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Due to their low immunogenicity in patients, humanized or fully
human mAbs are becoming increasingly important for the treatment
of a growing number of diseases, including cancer, infections, and
immune disorders. Here, we describe a technology allowing for the
rapid isolation of fully human mAbs. In contrast to previously de-
scribed methods, B cells specific for an antigen of interest are directly
isolated from peripheral blood mononuclear cells (PBMC) of human
donors. Recombinant, antigen-specific single-chain Fv (scFv) libraries
are generated from this pool of B cells and screened by mammalian
cell surface display by using a Sindbis virus expression system. This
method allows isolating antigen-specific antibodies by a single round
of FACS. The variable regions (VRs) of the heavy chains (HCs) and light
chains (LCs) are isolated from positive clones and recombinant fully
human antibodies produced as whole IgG or Fab fragments. In this
manner, several hypermutated high-affinity antibodies binding the
Q� virus like particle (VLP), a model viral antigen, as well as antibodies
specific for nicotine were isolated. All antibodies showed high ex-
pression levels in cell culture. The human nicotine-specific mAbs were
validated preclinically in a mouse model. Thus, the technology pre-
sented here allows for rapid isolation of high-affinity, fully human
antibodies with therapeutic potential from human volunteers.

Monoclonal antibodies (mAbs) have proven their usefulness
for a wide spectrum of research, diagnostic, and therapeutic

applications (1). mAbs generated by the conventional hybridoma
technology from mice comprise nonhuman sequences, giving rise to
an undesired immune response against the foreign sequence when
administered therapeutically. Such anti-immunoglobuline re-
sponses can interfere with therapy (2) or cause allergic or immune
complex hypersensitivity (3). Humanized antibodies (4, 5) and even
more so fully human antibodies (6–9) are, therefore, becoming
increasingly important for therapeutic applications.

Given the enormous therapeutic and commercial potential of
human mAbs, a lot of effort has been put into the development of
screening platforms allowing for the isolation of human mAbs with
predetermined selectivity. The numerous strategies available for
isolation of recombinant antibodies have been reviewed recently
(10). In each case, a number of consecutive steps are involved. First,
cloning of the immunological diversity contained in the VRs of
antibodies by recombinant DNA technology. Second, expression of
such antibody libraries by using an expression system suitable for
coupling of phenotype with genotype (i.e., binding properties of
expressed antibody with its encoding nucleic acid). Third, applica-
tion of an appropriate selective pressure, typically selection for
binding to antigen. And forth, amplification of the selected anti-
body-encoding clones, leading to an enrichment of specific binders.
Typically, antibody libraries are enriched by several rounds of
selection before individual clones are analyzed.

The most frequently used screening methods for the isolation of
recombinant antibodies are phage display (11–13), ribosome/
mRNA display (14, 15), and microbial cell display (16). Whereas
each of these screening platforms has its specific advantages, they
share the drawback of involving expression of antibodies in a
nonnatural environment. Selection not only occurs for desired
binding properties but also for physicochemical properties advan-
tageous under the respective screening conditions, leading to a bias

in the set of antibodies isolated. In contrast, a selection platform
based on the expression of antibodies in the secretory pathway of
mammalian cells ensures that all of the cellular components nor-
mally involved in antibody synthesis and processing are available,
and is likely to yield a set of antibodies less biased by properties
other than binding to the desired antigen.

Here, we describe a Sindbis virus-mediated mammalian cell
display, a screening platform for the isolation of human antibodies
that benefits from the advantages of a mammalian cell-based
expression system and is completed in a single round of selection.
As a proof of principle, we isolated fully human high-affinity
antibodies against the VLP Q� from an immunized human volun-
teer. Toward a therapeutic application of the screening strategy, we
also isolated a panel of high affinity, fully human antibodies against
nicotine, the principle addictive component in tobacco. Preventing
the entry of nicotine into the brain by means of active or passive
immunization is a promising strategy to aid in smoking cessation
(17, 18). As a preclinical proof-of-concept, the therapeutic potential
of nicotine-specific antibodies was demonstrated in vivo by showing
their ability to inhibit nicotine entry into the brain in mice.

