Immunology 2003 110 269-274

Phage display of human antibodies from a patient suffering from coeliac
disease and selection of isotype-specific scFv against gliadin
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SUMMARY

Coeliac disease (CD), a gastrointestinal illness characterized by intestinal malabsorption,
results from gluten intolerance accompanied with immunological responses towards gliadin,
an ethanol-soluble protein fraction of wheat and other cereals. The role of gliadin in eliciting
immune responses in CD is still partly unclear; however, the occurrence of anti-gliadin in the
sera of patients suffering from CD correlates well with clinical symptoms. In this work we
report the construction of isotype-specific, phage-displayed scFv libraries from peripheral
blood lymphocytes of a patient with CD and from a healthy control individual. Vg and Vi,
chains were amplified by reverse transcription—polymerase chain reaction (RT-PCR) using a
set of oligonucleotides recognizing all human variable gene families. The three scFv libraries
(IgA, IgG and IgM) were selectively enriched for gliadin-binding phage. After four rounds of
affinity selection, polyclonal enrichment of gliadin-binding phage was observed in all libraries
from the CD patient but in none from the healthy donor. Phagemid particles generated from
single clones were demonstrated to be gliadin-specific, as shown by strongly positive enzyme-
linked immunosorbent assay (ELISA) and BiaCore signals. The Vg and Vi, chains from samples
of these monoclonal isotype-specific phage were sequenced to identify the most common
variable regions used by the immune system to elicit antibody responses against gliadin.

INTRODUCTION

Coeliac disease (CD), or gluten-sensitive enteropathy, has
historically been considered as an uncommon gastrointestinal
condition. However, recent screening studies in several Eur-
opean countries suggest a prevalence of CD in adults in the
range of one per 100-300 individuals." CD is triggered by
dietary gluten of wheat, rye and barley.> Gluten can be fractio-
nated into ethanol-soluble prolamines (gliadin, secalin, hordein)
and ethanol-insoluble glutenins.> One of the most common
clinical parameters in CD is the occurrence of serum antibodies
recognizing gliadin and a structure on the surface of smooth
muscle cells, called endomysium.* The endomysial autoantigen
has been recently identified as tissue transglutaminase (tTG), an
enzyme located in several different types of tissue.>S The exact
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role of tTG in CD is still unclear, but it is proposed that this
enzyme is involved in the activation of gliadin peptides,’ thus
leading to their toxicity. Strong evidence currently points to
humoral T-lymphocyte-mediated immune mechanisms, resulting
in activation of cellular and humoral responses, as key elements
in the pathogenesis of CD.? Different peptide fragments of
gliadin have been shown to be presented to T cells in the intestine
by human leucocyte antigen (HLA) class I molecules.® Simul-
taneous modification of these peptides by tTG may lead to an
increased immunogenicity.® The occurrence of antibodies against
both gliadin and tTG is thought to trigger the onset of an
autoimmune reaction, leading to chronic inflammation and flat-
tening of the jejunal mucosa and, hence, malnutrition. The
intestinal immune system plays a dominant role in the degrada-
tion of the morphological and functional properties of the
intestinal mucosa in CD. However, the exact pathogenesis of
the mucosal lesion in the disease is still partly unknown. CD is
considered to occur as the result of interplay of genetic and
environmental factors, explaining the wide spectrum of clinical
manifestations ranging from asymptomatic phenotypes to severe
symptoms of malabsorption,® including chronic diarrhoea,
abdominal distension, weakness, malaise and weight loss.*
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Phage display of antibody repertoires has been shown to be a
valuable tool for using to study the antibody responses in
different pathological conditions.® To achieve this, the whole
antibody repertoire of a donor is amplified by reverse transcrip-
tion—polymerase chain reaction (RT-PCR) using a set of pri-
mers that enable amplification of human variable antibody
regions of the heavy (Vy) and light (V) chains.!® As the
primers are anchored on constant regions of the antibody genes,
isotype-defined amplification products can be distinguished and
the exact Vy and Vi configuration of positive binding clones
can be determined by sequencing of the insert subcloned into
phagemid vectors. Phagemids for the display of antibody genes
can have different formats, allowing display of antibody frag-
ments in different configurations.' In this study we chose the
scFv format, where the Vy and V| gene products are coupled
by a flexible polypeptide linker and fused to protein plIIl of
filamentous phage. Upon infection of the host organism
(Escherichia coli) with helper phage, phage particles displaying
the scFv constructs on their surface, linked to the genetic
information required for their production, are generated and
screened for antigen specificity by repeated steps of affinity
enrichment (reviewed in ref. 12). The aim of the present study
was to extend molecular dissection of immunological responses
to isotype-specific gliadin antibodies (anti-gliadin) in CD.

