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Rarity of autoantibodies to a major autoantigen, thyroid peroxidase, that interact
with denatured antigen or with epitopes outside the immunodominant region
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SUMMARY

The nature of the autoantibody repertoire to the dominant autoantigen in human autoimmune thyroid
disease is controversial. There is evidence that autoantibodies to thyroid peroxidase (TPO) interact with
overlapping conformational epitopes in an immunodominant region and binding to denatured (DN)
protein is decreased. Contrary data demonstrate TPO autoantibody reactivity with DN-TPO or
polypeptide fragments. However, none of the TPO-specific, human monoclonal autoantibodies isolated
to date preferentially recognize denatured autoantigen. We therefore searched an immunoglobulin gene
phage display library for human autoantibodies that bind TPO denatured by reduction and alkylation
(DN-TPO). Thyroid-infiltrating B cells from a typical TPO autoantibody-positive patient were the
source of mRNA for library construction. Surprisingly, the library enriched after panning on DN-TPO,
as well as a panel of individual clones, preferentially bound native (N)-TPO. Of 13 clones selected using
DN-TPO or N-TPO, 12 clones recognized the TPO immunodominant region. Moreover, regardless of
selection with N-TPO or DN-TPO, their heavy and light chains were encoded by similar VDJand V
combinations. One clone (DN4), isolated using DN-TPO, did not interact with the TPO immunodo-
minant region and its H chain derives from a different §ene. Although DN4 binds specifically to

TPO, its affinity is low, unlike the high affinities of other human TPO autoantibodies. In conclusion,
human monoclonal autoantibodies that preferentially recognize denatured TPO could not be isolated
from an immunoglobulin gene library despite selection with denatured protein. Our findings demon-
strate the bias of the human B cell repertoire towards recognition of an immunodominant region on the
conformationally intact form of a major thyroid autoantigen.
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INTRODUCTION some autoantibodies are reported to be inaccessible in the native
. . . molecule [11].
The nature of th toanti repertoire to th minant auto- . . . . . .

e nature of the autoantibody repertoire to the dominant auto Unlike the debate regarding autoantibody interaction with

antigen in human autoimmune thyroid disease is controversial enatured versus native autoantigen there is broad agreement
(reviewed in [1]). On the one hand, several studies have shown th gen, ; X gree
that the component of the B cell repertoire directed against

autoantibodies to thyroid peroxidase (TPO) interact with epitopes

; . . N native TPO is restricted. First, the epitopes of patients’
on conformationally intact protein and binding is decreased fol- - .
utoantibodies overlap with only two of a panel of mouse

lowing protein denaturation [2,3]. On the other hand, other studie%I . . .
. L . 0Abs that recognize a diverse range of epitopes on TPO
have demonstrated serum autoantibody reactivity with TPO afte 12.13]. Second. human TPO MoAbs isolated from patients’ B

reduction/denaturation (for example [4,5]), suggesting that som . . . .
. . . lls define a restricted area on TPO that is recognized by TPO
TP highly conf I. Furth fe's define a re .
O epitopes may not be highly conformational. Further, severa utoantibodies in all190) patients’ sera so far analysed and by

linear epitopes [6,7], as well as polypeptide fragments [8—11], ar - . . L0
recognigedpby [pati]ents' autoanr:ibzzieps Indeegd the v[spitop]es (3pprox. 80% of TPO autoantibodies within each individual serum
' ' (reviewed in [14]). The concept of an immunodominant region on

native TPO has recently been confirmed [15] in a three-way
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human MoAbs isolated independently by different investigatorsLa Jolla, CA) [18] and for the murine MoAb with anti-mouse
[17]. conjugated beads (Sac-Cel; IDS, Boldon, UK) [15]. The reverse

To date, none of the human TPO-specific monoclonal autoimmunoblot protocol is outlined below.
antibodies isolated by three different laboratories preferentially
recognize denatured autoantigen [17—-20]. However, all humaiscreening the GA-lgG/combinatorial libraries with denatured
monoclonal TPO autoantibodies have been isolated using confoand native TPO
mationally intact antigen. Given that autoantibodies to both nativeThe GA-pComb3H library was screened as described [20] by
and denatured TPO are clearly present in autoimmune thyroithcubating approx. ¥ phage (1 h, 3C) in ELISA wells coated
disease, we used the phage display approach (reviewed in [21]) with denatured (DN)-TPO or N-TPO ¢ig/well). The wells were
search an immunoglobulin gene library for human autoantibodiesvashed (four times), bound phagemid eluted with M-HCI
that recognize denatured TPO. Remarkably, even when panned @i 2-2, neutralized with 2 Tris pH7-5 and used to infect XL1
denatured protein, the enriched libraries as well as a panel dBlue cells. Aliquots were withdrawn for titering and culture of the
individual clones preferentially bound native TPO. These findingsremaining cells was continued overnight at@0with M13K07
indicate the importance of protein conformation in the selection ofhelper phage. After phagemid precipitation and resuspension, the
the autoimmune B cell repertoire. panning was repeated twice, increasing the stringency of washing
before elution tox5 in round Il andx6 in round lll. Twenty
individual colonies from the third round of panning on DN-TPO

MATERIALS AND METHODS (or N-TPO) were screened in filter lift assays as described [25] for
Construction of combinatorial immunoglobulin gene libraries  hinding to **3-DN-TPO (or *?3-N-TPO). Aliquots (3ul) of
Thyroid tissue was obtained from a patient (GA) with autoimmunepatients’ and control sera, as well as murine MoAb 47 [12], were
thyroid disease. Typical of the majority of such patients, GA had aapplied to nitrocellulose filters and incubated with the same
moderately high serum TPO antibody titre (1:3000 by ELISA, seepreparations of radiolabelled N- and DN-TPO (reverse immuno-
below). Thyroid tissue (0-5g) was used to prepare mRNA (Pharblot). DNA from TPO-binding colonies was digested with the
macia, Piscataway, NJ) for reverse-transcription of cDNA (Firstfrequent cutting enzyme BstN1 (Stratagene) to identify clones with
Strand Synthesis Kit; Stratagene, La Jolla, CA). IgG1 heavy (H) andlifferent restriction patterns to avoid analysing multiple identical
k-chain cDNA were amplified by the polymerase chain reactioncolonies arising from the amplification involved in library panning.
(PCR) using panels of '5Vy (or V) oligonucleotide primers Screening of the GA Immunozap library was as previously
capable of cross-priming all\Y(or Vk) gene families [16,22]. described [18] using conventional filter lifts arfd3-N-TPO.

