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ABSTRACT We have applied a molecular biology ap-
proach to the identification of human monoclonal antibodies.
Human peripheral blood lymphocyte mRNA was converted to
cDNA and a select subset was amplified by the polymerase
chain reaction. These products, containing coding sequences
for numerous immunoglobulin heavy- and K light-chain vari-
able and constant region domains, were inserted into modified
bacteriophage A expression vectors and introduced into Esch-
erichia coli by infection to yield a combinatorial immunoex-
pression library. Clones with binding activity to tetanus toxoid
were identified by filter hybridization with radiolabeled anti-
gen and appeared at a frequency of 0.2% in the library. These
human antigen binding fragments, consisting of a heavy-chain
fragment covalently linked to a light chain, displayed high
affinity of binding to tetanus toxoid with equilibrium constants
in the nanomolar range but did not cross-react with other
proteins tested. We estimate that this human immunoexpres-
sion library contains 20,000 clones with high aftmity and
specificity to our chosen antigen.

Human antibodies are desired for immunotherapeutic appli-
cations to obviate the deleterious "human anti-mouse anti-
body" response (1). Production of human monoclonal anti-
bodies has been accomplished previously by tissue culture
manipulation, either by cell fusion with an immortal partner
and/or by transformation with a virus. These techniques
have persistent problems, such as low clonal frequency, low
antibody production, and cell-line instability (2-4).

Genetic engineering methods have been used to modify
existing murine monoclonal antibodies by conversion of
murine primary sequences to human. Chimeric antibodies,
consisting of murine variable (V) domains and human con-
stant domains, have been constructed by shuttling genomic
exons (5-14). These may be less immunogenic than their
murine counterparts but one-third of their composition is of
murine origin; therefore their therapeutic effectiveness may
be limited. The chimeric concept has been taken a step
further to the "humanization" of murine V domains by
grafting human framework regions with murine complemen-
tarity determining regions (15-19). This process may lead to
lower immunogenicity but has also led to reduced affinity for
antigen with possible concomitant changes in specificity.
The polymerase chain reaction (PCR) has been used ex-

tensively with primers specific for immunoglobulin super-
family genes (20-26). Methods to directly express murine
antibody fragments in Escherichia coli from PCR amplified
cDNA have recently been developed. A murine heavy (H)-
chain library had been created by using Lambda ZAP II as a

cloning vehicle but specificity of binding was not tested (24).
Murine VH domains that bound lysozyme with reasonable
affinity and specificity have been expressed in a pUC19
plasmid system (25). In addition, hapten binding clones were
identified from a murine combinatorial library in which H
chain fragment was coexpressed with light (L) chain (26). In
each case, mice were immunized and murine splenic B cells
were used as the source of mRNA. We have now developed
a method to identify human antibody fragments that bind a
specified antigen by using mRNA derived from human pe-
ripheral blood lymphocytes.

MATERIALS AND METHODS
The methodology used to create and screen a human com-
binatorial immunoexpression library is detailed in Fig. 1.

Source of mRNA. As an antigen, we chose tetanus toxoid
(TT), a well characterized and highly immunogenic protein
(27) that is routinely used as a vaccine to elicit neutralizing
antibody. Volunteer donors, who had been previously im-
munized against tetanus but had not received booster injec-
tions within the past year, received injections on 2 consec-
utive days of 0.5 ml of alum-adsorbed TT (40 pg/ml) (Con-
naught Laboratories). A transient increase in circulating
anti-TT IgG-producing B cells was reported to occur after the
injection (28), which we quantified with an ELISPOT (en-
zyme-linked immunospot) assay (29). Harvesting 6 days after
injection allowed the use of peripheral blood lymphocytes as
an enriched source of B-cell mRNA for anti-TT IgG. Lym-
phocytes were isolated from whole blood by using Histo-
paque (Sigma). Total RNA was then purified from these cells
(RNA isolation kit; Stratagene).
PCR Amplification. Isolated RNA was converted to cDNA

with a first-strand synthesis kit (Stratagene) and by using an
oligo(dT) primer for the L chain and a specific primer for the
H chain. PCR amplification of the immunoglobulin H- and
L-chain sequences were done separately with sets of primer
pairs. Upstream primers were designed to hybridize to par-
tially conserved sequences in the leader and/or framework
regions of VH or VL(K) and downstream primers were de-
signed to hybridize to constant domain sequences (Fig. 2).
These primers preserved full-length L chain [L(K)]. How-
ever, the H-chain primer was designed such that the gene is
terminated just 3' of the first cysteine codon in the hinge
exon. The resulting gene product (H fragment) is intended to
correspond to a Fd of IgG1 isotype and conserves the H-L
disulfide bond. PCRs were carried out with Thermus aquat-