MATERIALS AND METHODS

Isolation of peripheral blood mononuclear cells, mRNA

and library construction

Peripheral blood mononuclear cells (PBMC), from a healthy
individual and from a patient with CD, were isolated from 5 ml
of fresh blood either by density-gradient centrifugation on
Ficoll'? or by selective lysis of erythrocytes using a commercial
kit (Qiagen blood RNA kit; Qiagen, Hilden, Germany). For
preparation of total RNA, samples of 10’ PBMC were processed
using the RNA easy kit (Qiagen) following the protocols
recommended by the manufacturer. mRNA was prepared from
7-ng samples of total RNA using the OligoTex mRNA kit
(Qiagen). cDNA was generated using a first-strand synthesis
kit (Superscriptll; GibcoBRL, Paisley, UK) and (dT);5 priming,
according to the manufacturer’s protocol. Polymerase chain
reaction (PCR) amplification of the immunoglobulin Vy and
V. genes was carried out in a total reaction volume of 50 pl,
with 1 ng of cDNA as template and a set of specific primers, as
described in ref. 14. PCR products were purified by agarose-gel
electrophoresis and gel extraction.'* Approximately 20 ng of
each first PCR product was used as template for the introduction
of flanking restriction sites in a subsequent PCR.'* Products
were digested with either Xhol/HindIIl (for Vi) or Mlul/Notl
(for Vi) and subcloned into appropriately restricted, phospha-
tase-treated phagemid vector pSEX81 (F. Breitling; GenBank
accession number: Y 14584), in two steps. First, V_ sublibraries
were generated, DNA was isolated from phagemid, restricted
with MIul/Notl and used to clone the Vy repertoires in a second
step. Nine different isotype-specific ligation mixtures were used
for transformation of E. coli XL1 Blue cells (Stratagene,
LaJolla, CA) yielding libraries containing between 1 x 107
and 5 x 10® primary clones. For screening, the libraries har-
bouring the Vy chains of the IgM, IgA and IgG isotype were

pooled to obtain libraries only distinguished by the isotype of
the heavy chain, but not by the light chain (these libraries were
formally termed A, G and M, and isolated single clones were
labelled with the letter of the library followed by a number, e.g.
A2 for clone IgA no. 2).

Antigens and affinity selection of gliadin-binding phagemids
Commercially available gliadin (crude ethanol extract from
wheat gluten; G3375; Sigma Chemical Co., St Louis, MO)
was re-extracted with 70% ethanol/10% acetic acid for 48 hr
for further purification, centrifuged at 50 000 g and the super-
natant lyophilized for long-term storage. Lyophilized extract
was reconstituted in ddH,O, cleared by centrifugation (5 min,
15 000 g) and the soluble protein concentration determined
according to ref 15. Recombinant a-gliadin was prepared as
described below.

Phage were prepared from glycerol stocks of library-trans-
formed E. coli XL1 Blue cells, grown to an optical density at
550 nm (ODssp) of ~ 0-5 in 5 ml of 2*TY broth (BiolOl,
Carlsbad, CA) supplemented with 12-5 pg/ml tetracycline and
100 pg/ml ampicillin (2*TY AT), by superinfection with helper
phage VCSM13 (Stratagene). After 1 hr of incubation (37°, at
200 r.p.m. on an orbital shaker), 45 ml of 2*TY AT broth
containing kanamycin (60 pg/ml) was added and incubation
continued overnight (37°, at 250 r.p.m. on an orbital shaker).
Phage were isolated from supernatants by precipitation with
polyethylenglycol 6000/NaCl and centrifugation, as described
plreviously,I4 pelleted and dissolved in 3 ml of Tris-buffered
saline (TBS). Suspensions were cleared by centrifugation
(3 min, 10 000 g), supernatants transferred to fresh tubes and
the number of colony-forming units (CFU) determined by
plating serial dilutions on agar plates.'®

