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Polyclonal Preparations of Anti-Tetanus Toxoid
Antibodies Derived from a Combinatorial Library
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We have compared the in vivo therapeutic potential of anti-tetanus toxin (TT) human Fab antibodies
derived from a combinatorial phage display library to established polyclonal and monoclonal reagents.
The oligoclonality and fine specificity distribution of the synthetic anti-TT Fab preparations was
comparable to the antibody spectrum present in the donor serum and the affinities determined for the
synthetic phage-bound Fab (Phab) and soluble Fab were in the same range as their monoclonal and poly-
clonal counterparts. On a weight basis, the protective capacity of the new oligoclonal preparations in vivo
(16.4 1U/100 g Fab) was comparable to those of the best combinations of hybridoma derived human
monoclonal antibodies, and far better than those exhibited by the polyclonal serum antibodies of the
donor (0.29 IU/100 pg IgG) or by a standard commercial human tetanus immunoglobulin preparation.
These data suggest that recombinant antibodies may become a safe and effective alternative to human
plasma-derived immuneglobulins for passive immunization.
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assive immunization has long been established as a
valuable prophylactic and therapeutic against human
pathogens and their toxins. In spite of decreasing
general acceptance due to the prevalence of infectious
diseases among plasma donors, and the inflating
safety and efficacy control requirements imposed
on the manufactures by national and international
authorities', classical human plasma-derived polyclonal anti-
body preparations in many cases remain the only products
available to the patients™.

Alternative technologies, however, have emerged in the
past decades. These include the large-scale cultivation of
hybridoma cell lines secreting human monoclonal antibodies
{mAbs)**, the expression of antibody fragments in bacteria,
and in vitro genetic engineering of antibody molecules®"'.

Immunoglobulin fractions derived from hyperimmunized
plasma are in principle more likely than monospecific human
mADbs to achieve protection against invasive bacterial patho-
gens, which present a large diversity of antigenic specificities
on the cell surface, or against viruses with rapid antigenic
drift. We recently reported the isolation and characterization
of a panel of hybridomas secreting human mAb against
tetanus toxin (TT)"?. Two important observations came out
of this study: (1) more than 90% of the clones exhibited
specificity for the A fragment of TT, in agreement with the fact
that anti-A fragment antibodies predominantly account for
the neutralizing capacity of commercially available hyper-
immune tetanus immunoglobulins (TIG), and (2) an appro-
priate combination of two neutralizing anti-TT human mAb
administered in very small amounts provided the same or a
higher protection level when compared to TIG preparations.
These results demonstrated the feasibility of anti-tetanus
prophylaxy with human mAbs.

The generation of human mAbs can now be achieved by
using a combinatorial approach'™". This method allows
access to the V-genes repertoire expressed as antibody Fab
fragments on the surface of filamentous phages. The filamen-
tous phage system applied to the construction of combinator-
ial libraries from immunized donors has allowed the isolation
of anti-bodies of different specificities and affinities against a
variety of viruses including HIV-1'*, hepatitis B, respira-
tory syncytial virus®#%, and others® and also against TT"%,
In only one® of these studies was the therapeutic efficiency of

phage-displayed Fab antibodies, or soluble derivatives
thereof, examined in vivo, and no comparison to established
monoclonal or polyclonal antibody preparations were made.
We recently reported the isolation of a variety of Fab frag-
ments against tetanus toxoid (TTd) from a library derived
from an immunized donor®. In the present study, we demon-
strate that such synthetic human Fab antibodies may prove as
effective as human mAbs for treatment of tetanus, and on
a weight basis are about 60-fold better than established
polyclonal TIG preparations.