Results
Construction of a Q�-Specific Antibody Library. To establish a
method for isolation of high-affinity human mAbs (outlined in Fig.
1), the VLP derived from the coat protein of the bacteriophage Q�,
a carrier well suited for vaccine production (18, 19), was used as a
model antigen. We based our screening strategy on the generation
of libraries from antigen-specific rather than total B cells to
ascertain high representation of specific antibodies. To enrich for
Q�-specific, isotype switched B cells, a staining procedure previ-
ously established in mice was adapted to humans (20). In this
manner, 230 isotype switched Q�-specific B cells were isolated (Fig.
2A). Total RNA was isolated from these cells, and the immuno-
globin VRs were amplified and assembled to scFvs. To allow for the
rapid isolation of scFvs by mammalian cell display we adapted our
DELphi Sindbis expression cloning system (21, 22) to the screening
of surface-displayed antibody libraries. To allow for cell surface
display and subsequent screening by FACS, assembled scFvs were
cloned into pDel-SP-TM in frame with a mouse Ig�-signal sequence
(SP) and the transmembrane domain (TM) of the human PDGFR
beta chain. The resulting library made from the 230 Q�-specific
isotype switched B cells consisted of approximately 1 million
independent transformants, a number sufficiently high to cover the
52�900 (230 � 230) possible combinations of HCVRs and LCVRs.

To establish the quality, diversity, and overall structural
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organization of the generated library, six randomly picked
clones were sequenced. Each clone corresponded to a different
scFv with unique HCVR and LCVR. This observation indi-
cates that even though the library was generated from few
antigen-specific B cells, a certain level of diversity was main-
tained. The HCVRs comprised sequences belonging to the
VH3 and VH4 families of VR gene segments (three each). The
LCVRs comprised three � (one V�1 and two V�3) and three
� LCVRs (two V�1 and one V�2), indicating that both classes
of LCs were represented similarly. Importantly, all six clones
were fused in-frame to both signal peptide and transmembrane
region. Only one of the analyzed clones had an in-frame stop
codon in the HCVR, presumably as a result of a point mutation
resulting from the PCR amplification during library construc-
tion. Also, all antibodies showed signs of hypermutation if
compared with germ-line sequences. The HCVR gene seg-
ments had on average 12 mutations leading to amino acid
substitutions. Similarly, the � and � LCVR gene segments
carried on average nine nonsilent point mutations. In conclu-
sion, the human scFv cell-surface display library was diverse,
hypermutated, and predominantly consisted of functional

antibodies that can be expected to be displayed on the cell
surface.

Isolation and Characterization of Q�-Specific Antibodies. The pDel-
SP-TM scFv library was used to generate replication-competent
Sindbis virus with a titer of �107 pfu/ml, essentially as described in
ref. 21. BHK cells were infected at a low multiplicity of infection
(MOI) to ascertain expression of a single antibody species per
infected cell. After staining with fluorescently-labeled Q� VLPs, a
total of 480 Q�-positive BHK cells were single-cell sorted by FACS
onto a semiconfluent monolayer of BHK cells to allow for the
expansion of the corresponding Sindbis virus clone (Fig. 2B). Two
to 3 days later, wells showing typical signs of viral infection were
reanalyzed for Q� binding by FACS. In total, the cells of 276 wells
were screened, of which 238 showed binding to Q� (Fig. 2C).

The scFv coding regions from the first six positive wells were
amplified by RT-PCR from virus-containing supernatants and
subjected to sequencing. The sequence diversity of these clones was
significantly reduced, compared with the one of the original library
[supporting information (SI) Fig. S1]. Whereas none of the scFvs
were identical, many of the analyzed clones were closely related and
contained identical VRs. For instance, scFv-Qb2, scFv-Qb3, scFv-