A combinatorial library was constructed in the phage displayFollowing plaque purification, plasmids were excised from the
vector pComb3H [23] (provided by Dr C. Barbas, Scripps Immunozap vector using helper phage R408 (Stratagene). Nucleo-
Research Institute) by cloning thechain DNA into the Sacl tide sequencing of double-stranded plasmid cDNA for TPO-bind-
and Xbal restriction sites and subsequently introducing the Hng colonies from pComb3H and Immunozap libraries was
chain DNA into the Xhol and Spel sites. Electroporation intoperformed by the dideoxynucleotide termination method or by
electrocompetent XL1Blue cells (¢&&o BRL, Gaithersburg, MD) PCR-based automated sequencing. Sequences were analysed using
was performed using an IBlI Gene Zapper (FlL 2500V, 400W). the V Base Directory [26] to determine the putative germ-line
Infective phagemid were generated by rescue with M13KO7 helpegenes encoding the TPO binding H and L chain V regions.
phage (Gco BRL) and precipitated with polyethylene glycol. The
unamplified GA-pComb3H combinatorial library contained Fab expression from TPO-binding colonies in pComb3H
approx. 5 10° recombinants. Using the same H amethain Fab were expressed as soluble proteins without removal of the
DNA, a combinatorial library containing approx. 8a.0° recom-  cplll gene from the pComb3H plasmid, as we have shown that this
binants was generated in the bacteriophagesctor Immunozap approach provides sufficient Fab for analysis [20]. Plasmid-bearing

(Stratagene) as described previously [18]. XL1 Blue cells were incubated (3Z, 6—7 h) and protein synthesis
was induced by overnight incubation with isopropyl-thio-galacto-
Native and denatured TPO pyranoside (1 m; Sigma Chemical Co., St Louis, MO). After four

Human TPO secreted by Chinese hamster ovary (CHO) cells waseeze—thaw cycles, the cells were centrifuged and the cell pellets
affinity-purified from culture medium as reported previously [24]. were resuspended in PBS containing protease inhibitors.

An aliquot (10ug) of native (N) TPO in PBS pH 7-4 was denatured

by reduction and alkylation using 5Qundithiothreitol (10min,  Fab recognition of NversusDN TPO

20°C) and 40 nu iodoacetamide, 0+2 Tris, pH 8-3 (10 min, 2TC). A ‘phage’ ELISA was performed by modifying an ELISA pre-
This is a standard protocol previously used by Nakajima et al. [2)viously reported for TPO-specific Fab [18]. In brief, 1@D-
(but with only 10 nw dithiothreitol) to demonstrate loss of TPO aliquots of libraries after one, two or three rounds of panning
binding activity by patients’ autoantibodies. After buffer exchange (diluted 1:1¢—1:10%) were applied to ELISA wells coated with N-

(to PBS) using Micron 50 columns (Amicon Inc., Beverly, MA), TPO or DN-TPO (Iug/ml). Bound phage were detected with
the change in naturation status was assessed by a direct binditgptinylated sheep antibody to M13 (5 Prime to 3 Prime, Inc.,
assay and reverse immunoblot using TPO autoantibody-positiv8oulder, CO) and horseradish peroxidase (HRP)-conjugated strep-
sera, a human monoclonal TPO-specific autoantibody Fab, WR1.tavidin (Pharmingen, San Diego, CA). ELISA for Fab was per-
[16] and a mouse MoAb (Mab 47) [12] (the latter kindly provided formed using similarly coated wells and detection, as in previous
by Dr B. Czarnocka, Medical Centre of Postgraduate Educationstudies [18], with murine monoclonal anti-huma(QE11; Recog-
Warsaw, Poland). TPO for these assays was labelled using iodogenition Sciences, Birmingham, UK) and affinity-purified anti-mouse
Antibody—TPO complexes in the direct binding assay were predgG conjugated to HRP (Sigma). In both assays, the substrate was
cipitated for human sera with Protein A (Pansorbin; Calbiochemo-phenylenediaming- H,O, and optical densities (OD) were read
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Fig. 1. Interaction of thyroid-derived clones with native (N) versus denatured (DN) thyroid peroxidase (TPO) after three rounds of panning a
pComb3H phage display library constructed from thyroid tissue of a patient with autoimmune thyroid disease. Individual clones from the third
round of panning against DN-TPO or N-TPO were tested in filter lifts for binding of radiolabelled antigen. As anticipated, DN-TPO-selected
clones bind"®3-DN-TPO (a) and N-TPO-selected clones bifd-N-TPO (b). Unexpectedly, DN-TPO binding clones interact better with
129.N-TPO (c) than with*?3-DN-TPO (d).*23-DN-TPO used in these studies is recognized very well by mouse MoAb 47, but only weakly or

not at all by serum autoantibodies (patients GA and FA) (e). In contrast\-TPO is recognized by both serum antibodies and mouse MoAb

47 (f). Controls include normal (NI) human serum and normal mouse serum (e,f). The arrows indicate binding by the human monoclonal TPO
autoantibody Fab WR1.7 (as a bacterial streak) that preferentially recognizes N-TPO [16].

at 492 nm. Fab specificity was established by comparing OD valueRecognition of TPO expressed on eukaryotic cells

for ELISA wells coated with TPO versus the following proteins Flow cytometry of TPO expressed on CHO cells was studied as
(2 wg/ml): bovine serum albumin (BSA; Sigma); myeloperoxidase described [27]. In brief, CHO-TPO cells grown in monolayer were
(MPO; Calbiochem), lactoperoxidase (LPO), transferrin, keyholedetached by mild trypsinization and incubated with TPO-binding
limpet haemocyanin (KLH) (all from Sigma) and human thyroglo- Fab followed by anti-humar conjugated to PE (Caltag, Burlin-
bulin (Tg) prepared from Graves’ thyroid tissue by gel filtration game, CA). Fluorescence was analysed using the Becton Dick-