Biopanning was performed in ImmunoTubes (Nunc, Ros-
kilde, Denmark) that had been coated with 5 pg of extracted or
recombinant gliadin in phosphate-buffered saline (PBS) and
blocked with 2% skimmed milk powder in TBS. Phage (10'°
CFU), diluted in blocking buffer, were added to blocked tubes.
After incubation (2 hr, 37°), the ImmunoTubes were washed
with 1% Tween in TBS and ddH,O, with the stringency
increasing with the number of panning rounds (see below).
Bound phage were eluted with 0-5 ml of 0-1-m HCI (pH 2-2
adjusted with solid glycine), neutralized with 60 pl of 1-M
Tris—HCI (pH 8-0) and used for infection of freshly cultured,
exponentially growing E. coli XL1 Blue cells. The titre of the
eluted phage was determined in CFU by spreading serial
dilutions of the freshly infected bacteria onto agar plates con-
taining ampicillin and tetracyline. Phage rescue and biopanning
were repeated three to four times, as described previously.'®

Heterologous expression of gliadin

A cDNA library of wheat was constructed in the phagemid
vector pJuFo'” and affinity enriched with immobilized serum
IgE from patients suffering from wheat allergy. Several different
clones, of which some also encoded a-gliadin, were identified
(after screening and sequencing) as IgE-binding proteins. The
a-gliadin coding sequence was subcloned into the high-level
expression vector, pQE30 (Qiagen), produced as hexahistidine-
tagged protein in E. coli and affinity purified by immobilised
metal affinity chromatography (IMAC)'® using standard
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procedures (Qiagen). The purified recombinant gliadin was
used for screening the CD antibody libraries, as described
for gliadin extracted from wheat.

Phage enzyme-linked immunosorbent assay (ELISA)

ELISA plates were coated overnight with 500 ng/well of gliadin
in PBS. After blocking with 2% milk powder in TBS, ~ 10°
phagemid particles per well (10 pl) were added in 140 pl of
blocking buffer containing 0-5% Tween. After incubation and
washing, bound phage were detected with a horseradish per-
oxidase (HRP)-conjugated monoclonal anti-M13 antibody
(no. 27-9421-01; Amersham Pharmacia Biotech, Bucks., UK).
ELISA plates were developed with 2',2'-azino-bis(3-ethylbenz-
thiazoline-6-sulphonicacid) diammonium salt (No A1888;
Sigma Chemical Co.) in 0-05-M citric acid (pH 4-0 adjusted
with NaOH, at a concentration of 0-22 mg/ml of the chromo-
phore) to visualize bound phage. Plates were read in an ELISA
plate reader (Molecular Devices, Menlo Park, CA) at 410 nm.
Several different ELISA set-ups were run, including serial
twofold dilutions of phage or coated antigen and inhibition
ELISA. For inhibition experiments, phage were preincubated
with different concentrations of soluble gliadin in a separate,
blocked ELISA plate for 30 min at room temperature, prior to
transfer to an ELISA plate for detection of binding.

Surface plasmon resonance analysis

Using the BIAcore system (Biacore, Uppsala, Sweden) the
binding and specificity of the polyclonal phagemid particles,
and of selected single clones, were measured.'® For the immo-
bilization of gliadin, the sensor chip CM-5 was used. The chip
was activated with EDC/NHS solution (Biacore) and gliadin
covalently immobilized on the surface by normal human serum
(NHS)-mediated covalent coupling of functional groups. Glia-
din was coated in two steps to a final resonance response of 1136
resonance units (RU) corresponding to a total amount of = 1 ng
of gliadin bound on the chip. Measurements were performed by
injecting phagemid particles displaying scFv (10° CFU) diluted
in HEPES-buffered saline (10 mM HEPES; Biorad, Hercules,
CA) for 1 min, followed by elution for 100 seconds. Binding
curves were calculated using the BIA-VIEWER software program.
The CM-5 chip was regenerated for 5 min using solutions and
protocols provided by the supplier.

