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ABSTRACT

The development of human antibodies specific for certain B cell markers is required to generate therapeu-
tic antibody leads with improved therapeutic indices against B-cell lymphomas. To meet this demand,
we selected a primary human antibody library, HuDVFab-8L, against human B lymphoblastic IM-9 cells
via a ‘Biopanning and Rapid Analysis of Selective Interactive Ligands (BRASIL)' cell panning approach.
Six Fab clones that specifically bound to IM-9 cells were successfully isolated. Among these clones, two
clones (IM-L6-E and IM-L8-G), were found to be specific for CD23 (FceRII). Affinity maturation of these Fab
clones was then performed in a hierarchical manner by constructing secondary antibody libraries through
combining heavy (H) chains of two Fabs with the human kappa L chain sublibrary HuNL-D3 followed by
biopanning against the CD23 antigen. Clone IM-L6-5, one of the affinity maturated Fab derivatives from
IM-L6-E, has a binding affinity of kp ~ 30 nM to soluble CD23. In addition, IM-L6-5 Fab is able to bind to an
inducible form of CD23 expressed on U937 cells upon IL-4 stimulation, and inhibits binding of human IgE
to CD23. Since the Fab IM-L6-5 is derived from a fully human naive origin, we believe that IM-L6-5 can
be utilized for the development of a therapeutic mAb which may have an improved therapeutic index

over lumiliximab, a primatized anti-CD23 mAD, for the treatment of CLL or allergic diseases.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Along with chemotherapeutic agents such as fludarabine (FA),
cladribine (2-CdA-chlorodeoxyadenosine) and pentostatin (DCF,
20-deoxycoformycin), monoclonal antibodies (mAbs) have dra-
matically changed the treatment of patients with non-Hodgkin’s
lymphoma (NHL) and chronic lymphocytic leukemia (CLL). For
example, the antibodies rituximab (Rituxan®) and alemtuzumab
(Campath-1H®) have already demonstrated their crucial value in
clinics[1,2]. Treatment with rituximab as a single agent has resulted
in significant responses in patients with almost every subtype of B-
cell lymphoma. This agent induces death of normal and malignant
B cells expressing the cell-surface molecule CD20 via antibody-
dependent cellular cytotoxicity (ADCC), complement-dependent

Abbreviations: DVS, dual-vector system; PBS, phosphate-buffered saline; BSA,
bovine serum albumin; ELISA, enzyme-linked immunosorbent assay; mAB, mono-
clonal antibody; pAb, polyclonal antibody; HRPO, horse radish peroxidase.
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cytolysis (CDC) and direct induction of apoptosis [3-5]. The thera-
peutic effect of rituximab is further improved with a combination
of chemotherapy regimens for patients with aggressive B-cell non-
Hodgkin lymphomas (NHLs)[1], in which CD20 expression appears
to be higher than that of CLL [6]; however, the correlation between
the intensity of CD20 expression on the cell surface and clinical
response is uncertain [7]. The anti-CD52 antibody alemtuzumab
has also shown significant activity in previously untreated and
pretreated CLL patient who are refractory to FA. This antibody
is superior to rituximab at eliminating minimal residual disease
(MRD) in the bone marrow, resulting in an improvement in long-
term survival [8].

Although rituximab is an effective agent in the treatment of B-
cell lymphomas, approximately 50% of patients with relapsed or
refractory CD20* follicular lymphomas do not respond to initial
therapy because of innate resistance [9]. In addition, roughly 60%
of prior rituximab responding patients will not gain additional ben-
efit from further rituximab treatment, due to resistance required by
unknown mechanism [10]. In the case of alemtuzumab, the anti-
body causes significantly more infusion, hematologic and immune
toxicity than rituximab, mainly due to the fact that CD52 is ubiqui-
tously expressed on lymphocytes and monocytes [8]. Therefore, it
has been suggested that greater diversity in the number of human
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antibodies with selective binding capability to B-cell lymphomas
needs to be generated [8] to overcome the differential efficacy and
side-effects of rituximab and alemtuzumab. Consequently, new
mAbs have recently been explored and have shown promise in
treating B-cell lymphomas including CLL [5,11,12]. These antibod-
ies include humanized mAbs targeting diverse antigens such as
CD22, CD23, CD40, CD80 or HLA-DR beta chain, and fully human
mADbs, such as ofatumumab (HuMaxCD20) against CD20 [13].