Resuits

Isolation of anti-tetanus Fab fragments. We have previ-
ously described the isolation of human Fab fragments from a
phage surface combinatorial library prepared from peripheral
blood lymphocytes of an individual boostered with TTd*.
Briefly, the IgG1 kappa/lambda Fab library was panned
against TTd coated on microtiter wells to enrich for specific
antigen binding clones. Four rounds of panning led to an
180-fold enrichment for specific clones. After the fourth
round, 80% of the 20 clones tested bound to TTd>. In order to
prepare soluble Fab, the phagemid DNA isolated from
bacterial cells after the 4th round of panning was cut and the
gIll sequence was removed. The religated phagemid DNA
was then transformed in XL1-Blue E. coli and Fab fragments
were extracted from the periplasma of the bacterial cells.

The expression level and purity of the Fab fragments in the
periplasmic extract were determined by SDS-PAGE and
immunoblot analysis using an anti-human Fab antibody as the
developing antibody. On the SDS-PAGE gel, a number of
contaminating proteins were observed in addition to the Fab
fragment, the latter representing about 1% of the total protein
concentration (data not shown). On the immunoblot, the Fab
fragment was seen as a single band of 50 kDa or as two bands
each of about 25 kDa in nonreducing and reducing gel condi-
tions, respectively (data not shown).

The concentration of soluble Fab in the extract, as
determined by a sandwich dot assay, was 250 pg/ml. For
the phage-associated Fab, the concentration of Fab was
estimated to be 3 wg/ml on the basis of the phage concentra-
tion (6X 10" phage/ml) and assuming the presence of only one
Fab per phage as described previously®'.

Fab characterization. To evaluate the potency and the
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oligoclonality of phage-bound (Phab) and soluble Fab
preparations, we compared their fine specificities, affinity
constants and protective capacities with those of the serum
antibodies of the donor, and with established monoclonal
and polyclonal anti-TT antibodies. Table 1 shows the
ELISA antibody titers against TTd, as well as against the A
and C fragments. All four preparations had total antibody
titers markedly higher for TTd and fragment A than for
fragment C. On the other hand, the preparations of soluble
Fab and phage-bound Fab had antibody titers lower than
both of the other preparations. This stemmed from the dif-
ferences in protein concentration, calculated to be 1000-
fold lower for phage-bound Fab. In contrast to polyclonal
samples, lambda light chain inserts were more prominent
in Phab and soluble Fab preparations.

Thus, analysis of binding activities demonstrated an
oligoclonality of Phab and soluble Fab and revealed that the
majority of Phab, like serum antibodies, are directed against
the A fragment of native TT, a specificity found to be crucial
for protection against tetanus'. Furthermore, using TTd as a
capture antigen in a competitive ELISA, the apparent affinity
constants (aK) of the different preparations were shown to fall
within the same range (Table 2).

Protection studies. The in vivo protective capacities of
Phab, soluble Fab, serum antibodies as well as of one in-house

TABLE 1. Binding properties of anti-TT preparations.

IgG, Fab Antibody titer*
Preparation (mg/ml) Light chain* TTd FragmentA FragmentC
Phab 0.003 kappa 230 120 <10
lambda 1'570 520 16
Fab, soluble 0.25 kappa 330 190 <30
lambda 3380 1'560 120
Plasma, donor 6.2 kappa 3’520 37790 540
lambda 2'540  3'060 520
Human TIG 1.63 kappa 2’470 1'231 343
lambda 1’076 630 146

‘Bound Fab or antibodies were probed with either kappa- or lambda-
specific secondary antibodies. *Solid phase coated either with TTd, frag-
ment A or fragment C; titers are the reciprocal of the antibody dilution
resulting in an OD of 1.0.

TABLE 2. Anti-TT IgG affinity constants.
Antibody affinity for TTd*

Preparation Kappa Lambda
Phab 6.6 4.0
Fab, soluble 5.5 4.9
Plasma, donor 72 8.2
Human TIG 5.8 7.2

sAffinity constants are X10° M ",

TABLE 3. In vivo toxin neutralizing capacities of anti-TT
preparations.