DNA sequencing and analysis

The V genes from different scFv-displaying clones were
sequenced by the chain-termination method,?® using primers
located on the vector. The isotype membership was confirmed
using sequence analysis software (OMIGA 2-0 and GCG 10-0;
Accelrys, Cambridge, UK) and database searches.

RESULTS
Library construction and quality control

The isotype-specific scFv libraries were constructed from
cDNA obtained from whole-blood PBMC of a voluntary,
untreated CD patient and a healthy donor; PBMC were col-
lected after obtaining written consent and according to ethical
guidelines. Vi and V. chains were amplified by PCR using 5’
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primers recognizing all human V genes. For amplification of Vi
chains, 3’ primers (specific for IgA, IgG and IgM) were used to
generate isotype-specific libraries.'® V| amplification products
were first cloned into the phagemid vector, pSEX81, to obtain a
light-chain repertoire library (2 x 10% primary clones), which
was further converted into isotype-specific scFv sublibraries by
insertion of the appropriate Vi amplification products. For each
IgA, IgG and IgM isotype, serial independent ligations were
performed and only transformation batches with >5 x 107
transformants/pg of DNA were used. For screening purposes,
the three best transformations of each isotype were pooled to
obtain primary libraries of ~ 3 x 10® independent clones for
IgA, IgG and IgM, respectively. Thirty randomly selected
clones from each pooled library were shown, by PCR ampli-
fication, to contain >95% full-length scFv inserts. Restriction
analysis performed with BstNI° generated a different restriction
pattern for each clone, further confirming the diversity of the
libraries. The libraries were reported according to the Vy
isotype (e.g. A, G and M), and single clones isolated from
the different libraries were referenced by the isotype followed
by a number.

Biopanning

Four consecutive rounds of biopanning were carried out to
isolate gliadin-specific phagemids of the different isotypes.
Following an increasing stringency strategy, the washing time
was increased from direct liquid removal in the first two
biopanning rounds to standing times, of the washing fluid, of
up to 5 min in the two following rounds. The number of
washing steps was increased from 10 to 25, by an increment
of five for each round of panning. All isotype-specific libraries,
containing the antibody repertoire of the CD patient, showed
selective enrichment of clones containing full-length scFv
constructs (Fig. 1). Biopanning of the libraries constructed from
the immunoglobulin repertoire of the healthy control individual
failed to show enrichment above background, as expected (data
not shown).
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Figure 1. Isotype-specific phage enrichment during subsequent rounds
of affinity selection. The number of phage was determined as colony-
forming units (CFU) after infection of freshly grown Escherichia coli
XL1 Blue cells. Notably, the absolute number of eluted phage sig-
nificantly depends on the isotype library used for screening.
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The biopanning with recombinant gliadin was stopped after
three cycles, because no evidence for phage enrichment was
observed. Lack of specific enrichment was shown by PCR
analysis of 40 single clones. In 15 cases, no amplification
product was detectable, whereas 25 clones showed large dele-
tions within the scFv insert. Therefore, we conclude that the
phagemids selected are not specific for gliadin and probably
represent background phage overgrowing the libraries.”'

Antigen specificity of the selected phage

Polyclonal phage, obtained by selective enrichment of the
isotype-specific libraries, were tested in an ELISA for their
ability to bind to natural gliadin. As shown in Fig. 2(a), the
polyclonal mixtures showed a titration-dependent binding to
gliadin. Figure 2(b) shows the same experiment where the
number of phage was kept constant (10° CFU) and the coated
antigen diluted 1 : 1 throughout the plate. This experiment
excludes non-specific binding of the phage to the plastic surface
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Figure 2. (a) Binding of isotype-specific polyclonal phage mixtures
obtained after four rounds of affinity selection to immobilized gliadin
(400 ng/well). A total of 10'° phagemid particles were serially diluted
1 : 1 throughout an enzyme-linked immunosorbent assay (ELISA) plate
and visualized with horseradish peroxidase (HRP)-labelled anti-M13
monoclonal antibody (mAb). The first four dilutions for each isotype are
shown. As background (BG), phagemid particles rescued from the
original, unselected libraries were used. (b) Binding of isotype-specific
polyclonal phage mixtures (as in panel a) to decreasing amounts of
coated gliadin and constant phage load (10'° phagemid particles/well).
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Figure 3. Competition enzyme-linked immunosorbent assay (ELISA)
of different scFv phage clones selected from the IgA (H, %), IgG (@, -)
and IgM (Q) libraries for binding to solid-phase coated gliadin, showing
increasing inhibition with increasing gliadin concentrations in fluid
phase. (@) shows the inhibition of phage A21, with bovine serum
albumin (BSA) used as a negative control.