Phage-displayed antibody libraries have been used extensively
to isolate antibodies with desirable antigen-binding specifici-
ties [14,15], and the importance of phage display technology in
therapeutic antibody development has been well-acknowledged
because of the ability to obtain fully human antibodies [16,17]. In
this study, we selected a primary phage-displayed antibody library
composed of human naive Ig repertoires against antigens on IM-9
cells by a cell panning procedure known as ‘Biopanning and Rapid
Analysis of Selective Interactive Ligands (BRASIL) [18], and suc-
cessfully obtained human antibodies specific for surface antigens
expressed on human B lymphoblastic cells including CD23, the low-
affinity IgE receptor (FceRII), followed by affinity maturation via
light (L) chain shuffling in a hierarchical manner for which is often
necessary to make human antibodies of naive origin suitable for
therapeutic applications.

2. Materials and methods
2.1. Cell culture

Human B lymphoblastic IM-9, SKW6.4, Raji and Ramos, and
human leukemic monocytic U937 cells were purchased from the
Korean Cell Line Bank (KCLB, South Korea) and grown in RPMI
supplemented with 10% (v/v) fetal bovine serum (FBS) (Hyclone,
USA), 100 units/ml penicillin and 100 p.g/ml streptomycin (Gibco
Invitrogen, USA) at 37 °C in a CO; incubator.

2.2. Selection of phage antibodies

The selection of phage antibodies bound to IM-9 cells was
carried out by ‘BRASIL’ as described previously [18] with slight
modification. Briefly, recombinant phage antibodies were prepared
from the primary antibody library HuDVFab-8L (IG Therapy Co.,
South Korea) using Ex12 helper phage (IG Therapy Co.) [19]. A
total of 1012 cfu of the phage antibodies were pre-incubated with
1 x 108 U937 cells in 1 ml of ice-cold RPMI containing 1% bovine
serum albumin (BSA) (Sigma-Aldrich, USA). After 1.5 h of incuba-
tion at 4 °C on arocker, the phage in the supernatant were collected
by brief centrifugation, used to resuspend 1 x 108 IM-9 cells and
incubated for 2 h at 4°C on a rocker. The cells were then washed
two times with RPMI containing 1% BSA, and 400 p.l of the cell-
phage suspension was gently transferred to the top of 400 ! of a
organic lower phase (dibutyl phthalate:cyclohexane 9:1 [v:v]) and
centrifuged at 10,000 x g for 10 min. Each tube was snap frozen in
liquid nitrogen and the bottom of the tube was sliced off. The cell-
phage pellet was then transferred to a new tube and mixed with
1 ml of E. coli TG1 cell culture in log phase, followed by phage ampli-
fication and preparation using EX12 helper phage. A total of four
rounds of selection were performed.

2.3. Construction of a secondary antibody library

Secondary antibody libraries were constructed using DVS-III
as previously described [16,20]. Briefly, the 350bp Vy genes uti-
lized for Fab IM-L6-E and IM-L8-G were obtained by treating the
recombinant pHg3f1-2 phagemid vector with Sfil and subsequently
subcloning into the pHg3A-3 plasmid of DVS-III. Thereafter, the
E. coli TG1 cells carrying the recombinant pHg3A-3 plasmid were

transformed with the recombinant pLf1T-3 phagemid from the
HuNL-D3 sublibrary [20], followed by cell growth in 20 ml of 2x
YT/AT medium for 8 h at 37°C and phage rescue using the Ex12
helper phage. Finally, the recombinant phage were purified by
PEG/NaCl precipitation and conventional biopanning of the library
was performed against the recombinant CD23 protein immobilized
on MaxiSorb ELISA plates (Nunc, Denmark).

2.4. Preparation of soluble Fab-plll and Fab molecules

Soluble Fab-plll molecules were prepared from the E. coli
TG1 cells housing DVS-II using 0.02% arabinose (Sigma-Aldrich,
USA) and 0.1 mM isopropyl-3-b-1-thiogalactopyranoside (IPTG,
Sigma-Aldrich) [21], and the periplasmic extracts were prepared
from E. coli TG1 cells as previously described [22]. Soluble Fab
molecules were prepared by subcloning the Fd (Vy+Cy1) genes
into the pFdEx plasmid (IG Therapy Co.), followed by cultivation of
E. coli TG1 cells in 2x YT/AT supplemented with 0.02% arabinose
and 0.1 mM IPTG and purification using CNBr-activated sepharose
(Amersham-Pharmacia, Sweden) conjugated with anti-human IgG
(Fab’), antibody (Pierce, USA) [19].