Abbreviations: H, heavy; L, light; PCR, polymerase chain reaction;
VH, H-chain variable domain; VL, L-chain variable domain; TT,
tetanus toxoid; HRP, horseradish peroxidase; DT, diphtheria toxoid;
KLH, keyhole limpet hemocyanin; trpR, tryptophan repressor.
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FIG. 1. Schematic outline of the construction of the immunoex-
pression library.

icus DNA polymerase (Taq polymerase) (Perkin-Elmer/
Cetus).
DNA Manipulation and Analysis. Enzymatic digestion,

ligation, packaging, and sequencing ofDNA and analysis by
agarose or acrylamide gels were done according to suppliers'
recommendations. All enzymes were obtained from Strata-
gene except for Sequenase (United States Biochemical).

Construction of Immunoexpression Libraries. The PCR
amplified L-chain DNA fragments were digested with Sac I
and Xba I and ligated into a modified Lambda Zap II vector
(ImmunoZAP L; Stratacyte, La Jolla, CA). Similarly, the
amplified H-chain DNA was digested with Spe I and Xho I
and ligated into a different modified Lambda Zap II vector
(ImmunoZAP H; Stratacyte). Each vector contains a pelB
leader sequence, which has been previously used for immu-
noglobulin chain expression in E. coli (24-26, 31), a ribosome
binding site, and stop codons. In addition, the H-chain vector
contains a sequence for a C-terminal decapeptide tag. The
ligated recombinant phage DNA was incorporated into bac-
teriophage with in vitro packaging extract (Gigapack II Gold;
Stratagene). Infection of E. coli (strain XL-1 Blue; Strata-
gene) with bacteriophage was performed with excess bacteria
to limit the possibility of coinfection. Moreover, if coinfec-
tion does occur, then replication of the late-arriving phage is
repressed via cI. This ensures that in an immunoexpression
library a plaque corresponds to, at most, a single antibody
fragment.

Recently, binding ofVH alone to lysozyme has been shown
(25) but previous reports indicate that isolated single immu-
noglobulin chains have little or no affinity for antigen (32, 33).
We chose to coexpress the H fragment and L chain so that a
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FIG. 2. (A) Human L(K)-chain primer sequences. Open bar,
coding portion ofcDNA for a L(K) chain. Sac I and Xba I restriction
sites are introduced by the upstream sense primer and the down-
stream antisense primer, respectively. Numbers below the primers
indicate residue number in the processed L(K) chain (30). Note that
the antisense primer is written 3' to 5'. (B) Human H-chain primer
sequences. Xho I and Spe I sites are introduced by the upstream
sense primer and the downstream antisense primer, respectively. In
addition to the four related upstream sense primers shown, the
primer 5'-AGGTCCAGCTGCTCGAGTCTGG-3' was used for VH.
In proper frame, the 3' end of the H-chain PCR products as dictated
by these primers will code for Pro-Lys-Ser-Cys-Thr-Ser, where the
first four amino acids are derived from the human IgG hinge domain
and the last two are from the Spe I restriction site. Note that when
cloned into the ImmunoZap H vector this sequence will be followed
by a decapeptide tag and stop codons (see Fig. 3). J, joining; C,
constant; D, diversity.

Fab-like species would be the result. To construct a library
for coexpression, the right arm ofH-chain library phageDNA
was digested with HindIII, preserving the left arm of Immu-
noZAP H with H inserts. Similarly, the left arm of L-chain
library phage DNA was digested with Mlu I, yielding a right
arm of ImmunoZAP with L(K) inserts. Both products were
then digested with EcoRI and ligated to create a combinato-
rial library (Fig. 3). The resulting DNA was packaged and
used to infect E. coli as described above.

