have a conserved
function.

2.2. Location of the conserved residues

Helices A are shown in three-dimensional structures
(Fig. 1A). It is shown that there is a cluster of hydro-
phobic residues at one side of each helix A and that the
conserved negatively charged residue locates at another
side of the hydrophobic residues. These hydrophobic
residues make a hydrophobic core in each protein and
may play some roles in keeping its conformation. On the
other hand, the conserved negatively charged residues
are exposed to solvent and may interact with polar or
ionic molecules surrounding the protein. Human G-CSF
[15] and human interleukin-4 [14] are analyzed as a
complex with their specific receptor chains. The con-
served Glu of these cytokines locates at binding interface
where the side chains of approximately 15 amino acid
residues locate close to receptor molecules and indicate
van der Waals contacts (within 4.2 A). The conserved
Glu of G-CSF and interleukin-4 exist approximately
2.7-2.9 A from Tyr residues of the receptor chains and
form hydrogen bonds with the Tyr residues (Fig. 1B).
The conserved residues may have a conserved role in
a ligand-receptor interaction.

Table 1
Multiple alignment of helix A

Cytokine Amino acid sequence Determined helix A (PDB ID)
hiL-2 LLL D LQMIL Thr7 (Lys9)~Ile28 (3INK)
hIL-3 SIVK. E IIGKL Tle5~His12 (1JLD
hIL-4 ITLQ E IIKTL Tle5~Thrl8 (1IAR)
hIL-5 ALVK E TLALLSTH Thr3~Hisl7 (IHUL)
vIL-6 WVID E CFRDLCYR Lys9~Arg33 (111R)
hIL-6 RYIL E GISALRK Ser23~Serd9 (1ALU)
hIL-10 NMLR D LRDAFS Pro20~Phe30 (1J7V)
viL-10 QMLR D LRDAES Argl0~Vall9 (1VLK)
hIL-13 ALR E LIEEL Ala9~Thr21 (1GA3)
hEPO LEAK E AENITTG Glul3~Thr26 (1EER)
dG-CSF  LKCL E QMRKY Gln12~Thr39 (1BGD)
bG-CSF LKCL E QVRKI Glnli~Ala38 (1BGCO)
hG-CSF  LKCL E QVRKI Glnl12~Thr39 (1CDY)
hGM-CSF NAIQ E ARRLLNL Trpl3~Leu28 (1CSG)

The amino acid sequences of amino terminal helix of cytokines
(helix A) are aligned as mentioned in Section 3 based on the position of
hydrophobic residues (underlined). The amino acid residues, which
compose helix A, were determined by three-dimensional coordinates
registered in the Brookhaven Protein Data Bank (http: [Iwww_rcsb.org/
pdb/). Numbering of amino acid residues is based on the coordinate
file, which may or may not differ from experimentally determined
amino acid residue numbering. Parts of the helix A are shown in the
table. Protein Data Bank ID (PDB ID) of each protein is shown in the
table too. There are conserved negatively charged residues, E (Glu) or
D (Asp) (bold characters) at the identical location. Abbreviation in the
table of amino acid residues is followed by standard one letter symbol.
Other abbreviations are as follows: h, Homo sapiens; v, virus; d, Canis
Jamiliaris; b, Bos taurus; IL, interlenkin; EPO, erythropoietin; G-CSF,
granulocyte colony-stimulating factor; GM-CSF, granulocyte macro-
phage colony-stimulating factor.

2.3. Purified wtG-CSF and G-CSF.E20K

G-CSF.E20K and wtG-CSF were produced in pro-
karyotic expression system as mentioned in Section 3.
As a nature of these expression systems, the expressed
proteins have additional Met residue at the amino
terminus of the desired peptides in order to create
translation-initiation codon ‘ATG’. The purified protein
showed a prominent single band at approximately
14 kDa in Coomassie Blue-stained sodium dodecyl
sulphate polyacrylamide gel (Fig. 2). Though there were
still faint bands in some expressions, purity of these
proteins was estimated to be better than 95% by visual
inspection. Since we induced, refolded and purified both
proteins in an identical manner, both proteins must have
essentially same folding quality.