2.5. Flow cytometry analysis

For analysis of Fab-plll phage antibody binding to the cells, IM-
9 cells (~10°) were resuspended in 100 .l of PBS (137 mM Nadl,
3 mM KCl, 8 mM Nay;HPO4, 1 mM KH;POy4, pH 7.3) containing 0.1%
BSA (PBSB) were incubated with 100 .l of 101 cfu phage antibodies
diluted in PBSB for one hour at 4 °C. After being washed with cold
PBS, the cells were resuspended in 100 .l of FITC conjugated goat
anti-kappa L pAb (Sigma-Aldrich) in PBSB and incubated for 30 min
at4°C.The cells were then washed with cold PBS and the antibodies
bound to the cells were detected and analyzed by flow cytometry
using a FACScan (Becton Dickinson, USA). For analysis of the Fab
binding to IM-9, SKW6.4, Raji, Ramos, or U937 cells, each cell line
was incubated with either soluble Fab-plII or soluble Fab molecules
for one hour at 4 °C. Fab molecules bound to the cells were detected
as described above.

2.6. Enzyme-linked immunosorbent assay (ELISA)

Allrecombinant protein antigens were purchased from R&D Sys-
tems, USA. ELISA was performed as previously described [23] using
MaxiSorb ELISA plates coated with 10 pg/ml of CD23, Ep-CAM-Fc,
c-Met-Fc, CD40-Fc or CD33-Fc in coating buffer (0.1 M NaHCO3, pH
9.6). BSA was also included as a negative control antigen. Solu-
ble Fab-plll fusion molecules prepared from the E. coli were then
added into each well and incubated for 1h at 37°C. Incubation
with goat anti-human kappa L chain pAb conjugated to horseradish
peroxidase (HRPO) (Sigma-Aldrich) and staining with a 3,3/,5,5'-
tetramethyl benzidine (TMB) substrate (Sigma-Aldrich) were used
to analyze the antibody bound to the antigen. Absorbance at 450 nm
was measured using an ELISA reader (Biorad, USA).

2.7. Measurement of relative affinity

To measure the relative affinities of the Fab clones, ELISA was
performed with a thiocyanate elution procedure as described by
Macdonald et al. [24]. This procedure was similar to the afore-
mentioned ELISA procedure, except that ammonium thiocyanate
in 0.1 M phosphate buffer, pH 6.0 in concentration ranging from 0
to 2M was added to the appropriate wells (100 wl/well) in tripli-
cate following incubation of the soluble Fab molecules and washing
with PBS containing 0.001% tween (PBST). The plates were then
allowed to stand for 20 min at room temperature before wash-
ing three times with PBST, and the ELISA signal was analyzed as
described above.
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2.8. Affinity measurement and epitope mapping with the BlAcore

The kinetic interactions between CD23 and the Fab fragments
were measured using a BIAcore X biosensor (BIAcore AB, Sweden)
at 25°C. Briefly, after immobilization of the CD23 protein onto the
carboxymethylated dextran surface of a CM5 sensor chip at a level
of approximately 9000 response units, 60 w1 of serially diluted IM-
L6-5 Fab molecules were injected into the flow cell at a flow rate
of 30 wl/min for 180s. The surface was regenerated between Fab
antibody injections by two 5 .l injections of 10 mM glycine and
1M NacCl (pH 2.5) to remove the Fab molecules bound to CD23. Dis-
sociation (k) and association (ko) rate constants, as well as the
dissociation constant (Kp), were then obtained. For analyzing the
binding inhibition of ligands (IgE, CD11b/CD18 and CD11¢/CD18)
to CD23 by the Fab IM-L6-5, 40 .l of 200 nM Fab molecules were
injected into the flow cell at a flow rate of 20 pl/min for 120s. And
then 100 nM of human IgE (Abcam, USA), CD11b/CD18 (R&D Sys-
tems) or CD11c/CD18 (R&D Systems) was injected into the flow cell
ataflowrate of 20 pl/min for 120 s and sensorgrams were obtained.