Fig. 1. Isolation of human antibodies by mammalian
cell display. Antigen-specific, isotype switched B cells are
isolated from the PBMC of a human donor by FACS by
using fluorescently labeled antigen as a bait. RNA iso-
lated from these specific B cells is used to generate a
random combinatorial scFv library. This enriched library,
typically consisting of high-affinity binders (functional
pairing of HCVR and LCVR, green), low affinity binders
(suboptimal pairing, blue), and nonbinders (nonfunc-
tional pairing, gray), is then converted to a high-titer
Sindbis virus expression library. Infection of BHK cells at a
low MOI generates a pool of infected cells, each express-
ing at their surface one specific antibody. Single cells
expressing a functional antibody are then isolated by
flow cytometry and sorted onto a monolayer of BHK
cells. Once the virus has spread and expression of anti-
gen-specific antibody is verified, the VRs are cloned and
the antibody can be expressed in any desired format.
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Fig. 2. Screening for Q�-specific antibodies. (A) Iso-
lation of Q�-specific B cells by FACS. Human PBMC were
stained for the presence or absence of the indicated
surface markers and analyzed for expression of Q�-
specific antibodies. IgM-IgD-negative, isotype switched
B cells (as gated in Left) specifically binding to Q� (as
gated in Right) were sorted for library construction. (B)
Sorting of BHK cells displaying Q�-specific antibodies.
BHKcellswere infectedata lowMOIwithaSindbis virus
library encoding scFv antibodies constructed from Q�-
specificBcells.After stainingwithAlexa647nm-labeled
Q�, cells displaying specific antibodies were sorted onto
semiconfluent BHK feeder cells (1 cell per well). (C)
Rescreening for Q�-specific antibodies. Two to three
days after sorting, BHK cells showing signs of viral in-
fection were analyzed for binding to Q�. The first 14 of
the276wellsanalyzedareshown.Antibodiesexpressed
by those clones indicated with an asterisk were selected
for gene rescue and sequencing.
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Qb4, and scFv-Qb6 shared the same HCVR. With the exception of
scFv-Qb3, all antibodies contained � LCs. In addition, the LCVRs
of scFv-Qb2, scFv-Qb5, and scFv-Qb7 were almost identical and
differed by only one to three amino acids.

Based on their sequences, the three antibody clones Qb2, Qb3,
and Qb5 were selected for further analysis. To characterize their
binding properties, each antibody was produced in three formats: as
scFv-Fc fusion protein, as human IgG2, and as human Fab. Anti-
bodies were expressed in HEK 293T cells by using an Epstein–Barr
virus (EBV)-based episomal expression vector and purified by
affinity chromatography. Notably, all isolated antibodies were
highly expressed with yields of �30 mg per liter for all three clones
in all three formats (Table 1).

The ability of each antibody to bind to the screening antigen (Q�)
was first confirmed by ELISA. Half-maximal binding of Q�-specific
antibodies at subnanomolar concentrations was observed for all
investigated antibodies no matter whether the binding was bivalent,
as with the scFv-Fc and IgG2, or monovalent, as with the Fab
fragment (Table 1). These results suggest that the isolated antibod-
ies are of high affinity. To determine the affinities of the anti-
body-Q� interactions more precisely, the equilibrium dissociation
constants (Kd) of antigen–antibody interactions were determined in
solution by using the method of Friguet (23). As expected, the Kd
values obtained in this manner differed significantly from the
ELISA results. However, high-affinity interactions could be con-
firmed, with Kd values in the nanomolar to subnanomolar range
(Table 1). The clone with the highest affinity was Qb5 which bound
Q� with a Kd �1 nM, both as Fab and IgG2. In general, the Kd
values of the IgG2-Q� interactions were significantly lower than
those of the Fab-Q� interactions, most likely due to the bivalency
of the interactions caused by the multimeric VLP structure of Q�.
The range of affinities observed for the monovalent interactions is
very similar to the one reported for tetanus toxoid-specific human
antibodies isolated using the Symplex Technology (24).

Isolation and Characterization of Nicotine-Specific Antibodies. Hav-
ing demonstrated the potency of Sindbis-based cell display, we set
out to screen for antibodies with therapeutic potential. To this end,
nicotine, the principle addictive component in tobacco, was chosen
as a target. We isolated 443 nicotine-specific B cells from the
PBMCs of a volunteer who had been immunized with Q�-nicotine
(Fig. 3). RNA was isolated from these cells and used for construc-
tion of a scFv display library as described above. Two sublibraries
were generated, one encoding scFv antibodies with �, the other with
� LCVRs. The scFv-� and scFv-� sublibraries consisted of 1.5 � 106

and 1.1 � 106 independent transformants, respectively. Recombi-
nant Sindbis virus libraries with titers of 3 � 106 pfu/ml and 4 � 106

pfu/ml, respectively, were then produced and used to infect BHK
cells at low MOI. To avoid isolating carrier-specific antibodies,

nicotine coupled to RNase rather than Q� was used for screening.
Thus, cells were stained using RNase-nicotine and appropriate
secondary reagents and subjected to FACS. Infected cells which
bound RNase-nicotine were single-cell sorted into wells containing
BHK feeder cells to allow for amplification of the corresponding
Sindbis virus. Two to 3 days later, cells from infected wells were
reanalyzed for RNase-nicotine binding and supernatants from
positive wells were used to clone the corresponding scFv coding
regions by RT-PCR.