and ion exchange chromatography. inson FACScan—CELLQuest system (Mountain View, CA).
(@) Round II Round Il (b) DN-TPO-selected clones (c) N-TPO-selected clones
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Fig. 2. Preferential recognition of native (NBlj versus denatured (DN) thyroid peroxidase (TPO) Ky the phage display library panned on
denatured TPO (a) and by Fab expressed by individual clones selected by panning on either DN-TPO (b) or N-TPO (c). Dilutions of phage
from the GA-pComb3H library after rounds |, Il and Ill or individual expressed Fab were applied to ELISA wells coated with N- or DN-TPO.
Phage were detected with biotinylated anti-M13 phage and horseradish peroxidase (HRP)-conjugated streptavidin and Fab with anti-human k
and HRP anti-mouse IgG. The upper limit of binding to bovine serum albumin (BSA)-coated wells is indicated by the broken lines. OD,
Optical density.
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(a) sites were saturated with normal human serum. Aliquots?d¢
TPO (approx. 20 000 ct/min) preincubated in buffer or with a pool
of four Fab that define the immunodominant region (SP1.4,
WR1.7, TR1.8 and TR1.9; each at T04) [16] were added to
the immobilized test Fab pellets. After incubation and washing,
radioactivity bound to the Sac-cel was counted. Non-specific
binding (approx.3% of total counts) was subtracted to provide
specific binding to TPO.

4000

3000

2000

RESULTS

1000 I Phage screened on denatured TPO preferentially recognize
native TPO
The yield of phage eluted after panning the GA-pComb3H library
0 No.4 No.8 No.15 No .20 on DN-TPO increased progressively; — approx. 1,
No.7 No.14 No.16 approx. 5< 10~“% and 2x 10-°% after rounds I, Il and IIl, respec-
tively. Comparable yields were observed for phage from the same
(b) library panned on N-TPO (approx.1f9, approx.10°% and
4x103%). After three panning rounds, filter lift assays indicated
that approx.50% individual colonies selected using DN-TPO
recognized **31-DN-TPO (Fig. 1a) and approx.50% colonies
selected using N-TPO recognizétf-N-TPO (Fig. 1b). Surpris-
ingly, in a cross-comparison, the DN-selected colonies recognized
N better than DN'23-TPO (Fig. 1c versus Fig. 1d).
The efficacy of denaturation of DN-TPO used in panning and
as tracer in these studies was confirmed in two ways. Bifat,
TPO binding by patients’ autoantibodies (sera diluted 1:200) was
markedly lower to DN-TPO than to N-TPO, 8t94-6% (mean
+s.e.m.; n=11 sera) versus 35-44-5% (t=14-41, ~K0-001,
paired t-test). This magnitude of reduction in TPO autoantibody
0 binding is comparable to values previously obtained by others for
No.2 No.5 No.6 No.8 NO'”NO 12 Graves’ and Hashimoto sera [2]. In contrast, the same DN-TPO
' ' ' was bound to a greater extent than N-TPO (46-5% versus 17-6%,
respectively) by murine MoAb 47 (diluted 1:10000) that recog-
nizes denatured and native TPO [12]. Second, after direct applica-
Bl buffer 1 4Fab pool tion to filters, sera from patients GA and FA (1:20 and 1:200)

Fig. 3. The epitopes of thyroid peroxidase (TPO)-binding clones selectecpo_undlzs-l'PN'TPO (Fig. 1e) to a much Ie_s_ser extent than N'TP_O
by panning on denatured (DN)-TPO (a) or on native (N)-TPO (b), with one(Fig. 1f). Similarly, a streak of TPO-specific Fab WR1.4 bacteria
exception (clone DN4), lie within the immunodominant region. Competi- also gave strong signal with N-TPO (Fig. 1b,c) and a much weaker
tion assays for radiolabelled TPO binding were performed between newlpr negative signal with DN-TPO (Fig. 1a,d). Consistent with the
cloned TPO-binding Fab and four previously isolated Fab that define thalirect binding assay, murine MoAb 47 recognized both native and
immunodominant region [16]. Data are presented as cthiiTPO  denatured TPO even at a dilution of 1:2000 (Fig. 1e,f).

125|.TPO bound (ct/min)

4000

3000

2000

1000

1251.TPO bound (ct/min)

TPO binding in the presence of :

bound. The autoradiographic observations for TPO selected colonies
were confirmed quantitatively by ELISA at different stages of
Fab binding to**3-TPO and Fab affinities for TPO library panning on DN-TPO, as well as for individual clones after

TPO-specific Fab with-chains were incubated with®3-TPO the third panning round. Enrichment for TPO-binding phage was
(approx. 20000 ct/min) and murine monoclonal anti-human evident in the library after round Il, at which stage there was
(QE11) as described [18]. After addition of anti-mouse IgG- preferential recognition of N-TPO versus DN-TPO (Fig. 2a). A

coated beads (Sac-cel) to capture the immune complexes, tremilar preference for N-TPO was seen after round Ill. The greater
beads were sedimented and counted to determine the percentagerichment at this stage required greater library dilution to over-
125-TPO bound. The Fab affinities for TPO were determined bycome saturation of available binding sites on ELISA wells.

Scatchard analysis 6f3-TPO binding in the presence of increas- To reduce the likelihood of characterizing multiple identical
ing concentrations of unlabelled TPO. clones, we tested 13 DN-TPO-selected and 11 N-TPO-selected
clones for differences in BstN1 restriction patterns of their DNA
Interaction of TPO-specific Fab with the immunodominant (data not shown). Quantification of binding activity of soluble Fab
domain on TPO expressed from individual clones revealed significantly greater

A modification of the above assay was used to determine theecognition of N-TPO versus DN-TPO for 7/7 clones selected with
interaction of newly cloned Fab with epitopes in the TPO immu-DN-TPO (Fig. 2b, & 11-369, R 0-0003; paired t-test), as well as for
nodominant region (reviewed in [14]). As detailed previously [18], 6/6 clones selected with N-TPO (Fig. 2c=17-05, R<0-00001).

test Fab were immobilized with anti-human(QE11) and anti- Therefore, regardless of whether they were selected on DN-TPO or
mouse IgG-coupled beads (Sac-cel). Remaining sartinding on N-TPO, all clones preferentially recognized N-TPO.