2.9. Competitive inhibition ELISA
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Competitive inhibition ELISA was performed using microtiter
plates coated with the recombinant CD23 protein as described
above with slight modification. After pre-incubating, different con-
centrations of mouse anti-CD23 mAb (R&D Systems), IM-L6-5 Fab,
EG-L4 Fab, a negative control which has specificity for epidermal
growth factor receptor (EGFR) (IG Therapy Co., unpublished) or
a pre-determined concentration of human IgE (Abcam, USA) was
added into each well of the microtiter plates and incubated for 2 h at
4°C. Antibody bound to the protein was analyzed following incuba-
tion with goat anti-human IgE conjugated to HRPO (BETHYL, USA)
and TMB substrate. The absorbance at 450 nm was measured as
described above.

3. Results and discussion

3.1. Enrichment of phage antibodies bound to IM-9 cells by
BRASIL cell panning and identification of the human Fab clones
specific for the CD23 antigen

Recombinant phage antibodies were prepared from the pri-
mary combinatorial Fab antibody library HuDVFab-8L which had
been was created by combining the HuNH-D2 sublibrary (4.5 x 10°
diversity of human naive heavy chains) with eight discrete human
naive kappa light chains (HuL1-HuL8) with undefined antigen-
binding specificity [19]. After depletion of phage antibodies with
human promonocytic U937 cells to remove non-specific binders,
four rounds of cell panning via the ‘BRASIL procedure’ were car-
ried out to isolate phage antibodies that bound to the human B
lymphoblastic IM-9 cells. In BRASIL both selection and sorting of
cell-surface-binding phage are based on differential centrifugation
of cells with phage through an interface between aqueous and non-
miscible organic phases. The successful isolation of antibodies using
this approach had been reported, for examples, CXgC phage pep-
tides specific for vascular endothelial growth factor (VEGF) using
human umbilical vein endothelial cells (HUVECs) [18] and phage
antibodies against tumor associated antigens using human cancer
cells [25]. The colony forming unit (cfu) of eluted phage determined
after the cell panning indicated that specific phage enrichment had
occurred in the primary antibody library utilizing HuL1, HuL2, HuL6
and HuL8 light chains (data not shown). Ninety-six E. coli clones
were randomly chosen after the final round of cell panning, and
soluble Fab-plIIl molecules were prepared. Following flow cytome-
try analysis using IM-9 and U937 cells indicated that 26 out of the
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Fig. 1. Flow cytometry analysis of six human Fab clones showing specific binding
to IM-9 cells.

IM-9 cells were incubated with soluble Fab-plIll molecules obtained from E. coli
periplasmic extract, and the binding of soluble Fab-plIIl molecules to the cells was
detected by using secondary FITC-conjugated goat anti-human kappa (black area).
The fluorescent signal produced by the secondary mAb in the absence of Fab-plIl is
shown as white area.

96 Fab clones specifically bound to IM-9 but not to U937 cells. The
DNA sequences of the Vy genes utilized by these positive Fab clones
were determined, and deduced amino acid sequence found six dis-
crete Vys among 26 Fab clones (data not shown). The Fab clones
utilizing one of those Vys were named IM-L1-A, IM-L1-B, IM-L1-C,
IM-L2-D, IM-L6-E and IM-L8-G. In terms of L chain usage, IM-L1-A,
IM-L1-B and IM-L1-C utilize HuL1, and IM-L2-D, IM-L6-E and IM-
L8-G utilize HuL2, HuL6 and HuL8, respectively. Binding specificity
of six Fab clones to IM-9 cells was reconfirmed by flow cytometry
analysis and the results were shown in Fig. 1.
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Fig. 2. Determination of antigen-binding specificity of the human Fab clones by
ELISA.

Soluble Fab-plIl molecules obtained from E. coli periplasmic extract were allowed
to bind to the recombinant CD23, Ep-CAM-Fc, c-MET-Fc, CD40-Fc, CD33-Fc or BSA
immobilized on the microtiter plates, and Fab-plll binding to the protein was
detected using an HRPO-conjugated goat anti-human kappa light chain pAb as a
secondary antibody and, TMB as the substrate followed by measuring the OD4s0nm.
The reported data represent the average + standard deviation of three independent
experiments.