Based on the FACS rescreening, 19 clones (Nic01-Nic19) were
chosen for further analysis. Each of these scFv was cloned and
produced as an Fc fusion protein. Nicotine-specificity was then
verified in two ways: by analyzing binding to immobilized RNase-
nicotine by ELISA, and by analyzing binding to free nicotine in an
inhibition ELISA (data not shown). The seven best binders were
chosen for further characterization. First, the dissociation constant
of the antibody-nicotine interaction was determined for each of the
scFv-Fc by equilibrium dialysis (18). All except clone Nic18 bound
nicotine with Kd values in the low nanomolar range, ranging from
12 to 73 nM (Table 2). These Kd values compare favorably with the
relatively modest affinities reported for nicotine-specific mAbs
generated by standard hybridoma technology (25). In view of their
potential use as therapeutic antibodies, the scFv-Fc were also
converted to fully human IgG2. Similar to the Q�-specific antibod-
ies, nicotine-specific antibodies were highly expressed, typically
yielding 30 to 50 mg per liter, in IgG2 as well as in scFv-Fc format
(Table 2). The IgG2 antibodies had affinities comparable with the
scFv-Fc, with Kd values that differed by no more than �2-fold. The
IgG2-Nic12 had a dissociation constant of 7 nM, almost 2-fold lower

Table 1. Expression levels and affinities of Q�-specific antibodies

Format Clone
Yield,

mg/liter
EC50;

ELISA, nM
Kd; Friguet,

nM

scFv-Fc Qb2 30 0.05 ND
Qb3 27 0.04 ND
Qb5 30 0.05 ND

Fab Qb2 ND* 0.9 169
Qb3 ND* 0.5 16.9
Qb5 ND* 0.5 0.9

IgG2 Qb2 37 0.06 11.7
Qb3 29 0.04 1.5
Qb5 25 0.05 0.3

EC50, half maximal effective concentration; Kd, dissociation constant; ND,
not determined.
*Expression levels similar to IgG and scFv-Fc as judged by SDS/PAGE.
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Fig. 3. Isolation of nicotine-specific B cells by FACS. Human PBMC were
stained for the presence or absence of the indicated surface markers and
analyzed for expression of Q�- and nicotine-specific antibodies. Isotype
switched B cells (as gated in Left) specifically binding to nicotine but not Q� (as
gated in Right) were sorted for library construction.

Table 2. Expression levels and affinities of
nicotine-specific antibodies

Format Clone Yield, mg/liter Kd; dialysis, nM

scFv-Fc Nic12 39 12
Nic14 35 71
Nic15 34 43
Nic16 48 33
Nic17 19 47
Nic18 8.6 686
Nic19 45 73

IgG2 Nic12 47 7
Nic14 17 31
Nic15 37 90
Nic16 36 65
Nic17 34 30
Nic18 32 744
Nic19 34 36
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than the one measured for scFv-Fc-Nic12 and at least four times
lower than the Kd of the other IgG2. It is noteworthy that the affinity
of polyclonal antibodies against nicotine is in the range of 30–70
nM, i.e., considerably lower than the affinity of clone Nic12 (18).

Efficacy of Passive Immunization in Mice. To evaluate whether the
human mAbs generated may be suitable for the treatment of
nicotine addiction, they were tested in a well established animal
model for their ability to inhibit entry of nicotine into the brain in
mice (17, 18, 25, 26). Thus, mice were injected i.p. with 0.5 mg of
each mAb or control IgG. One day later, 750 ng of tritium-labeled
(�)-nicotine (�0.03 mg/kg) were injected i.v. This dose leads to
nicotine concentrations in serum similar to the ones found in
regular smokers (see ref. 29). Mice were killed 5 min later and the
nicotine concentrations in serum and brain determined. Compared
with control mice, serum concentrations of nicotine were signifi-
cantly increased in mice treated with each of the antibodies (data
not shown), likely due to the formation of antibody-nicotine
complexes, whereas brain nicotine concentrations were signifi-
cantly reduced (Fig. 4A). In line with its high affinity for nicotine,
mAb-Nic12 was the most efficient antibody and led to an almost
3-fold lower brain nicotine concentration. There appeared to be a
clear correlation between affinity and efficacy, because mAb-Nic18
which bound nicotine only with a modest affinity displayed the
lowest efficacy, whereas the other antibodies with intermediate
affinities also showed intermediate efficacy.