© 1999 Blackwell Science LtdClinical and Experimental Immunolog$17:19—-29
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SPYSDL D REGION

23

FR1 CDR1 FR2
DN 16 VOLLEQSGAQVKKPGASVKVSCKASGYSFT IYPIHWVRQAPGQRLEWMG LIHAGNSNTKYSQKFQG
DN 20 VOQLLEQSGAQVKKPGASVKVSCKXSGYSFT IYPIHWVRQAPGQRLEWMG LIHAGNSNTKYSQKFQG
N 11 VQLLEQSGAEVKKPGASVKVSCKASGYSFT IYPIHWVRQAPGQRLEWMG WIHAGNGNTKYSQKFQG
N 2 | mrmmmmm e VSCTVCGYSEN IYXIHWVRQAPGLWHEWMG LIHVGNSDTKYSQFLC
N 5 VQLLEQSGAEVKKPGASVKVSCKASGYSFT IYPIHWVRQAPGQRLEWMG WIHAGNGNTKYSQEFQG
N 8 VOLLRQSGAEVKKHGASVKVSCKASGYSFT IYPIHWVRQAPGERLEWMG LIHAGNSNTKYSQKFQG
N 12 VQLLEESGAEVKKPGASVKVSCKASGYSFS SYGVHWVRQAPGQSLEWMG WIHAGTGNTKYSQKFQD
G(N) 2 VKLLEQSGLEVKKPGASVKVSCKASGYSFT IYPLHWVRQAPGONLEWMG WIHAGTGNSKYSQKFQG
G (N) 3 VKLLEQSRAEVKKPG-SVKVSCKASGYSFT IYPMHWVSQAPGQRLEWMG LIHSGNGNTKYSQKFQG
G (N) 6 VKLLEQSGLRLKKPGASVKVSCKASGYSFT IYPIHWVGQAPGQRLEWMG LIHAGNSNTKYSQKFQG
G(N) 9 @ @ e e e GNTKYSQKFQG
V1-3b VQL-VQSGAEVKKPGASVKVSCKASGYTFT SYAMHWVRQAPGQRLEWMG WINAGNGNTKYSQKFQG

FR3 CDR3 FR4 (JH4)

DN 16 RVTFTRDTSASTAYMELSSLRYEDTAMYYCAR SPYSDL DI WGQGTLVQVSS
DN 20 RVTFTRDTSASTAYMELSSLRYEDTAMYYCAR SPYSDL DI WGQGTLV—-—--
N 11 RVTFTRDTSASTAYMELSSLRYEDTAMYYCAR SPYGDX DY WGQGTLVTS—
N 2 RVTFTRYTSASTAYMVLSNIRYEDTAMYYCAR SPYSDF DI WRQGTLVTVSS
N 5 RVTFTRDTSASTAYMELSSLRYEDTALYFCAR SPYGDL DY WGQGTLVTVSS
N 8 RVTFTRDTSASTAYMELSSLRHEDTAMYYCAR SPYNDI DI WGQGTLVRVSS
N 12 RVTIIRDTSASTAYMELSSLRSEDTAVYYCAR DPYSWGGEL DY WGQGTLVTVSS
G (N) 2 RVTFTRDTSASTAYMELSILRYEDTALYFCAR SPYGDL DY WGQGTLVTVSS
G (N) 3 RVTFTRDTSASTAYMELSSLRYEDTAMYYCAR SPYSDL DY WGQGTLVTVSS
G (N) 6 RVTGTRDTSASTAYMELSSLRYEDTAMYYCAR SPYSDL DI WGQGTLVSVSS
G(N) 9 RVTGTRDTSASTAYMELSSLRYEDTAMYYCAR SPYSDL DI WGQGTLVTVSS
V1-3b RVTITRDTSASTAYMELSSLRSEDTAVYYCAR YFDY WGQGTLVTVSS

Fig. 4. (See pp 24 and 25) Similar H chain V regions encode thyroid peroxidase (TPO) binding Fab selected using native (N) or denatured
(DN)-TPO. Derived amino acid sequences are shown for: (i) clones selected from the GA-pComb3H phage display library by panning on DN-
TPO (DN clones); (ii) clones selected from the same library by panning on N-TPO (N clones); (iii) clones isolatedUsinGPO from the
GA-bacteriophaga library (G(N) clones). Clone grouping is based on their D regions: (a) ‘SPYSDL’ group; (b) ‘ENGPLNTAFF’ group; (c)
‘VAAPAYNFAV’ group and the single clone with D region VERAPEAYYYRGGT. Included for comparison are the amino acid sequences of
their closest germ-line genes, namely V1-3b, V1-2 and hv1263 [26]. Note, because of their high degree of mutation, the D region germ-line
genes could not be assigned and the DJ junctions shown, except for clone DN4, are arbitrary.

Recognition of the TPO immunodominant region 91+ 3% and 84+ 5% inhibition of **3-TPO binding, respec-
Despite recognizing conformationally intact TPO, it was possibletively. In contrast, in two separate experiments (one shown in
that clones selected using DN-TPO might differ in other aspects-ig. 3), TPO binding by DN-selected clone no. 4 (DN4) was
from clones identified using N-TPO. Consequently, we investi-unaffected by the presence of the four Fab pool. Consequently,
gated whether the epitopes of the newly isolated TPO-bindingunlike the epitopes of the other 12 clones from patient GA, the
clones lay within the TPO immunodominant region recognized byepitope of DN4 lies outside the TPO immunodominant region.
all patients’ sera, as previously defined by a pool of four human
monoclonal autoantibody Fab [16]; reviewed in [14]. H and L chain variable region genes for clones selected with
Competition studies with the four Fab pool revealed that, withDN-TPO and N-TPO
one exception, the newly isolated TPO-binding Fab interacted witiVe determined the H and L chain V region nucleotide sequences of
epitopes in the TPO immunodominant region. Thus, these four Fathe seven DN-TPO-selected clones (‘DN-clones’) and the six N-
inhibited *23-TPO binding by Fab generated from 6/7 clones TPO-selected clones (‘N-clones’) isolated from the GA-pComb3H
selected on DN-TPO (Fig. 3a) and from 6/6 clones selected oflibrary. In addition, we characterized 12 clones from a bacterio-
N-TPO (Fig. 3b). Quantitatively, the mean inhibition for the six phage\ (Immunozap) library constructed using H arethain
DN-TPO-selected and six N-TPO-selected clones was similarcDNA from the same patient. These clones, termed ‘G(N)’, were