ELISA was then performed to determine whether soluble Fab-
plll molecules isolated from cell panning exhibit any specific
reactivity to recombinant antigens that were readily available in
our laboratory, such as CD23, Ep-CAM-Fc, c-MET-Fc, CD40-Fc, and
CD33-Fc proteins, and BSA was also used as a negative control
(Fig. 2). Four Fab clones (IM-L1-A, IM-L1-B, IM-L1-C and IM-L2-
D) did not recognize the antigens tested, implying that they were
not specific for those antigens. Unexpectedly, however, other two
Fab clones, IM-L6-E and IM-L8-G, were specifically reactive to the
CD23 antigen. To further confirm their specific binding reactivity to
CD23, flow cytometry analysis was performed using SKW 6.4 cells
and Raji cells, which express a high and low level of surface CD23,
respectively [26], as well as the CD23-negative Ramos cells (Fig. 3).
The black area in Fig. 3 indicates fluorescent signals produced by

control mouse anti-CD23 mAb, IM-L6-E and IM-L8-G Fab antibod-
ies, and the white area indicates fluorescent signals produced by
the secondary antibody (goat anti-human kappa pAb-FITC conju-
gated) only. As expected, mouse anti-CD23 mAD, a positive control
antibody, produced a strong and a weak fluorescent signal on SKW
6.4 and Raji cells, respectively, without positive binding on Ramos
cells. Soluble IM-L6-E and IM-L8-G Fabs also produced the same
staining patterns, suggesting that both IM-L6-E and IM-L8-G Fabs
have binding specificity for membrane-expressed CD23. The rela-
tively weaker fluorescent signals compared to the control mouse
anti-CD23 mAb was probably due to either low affinity or low con-
centration of the soluble Fab-plIIl molecules. Cell panning is enables
selection of diverse antibody clones specific for the native form of
membrane proteins expressed on the cells, but there is a prefer-
ential selection of binders specific for the membrane proteins that
are over-expressed on the cell surface. Therefore, isolation of anti-
CD23 Fab clones by our panning approach is not surprising because
IM-9 cells are known to constitutively express high levels of CD23
(CD23a) [27], and the identification of the putative target antigens
recognized by the other four Fab clones (IM-L1-A, IM-L1-B, IM-L1-C
and IM-L2-D) is currently under investigation by immunoprecip-
itation and mass spectrometry.

The CD23 has been known as a good target antigen for B-CLL and
served as a surface marker with significant prognostic importance
in this disease because of its high expression on B lymphocytes
from the patients [28]. Indeed, lumiliximab (IDEC-152), a prima-
tized anti-CD23 chimeric antibody [29,30], has been recognized as
one of the most promising new therapeutic antibodies for treating
CLL as both a single agent and combination therapy by inducing
ADCC, CDC and apoptosis in CD23-positive B-cell lines [31-34].

3.2. Affinity maturation of IM-L6-E and IM-L8-G Fab clones by L
chain shuffling

The Fabs isolated from an antibody library composed of naive
Ig repertoires generally have weak affinities (in the range of
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Fig. 3. Flow cytometry analysis of IM-L6-E and IM-L8-G Fab clones showing specific binding to B lymphoblastic cell lines.

SKW 6.4, Raji and Ramos were incubated with soluble IM-L6-E or IM-L8-G Fab plII molecules, and binding signals produced by the Fab clones were detected with an anti-
human kappa-FITC-conjugated mAb (black area). The fluorescent signals produced by the goat anti-human kappa-FITC-conjugated mAb alone (white area) show the lack of
binding to the cell lines tested. Experiments were performed twice, with the same results.
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Table 1
Classification of IM-L6-E and IM-L8-G Fab variants based on their amino acid sequence and ICsy determined by a thiocyanate elution method.
Fab clone Human Yy subgroup Homologous germline Yy L chain variants Human V; subgroup Homologous germline Vi, IC50 (M)?
L6 I IGKV1-6 0.99
IM-L6-1 11 IGKV3-NL5 0.46
IM-L6-3 I IGKV1-6 0.84
IM-L6-5 11 IGKV3-NL5 <2
IM-L6-E 1l IGHV4-34 IM-L6-9 11 IGKV3-NL5 0.43
IM-L6-13 11 IGKV3-NL5 0.2
IM-L6-14 11 IGKV3-15 0.6
IM-L6-18 11 IGKV3-NL5 0.48
IM-L6-19 11 IGKV1-6 0.35
L8 I IGKV1-33 0.47
IM-L8-G I CHVIf IM-L8-14 I IGKV3-NL5 0.66
-L8- IGHVI- IM-L8-20 m IGKV3-NL5 0.4
IM-L8-23 I IGKV3-33 0.35

2 [Csp determined as the molar concentration of NH;SCN that resulted in a 50% binding reduction of the antibody fragment to the CD23 protein.