or to the blocking agents. In both experiments, the absorbance
(A) followed the linear titrations of both phage and antigen,
indicating gliadin specificity of the polyclonal scFv-displaying
phage. Inhibition ELISAs were performed with phage rescued
from single clones to confirm the antigen specificity of the
selected scFvs. As shown in Fig. 3, increasing the concentration
of gliadin in the fluid phase reduced the specific binding of
the scFv-displaying phage to solid phase-coated gliadin, in a
concentration-dependent manner, whereas inhibition with
non-specific antigen (bovine serum albumin) and recombinant
gliadin did not influence the binding capacity of the phage. A
maximum inhibition of =~ 60% was obtained at a concentration
of free a-gliadin of 260 nM, which is the range of the maximal
solubility of a-gliadin in aqueous, physiological solutions. Some
selected clones were used in an ELISA-inhibition experiment,
using a serum pool of CD patients with high gliadin-specific
IgA titres. Serum was serially diluted in a gliadin-coated plate
and, after 30 min of preincubation, 10'® phage were added to
each well. This serum-inhibition experiment clearly shows that
with decreasing serum concentration an increasing amount of
gliadin-specific phage can bind to the antigen (Fig. 4). Whether
this behaviour is a result of steric hindrance or (as expected)
competition for binding to shared epitopes, remains to be
elucidated.

Surface plasmon resonance analysis

To clearly demonstrate the specificity of the selected scFv-
carrying phage for gliadin, surface plasmon resonance measure-
ments were performed using the BIAcore system.'® The relative
binding capacity of different scFv-displaying phage for
o-gliadin increased, on average, by 90 RUs during the associa-
tion phase, and an average of 80 + 5 RUs remained as the
relative binding value after 100 seconds of elution, indicating a
remarkable increase in the binding affinity. In contrast, mea-
surements of polyclonal phagemid particles rescued from the
unselected libraries or helper phage (as negative controls)

© 2003 Blackwell Publishing Ltd, Immunology, 110, 269-274



Phage display of antibodies from a patient with coeliac disease 273

110%1

100%-
90%-
80%+
70%
609
50%-
40%-+
30%1
20%
10%

% Of binding

Serum dilution

Figure 4. Serum-inhibition enzyme-linked immunosorbent assay
(ELISA). Dilutions of a serum pool from coeliac disease (CD) patients
with a high immunoglobulin A (IgA) anti-gliadin titre (260 IU/ml) were
preincubated on a gliadin-coated plate. A constant amount of single
clone phage IgA (¢, l), IgG (A) and IgM (@) was applied to each well
and the binding curves were determined. Low-affinity binders derived
from the IgM library seem to be much more susceptible to inhibition by
serum antibodies than high-affinity IgA and IgG binders. The lack of
binding inhibition of a mixture of gliadin-positive IgA, IgG and IgM
phage to gliadin, by serum of a healthy donor used as a negative control,
is shown (x).

showed only marginal binding between 0 and 5 RUs after
elution. The binding curves (data not shown) indicated a high
relative affinity of the ELISA-positive scFv-displaying clone for
the a-gliadin extract.