© 1999 Blackwell Science LtdClinical and Experimental Immunolog$17:19—-29
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(b)
ENGPLNTAFF D REGION
FR1 CDR1 FR2 CDR2
DN 14 EVQLLES-GAELKKPGASVKVSCKASGYTFT AYYIH WVRQAPGQGLEWMG WINPNSGGTNYAQKFQG
N 6 EVQOLXEQSGAEVKKPGASVKVSCKXSGYTFS AYYVH WVRQAPGQGLEWMG WINPNSGGTNYPQKFQG
G(N) 1  ———————— —————= GASVKVSCKASGYTFT AYYIH WVRQAPGQGLEWMG WINPNSGGTNYAQKFQG
G (N) 4 @ e GASVKVSCKASWYTFT AYYIH WVRQAPGQGLEWMG WINPNSGGTNYAQKFQG
G(N) 17  —————————- EVKKLGASVNVSCKASGYTFT AYYIH WVRQVPDQGLEWMG WINPNSGGTNYAQNFQG
G(N) 19  —-————- OSGAEVKKLGLSVKVSCKASGYTFT GYYIH WVRQAPVQGLEWMG WINPNSGGTNYAQKFQG
G(N) 22 - mmme e WMG WINPYCGGTNITQKFQG
vi-2/ QVQL-VQSGAEVKKLGASVKVSCKASGYTFT GYYMH WVRQAPGQGLEWMG WINPNSGGTNYAQKFQG
hvlLl
FR3 CDR3 FR4 (JH6)

DN 14 RVITMTRDTSSSTAYMDLSRLTSDDTAVYYCAR ENGPLNTAFF YGLDV WGQGTTVTVSS

N 6 RVTLTRDTSINTVYMDLSRLTSDDTAVYYCAR EGVPINTANS YGMDV WGQGTTVTFESS

G(N) 1 RVTMTRDTSSSTAYMDLSRLTSDDTAVYYCAR ENGPGNTAFF SGLAV WGQGTTVTVSS

G(N) 4 RVTMTRDTSSSTAYMDLSRLTSDDTAVYYCAR ENGPLNTAFF YGLDV WGQGTTVTVSS

G(N) 17 RVTMTRDTSSSTAYMDLSRLRSDDTAVYYCAR ESGPINTAFF YVWNV WGQGTTVTVSS

G(N) 19 RVITMTRDTSSSTAYMDLSRLTSDDTAVYYCAR ENGPLNTAFF YGLDV WGQGTTVTVSS

G(N) 22 RVTMTRDTSSTTAYMDLSRLTSDDTAVYYCAR ENGPLNTAFF YGLDV WGQGTTVTVSS

v1i-2/ RVTMTRDTSISTAYMELSRLRSDDTAVYYCAR YYYYGMDV WGQGTTVTVSS

hvlL1l

Fig. 4. continued (See previous page for caption)

identified by filter lift assays usini-labelled N-TPO. All TPO  A27 [26]. Although the VDJ region of clone DN4 is unique among
binding clones were classified in terms of the derived amino acidTlPO-binding clones isolated from this patient, it has an O124«ike
sequences of their H chain D regions. Regardless of whether theghain (like many other TPO-binding Fab in this panel).
were selected with DN-TPO or N-TPO (pComb3H vector) or by
using 1*3-N-TPO (Immunozap vector), the TPO binding clones Affinity for TPO and specificity of clone DN4 compared with
comprise four groups: (i) the largest group has ‘SPYSDL’ D other DN-TPO-selected clones
regions, \,;1 family genes derived from V1-3b/DP-25 germ-line Because of its unusual VDJ region, and because its epitope lies
genes [26] andu} regions (Fig. 4a). This group includes two DN- outside the TPO immunodominant region, we examined other
TPO clones, five N-TPO clones and four G(N) clones obtained bymmunological properties of the Fab expressed by clone DN4
screening with 23-N-TPO; (i) the second group has Fab: (i) on flow cytometry, Fab DN4, like another representative
‘ENGPLNTAFF’ D regions, \{; regions related to the germ-line Fab (DN14), bound native TPO expressed on intact eukaryotic
gene V1-2 [26], also known as hv1 |1, and modifie@ Jegions  cells (mean fluorescence intensity (MFI) valu#10 units for both
(Fig. 4b). This group includes one DN clone, one N clone and fiveFab compared with 30 units in the presence of second antibody
G(N) clones; (iii) the third group has ‘VAAPAYNFAV' D regions, only); (ii) unlike other Fab representative of the three major D
V1 genes related to V1-3b/DP-25 [26] and truncatg@l kgions  region groups (DN8, DN14, and DN16¥3-TPO binding by DN4
(Fig. 4c). Three three DN clones and three G(N) clones are withirwas only marginally inhibited by concentrations of unlabelled TPO
this group; (iv) finally, DN4, the unique clone that interacts with an as high as % 10~8wm unlabelled TPO (Fig. 6a). Fab DN8, DN14
epitope outside the immunodominant region also uses genesnd DN16 had high affinities for TPO, as calculated by Scatchard
distinct from all the other TPO-binding clones. Thus, DN4 has aanalysis of the binding data, namely Kd %50 1%,
unique D region, ‘VERAPEAYYGGGYT’, as well as aMegion  2-6x107'°m and 1-2 107 %u, respectively. In contrast, the affi-
related to the germ-line gene hv1263 [26] and a complg& J nity of Fab from DN4 was too low to be measured,; (iii) despite its
region (Fig. 4c). The combination of this D region and a non-low affinity, Fab DN4 bound specifically to TPO (Fig. 6b). Thus,
truncated J6 creates a very long CDRS3. like Fab DN14, N2 and N6, Fab DN4 gave a strong signal on
In terms of theirk-chains, partial sequencing of the CDR2 ELISA wells coated with TPO, but not with the related enzymes
regions (Fig. 5) showed that the majority of the ‘SPYSDL’ D LPO and MPO, Tg, and with two non-autoantigens, namely
region group, as well as all of the “'VAAPAYN'’ D region group, transferrin and KLH.
have 012/02 [26]-like L chains. In contrast, all clones with
‘ENGPLNTAFF’ D regions have ¥ lll chains derived from
germ-line gene Vg [26]. One other Fab, N12, with a greatly
modified ‘SPYSDL’ D region, has a #/lll chain derived from

