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Human IgG Fc-binding phage antibodies constructed from synovial fluid CD38*
B cells of patients with rheumatoid arthritis show the imprints of an
antigen-dependent process of somatic hypermutation and clonal selection
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SUMMARY

The persistent presence of rheumatoid factors (RFs) in the circulation is a characteristic phenomenon
in patients with rheumatoid arthritis (RA). Recent data indicate that RFs associated with seropositive
RA are derived from terminally differentiated CD20-, CD38" plasma cells (PCs) present in synovial flu-
ids of the inflamed joints. These cells were shown to secrete RFs actively and are thought to originate
from germinal centre (GC)-like structures present in the inflamed synovium. To obtain a representative
image of the structural properties of IgM and IgG RFs associated with RA, phage antibody display
libraries were constructed from CD38" PCs isolated from the inflamed joints of RF-seropositive patients
with RA. Subsequently, human IgG Fc-binding monoclonal phage antibodies were selected and anal-
ysed. The data suggest that RA-associated RFs are encoded by a diverse set of VL and a more restricted
set of VH regions. VH gene family usage of PC-derived IgM- and IgG-RFs was found to be restricted
to the VH1 and 3 gene families, with a preference for VH3, and many different VL genes were shown
to contribute to RF specificity. Clonally related VH as well as VL sequences were identified, based on
the presence of identical CDR3 regions and shared somatic mutations. In this B cell selection process
base-pair substitutions as well as deletions of triplets in CDR regions, leaving the transcripts in frame,
were involved. Together, these data provide further evidence for an Ag-driven immune response in the
terminal differentiation into RF-producing PCs in patients with RA, including expansion of clonally

related B cells, selection and isotype switching, all hallmarks of a GC reaction.
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INTRODUCTION

Rheumatoid factors (RFs) are antibodies directed against the Fc
part of autologous IgG. Their persistent presence in the circula-
tion is a characteristic phenomenon in patients with rheumatoid
arthritis (RA) and high titres were shown to correlate with more
severe disease [1,2]. RFs in RA are believed to contribute to local
inflammation by immune complex formation and complement
activation [3]. Recent data indicate that RFs associated with RA
are derived from terminally differentiated CD20-, CD38" plasma
cells (PCs) present in synovial fluids (SFs) from inflamed joints of
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RF-seropositive patients with RA [4,5]. These cells were shown to
secrete RFs actively [4] and are thought to originate from germi-
nal centre (GC)-like structures present in the inflamed synovium
[6-10]. The GC-like structures seem to provide a microenviron-
ment in which selection of B cells occurs.

Most data concerning the functional and structural character-
istics of locally produced RFs are obtained by studying the RA
synovial B cell repertoire by cloning or somatic heterohybridiza-
tion of Epstein-Barr virus (EBV)-infected cell lines [7,11-14].
However, a major limitation of these techniques is that EBV fails
to transform and immortilize proliferating B cells or in vivo
secreting PCs [15]. Furthermore, EBV immortalization targets
less than 1% of the B cell fraction and EBV cloning and somatic
heterohybridization are inefficient in humans [16,17]. So, it is
debatable whether the RFs of EBV-transformed B cells can be
considered representatives of the RFs produced in vivo. The data
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from EBV-transformed hybridoma cell lines reveal that in RA
synovium a substantial quantity of the RF-encoding genes is
somatically mutated and somatic mutation has been taken to indi-
cate an antigen-driven response [6,7,11-14]. An alternative, the
generation of complementary DNA libraries from unselected
cells extracted from RA synovial tissue allows only structural
analysis of the V genes found [18-20]. This approach does not per-
mit to directly correlate antibody sequence with RF activity.