Neuf;;l}zing activity*

Preparation (IU/100 pg)
Fab, soluble 16.40
Phab 30.66
Plasma, donor 0.29
Human TIG 0.25
Human mAb ST12 13.20

qJU values were determined in mice using a reference preparation of
tetanus antitoxin and a TT dose of 45 MLD. *The indicated concentra-
tion is estimated on the basis of the number of phage wsed (6X107),
assuming that one Phab carries one Fab.
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human mAb were tested in a TT neutralization assay in mice.
All preparations afforded complete protection over 28 days,
whereas control mice receiving 45 minimal lethal doses
(MLD) of TT died within 12-24 hours. Protection levels,
expressed as international units (IU)/100 g Fab or IgG, are
shown in Table 3. Synthetic Fab, in both the phage bound and
soluble forms, provided at least 60-fold better protection than
the polyclonal preparation and the same protection level as the
human mAb.

Discussion

In previous work we demonstrated that the phage display
system can be successfully used to isolate high affinity anti-
TT antibodies from immunized donors® using peripheral
blood lymphocytes of immunized individuals as a source of
immunoglobulin V-genes. Indeed, the oligoclonality and fine
specificity of the anti-TT Phab tested here were comparable to
the spectrum of antibodies present in the serum of the donor.
Furthermore, the antigen-specific panning process applied to
the library was successful in the selection of Fabs with pro-
gressively higher affinities for TT. As a result, final binding
affinities are similar to the affinities of TT-specific human
mADb derived from hybridoma technology, which also include
an antigen-specific panning step'>”.

We have recently shown by in vive protection studies
that a single, hybridoma-derived, whole human IgGl mAb
resulted in only a delay to death, whereas combinations of
human mAbs acted synergistically, leading to full protection',
Indeed, we observed that an A fragment-specific human mAb
and an human mAb recognizing an epitope common to both
A and C fragments possessed neutralizing activities of
10.5 and 13.2 TU/100 pg IgG, respectively, whereas the
potency of the combined preparation exceeded 30 TU/100 g
IgG. Fabs from our combinatorial library likewise resulted in
full protection, thereby confirming their oligoclonality. The
in vivo potency of these Fabs was equivalent to that of our
recently described human mAb' and exceeded that of previ-
ously described anti-TT human or murine mAb*?'. Fabs, also
displayed a much higher protection level (on a weight basis)
than polyclonal preparations.

The fact that human TT-specific Fab antibody fragments
displayed an in vivo therapeutic activity comparable to whole
human IgG1 mAbs is somewhat surprising. Indeed, this effect
was observed despite the fact that Fabs lack two functions
provided by whole antibodies that are potentially important
for toxin neutralization. First, Fab fragments are monovalent
and, therefore, cannot cross-link toxin molecules and second,
they lack the Fc effector segment of full-length divalent IgG
molecules. This result implies that effector functions play a
minor role in TT neutralization. Similar observations were
made in the course of virus neutralization studies showing that
human Fabs and a humanized murine mAb are comparable in
their capability to neutralize respiratory syncytial virus™*.

A major potential advantage of TT-specific Fab prepara-
tions, as opposed to commercial TIG products, is the higher
concentration of specific antibodies that is achievable. This
should permit one to decrease the amount of immunoglobulin
required for prophylaxis or therapy. Full-length molecules
will, however, be required for passive immunotherapy which
requires immunoglobulins that circulate as long as possible in
the host. In a recent report, the feasibility of converting anti-
body fragments, isolated from phage antibody libraries into
whole antibody molecules was demonstrated™.

Finally, uncloned phage libraries with enriched speci-
ficities for a given antigen may have practical applications as
laboratory tools with equivalent or improved properties, when
compared to sera raised against specific antigens in experi-



I@ © 1995 Nature Publishing Group http://www.nature.com/naturebiotechnology

mental animals, since it does not require the tedious process
of purifying the relevant clones.

Experimental Protocol

Selection of Phabs specific to TT. The preparation of RNA from
peripheral blood lymphocytes of an individual boosted with TTd
(DiTe Anatoxal Berna, Switzerland), construction of the phage dis-
play Fab library by use of the pComb3 system, panning of the library
against TTd and the preparation of phages expressing Fab have been
described®.