Sequence analysis of the isotype-specific Vi and Vi, genes

Six ELISA-positive clones of the IgA, four of the IgG and three
of the IgM isotype were sequenced and shown to contain full-
length Vg and Vi scFv fragments. The cDNA and deduced
amino acid sequence of representative clones for each isotype
were submitted to GenBank/EMBL (accession numbers:
AJ557893, AJ557894, AJ557895 and AJ557896). Interestingly,
all light chains were of the Lambda type, belonging to several of
the 10 N variable-region families, in spite of the fact that the
isotype-specific libraries used for screening contained an
equivalent number of Vy-A- and Vy-k-displaying phage. This
is in contrast to previous work” reporting usage of both \ and k
light chains in a-gliadin-selected repertoire libraries and may
represent a restricted immunological response of the patient
to gliadin. With one exception, represented by an IgG clone
showing a Vy region belonging to family 1, all other clones
were restricted to the V-3 family. Neither bias is the result of a
lack of diversity in the library because PCR amplification with
the family-specific Vg and Vi primers yielded comparable
amplification signals (data not shown).

DISCUSSION

Dietary exposure to wheat gliadin and homologous proteins in
rye, barley and oats plays an important role in the development
of immunological responses in CD. Antibodies to gliadin of the
IgA and IgG isotypes were the first diagnostic antibodies used to
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confirm clinically suspected CD and are still widely used as
diagnostic tools despite the fact that more specific tests are now
available.?* In this study we constructed and screened antibody
repertoire libraries from a CD patient and a healthy donor for the
presence of binders to natural gliadin extract and recombinant
a-gliadin. The a-gliadin coding sequence was cloned from a
cDNA library of wheat displayed on the phage surface?® and
affinity enriched with serum IgE of individuals suffering food
allergy to wheat, unrelated to CD (M. Weichel, unpublished).

In this study we confirmed that the antibody response, to
gliadin, of an individual suffering from untreated CD followed
the predictions that can be drawn from the clinical manifestation
of the disease. The fact that enrichment of the CD libraries with
extracted (partially deamidated) gliadin was successful indi-
cates that immune responses specific for this type of gliadin are
elicited in CD individuals, but not in unaffected persons. This is
not dissimilar to the commonly accepted theory of T-cell-
mediated immune response and the involvement of tTG in
humoral responses to dietary gliadin.® In contrast to previously
described work,® investigating the IgA responses in CD, we
focused on the enrichment and investigation of isotype-
dissected phage libraries. The phage pool isolated from the IgA
library yielded a high percentage of ELISA-positive phage
(79%), which was comparable to the number of positive phage
isolated from the IgM pool (83%) (Table 1). In contrast,
selection from the IgG library yielded a high background of
non-specific phage and a relatively low number of specific
binders (21%) (Table 1). Phage reaching A values of at least
10 times higher than background levels were considered as
ELISA positive. Among positive clones, phage reaching A
values of >0-7 were considered to be high-affinity binders
and reached 90, 80 and 15% of the positive clones for IgA,
IgG and IgM, respectively (Table 1). This is in agreement with
the immunological response to gliadin in CD, which has been
shown to elicit antibody of all three isotypes.>* It is remarkable
that only libraries selected with natural gliadin extract showed
enrichment, whereas no specific enrichment was detected with
recombinant gliadin. The fact that natural gliadin is mandatory
for recognition by the cloned CD antibody fragments is further
supported by the lack of inhibitory effect of recombinant gliadin
in ELISA-inhibition assays.

In conclusion, we have shown that phage display of combi-
natorial antibody scFv libraries represents a suitable approach
for the isotype-specific dissection of immune responses occur-
ring in a pathological condition. Furthermore, we demonstrated
that only natural gliadin, partially deamidated under acidic

Table 1. Analysis of isotype-specific binding of scFv single
clones to gliadin

Number of Clones with Clones with
Isotype clones tested an A of >0-1* an A of >0-71
IgA 48 38 (79%) 34 (90% of positives)
IeG 48 10 (21%) 8 (80% of positives)
IeM 48 40 (83%) 8 (15% of positives)

*Clones with absorbance (A) values of >0-1 (5 x background value) were
considered as positive.
{Clones with A values of >0-7 were considered to be high-affinity binders.
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conditions (as expected to occur during the ingestion of food
gliadin in the stomach), is recognized by the cloned antibodies.
A majority of the gliadin ELISA-positive phage isolated, mainly
of the IgA and IgG isotype, showed strong A signals and high
RU values in surface plasmon resonance measurements, con-
firming the high antigen specificity of the isolated scFv antibody
fragments.>
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