Characterization of Nicotine-Specific mAb-Nic12. Inhibition of nico-
tine entry into the brain by mAb-Nic12 was investigated in more

detail. To this end, we first carried out an antibody dose titration.
Mice were injected i.p. with 0.1, 0.3, 1, or 3 mg of mAb-Nic12 or with
3 mg control IgG. The next day, mice were challenged with 750 ng
of nicotine and brain nicotine concentrations determined 5 min
later. Compared with control mice, nicotine entry into the brain of
mice injected with 0.1, 0.3, 1, or 3 mg of mAb-Nic12 was inhibited
by 43%, 56%, 70%, or 80%, respectively (Fig. 4B). Thus, inhibition
of nicotine distribution to the brain shows a clear dose-response.

The kinetics of nicotine entry into the brain was also analyzed in
more detail. To this end, mice were injected i.p. with 0.5 mg of
mAb-Nic12 or control IgG. The next day, the animals were chal-
lenged with 750 ng of nicotine and brain nicotine concentrations
determined after 1, 5, or 30 min. Nicotine rapidly entered the brain
in control animals, and highest amounts of nicotine were detected
after 1 min. Concentrations rapidly decreased thereafter and were
reduced by 48% after 5 min and by 87% after 30 min (Fig. 4C). This
rapid decline in nicotine is best explained by the short half life of
nicotine. Importantly, mAb-Nic12 inhibited the entry of nicotine
into the brain by 55% and 64% after 1 and 5 min, respectively (Fig.
4C). Thus, mAb-Nic12 was able to efficiently blunt the early
nicotine peak. This finding is of particular importance because the
fast rise in brain nicotine levels on smoking is believed to provide
the rewarding signal to the brain which is central to the nicotine
addiction (26). Furthermore, complete blockage of nicotine entry
to brain does not appear to be necessary, because passive transfer
of polyclonal IgG, causing a 50% reduction of nicotine entry to
brain, was shown to be sufficient to reduce nicotine-induced
alleviation of nicotine abstinence syndrome in a rat model of
nicotine addiction (17). In addition, active vaccination, causing a
40% reduction of nicotine entry to brain, was shown to prevent
reinstatement of nicotine-seeking behavior in rats (27).

In view of the promising in vivo activity of mAb-Nic12, its binding
properties were investigated in more detail. Thus, binding of
tritium-labeled (�)-nicotine was measured by equilibrium dialysis
in the presence of increasing concentrations of unlabeled (�)-
nicotine, (�)-cotinine, or acetylcholine (Fig. 4D) (18). As expected,
unlabeled (�)-nicotine readily displaced tritium-labeled (�)-
nicotine. In contrast, acetylcholine, which is structurally unrelated
to nicotine but binds to the same binding pocket of the nicotinic
acetylcholine receptor (28), did not interfere with nicotine binding
even at a 4,000-fold molar excess. Similarly, (�)-cotinine, which is
the major metabolic product of (�)-nicotine and present in a 10-
to 20-fold molar excess over nicotine in the blood of smokers (29),
did not effectively compete with (�)-nicotine for binding to mAb-
Nic12. Based on the EC50 observed, it can be estimated that
mAb-Nic12 binds (�)-cotinine �1,000-fold less strongly than (�)-
nicotine. Therefore, the presence of an excess of (�)-cotinine in the
blood of a smoker is unlikely to interfere with the therapeutic
efficacy of mAb-Nic12.

Discussion
Here, we describe a technology allowing to isolate therapeutically
useful mAbs from humans by mammalian cell display. The method
offers three key advantages. First, due to the fact that antibodies are
isolated from humans, it makes full use of the affinity maturation
machinery of the immune system, leading to high-affinity clones.
Second, due to the mammalian cell display, isolation of antibodies
which show high-expression levels during recombinant expression is
favored. And third, because it is completed in a single round of
selection, the time-lines are short and purified antigen-specific
antibodies can be obtained within few weeks.

Currently, screening of antibody libraries is typically done in a
number of different cellular and noncellular environments, such as
bacteria (11, 12, 30), yeast (16), or in vitro in a test tube (14, 15). The
key advantage of the mammalian antibody display system chosen
here is that the antibodies are expressed in their natural environ-
ment and due to the presence of the cellular components normally
involved in antibody synthesis will be properly folded and glycosy-