To obtain a representative image of the structural properties
of IgM- and IgG RFs produced we studied the RF repertoire of
terminally differentiated CD38" PCs present at the site of inflam-
mation of RF-seropositive RA patients by the phage antibody
display library technique [21,22]. Others have shown that
monoclonal autoantibodies generated by combinatorial libraries
resemble the serum autoantibodies of, e.g. patients with autoim-
mune thyroid disease or primary biliary cirrhosis in terms of affin-
ity, specificity and epitopes recognized [22]. Separate heavy (H)
and light (L) chain variable (V) region libraries constructed from
amplified VH and VL genes expressed in B cells were combined
in a phagemid vector and expressed as gene III fusion proteins on
the surface of filamentous phage particles. Subsequently, human
IgG Fc-binding monoclonal phage antibodies (moPhabs) were
selected and characterized. Here we demonstrate that V genes of
Fc-binding moPhabs constructed from SF PCs display the
imprints of an antigen-dependent process of somatic hypermuta-
tion and clonal selection.

MATERIALS AND METHODS

Study subjects

Heparinized SF was obtained from two RA patients with
increased serum REF titres who were seen at the Department of
Rheumatology of the Leiden University Medical Centre and ful-
filled the criteria of the American Rheumatism Association for
RA [23]. Patient G was a 56-year-old-male with a 13-years history
of RA who was being treated with a disease-modifying antirheu-
matic drug. Patient V was a 71-year-old-male with a 30-year-
old-history of RA who was being treated with a nonsteroidal
anti-inflammatory drug only. The serum IgM-RF titres of patients
G and V were at the time of sampling 20 and 91 IU/ml, respec-
tively (normal values of IgM-RF in serum: <2-5 TU/ml [24]).

Isolation of CD38" B cells

Synovial fluid mononuclear cells (SFMC) were purified by Ficoll-
Hypaque (Pharmacia Biotech AB, Uppsala, Sweden; p = 1-077 g/
ml) density gradient centrifugation and frozen in liquid nitrogen.
SFMC were thawed and stained with the following phycoeryth-
rin-conjugated monoclonal antibodies (Becton Dickinson,
Mountain View, CA, USA): anti-CD3, anti-CD14, anti-CD16 and
anti-CD56. B cells were isolated by negative selection using a cell
sorter (FACStar, Becton Dickinson). Obtained cells contained
>95% CD19" lymphocytes as determined by fluorescence
activated cell sorter analysis (data not shown). Subsequently, for
positive selection of CD38" B cells phycoerythrin-conjugated
anti-CD38 (Becton Dickinson) and a cell sorter were used.

First strand cDNA synthesis

Total RNA was extracted from CD38" B cells (patient G: 4-0 x 10*
cells; patient V: 3-5x 10* cells) using the RNAzol B kit (Campro
Scientific, Veenendaal, the Netherlands) and 1/20 volume of the
RNA solution was reverse-transcribed with an oligo-(dT) ;s

primer (0-5 ug) to first strand cDNA in a final volume of 20 ul con-
taining 50 mM KCl, 10 mM Tris-HCI pH 8-3,5 mMm MgCl,, 1-25 mM
of each ANTP, 10 mM DTT, 20 U Rnasin (Promega, Madison, W1,
USA) and 20 U M-MLV-RT (GibcoBRL, Breda, the Nether-
lands). The reaction mixture was incubated at 42°C for 1 h. Sub-
sequently, the enzyme was inactivated at 65°C for 10 min.