Screening of Immunoexpression Libraries. To screen for
expression ofH fragment or L chain, E. coli were infected to
yield -200 plaques per plate. Replica filter lifts ofthe plaques
on an agar plate were produced by overlaying a nitrocellulose
filter that had been soaked in 10 mM isopropyl 83-D-
thiogalactopyranoside on each plate with transfer for 15 hr at
230C. For quantification ofH fragment expression, the filters
were screened as described (26). For L(K)-chain expression,
the filters were screened similarly, but rabbit anti-human K
(Cappel Laboratories) was used as the primary antibody.

In the primary antigen binding screen, E. coli were infected
to yield '1200 plaques per plate. Replica filters were incu-
bated with 0.2 nM 125I-labeled TT (125I-TT) and washed.
Positive plaques were identified by autoradiography and
isolated. These phage clones were further analyzed in a
secondary screen carried out at a lower density. The fre-
quency of positive clones in the library was equivalent to
(number of positive clones)/[(number of plaques screened) x
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FIG. 3. The ImmunoZAP H/L vector containing random combinations of H and L-chain inserts. The peiB leader, decapeptide tag, and
ribosome binding site (RIBIS) are indicated. Note that the mRNA will be dicistronic. For details on the phage arms see ref. 34.

(fraction of plaques expressing H and L)]. Concentrated
nonadsorbed TT (Connaught Laboratories) was iodinated
with Na125I (ICN) by the Chloramine-T method.

Protein Analysis. After in vivo excision of the phagemid
from the A phage in E. coli (34), expression was driven by
induction with isopropyl P-D-thiogalactopyranoside. Bacte-
rial supernatant was passed over a 1-ml protein G column
(Pharmacia), which has binding sites for Fab as well as Fc
(35). After washing with buffer, human antibody Fab frag-
ments were eluted at pH 2.5. Fractions were analyzed by
SDS/PAGE (Novex, Encinitas, CA) and the bands were
visualized with silver stain (Stratagene). Positive identifica-
tion of the composition of the human antibody fragments was
done by Western blot analysis with anti-human H+L (Cappel
Laboratories) and anti-human L(K) (Calbiochem) antibodies.
Concentration ofhuman antibody fragment was quantified by
ELISA. The capture antibody was goat anti-human Fab (IgG)
(ICN) and the detection reagent was goat anti-human immu-
noglobulin coupled to alkaline phosphatase (Cappel Labora-
tories). A proteolytically generated human Fab (Pel-Freez
Biologicals) was used as a standard in SDS/PAGE and
ELISA.

Competitive Inhibition. A plaque was generated by directly
spotting 1 gl of a phage stock (106 plaque-forming units per
ml) of a positive clone onto a lawn of E. coli followed by
several hours of lytic growth. Replica plaque lifts were made
as in the library screen. Control antibodies, including a
hybridoma-derived murine anti-TT antibody (Boehringer
Mannheim), were spotted directly onto the filter strip. Com-
petitive inhibition experiments were done by incubating the
filter strips with various concentrations of unlabeled YT in
the presence of 125JI-TT. After washing, the filters were
autoradiographed.

Specificity Determination. Reactivity of the TI' binding
clones was determined by ELISA. Protein, at 5 gg/ml in 0.1
M borate buffer, was adsorbed overnight in a 96-well plate.
Either a positive control antibody or E. coli supernatant
containing human Fab was added and incubated for 1 hr. This
was followed by a secondary antibody coupled to alkaline
phosphatase and developed with p-nitrophenyl phosphate (10
mg/ml) (Sigma) and absorbance at 405 nm. Between each
addition, the plate was washed with phosphate-buffered
saline with 0.5% Tween. Proteins and positive control anti-
bodies were horseradish peroxidase (HRP) (Sigma) and mu-
rine anti-HRP (Zymed Laboratories); diphtheria toxoid (DT)
(ICN) and horse anti-DT (Connaught Laboratories); keyhole
limpet hemocyanin (KLH) and rabbit anti-KLH (Cappel
Laboratories); YT (Connaught Laboratories) and murine
anti-TT antibody (Boehringer Mannheim); and tryptophan
(TrpR) repressor and rabbit anti-TrpR.