Preparation of soluble anti-tetanus Fab fragments and determi-
nation of Fab concentrations. To prepare soluble Fab fragments,
phagemid DNA was isolated from the bacterial cells after the fourth round
of panning on TTd, treated as described™ to remove the gl sequence, and
transferred into E. coli XL1-Blue. Transformants were grown to an ODj,
nm of 1 in 500 ml LB supplemented with 50 pg/ml carbenicillin and
induced with 1 mM isopropyl B-D-thiogalactopyranoside overnight at
37°C. Periplasmatic extract was then prepared as described® using a
chloroform extraction procedure. Briefly, the bacterial cell pellet was
resuspended and incubated with 5 ml chloroform at 25°C. After addition
of 40 ml 10mM Tris, pH 8.0, | mM phenylmethylsulfonylfiuoride, the cell
debris were sedimented at 7000 rpm in a Sorvall 8834 rotor. The super-
natant was stored at 4°C. The Fab fragment prepared from the periplas-
mic extract was separated via nonreducing or reducing 10% SDS-PAGE.
Half of the gel was stained with Coomassie blue, whereas the other
half was transferred to nitrocellulose, blocked, incubated with HRP-
conjugated goat anti-human Fab, and developed with 4-chloro-1-naphtol.
To assess Fab concentration, a sandwich dot assay was performed. Sheep
anti-human IgGMA antibody (Binding Site, Birmingham Research
Park, Birmingham) was dotted on nitrocellulose strips at different
concentrations. Periplasmatic extract was then added in a 2-fold dilu-
tion series and incubated with peroxidase labeled anti-human Fab
prior to addition of substrate and chromogen for visualization. The
amount of Fab was quantified on the basis of known concentrations
of human IgG (Binding Site, Birmingham Research Park,
Birmingham) as standards.

Isolation of TT, TT fragments and monoclonal and polyclonal
antibody preparations. TT, TTd and the A fragment (light chain) and
C fragment of toxin were isolated and purified as previously reported”.
The sera of the donor was taken concomitantly with the lymphocyte
sample. Serum antibodies were affinity-purified on protein A-Sepharose
(Pharmacia Fine Chemicals, Uppsala, Sweden) as reported’?. Quanti-
fication of serum IgG was done with single radial immunodiffusion assays
using LC-partigen IgG kits (Behringwerke, Marburg, FRG). Human TIG
was obtained from the Swiss Serum and Vaccine Institute, Berne,
Switzerland (Tetuman®).

Determination of fine specificities and affinities. The fine specifici-
ties of Phab, soluble Fab and polyclonal serum IgG antibodies were ana-
lyzed by ELISA with TTd, A fragment, or C fragment as the immobilized
antigen and by determining antibody affinities for TTd. Antibody speci-
ficities were determined by standard ELISA methods'** in microtiter
plates (Immulon; Dynatech, Buchs, Switzerland) coated with 10 wg/ml of
purified TTd or TT fragments, diluted in 0.1 M NaHCQO,, pH 9.6. Wells
were developed with horseradish peroxidase-conjugated anti-human light
chain-specific antisera (Tago, Burlingame, CA). The apparent affinity
constants (aK) were determined by competitive binding ELISA as
described®?’. Samples were titrated in TTd-coated microtiter plates as
described above, and dilutions resulting in an OD of 0.8-1.2 were used.
The aK is defined as the reciprocal value of the molar concentration of
TTd in the liquid phase that resulted in a 50% inhibition of antibody bind-
ing to TTd in the solid phase.

Toxin neutralization assay in mice. The abilities of Phab, soluble
Fab and polyclonal serum IgG to neutralize TT were evaluated in NMRI
mice (Charles River, Sulzfeld, Germany), using TT and tetanus anti-
toxin standards (WHO, International Standards and Reference
Reagents, 1990) as reported'. The MLD of the standard test toxin was
determined from the dose-response curve®. Phab, Fab and antibody
preparations were titrated and mixed with 45 MLD of toxin. The neu-
tralizing activity, expressed as U per weight, was determined using
mice in groups of 5.
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