2.4. Bioactivities of the conserved residue in
human G-CSF

We found an interesting matter in antagonistic
muteins. The reported antagonists made by substituting
the conserved residues are limited only in acting through
the heterodimeric receptor system in which a ligand inter-
acts with different receptor molecules to generate a signal
transduction. For example, granulocyte macrophage
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Fig. 1. Conserved structure of helix A. Three-dimensional structures of cytokines were shown in ribbon diagram (A) and ball and stick expression
(B). Coordinates were downloaded from Brookhaven Protein Data Bank (http://www.rcsb.org/pdb/). Each PDB ID was shown in the figure. A.
Helix A of hIL-4, vIL-6, hIL-10. hG-CSF and hGM-CSF is shown. Side chains of the negatively charged. conserved Glu were indicated by asterisks,
and those of hydrophobic residues were shown in ball and stick expression and surrounded by gray surface area. The conserved residues are located
at the other side of hydrophobic core in helix A of cytokines. B. The conserved Glu and side chains of receptor molecules are shown. Three-
dimensional structures of the ligand-receptor complex indicated that the conserved Glu formed hydrogen bond with side chains of receptor
molecules. Based on the three-dimensional structure of 20th amino acid Glu of hG-CSF. it forms hydrogen bond with 78th amino acid Tyr and 193rd
amino acid Arg of the receptor molecule. Similarly, ninth amino acid Glu of hIL-4 forms hydrogen bond with 13th amino acid Tyr and 183rd amino
acid Tyr. Together with these observations in this figure and previous reports that indicated importance of 78th amino acid Tyr of hG-CSF receptor,
the conserved residues must be critically important for ligand—receptor interaction.

colony-stimulating factor (GM-CSF) utilizes two
receptor molecules (GM-CSF receptor B chain and GM-
CSF receptor o chain) to form the active high affinity
ligand-receptor coinplex. The conserved residues exist

in ligands not only for heterodimeric but also for homo-
dimeric receptor systems. In this study., we analyzed
biological function of the conserved residue of human
G-CSF, which utilizes the homodimeric receptor system.
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Fig. 2. Purified proteins. Expressed and purified protein was loaded on
10-20% gradient sodium dodecy] sulphate polyacrylamide gel, electro-
phoresed for 90 min at 130 V and then stained by the Coomassie Blue.
Both wtG-CSF and G-CSF.E20K migrated at approximately 14 kDa
and showed almost single band of target proteins. Though there were
still faint bands in some expressions, purity of these proteins was
estimated to be better than 95% by visual inspection. Lane 1, wiG-
CSF: Lane 2, size marker, Multimark™ (Invitrogen); Lane 3,
G-CSF.E20K.

As shown in Fig. 2, refolded and purified mutein as
well as wtG-CSF showed almost single band in Coo-
massie Blue-stained gel. We used these pure proteins for
bioassays. To test the biological activities to stimulate cell
proliferation, we performed cell proliferation assays
using UT-7/EPO G-full cells which express active human
G-CSF receptors [37]. While wtG-CSF stimulated UT-7/
EPO G-full cells proliferation in a concentration-
dependent manner, G-CSF.E20K did not (Fig. 3). We
also tested their binding activity using biotin-labeled
G-CSF, termed bio-G-CSF. As shown in Fig. 4, wtG-
CSF competitively bound to the UT-7/EPO G-full cell
in a concentration-dependent manner. Approximately
150 ng/ml wtG-CSF competed the half of maximal
binding of 100 ng/m! bio-G-CSF. On the other hand,
G-CSF.E20K did not compete any bio-G-CSF binding
even at increasing concentrations as high as 10 ug/ml.
Since wtG-CSF showed cell proliferation and cell binding
in our assay, our system worked properly including
expression and purification of proteins, proliferation
assay, and binding assay. Thus, we concluded that the
binding and cell proliferation activities did not exist in
G-CSF.E20K.

2.5. Polymer formation study

As reported before, human G-CSF tends to form
polymers. especially in neutral and basic condition [38].
In addition, two G-CSF molecules form a stable complex
with dimerized receptor molecules [15]. We tested
whether G-CSF.E20K effectively forms a polymer. As
shown in Fig. 5. after the incubation of 10 pg/ml G-

400T—

wt.G-CSF
3007 /
2007

%0OD440-600 (100% = 0.27)

1008= "—15‘:0"%&070#%‘0

G-CSF.ER20K

Oo 107 10° 10" 10% 10° 10°

Protein Concentration (ng/ml)

Fig. 3. Effect of wiG-CSF and G-CSF.E20K on proliferation of
a leukemia cell line. UT-7/EPO G-full, a human myeloid leukemia cell
line, which expresses human G-CSF receptors, was incubated at 37 °C
with various concentrations of wtG-CSF (closed square) or G-
CSF.E20K (open circle) as described in Section 3. Absorbance at
440 nm (A440) subtracted by absorbance at 600 nm (A600) is
calculated as indicator of the formazan formation. Data are presented
as mean percentage absorbance of quadruplicate determinants + S.D3.
The wtG-CSF stimulated cell proliferation in a concentration-de-
pendent manner while G-CSF.E20K did not. These assays were
rgpeated for a few times.