Fig. 4. Characterization of nicotine-specific antibodies. (A) Inhibition of nico-
tine entry into brain. Mice were injected i.p. with 0.5 mg of the indicated human
IgG2. One day later, mice were injected i.v. with 750 ng of tritium-labeled
nicotine. Mice were killed after 5 min and nicotine concentrations in brains were
measured. Individual mice are shown; bars indicate average values. IgG, control
human IgG. *, P � 0.001 vs. IgG; **, P � 0.003 vs. IgG. (B) Dose-response of
inhibition of nicotine entry into brain by IgG2-Nic12. Mice were injected i.p. with
0.1, 0.3, 1, or 3 mg of mAb-Nic12. One day later, mice were injected i.v. with 750
ng of tritium-labeled nicotine. Mice were killed after 5 min and nicotine concen-
trations in brains were measured. Antibody concentrations in sera were deter-
mined and plotted against the percentage nicotine-reduction in the brain. (C)
Time course of inhibition of nicotine entry into brain by IgG2-Nic12. Mice were
injectedwith0.5mgantibody, challengedwith750ngoftritium-labelednicotine
and nicotine in the brain was measured at the indicated times. Averages of 4 to
5 mice are given with standard deviations. IgG, control human IgG. *, P � 0.001
vs. IgG. (D) Specificity of mAb-Nic12. The binding of tritium-labeled (�)-nicotine
(56 nM) to mAb-Nic12 (50 nM) was measured by equilibrium dialysis in the
presence of increasing concentrations of unlabeled (�)-nicotine, (�)-cotinine,
or acetylcholine. Averages of two independent experiments are given with
standard deviations.
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lated. Therefore, it is likely that the repertoire of antibodies isolated
by using this expression system is less biased by properties other
than binding to the antigen. In support of this assumption, it was
shown that eukaryotic expression (i.e., yeast display) captures the
antibody repertoire more completely than prokaryotic expression
(i.e., phage display) (31). Mammalian cells may even be better
suited than yeast for the representative expression of antibody
repertoires.

One screening system based on cell surface expression of anti-
bodies in mammalian cells has been described recently (32). In this
method, a scFv expression library is introduced into HEK 293T cells
by means of transient transfection of plasmid DNA, leading to pools
of cells expressing scFv antibodies on their surface. FACS-based
screening can then be used to identify cells expressing antibodies
specific for a particular antigen. A major limitation of this tech-
nology is that all transfection methods lead to the delivery of
multiple plasmid molecules to each cell. Therefore, each trans-
fected cell expresses several different antibodies, significantly com-
plicating the screening and the chances to identify the right anti-
body. This method not only increases the selective disadvantage of
poorly expressed or otherwise problematic antibodies, but also
requires multiple rounds of selection to isolate an antibody of
interest. In contrast, the use of the Sindbis expression system allows
to precisely dose infection rates, ensuring expression of no more
than one antibody per cell, and to directly isolate cells expressing an
antibody of interest after a single round of selection.

One major drawback of antibody screening in mammalian cells
is the relatively small number of cells that can be handled at a time.
Thus, whereas phage display routinely allows for the screening of
1012 to even 1013 clones in a single panning round (33), the
throughput of a mammalian screening procedure in a one antibody
per cell format is in the range of �106 to 107 clones that can be
analyzed concomitantly, severely limiting the complexity of libraries
amenable to screening. We solved this problem by generating
libraries from B cells preselected for antigen-specificity rather than
from total B cells. Because libraries are typically constructed from
pools of �500 antigen-specific B cells, the resulting random com-
binatorial libraries have only small theoretical diversities and can,
therefore, readily be screened in mammalian cells.

Several methods for the isolation of mAbs from human periph-
eral B cells have been described, including their cloning from single
or amplified B cell clones (9, 34) and from EBV-immortalized
memory B cells (8). Whereas efficiency of these methods has been
shown, the mammalian display method described here is advanta-
geous, because it does not involve cumbersome and technically
challenging PCR amplification of VRs from single B cells, nor does
it require manipulation and propagation of viable B cells in vitro.
Whereas the efficiency of single cell PCR and thus cloning of
human antibodies can be improved by using plasma cells rather than
B cells (24), also this approach is limited because plasma cells are
only found in blood within a very narrow time frame (i.e., few days)
after encounter with the antigen. In contrast, the method described
here isolates mAbs from memory B cells, which are present for
years in immune individuals.

In the present study, we have isolated mAbs from immunized
individuals. However, immunization may often not be required, in
particular not for the isolation of pathogen-specific antibodies due
to natural immunity in previously infected individuals. Also, even
for hormone- or cytokine-specific antibodies, immunization may
not be necessary, because individuals with spontaneous high levels
of such antibodies are relatively frequent. Indeed, humans with high
levels of anti-IL6 or anti-IL1� antibodies are found at frequencies
of 1:100 to 1:4,000 (35, 36). Also, by screening as little as 50 blood
samples, we found one blood donor exhibiting high levels of
antibodies specific for ghrelin, a hormone involved in appetite
regulation (data not shown).