Reactivity was also determined in a spot-blot assay in
which mixtures of proteins were immobilized on a support
filter (Immobilon AV; Millipore) and a large plaque contain-
ing human antibody fragment was lifted with the treated

filter. Detection ofantibody on the filter was done with rabbit
anti-human IgG followed by goat anti-rabbit immunoglobulin
coupled to alkaline phosphatase for development of color in
the presence of the substrate.

Affimity Measurement. We used a variation of a method
developed by Olsen et al. (36). An anti-decapeptide antibody
(26) was covalently attached to Sepharose beads. This served
to bioselectively immobilize the E. coli-produced Fab frag-
ments, which carry the decapeptide tag at the C terminus of
the H fragment (see Fig. 3). To measure antigen binding, a

sample of immobilized human antibody fragments was incu-
bated for 2 hr with a known concentration of '25I-TT. Beads
were separated rapidly from supernatant by centrifugation
through phthalate oil (37). The radioactivity associated with
the beads was corrected for nonspecific binding by subtrac-
tion of a negative control sample. The radioactivities asso-
ciated with beads or supernatant were used to calculate the
concentrations of bound antigen ([Ab - Ag]) or free antigen
([Ag]). The unbound antibody concentration ([Ab]) is calcu-
lated from [Ab],0,aj = [Ab - Ag] + [Ab]. The association
constant is given by the equation Ka = [Ab - Ag]/[Ab].[Ag].

RESULTS AND DISCUSSION
Before immunization, the frequency of circulating B cells
producing anti-TT IgG was <1/500,000 lymphocytes in an

ELISPOT assay. Six days postimmunization, the frequency
increased considerably, up to 1/3000 in one individual. This
was consistent with previous data (27). Lymphocytes (5 x
108) were isolated from 150 ml of whole blood from a donor
with an increase in titer of anti-TT IgG. From these cells, 160
jkg of total RNA was isolated. After first-strand synthesis
conversion of mRNA to cDNA, separate PCRs were carried
out for each primer pair (Fig. 2). An =700-base-pair PCR
product was observed for each matched pair of primers, as

dictated by the designated location of primers.
Determination of Positive Clones. L-chain and H-chain PCR

products were separately gel isolated, ligated into the appro-
priate ImmunoZAP vector, and packaged to create bacteri-
ophage libraries. This gave a tetanus ImmunoZAP H library
in which 68% of the clones expressed an H fragment and a

tetanus ImmunoZAP L library expressing L(K) in 67% of the
clones. These two libraries were combined into a single
vector to create a combinatorial immunoexpression library
(Fig. 3). The current system does not select against vectors
without two inserts; therefore, in the anti-TT coexpression
library, the percentage of plaques expressing both H frag-
ment and L-chain was expected to be, at most, 46%. A total
of 12,000 plaques, with 125I-TT as a probe, gave 10 positive
clones that were validated by duplicate lifts and a secondary
screen. The frequency of positive clones found in this library,
of which we have screened only a small portion, was thus
0.2%. The combinatorial library constructed here, of =107
members, we estimate contains -20,000 positive clones.

MMN A
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DNA Analysis. The Lambda ZAP II vector cloning system,
which forms the basis of this method, allows for excision of
a plasmid containing the insert (34). Restriction map analysis
of plasmids from positive clones indicated the presence of
both L- and H-chain genes. In addition, DNA sequencing of
the H chains verified that they are derived from human IgG.
The sequence for the 3' end ofthe CH1 domain exon matched
a published IgG1 sequence, but we found AGA (arginine) for
the Eu 214 residue condon, whereas AAA (lysine) is listed
(30). However, either arginine or lysine may appear at this
position (30), suggesting that we have cloned an allotypic
variant. DNA sequence analysis ofVH and VL domains from
four positive clones indicates that each is a distinct clone.