CSF.E20K or wtG-CSF in pH 7.4 at 4 °C for 16 h, these
agents formed dimer or other polymers. The density of
polymers seemed to be similar in both proteins. As
expected, the polymerized G-CSF.E20K was reduced by
2-mercaptoethanol and migrated around 14 kDa. The
G-CSF antigenicity in both polymer and monomer forms
was confirmed by the Western blotting in both wtG-CSF
and G-CSF.E20K (Fig. 5B). Thus, substituting the
conserved Glu did not affect the polymer formation
under this condition.

2.6. Function of the conserved residues

While seven molecules in which the conserved residues
are substituted to Lys, have antagonistic activities [12],
G-CSF.E20K did not show any antagonistic activity.
The substitution of the conserved residue of human
G-CSF completely nullified its binding. In the heterodi-
meric receptor system such as interleukin-5, GM-CSF
and interleukin-13, antagonistic mutein may bind to one
of receptor chains, but not another (Fig. 6B). Thus the
muteins act as antagonists. On the other hand, in the
homodimeric receptor system like G-CSF, the mutein
may not bind to any receptor chain. Thus G-CSF.E20K
did not bind to its receptors (Fig. 6C). In the early
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Fig. 5. Polymer formation of wtG-CSF and G-CSF.E20K. After the
incubation at 4 °C for 16 h. 10 pg/ml protein was loaded on the SDS
gel. Abbreviations: wt, wtG-CSF; E20K, G-CSF.E20K; MK, Multi-
mark™ or molecular size marker; R, reduced condition: NR, non-
reduced condition: m. indicates size of monomer G-CSF; d, indicates
size of dimer. A. Both wtG-CSF and G-CSF.E20K showed dimer
formation when they were electrophoresed under a non-reducing
condition. On the other hand, under a reducing condition, the dimers
were reduced and migrated to approximately 14 kDa, a size of
monomer. B. G-CSF antigenicity of polymers of G-CSF.E20K and
wtG-CSF were confirmed by Western blotting using anti-G-CSF
polyclonal antibody.

reports it 1s indicated that wild-type growth hormone
acts as an antagonist at high concentration [39,40].
As growth hormone ligand stimulates the signal trans-
duction by forming 1:2 ligand-receptor complex, this
antagonistic activity could be due to forming 1 : 1 ligand-
receptor inactive complex (Fig. 6A). Such a phenomenon
has never been reported for human G-CSF. Lack of
antagonistic activity of wtG-CSF at high concentration
may be due to its nature to form 2:2 ligand-receptor
complex as a signaling complex (Fig. 6C).

3. Materials and methods

3.1. Multiple alignment and analysis of
three-dimensional structures

Sequence analysis and multiple alignments were
performed as described before [12,13,41,42]. To date,

.

three-dimensional structures of at least 14 cytokines
have been experimentally determined, including human
interleukin-2 [43,44], human interleukin-3 [45], hu-
man interleukin-4 {46], human interleukin-5 [47], human
herpesvirus-6 interleukin-6 [48], human interleukin-6
[49], human herpesvirus-4 interleukin-10 [50], human
interleukin-10 (51], human interleukin-13 {52], human
erythropoietin [53), Canis familiaris G-CSF [54], Bos
taurus G-CSF [54], human G-CSF [15], and human
GM-CSF [55]. Their fine structures including o-helix,
loop, B-sheet, molecular surface and solvent accessibil-
ities were analyzed using Swiss PDB viewer as described
before [56].

" 3.2. Materials

Restriction endonucleases and DNA ligase were
obtained from Takara Co. Ltd. (Shiga, Japan). Fast
protein liquid chromatographic (FPLC) columns and S-
sepharose FF were purchased from Pharmacia (Piscat-
away, NJ). Advantage-HF polymerase chain reaction
(PCR) kit was from Clontech (Palo Alto, CA). The pET
based expression vector with ampR gene was used for
construction of mutein clone. Plasmids were amplified in
Escherichia coli (DH50. high efficiency transformation)
(GIBCO BRL Life Technology, Grand Island, NY) and
extracted using Qiagen spin kits (Chatsworth, CA). UT-
7/EPO G-full, human leukemia cell line, was kindly gifted
from Dr. Komatsu (Jichi Medical School, Japan). The
UT-7/EPO G-full cells express human G-CSF receptor
and proliferate by human G-CSF in dose-dependent
manner, were grown under human G-CSF [37].