All of the antibodies we isolated showed signs of hypermutation,
indicating that they went through the germinal center machinery

yielding high-affinity antibodies. This may offer a clear advantage
over humanized mice, from which it is often difficult to isolate
high-affinity antibodies that have undergone isotype-switching as
well as hypermutation.

In conclusion, the technology described here allows for the
rapid isolation of highly expressed, clinically useful fully human
antibodies.

Materials and Methods
Analysis of Antibody Sequences. HCVR and LCVR sequences were analyzed by
using the International ImMunoGeneTics Information System (http://
imgt.cines.fr) (37).

Antibodies. Unless stated otherwise, all antibodies were purchased from BD
Biosciences PharMingen and Jackson ImmunoResearch Laboratories.

Isolation of Q�-Specific B-Cells. After informed consent was obtained, PBMC
were isolated from 20 ml of heparinized blood of a Q�-vaccinated volunteer
by a standard Ficoll-HypaqueTM Plus (Amersham Biosciences) gradient
method. PBMC were stained with: Alexa 647 nm-labeled Q� (4 �g/ml); FITC-
labeled mouse anti-human IgM, mouse anti-human IgD, mouse anti-human
CD4, mouse anti-human CD8, rat anti-mouse/human CD11b, and mouse anti-
human CD11c (eBioscience); and PE-labeled mouse anti-human CD19. After 30
min, cells were washed, filtered, and stained with propidium iodide (PI) to
exclude dead cells. Q�-specific B cells (Q�-/CD19-positive, IgM-/IgD-/CD4-/
CD8-/CD11b-/Gr1-/PI-negative) were sorted and used for library construction.
All sorts were done on a FACS Vantage SE flow cytometer (Becton Dickinson).

Isolation of Nicotine-Specific B-Cells. After informed consent was obtained,
PBMC were isolated from 32 ml of heparinized blood of a Q�-nicotine vacci-
nated volunteer, by using the Vacutainer CPT Tube method (BD Bioscience).
PBMC were preincubated with Alexa 647 nm-labeled Q� (3 �g/ml) and mouse
gamma globulin (10 �g/ml) and then stained with: Q�-Nicotine (1 �g/ml) in
combination with a Alexa 488 nm-labeled Q�-specific mouse mAb and a Alexa
488 nm-labeled Nicotine-specific mouse mAb (1 �g/ml); PE-labeled mouse
anti-human IgM, mouse anti-human IgD, mouse anti-human CD14, and mouse
anti-human CD3 antibodies; and PE-TexasRed-labeled mouse anti-human
CD19 antibody (Caltag Laboratories). After staining, cells were washed and
filtered, and Nicotine-specific B cells (Q�-Nicotine-/CD19-positive, Q�-/IgM-/
IgD-/CD3-/CD14-negative) were sorted and used for library construction.

Construction of scFv Libraries. Total RNA was isolated from antigen-specific
human B cells by using TRI reagent (Molecular Research, Inc.). Double-
stranded cDNA was produced by using the SMART PCR cDNA synthesis kit
(Clontech). HCVRs and LCVRs were amplified and assembled to scFv coding
regions by PCR by using primers and protocols described previously (33). The
resulting PCR products encoded a 5� LCVR (either � or �) and a 3� HCVR, linked
by an 18-aa flexible linker, and were flanked by two SfiI restriction sites. For
the Q�-specific scFv library, the �- and �-containing scFv fragments were
pooled in equimolar ratio. In the case of the nicotine-specific library, the �- and
�-containing scFv fragments were processed separately. The scFv fragments
were digested with the restriction endonuclease SfiI and cloned into the
SfiI-digested vector pDel-SP-TM, a derivative of pSinRep5 (21, 38); pDel-SP-TM
allows for expression of scFv fused to an N-terminal mouse Ig�-signal sequence
(SP) and a C-terminal TM domain of the human PDGFR beta chain, to ascertain
cell surface localization. DNA was isolated from pooled colonies by using the
HiSpeed Plasmid Maxi Kit (Qiagen).