10-5M and 108 M), and subsequent affinity maturation is gen-
erally required to generate antibodies with decent affinity (in the
range of 10-2 M) by using one of several methodologies including
L chain shuffling [35,36]. One can easily conceived that the L chains
utilized by IM-L6-E and IM-L8-G Fab clones are not optimal because
they were isolated from the primary antibody library HuDVFab-8L,
which contains only eight human naive kappa L chains. There-
fore, we attempted affinity maturation of IM-L6-E and IM-L8-G Fab
clonesina hierarchical manner to identify optimal L chains for these
Fab clones.

We previously reported the DVS-III vector system for L chain
shuffling and the human naive kappa light chain sublibrary HuNL-
D3 which possesses 1.4 x 10® diversity of human naive kappa L
repertoire [19,20]. To generate improved derivatives of IM-L6-E
and IM-L8-G Fab clones through L chain shuffling two secondary
antibody libraries were constructed by combining the H chain of
IM-L6-E with HuNL-D3 and the H chain of IM-L8-G with HuNL-
D3, respectively, and two rounds of biopanning were carried out
against the recombinant CD23 protein immobilized on microtiter
plates. Conventional panning on sold matrix was employed at this
time because it is more efficient than cell panning in enriching
target-specific binders. Twenty-four E. coli clones were randomly
picked from each library after the final selection, soluble Fab-plIl
molecules were prepared from E. coli periplasmic extract, and ELISA
was performed using microtiter plates coated with CD23 or BSA to
identify the Fab clones specific for CD23 at the monoclonal level
(Fig. 4). The results showed that twenty-two Fab clones derived
from IM-L6-E and sixteen Fab clones derived from IM-L8-G had
specific binding to CD23, while negligible binding was observed for
BSA. The DNA sequence of the V| genes utilized by these positive
Fab clones revealed eight discrete V| sequences that paired with
the Vy of IM-L6-E and three discrete V| sequences that paired with
the Vy of IM-L8-G. The resulting eight Fab clones derived from IM-
L6-E were named IM-L6-1, IM-L6-3, IM-L6-5, IM-L6-9, IM-L6-13,
IM-L6-14, IM-L6-18 and IM-L6-19, and the three Fab clones derived
from IM-L8-G were named IM-L8-14, IM-L8-20 and IM-L8-23. Their
human V subgroups and germline counterparts showing the high-
est homology are listed in Table 1. Some discrepancies between
human V subgroup and corresponding germline counterparts are
observed as a result of the H chain repertoires in the HuDVFab-
8L antibody library, which had been created by shuffling naive
HCDR1-HCDR2 and naive HCDR3, while the L chain repertoires in
the HuUNL-D3 L chain library was created by shuffling naive kappa
L-CDR1 and naive L-CDR2-3 [20].

The binding affinities of these Fab variants were then compared
by ELISA using a thiocyanate elution procedure in which the rel-
ative affinity indices were determined as the molar concentration
of NH4SCN that caused a 50% reduction in binding of the antibody
fragments to the CD23 protein (ICsq) (Table 1). The affinity indices