3.3. Construction of plasmids encoding
wtG-CSF and G-CSF.E20K

The mutagenesis of G-CSF gene was performed using
a cDNA of wild-type G-CSF(wtG-CSF) as a template
using sense primer 5'-taa cat atg acc ccg ctg gge ceg geg
age age ctg ccg cag age tit ctg ctg aaa tge ctg aaa caa gtg
cgt aag at-3', anti-sense primer 5'-taa gaa ttc tca ggg ctg
goc aag gtg geg tag-3' in order to mutate Glu 20 to Lys
(E20K) and to incorporate Ndel and EcoRI restriction
enzyme sites at 5'- and 3'-termini, respectively. Similarly,
sense primer 5'-taa cat atg acc ccg ctg ggc ccg geg age age

&

Fig. 4. Binding study of wtG-CSF and G-CSF.E20K. A. One million per tube UT-7/EPO G-full cells were incubated with (no competitor) or
without (no stain) 100 ng/ml biotin-labeled wtG-CSF (bio-G-CSF) [57,58] for 50 min at 4 °C. Washed cells were then incubated with phycoerythrin
labeled streptavidin. Cell bound bio-G-CSF was detected as fluorescence intensity of phycoerythrin. Non-specific bindings of streptavidin—
phycoerythrin without bio-G-CSF (lower panel) were minimal and stained cells with bio-G-CSF and streptavidin—phycoerythrin showed a significant
increase in fluorescence intensities. B. UT-7/EPO G-full cells were incubated under the same condition except for the existence of various
concentrations of G-CSF.E20K or wtG-CSF during the first incubation. G-CSF.E20K did not seem to affect fluorescence intensity or number of cell
bound bio-G-CSF while wtG-CSF did. The percentage of gated cells was plotted. The only 150 ng/ml wt G-CSF (closed square) suppressed
approximately 50% of gated cells. G-CSF.E20K (open circle) did not suppress the percentage of gated cells up to 10 pg/ml. C. This panel also shows
another aspect of the result. Mean fluorescence intensity (MFI) was indicated. Approximately 100 ng/m! wtG-CSF (closed square) suppressed half of
maximal MFI but G-CSF.E20K did not even in high concentration. These assays were repeated twice and both indicated essentially same result.
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in homo receptor dimer system

Cytokines forming 1:2 complex
in hetero receptor dimer system
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in homo receptor dimer system

Fig. 6. Schematic diagram of a ligand-receptor interaction. A. One possible way of a ligand-receptor interaction in cytokine which forms 1 : 2 lieand—
receptor signaling complex. This model was originally proposed by de Vos et al. in human growth hormone [40]. A ligand (shown as L in the Egure)
happens to come across, interacts and binds to an extracellular domain of a receptor molecule (shown as R) (A-2). Then the ligand and the receptor
molecule form 1:1 complex without stimulating signal transduction. Then the complex interacts with another receptor molecule (R) on the cell
surface membrane, and forms 1: 2 signaling complex {A-3). High concentration of growth hormone is reported to act as anta gonist {39]. This could be
explained as follows: High concentration of growth hormone ligand occupies receptor molecule quickly and forms 1:1 complex as shown in (A-2).
Since the complex is formed too fast to leave enough receptor molecules free in this case, signaling complex could not be formed effectively (A-x). B.
An application of the previous model to heterodimeric receptor systems such as hIL-5, hGM-CSF and hIL-13. In these cytokines, a ligand interacts
and forms primary complex with one particular receptor chain indicated as R.o (B-2). Then it interacts with another receptor chain (R.B) resulting in
1:2 signaling complex (B-3). Antagonists such as hIL-13 E13K, hGM-CSF.E21K and hIL-5.E13Q are considered to interact with first receptor chain
(R.0) but mutation (shown as *} inhibits to interact with the second receptor chain (R.f) and to form 1:2 signaling complex. Thus these molecules
occupy first receptor chains and act as antagonists (B-x). C. This model explains ligands which form 2: 2 ligand-receptor signaling complex, such as
human G-CSF. In this model, 1:1 ligand—receptor or ligand dimer may be formed (C-2) and thereafter, formed 2: 2 ligand-receptor complex (C-3).
In our case, G-CSF.E20K did not bind to receptor molecule even though they could effectively form dimer in neutral condition (C-x).