DISCUSSION
The phage display system provides a powerful means of searching

© 1999 Blackwell Science LtdClinical and Experimental Immunolog$17:19—-29



Rarity of autoantibodies to denatured thyroid peroxidase 25

(c)
VAAPAYN D REGION

FR1 CDR1 FR2 CDR2

DN 8 EVQLLEQSGAEVKKPGASVRVSCKASGYMIS TYTMH WVRQAPGHRPEWMG WINADNGRTRYSQRFQG
DN 15 EVQLLEQSGAEVKKPGASVRVSCKASGYMIS TYTMH WVRQAPGHRPEWMG WINADNGRTRYSQRFQG
DN 7 EVQLLEQSGAEVKKPGASVRVSCKASGYMIS TYTMH WVRQAPGHRPEWMG WINADNGRTRYSQRFQG
G (N) T e GASVRVSCKASGFMYS TYTIH WVLQAPGHRPEWMG WINADNAKTRYSQRFQG
G (N) 5 -—QL-EQSGAEVKKPGASVKVSCKASGYTFT TYTMH WVRQAPGQGLEWMG WINADNGRTRYSQRFQG
V1-3b QVQL-VQSGAEVKKPGASVKVSCKASGYTFT SYAMH WVRQAPGQRLEWMG WINAGNGNTKYSQKFQG

FR3 CDR3 FR4 (JH6)
DN 8 RVTITRDTIANTAYMELSSLSSDDTAVYYCAR VAAPAYN FAVDV  WGQGTTVIVSS
DN 15 RLTITRDTIANTAYMELSSLTSDDTAVYYCAK VAAPAYN FAVDV  WGQGTTVIVSS
DN 7 RVTITRDTIANTAYMELSSLSSDDTAVYYCAK VAAPAYN FAVDV  WGQGTTVIVSS

G(N) 7 RVTITRDKIANTAYMELSSLRSEDTAVYYCAK VAAPAYN FAVDV  WGQGTTVTVSS
G(N) 5 RVTITRDTIANTAYMELSSLSSDDTAVYYCAK VAAPAYN FAMDV  WGQGTTVTVSS

V1-3b RVTITRDTSASTAYMELSSLRSEDTAVYYCAR YYYYGMDV  WGQGTTVTVSS

VERAPEAYYRGGGYT D REGION

FR1 CDR1 FR2 CDR2
DN 4 EVQLLEQSGAEVKKPGSSVKVSCKASGGTEFS KDGIS WVRQAPGQGLEWMG RIITMFDVANYAQKFQG
hv1263 QVQLV-QSGAEVKKPGSSVKVSCKASGGTFS SYAIS WVRQAPGQGLEWMG RIIPILGIANYAQKFQG

FR3 CDR3 FR4 (JHG6)
DN 4 RVTITADKSTSTAYMELSNLRSEDTAVYYCAR VERAPEAYYYRGGGYT YYYSPMDV WGQGTTVTRS
HV1263 RVTITADKSTSTAYMELSSLRSEDTAVYYCAR YYYYGMDV WGQGTTVTVSS

Fig. 4. continued. (See p 23 for caption)

an immunoglobulin gene combinatorial library for rare antibody Vy and VK gene sequences and recognition of native TPO [17,29].
specificities. We therefore used this approach to search for huma@ur present observations from panning a thyroid-derived library
autoantibodies preferentially reactive with denatured autoantigemwith N- and DN-TPO, together with information from screening
in a combinatorial library generated from thyroid-infiltrating thyroid or lymph node libraries with N-TPO (for example [16—
plasma cells of a typical patient with autoimmune thyroid disease20,29]), suggest the rarity of human autoantibodies with specificity
Surprisingly, both the library enriched by panning on denaturedfor denatured TPO. Consequently, conformationally intact TPO,
(reduced and alkylated) TPO, as well as individual clones from thisnormally expressed on the surface of thyroid cells, is likely to play
enriched library, interacted preferentially with native TPO. Thea critical role in selection of the autoimmune B cell repertoire in
efficacy of reduction and alkylation in changing the TPO natura-autoimmune thyroid disease, the most common organ-specific
tion status was confirmed by a direct binding assay and by reversautoimmune condition in humans.
immunoblot using human sera, a human TPO-specific autoanti- The second major finding of our study is that, of 12 new human
body Fab [16] and a mouse MoAb that recognizes N-and DN-TPOTPO-specific MoAbs isolated using denatured or native autoanti-
[12]. We cannot exclude the possibility that a small proportion ofgen, all but one recognized the immunodominant region on native
TPO remained in its native form. However, the presence ofTPO (reviewed in [14]). Combining these observations with data
minimal amounts of N-TPO is unlikely to have influenced the on previously characterized MoAbs obtained by two different
outcome of the study, since previous studies have indicated thdaboratories [15], 97% (34/35) of TPO-specific human MoAbs
antigen-specific phage present at frequencies of less than 1 inidentified from seven different patients interact with epitopes in the
billion can be isolated from a phage display library by repeatedimmunodominant region. Our findings reinforce the concept that
rounds of selection [21]. the B cell repertoire in human autoimmune thyroid disease is
It is possible that extrathyroidal sites of thyroid autoantibody focused on a restricted set of overlapping epitopes on the native
synthesis, such as lymph nodes draining the thyroid glandl07-kD TPO molecule.
(reviewed in [28]), may contain B cells specific for denatured  The basis for restricted epitopic recognition on TPO by
TPO. However, TPO-reactive Fab isolated from thyroid and lymphspontaneously arising human autoantibodies (reviewed in [14]),
node of the same patient were remarkably similar in terms of theiversus diverse epitopes in experimentally immunized animals [12],
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ENGPLNTAFF D REGION

CDR1 FR2 CDR2 FR2
DN 14 —-—------——= —-—-—-KPGQAPRLLIY DASSRAT GIPPRFSGSGS-GDFTLTISSLEPEDFAVYY
N 6 —--——- SNYLA WYQQKPGQAPRLLIY HASSRAT GNPARFRPSGSGTDFTLTISSLEPEDFAVYY
G(N) 1 -————- SSYLA WYQQKPGQAPRLLIY DASNRAT GMGARFSGSGSGTDFTLTISSLEPEHFAVYY
G(N) 4 -SQSISNYLA WYQQKPGQAPRLLIY DASSRAT GIPARFSGSGSGTDFTLTISRLEPEDFAVYY
G(N) 17 —-SQSISNYLA WYQQO-PGQAPRLLIY DASSRAT GIPARFSGSGSGTDFTLTISSLEPEDFAVYY
G(N) 19 —-SQSVSSYLA WYQQKPGQAPRLLIY DASFRAT GIPARFSGSGSGTDFTLTISSLEPEDFAVYY
G(N) 22 —————————- -—-—-QKPAQAPRLLIY DASSRAT GIPARFSGSGSGTDFTLTITDLEPEDFAVYY
Vg -SQGVSSYLA WYQQKPGQAPRLLIY DASNRAT GIPARFSGSGPGTDFTLTISSLEPEDFAVYY