of the parents, IM-L6-E and IM-L8-G, were 0.99M and 0.47 M,
respectively. Among the IM-L6-E variants IM-L6-5 (IC59<2M)
seemed to achieve higher affinity than that of the parent Fab.
Similarly, an affinity-improved Fab clone, IM-L8-14 (IC5¢ < 0.66 M)
was identified among the IM-L8-G variants, although the degree
of improvement seemed only marginal (Table 1). Since IM-L6-5
showed the highest IC5g value among all Fab derivatives after L
chain shuffling, it was chosen for a subsequent affinity study by SPR
using BIAcore to determine the binding affinity by flowing purified
IM-L6-5 Fab over the CD23-immobilized on a CM5 sensor chip. To
confirm the affinity improvement by our selection procedure the
affinity of the parent IM-L6-E also measured at the same experi-
mental setup. The result indicated that the parent IM-L6-E bound
to CD23 at kop 0f 2.38 x 103 M~1s~1 and kg of 1.45 x 103 s~ with
dissociate constant (Kp) of 600 nM and IM-L6-5 Fab bound to the
antigen at kop 0f 4.45 x 10* M1 s=1 and ko of 1.34 x 10~4s~1 with
dissociate constant (Kp) of 30nM, suggesting a 20-fold increase
in affinity by L chain shuffling. Kp value of IM-L6-5 Fab also sug-
gests that the Fab binds to CD23 about 3-30-folds stronger than
IgE which known to have affinity for CD23 in the range of 106 to
107 M~! [28]. In general, conversion of a Fab to IgG form would
result in up to 10-fold increase of affinity constant because of the
bivalency of IgG. For example, the Kp value of cetuximab-derived
C225 Fab fragment is approximately 2.7 nM while the cetuximab
in (IgG form) has the kp value of 0.25 nM [37]. Thus, the conversion
of IM-L6-5 Fab to IgG could have affinity at low nanomolar range,
which would be sufficient for therapeutic antibody application [38].

3.3. Binding characteristics of the Fab IM-L6-5

Because L chain shuffling can alter the original binding speci-
ficity of an antibody, we performed the same flow cytometry
analysis and ELISA as in Figs. 1, 2 and 3 and obtained identical
results (data not shown), and confirmed that IM-L6-5 maintains the
same antigen binding specificity of the parent. Next, we determined
the binding reactivity of the Fab IM-L6-5 to the inducible form of
CD23 (CD23b) by flow cytometry analysis using the U937 cell line,
which is known to be CD23-negative but acquires CD23 expression
through IL-4 treatment [39,40]. As expected, U937 cells without IL-
4 treatment were not stained at all by IM-L6-5 Fab (Fig. 5 left panel,
black area) and the staining pattern was identical to the staining
obtained by the secondary antibody only (white area). In contrast,
the cells treated with IL-4 were stained by the Fab (Fig. 5 left panel,
black area), indicating that IM-L6-5 also binds to CD23b. The control
mouse anti-CD23 mAD also produced an identical staining pattern
(data not shown).

The inhibitory effect of IM-L6-E and IM-L6-5 Fabs on interaction
between CD23 and human IgE was then measured by competi-
tive ELISA and SPR analysis (Fig. 6A and B). The competitive ELISA
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Fig. 4. Identification of the Fab derivatives showing specific binding reactivity to CD23 by ELISA.

Soluble Fab-plII molecules obtained from the E. coli clones after the L chain shuffling were incubated with the immobilized recombinant CD23 protein or BSA on microtiter
plates. HRPO-conjugated goat anti-human kappa light chain pAb was used as the secondary antibody, and the binding signals were visualized with TMB substrate, followed
by measuring the OD4s0nm. The reported data represent the average + standard deviation of three independent experiments.

results showed that the purified IM-L6-E Fab substantially inhibits
binding of human IgE to CD23 starting from 50 nM, and IM-L6-5
Fab showed inhibitory effect starting from 25nM of concentra-
tion in the Fab concentration-dependent pattern, probably due to
the difference in binding affinity to CD23 (Fig. 6A). The mouse
anti-CD23 mAb also strongly inhibits binding of human IgE to
CD23 even at 12.5 nM concentration probably due to its high affin-
ity to CD23 which was determined to be Kp~85pM (data not
shown). The inhibitory effect of IM-L6-5 on CD23 and IgE interac-
tion was further demonstrated by SPR analysis in that the presence
of 200 nM of IM-L6-5 Fab molecules profoundly inhibits binding
of IgE to CD23 immobilized on a CM5 sensor ship (Fig. 6B), indi-

120

IL-4 ()

Counts

o
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102
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cating that IM-L6-5 Fab molecules bind to the epitope which is
located close to at the IgE binding site on CD23. It had been elu-
cidated that there are four antigenic epitopes (A-D) on CD23 of
which A and D appear to lie outside the IgE binding site, and B
and C seem to be located within or close to the IgE binding site
[41]. Although the exact function of CD23 remains poorly under-
stood, CD23 plays a role in the regulation of IgE production and
allergy-induced immune responses through enhancing IgE anti-
gen complex presentation, regulating IgE synthesis and releasing
pre-formed and de novo synthesized pro-inflammatory mediators
from monocytes and eosinophils. These roles suggest an impor-
tance for an anti-CD23 mAD in clinical usages [41]. Lumiliximab,