Isolation of BHK Cells Displaying Antigen-Specific scFv by FACS. Sixty million
subconfluent (80%) BHK cells were infected with each scFv library or an empty
viral vector as a negative control at a MOI of 0.2. After 5 h, cells were detached
with cell dissociation buffer (Sigma), washed, and stained. To isolate cells
displaying Q�-specific scFv antibodies, half of the cells were stained with Alexa
647 nm-labeled Q�. The remaining cells were stained with Alexa 546 nm-
labeled Q� and a rabbit anti-sindbis serum, followed by staining with Cy5-
labeled donkey anti-rabbit IgG. All cells were then washed, filtered, and
stained with PI to exclude dead cells. Single cell sorting was performed for,
respectively, Alexa 647 nm-positive and PI-negative and Alexa 546 nm-
positive, Sindbis-positive, and PI-negative cells. Cells displaying nicotine-
specific scFv antibodies were isolated by staining with RNase-nicotine in
combination with an RNase-specific rabbit polyclonal antibody (Abcam) and
a FITC-labeled donkey anti-rabbit IgG antibody, followed by sorting of FITC-
positive, PI-negative cells. Each positive cell was sorted into a well of a 24-well
plate containing 50% confluent BHK feeder cells. On days 2 and 3 after
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sorting, wells showing typical signs of viral infection were tested by FACS
analysis for, respectively, Q� or nicotine binding to identify virus clones
encoding antigen-specific scFv antibodies.

Expression and Purification of Antibodies. Fusion proteins were generated
carrying an N-terminal human scFv fused to a C-terminal human Fc-�1 domain.
Thus, scFv coding regions were digested with the restriction endonuclease SfiI
and cloned into the expression vector pCEP-SP-Sfi-Fc. This vector is a derivative
of the episomal mammalian expression vector pCEP4 (Invitrogen), carrying the
EBV replication origin and encoding the EBV nuclear antigen (EBNA-1) to
permit extrachromosomal replication, and contains a puromycin selection
marker in place of the original hygromycin B resistance gene. The resulting
plasmids drive expression of secreted scFv-Fc domain fusion proteins under the
control of a CMV promoter.

For expression as IgG2 or Fab, the HCVR and LCVR coding segments of Q�-
or nicotine-specific scFv antibodies were amplified by PCR by using VR-specific
transfer primers, essentially as described in ref. 9. Fully human � LC, � LC, �2 HC,
and �2 Fd chain expression constructs were assembled in pCMV-Script (Strat-
agene). HC and LC coding regions were then combined into a single, EBV-
based episomal expression vector, pCB15. This vector contains two CMV
promoters for concomitant expression of HC and LC and carries a puromycin
selection marker. Thus, for expression of a whole IgG2, a � or � LC coding
region was combined with a �2 HC coding region. To generate a Fab expres-
sion vector, a LC coding region was combined with a Fd coding region.

Expression of antibodies was done by transfecting the expression vectors
into HEK-293T cells using Lipofectamin Plus (Invitrogen). For large scale pro-
duction and purification, stable protein-expressing cells were enriched by

selection in the presence of puromycin (Sigma). Pools of resistant cells were
maintained in serum-free medium on Poly-L-Lysine coated dishes or in roller
bottles for up to three weeks. Supernatants containing the respective anti-
bodies were collected twice a week. All antibodies were purified by affinity
chromatography over protein A-Sepharose or protein G-Sepharose columns
(GE healthcare), except Fab, which were purified by affinity chromatography
over a goat anti-human F(ab�)2 column.

Evaluation of Nicotine Distribution in Plasma and Brain in Mice. All animal
experiments were carried out in accordance with Swiss guidelines. Groups of
5 to 12 female BALB/c mice were injected i.p. with 0.1 to 3 mg of each of the
recombinant human IgG2 mAbs. One day later, a small sample of blood was
collected to determine the serum concentration of nicotine-specific antibody
by ELISA. On the same day, inhibition of nicotine entry into the brain was
analyzed by i.v. injection of 750 ng of tritium-labeled (�)-nicotine (Amersham)
into the tail vein (5 �Ci in 150-�l PBS per mouse). Mice were killed 1, 5, or 30
min later by CO2 asphyxiation and blood and brains were collected. Nicotine
concentrations in serum and brain were calculated from the radioactivity
present. Brain nicotine concentration was corrected for the blood content of
brain (3 �l/100 mg). The percentage reduction of nicotine uptake into the
brain was calculated relative to the nicotine concentrations found in brains of
mice injected with control IgG. Brain nicotine concentrations were compared
by using a two-tailed Student’s t test assuming equal variance. The following
criteria were used in all experiments to exclude mice from the analysis:
inefficient relocation of antibody to serum on i.p. injection (at least five times
lower titer than average of other mice of same group) and significant loss of
nicotine solution during i.v. injection procedure.
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