SPYDL D REGION

DN 16 -——YLN WYQQOKPAAPKLVIF AASSLQS GVPSRFSGSGSGTDFTLTISDLQPEDIATYY
DN 20 -TYVN WYQQRPGKAPKLLIF AASSLQS GVPSRFSGSGSGTHFTLTISSLQPEDFATY-
N T e GKAPKLLIY AASSLQS GVPSRFSGSGSGTDFTLTISSLQPEAFATYS
N i —-——--NPGTAPKLLIY AASTLQS GVTSRFSGSGSGTEFTLTITSLQPEDFATY
N 5 -NYLN WYQQKPGKAPKLLIY AASSLES GVPSRFSGSASGTDFTLTISSLQPEDFATY-
N 8 -TYLN WYQQKPGKAPKSLIY ATSSLQS GVPSRFSGSGSETDFTLTISSLQPEDFATD-
G(N) 2 -SYLN WYQQKPGKAPTLLIY AASSLQS GVPSRFSGSGSGTDFTLTINSLQREDFGTYY
G(N) 3 -SYLN WYQRKPGKAPNLLIY AASSLQS GVPSRFSGSGSPTDFTLTISSLQPEDFATYY
G(N) 6 -NYLN WYQQKPGEAPNLLIY AASSLQG GAPSRFSGSGSGTDFTLTISSLQPEDFATYS
G(N) O -SYLN WIQQKPGKAPKLLIY AASSLQS GVPSRFSGSGSGTDFTLTINSLQPEDFATYY
012 -SYLN WYQQKPGKAPKLLIY AASSLQS GVPSRFSGSGSGTDFTLTISSLQPEDFATYY
N 12 -SQSVSSSYKA WYQQKPGQAPRLVIY GASSRAT GIPDRFSGSGSGTANTLTISRLEPEDFAMY-

A27 -SQSVSSSYLA WYQQKPGQAPRLLIY GASSRAT GIPDRFSGSGSGTDFTLTISRLEPEDFAVYY

VAAPAYNFAV D REGION

DN 8 === —--—--KPGKAPKLLIY -AFNLQS GVPSRFSGSGPGTDFTSLISSVQPEDFASYY
DN 5 -————- ----KPGRAPKLVVF AASSLQS GVPSRFSGSGSGTEFTLTISSLQPEDFA---
DN 7T mmm——= --—--PGK APKLMIY AASSLQS GVPSRFSGSGSGTDFTLTISSLQPEDFATYF
G(N) 5 --=SSYVS WYQQKPGKAPRVLIY AASSLQS GVPSRFSGSGSGTDFTLTISSLQREDFGTYY
G(N) 7 --=-SSYLN WYQOKPGKAPNLLIY AASSLQS GVPSRFSGSGSGTDFTLTISSLQPEDFATYY
012 -—=SSYLN WYQQKPGKAPKLLIY AASSLQS GVPSRFSGSGSGTDFTLTISSLQPEDFATYY

VERAPEAYYRGGGYT D REGION

DN 4 -SSYLN WYQQKPGKAPKLLIY AASSFES GVPSRFSGRGSGADFTLSISSVQPEDFASYY

012 -SSYLN WYQQKPGKAPKLLIY AASSLQS GVPSRFSGSGSGTDFTLTISSLQPEDFATYY

Fig. 5. Similar L chain variable regions encode thyroid peroxidase (TPO) binding Fab selected using native (N) or denatured (DN)-TPO.
Derived amino acid sequences (partial) are shown for clones selected from: (i) the GA-phage display library panned on DN-TPO (DN clones);
(i) the same library panned on N-TPO (N clones); (iii) the GA-bacteriophatierary using*>1-N-TPO, ‘G(N)’ clones. The clones are

grouped according to the derived amino acid sequences of their H chain D regions (see Fig. 6). Included for comparison are the amino acid
sequence of their closest germ-line genes, namely Vg; 012/02 and A27 [26].
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chain gene combinations were also found in TPO-binding clones
isolated from the same thyroid-derived immunoglobulin gene
cDNA in a bacteriophage vector using native TPO. Thus, with
one exception (see below), all three approaches yielded Fab with
three basic VDJ®/ combinations, regardless of whether the
libraries were screened on denatured or native TPO (summarized
in Table 1). Incidentally, the presence of the same VDJh and V
combinations in TPO-binding Fab isolated from two different
libraries (pComb3H and Immunozap), each containing random
combinations of the same H and L chain cDNA, supports our
earlier findings. That is, in ‘roulette’ studies using a TPO-specific
H chain to search the parent L chain library for other L chains
compatible with TPO binding, we pulled out the same type of L
L L L chains, and vice versa (reviewed in [14]).
1010 109 108 Clone DN4 has a VDhJh{V combination unique for this
patient, namely a \ derived from hv1263, a D region ‘VERA-
PEAYYYRGGT' and a 46 paired with an O12-like ¥ chain
(Table 1). Also unique to this autoantibody is that it does not
interact with the TPO-immunodominant region. The use of an
hv1263-like \{; region is not unusual, as H chains derived from
3T (b) this germ-line gene were used by TPO autoantibodies previously
7 isolated from thyroid tissue of a different patient [16,25]. However,
DN4 unlike the hv1263/012 combination in DN4, in previously
DN14 reported TPO autoantibodies the hv1263-like H chains were
N2 paired with L chains related to thexMIl family gene A3. Most
striking about TPO clone DN4 is its very long CDRS3 region (24
amino acids), longer than those of (i) other Fab cloned from thyroid
cDNA of this patient (8—15 amino acids); (ii) the previously
0 -l eV e, N ey, reported TPO autoantibodies with hv1263-like H chains (15
TPO LPO  MPO Tg Trans- KLH amino _acnds) [16,25]; _and (_m) other TPO autoantl_bodles W|_t_h
ferrin Jy6 regions (12—-14 amino acids) [16,29]. Though antigen-specific,
] ) ) ) DN4 has a very low affinity for TPO, in contrast to the high
Fig. 6. Fab DN4, that does not recognize the thyroid peroxidase (TPO)affinities of other TPO autoantibodies with hv1263-H chains