ctg ceg cag age tit ctg ctg aaa tge ctg gaa caa gtg cgt aag
at-3', and anti-sense primer 5'-taa gaa ttc tca ggg ctg ggc
aag gtg gecg tag-3' were used to construct an expression
vector for wtG-CSF. After subcloning the PCR products
into pCR2.1® (Invitrogen, Carlsbad, CA), the plasmid
was purified and digested with Ndel and EcoRI. The
fragment was inserted into a prokaryotic pET based
expression vector digested with same restriction enzymes.
We confirmed the existence of the mutation and re-
striction sites by sequencing of the plasmids.

3.4. Expression and purification of recombinant proteins

Expression and purification of wtG-CSF and
G-CSF.E20K were carried out by essentially similar tech-
niques as previously reported {12,13,41]. The protein

expression was induced by 1 mM IPTG. The wtG-CSF
and G-CSF.E20K were produced in inclusion bodies.
After washing, the inclusion bodies were solubilized
using 7 M guanidine, refolded and purified by FPLC
ion-exchange chromatography.

3.5. Cell proliferation assays

Proliferation assays were performed as described
previously [42]. Briefly, UT-7/EPO G-full cells were
washed twice with PBS to remove human G-CSF and
then 5.0 x 10% cells per well were cultured in 96-well
plates in Iscov’s modified Dulbecco’s medium containing
5% fetal bovine serum. Various concentrations of wtG-
CSF and/or G-CSF.E20K were added to the wells, and
the cells were cultured for approximately 2 days. Ten
microliters WST-1 reagent (Takara Co. Ltd.) was added
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to each well 4 h before the plates were read in an optical
density reader, SpectroMA X340 (Molecular Devices Co.
Ltd., Sunnyvale, CA). Assays were performed in qua-
druplicate and repeated at least twice. Absorbance at 440
nm (A440) and 600 nm (A600) per each well was read and
A440—A600 is assumed to reflect the formazan pro-
duction.

3.6. G-CSF recepror binding studies

Recombinant human G-CSF labeled with biotin (bio-
G-CSF) was kindly provided from Dr. Tojo (Institutes
of Medical Science, The University of Tokyo). The
equilibrium binding studies were carried out as de-
scribed elsewhere [57,58]. Briefly, 1 x 10° cells in 100 pl
MACS/FACS buffer (phosphate buffered saline + 10%
fetal bovine serum) were incubated at 4 °C for 50 min
with bio-G-CSF (100 ng/ml) in the absence or presence
of various concentration of unlabeled wtG-CSF or G-
CSF.E20K. After washing with ice-cold MACS/FACS
buffer, the cells in each tube were incubated with 90 pl
containing 10 pl streptavidin—phycoerythrin (Becton
Dickinson, San Jose, CA). After washing with ice-cold
MACS/FACS buffer, the cell bound bio-G-CSF was
determined by BD LSR™ (Becton Dickinson) as a
fluorescence intensity of phycoerythrin. Data collection
and statistical analysis have been done by CellQuest
software (Becton Dickinson) according to the manufac-
turer’s instruction.

3.7. Western blorting

Anti-human G-CSF goat polyclonal antibody was
kindly provided by Dr. Tojo (Institutes of Medical
Science, The University of Tokyo, Tokyo, Japan) and
anti-goat immunoglobulin rabbit polyclonal antibody
conjugated with horseradish peroxidase was purchased
from Wako Pure Chemical Industries Ltd. (Osaka,
Japan). Western blotting assays were performed by
essentially similar techniques as reported before [12,13,
41,42]. Protein bound antibodies were detected with ECL
(Pharmacia), the exposed X-ray films were developed
and visualized as to the manufacturer’s instruction.

3.8. Polymer formation study

To detect polymer formation of wtG-CSF or
G-CSF.E20K, concentration of each protein was adjusted
to 10 pg/ml in phosphate buffered saline pH 7.4 and
incubated at 4 °C for 16 h. Then the protein was mixed
with SDS loading buffer with or without 2-mercapto-
ethanol. incubated in boiling water for 5 min and ana-
lyzed by sodium dodecyl sulphate polyacrylamide gel
electrophoresis. Proteins were visualized by Coomassie
Blue stain as reported before.
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