Protein Analysis. The ability of protein G to bind to the Fab
portion of IgG was exploited to isolate our human antigen
binding fragments from E. coli supernatant. The purified
protein retained binding activity to TT in an ELISA and in the
affinity assay. SDS/PAGE analysis of purified protein
yielded a band corresponding to 48 kDa. Upon reduction, this
band resolved to a doublet of -25 kDa (data not shown). In
a Western blot analysis, bands reacting with either anti-
human H+L or anti-human L(K) antibodies corresponded to
the locations found for the purified protein. The same be-
havior was exhibited by the proteolytically generated human
Fab. These data indicate that our antigen binding fragments
are composed ofhuman H-chain Fd-like fragment covalently
coupled by a reducible bond to human L chain to form an
Fab-like fragment.

Competitive Inhibition. The binding of radiolabeled antigen
was demonstrated in the filter hybridization screen. This
binding was inhibited by unlabeled TT in a concentration-
dependent fashion and exhibited half-maximal inhibition at
-1 nM (Fig. 4, columns A and B). Positive controls behaved
in a similar manner (columns D and E). For a plaque
corresponding to a negative clone (column C) or for an
irrelevant antibody (column F), no signal above background
could be observed. Thus, the binding of 125I-TT was not an
artifact caused by the radiolabeling method and correlates
with positive clones.

Affinity for TT. To quantify the equilibrium association
constant for binding TT, direct binding assays were done. For
our human antibody fragments, the average apparent affinity
constant was 9 x 108 M-1 with a range of 30 x 108 M-1 to 0.09
x 108 M-1. For comparison, the apparent affinity for antigen
binding of a hybridoma-derived monoclonal murine anti-TT
antibody was measured to be 0.4 x 108 M-1. The low
effective concentration of antigen used for the filter hybrid-
ization screening may have allowed for discrimination of
high-affinity clones since 0.2 nM 1251_T1 was sufficient to
identify a positive clone.
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FIG. 4. For a competitive inhibition assay, antibody was ad-
sorbed onto nitrocellulose filter strips. Columns: A and B, anti-TT
human antibody fragment from plaque lifts; C, a negative plaque; D,
1 pAl of human polyclonal anti-TT antibody (1:10 diluted donor
serum); E, 1 ul (100 ng) of murine monoclonal anti-TT; F, 50 ng of
murine anti-CD8. Competitive inhibition experiments were per-
formed by incubating the filter strips with unlabeled TT [concentra-
tion (M) is indicated on the left] in the presence of 0.1 nM 251I-TT.
The resulting autoradiographs were digitized (Stratascan; Strata-
gene).
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FIG. 5. Reactivity of human Fab clones were compared, by
ELISA, to that ofcontrol antibodies. Target proteins were HRP, DT,
KLH, TT, and TrpR. Two different positive clones, at 0.5 and 1.2
jig/ml, are represented by the hatched and stippled bars, respec-
tively. Background is represented by the open bar and the positive
control is represented by the solid bar.

Specificity for TT. The human antigen binding fragments
produced were not only of high affinity but also appeared to
be specific. The human antigen binding fragments did not
react in an ELISA with any protein other than TT (Fig. 5). In
addition, the clones did not appear to bind to proteins in fetal
bovine serum, hydrated milk powder, or E. coli lysate in a
spot-blot assay but it did associate strongly with TT (data not
shown).
Summary. We have obtained a repertoire of monospecific

human antibody fragments with a subset capable of high-
affinity binding to a complex antigen. This was done by
immortalizing, in a A bacteriophage library, an individual
human immune repertoire that had been purposely biased by
stimulation with a predetermined antigen. This may be useful
for further explorations such as how an immune response
initiates and matures. The anti-TT human antibody fragments
we have identified here may be of use in passive immuno-
therapy. Development of some potentially useful therapeu-
tics may require the selection of human antibodies that occur
at much lower frequency in the repertoire and thus are
difficult to obtain by hybridoma methodology. This will be
the case for antigens that elicit a negligible human immune
system response. For those cases, a large number of clones
may have to be screened to allow for identification of
high-affinity positive clones. However, the immunoexpres-
sion library system allows for the necessarily high through-
put. As many as 106 clones can be screened in several days
and a typical library may contain enough members to carry
out this process many times. Human antibody fragments to
viral or bacterial antigens or to autoimmune disease-related
or tumor-associated self-antigens could be obtained with the
method presented here and could be used in the management
of human disease.
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