immunodominant region, has a low affinity for TPO (unlike other TPO- [16,25] - . . .
and the other TPO autoantibodies characterized in the
lected F it bi ificall TPO (like oth ive (N)-TP ’
selected Fab), yet it binds specifically to TPO (like other native (N) Opresent study (Kd approx: O‘lOM). In the context of DNA’s

and denatured (DN)-TPO selected Fab) &) TPO bound (% maximum) AR .
in the presence of increasing concentrations of unlabelled TPO by Fab DNPW affinity, it is intriguing that hv1263 is a member of the fetally
and three other DN-TPO-selected clones representative of clones with tH@xpressed 51P1 group of genes [33]. However, DN4 uses a
other D regions. Binding in the absence of unlabelled TPO: DN4, 21-8%{mutated, not a germ-line, form of hv1263. Instead, the low affinity
DN8, 27-2%; DN14, 18-3%; DN16, 19-5%. (b) Optical densities (492 nm)of DN4 may be related to its unusually long CDR3 region.
for Fab DN4, DN14, N2 and N6 incubated with ELISA wells coated with Our observations are relevant to B cell repertoire selection in
TPO, lactoperoxidase (LPO), myeloperoxidase (MPO), thyroglobulin (Tg),organ-specific human autoimmune diseases in general. For exam-
transferrin (Tsfn) and keyhole limpet haemocyanin (KLH). Fab binding ple, besides TPO, preferential interaction with native rather than
was detected with mouse MOADb to humarchains. All samples were  jenatyred autoantigen is observed for IgG class autoantibodies to
analysed simultaneously and data are the means of closely agreeing Ay [34] and the acetylcholine receptor (myasthenia gravis) [30].
duplicate wells. Lo . .
Moreover, the association between high serum levels of autoanti-
bodies and reactivity to denatured GAD in Stiff Man syndrome
is not known. Similar observations have been made for autoversus much lower titres and lack of binding to denatured auto-
antibodies in other autoimmune diseases such as to thentigen in insulin-dependent diabetes mellitus (IDDM) type | [34]
acetylcholine receptor in myasthenia gravis [30]. We have sugr+aises the possibility that B cells specific for the denatured form of
gested [31] that this restricted B cell epitopic recognition maythe protein only arise late in the autoimmune process.
result from the ability of high-affinity antigen-specific B cells to Autoantibodies can directly mediate disease (as in myasthenia
capture and influence the peptides that are ultimately presented @ravis and Graves’ hyperthyroidism) and provide invaluable
T cells. Several studies have shown that human B cell clonegathological markers (IDDM type I). Equally important, autoanti-
specific for different epitopes on the same antigen (tetanus toxoidpodies are likely to play a vital role in antigen presentation to T
enhance or suppress presentation of different peptides to T cellslls (as discussed above). Indeed, very recently it has been shown
[32]. that B cells are crucial antigen-presenting cells in the non-obese
The conclusion that clones reactive with native autoantigendiabetic (NOD) mouse model of IDDM type | [35]. T cell
dominate the B cell repertoire is supported by our present observactivation requires the processing of antigens to relatively simple
tion that similar combinations of H and L chain V region geneslinear epitopes. In contrast, because conformationally intact auto-
encode TPO-binding human MoAb isolated from a phage displayantigen is likely to be important during the early stage of B cell
library using either denatured or native TPO. Similar VDJh ard V repertoire selection in human autoimmunity, understanding this
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Table 1.Screening of thyroid-derived combinatorial immunoglobulin gene libraries with denatured (DN) or native (N)-thyroid peroxidase (TPO) yields Fab
that, with one major exception, are encoded by similgivid \{ chain combinations. Fab grouping is based on the derived amino acid sequences of their D

regions and the number of clones represented by eaé¥f,\combination is indicated in parentheses

GA-pComb3H GA-Immunozap

CDR3 region
DN-TPO N-TPO N-TPO

Derived amino acid sequence [N Length Vu/V L Vu/VL Vu/VL
ENGPLNTAFFxxxxV 16 15 V1-2/Vg (1) V1-2/Vg (1) V1-2/Vg (3)
SPYSDLDI/Y 14 8 V1-3b/012 (2) V1-3b/012 (4) V1-3b/012 (4)
DPYSWGGELDY 44 11 - V1-3b/A27 (1) -
VAAPAYNFAVDV Ju6 12 V1-3b/012 (3) - V1-3b/012 (4)
VERAPEAYYYRGGGYTYYYSPMDV 36 24 hv1263/012 (1) - -

process requires knowledge of the folding, glycosylation and 8 Banga JP, Barnett PS, Ewins DL, Page M, McGregor AM. Mapping of

cellular trafficking of full length, native protein.

In conclusion, human monoclonal autoantibodies that prefer-
entially recognize a denatured form of a major thyroid autoantigen
(TPO) could not be isolated from an immunoglobulin gene library

despite selection with denatured protein. Moreover, unlike the10

majority of TPO-specific MoAbs isolated in this and previous
investigations, only one Fab had its epitope primarily outside the

autoantigenic epitopes on recombinant thyroid peroxidase fragments
using the polymerase chain reaction. Autoimmunity 199057—68.

9 Maastricht J, Koenig RJ, Kaplan MM, Arscott P, Thompson N, Baker

JR Jr. Identification of localized autoantibody epitopes in thyroid
peroxidase. J Clin Endocrinol Metab 1995:121-6.

Zanelli E, Henry M, Malthiery Y. Use of recombinant epitopes to study
the heterogeneous nature of the autoantibodies against thyroid peroxidase
in autoimmune thyroid disease. Clin Exp Immunol 198280—86.

TPO immunodominant region. Our findings demonstrate the biag1 Arscott PL, Koenig RJ, Kaplan MM, Glick GD, Baker JR Jr. Unique

of the human B cell repertoire towards recognition of an immu-
nodominant region on the conformationally intact form of a major
thyroid autoantigen.
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