TL-4 (+)
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Fig. 5. Flow cytometry analysis showing detection of the inducible form of CD23 (CD23b) expressed on U937 cells by IM-L6-5 Fab.
U-937 cells were cultured for 2 days in the presence or absence of IL-4 (400 U/ml). Thereafter, the cells were harvested and incubated with soluble IM-L6-5 Fab molecules
in FACS buffer (PBS with 2% FBS) (black area) or FACS buffer only (white area), for 30 min at 4°C. Subsequently, the cells were washed and incubated in the dark with goat

anti-human kappa L FITC-conjugate antibody and analyzed on a FACScan.
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Fig. 6. Determination of the inhibitory effect of IM-L6-5 Fab on the binding of human IgE to CD23.

(A) ELISA was performed using microtiter plates coated with the recombinant CD23 protein. Various concentration of mouse anti-CD23 mAb (positive control), IM-L6-E Fab,
IM-L6-5 Fab or a negative control anti-EGFR EG-L4 Fab were added to the microtiter plates, followed by incubation at 4 °C for 6 h. The plates were washed and incubated with
500 ng/ml of human IgE for over night at 4 °C. Goat anti-human IgE-HRPO conjugated mAb was used as a secondary antibody and binding signals were visualized with TMB
substrate and analyzed at OD4sonm. The data represent the average + standard deviation of three independent experiments. (B) After immobilization of the CD23 protein onto
the carboxymethylated dextran surface of a CM5 sensor ship at a level of approximately 9000 response units, 40 .l of 200 nM. IM-L6-5 Fab molecules were injected into the
flow cell at a flow rate of 20 wl/min for 1205, followed by injection of 100 nM of human IgE. The kinetic interactions were then measured at 25 °C using a BIAcore X biosensor.

a macaque human chimeric anti-CD23 mAb, has been known to
reduce allergen-induced PBMC proliferation and Ty;-type immune
responses which may lead to clinical benefit for treating allergic dis-
eases [42]. Lumiliximab has thus been recognized to be a promising
therapeutic candidate for the future treatment of allergic diseases
[43,44]. Since IM-L6-5 appears to recognize the B or C epitopes, we
assumed that IM-L6-5 is able to inhibit IgE biosynthesis induced by
IL-4in B cells [45]. In this regard, it would be interesting to compare
an epitope recognition pattern between IM-L6-5 and lumiliximab
and to investigate whether IM-L6-5 has the same beneficial effect
as lumiliximab for treating allergic diseases.

In addition to IgE, CD23 has other natural ligands such as
CD11b/CD18 (v PB2-integrin), CD11c/CD18 (oxf3,-integrin) and
CD21 (CR2) [46]. Therefore, we performed SPR analysis to mea-
sure the inhibitory effect of IM-L6-5 Fab on the interaction between
CD23 and its natural ligands. We observed that the IM-L6-5 Fab also
inhibits the interaction between CD23 and CD11b/CD18 as well as
between CD23 and CD11¢/CD18, but to a much lesser degree than
the inhibition of the IgE-CD23 interaction (data not shown). This
observation further supports that the epitope recognized by IM-L6-
5Fabislocated closer to the IgE binding site of CD23. Unfortunately,
we were not able to determine the inhibitory effect of the Fab on the
interaction between CD23 and CD21 because, for unknown reasons,
CD21 did not bind to the CD23-immobilized on the CM5 sensor chip
in our experimental setup.

In this study we successfully generated the Fab IM-L6-5 which,
to the best of our knowledge, is the first report of a fully human
anti-CD23 Fab antibody derived from human naive origin with rea-
sonable binding affinity. The conversion of the Fab IM-L6-5 to full
IgG1 is currently in progress to analyze the biological and thera-
peutic functions of the antibody. In addition, we believe that the

determination of antigen-binding specificity and characterization
of the four other Fab clones (IM-L1-A, IM-L1-B, IM-L1-C and IM-
L2-D) would be useful for finding potential new target antigens or
developing new therapeutic antibodies for the treatment of B cell
lymphomas.
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