Library construction

Amplification of VH and VL regions was accomplished in a two
step procedure by polymerase chain reaction (PCR). Sequences
of all primers used for amplification are shown in Table 1 [25-27].
In order to preferentially amplify VH regions from IgM- or IgG-
expressing CD38" B cells, a set of 5" VH primers specific for each
of the six human VH gene families in combination with a 3" Cu or
Cy primer specific for all four human IgG subclasses was used.
For amplification of VL regions, 5" Vk or VA primers were used in
combination with a 3" Cx or CA primer, respectively. PCR ampli-
fications of cDNA samples (1 ul each) were followed with semi-
nested PCR reactions. For re-PCR, 1/50 volume of the first PCR
reaction product was amplified with 5" primers that introduced
Ncol and Sacl restriction sites to the VH and VL regions, respec-
tively. Similarly, 3" primers specific for the six human JH segments
were employed to introduce a Xhol restriction site to the VH
regions and 3" primers specific for four Jx (Jx1-Jx4) and five JA
(JA1-JA5) gene segments were used to introduce a NotI restriction
site to VL regions. Reactions, preceded with an incubation at 95°C
for 12 min, were carried out for 35 (first PCR) or 30 (re-PCR)
cycles (30 s at 94°C, 40 s at 55 (first PCR) or 57 (re-PCR)°C and
50 s at 72°C) on a thermal cycler (Perkin-Elmer, Norwalk, CT,
USA). Subsequently, the samples were incubated at 72°C for
7 min. All PCR reactions were performed in a volume of 25 ul
containing 50 mM KCl, 10 mM Tris-HCI pH 8:3, 2 (first PCR) or
1-5 (re-PCR) mM MgCl,, 250 uM of each dNTP, 10 pmol of each
primer and 0-5 U Ampli Tag Gold DNA polymerase (Perkin-
Elmer). Amplified DNA was analysed on a 2% agarose gel.

H and L chain PCR products were separately cloned in
phagemid vector pHEN-LINK using Ncol and Xhol or Sacl and
Notl restriction sites, respectively (For construction of phage dis-
play libraries, the pHENT1 vector [27] was modified to allow sep-
arate cloning of VH and VL regions. From a construct in pHEN1
containing the linkersequence and a V3 light chain sequence
[26], the VL region was excised by Sacl and NotI restriction
enzyme digestion and replaced by a 40-bp stuffer sequence from
pBluescript (Stratagene, La Jolla, CA, USA) with the same
restriction sites, resulting in pHEN-LINK). Subsequently, the L
chain sequences were inserted in the Sacl/Notl sites of the plas-
mids containing the H chain libraries. The resultant phagemids
were electroporated into Escherichia coli (E. coli) strain TG1.
The unamplified combinatorial libraries comprised the number of
individual clones with both VH and VL inserts of the correct size
as shown in Table 2.

Library screening

Panning, phage selection and amplification procedures were
essentially as described in detail elsewhere [27]. Briefly, the librar-
ies were rescued individually using helper phage VCS-M13 (Strat-
agene, Westburg bv, Leusden, the Netherlands). The Fc-binding
phages in the libraries were enriched by panning on human IgG
Fc (HulgG Fc; Cappel, Durham, NC, USA)-coated surfaces. For
this purpose immunotubes (Nunc Maxisorp, GibcoBRL) were
coated overnight at room temperature with HulgG Fc fragments

© 2003 Blackwell Publishing Ltd, Clinical and Experimental Immunology, 131:364-376
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Table 1. Oligonucleotide primers used to construct phage display libraries

First PCRs

Human VH back primers without restriction sites
VHIBACK CAGGTGCAGCTGGTGCAGTCTGG
VH2BACK CAGGTCAACTTAAGGGAGTCTGG
VH3BACK GAGGTGCAGCTGGTGGAGTCTGG
VH4BACK CAGGTGCAGCTGCAGGAGTCGGG
VHS5BACK GAGGTGCAGCTGTTGCAGTCTGC
VH6BACK CAGGTACAGCTGCAGCAGTCAGG

Human Cu and Cyforward primer
Cu TGGAAGAGGCACGTTCTITTTCTTIT
Cy GTCCACCTTGGTGTTGCTGGGCTT

Human Vi back primer with Sacl restriction site
Vik-Sacl
Human Ck forward primer

GA(A/CIT)AT(C/T)\GAGCTCAC(A/C/G/T)CAGTCTCC

Cx AGACTCTCCCCTGTTGAAGCTCTT

Human CA back primers with Sacl restriction sites

VAl-Sacl TCCCAGTCTGAGCTCACGCAGCCGCCCTC
VA2-Sacl TCCTCCTATGAGCTCACTCAGCCACCCT
VA3-Sacl TCCTCCTATGAGCTCACTCAGCCACCCT

Human CA forward primer
CA TGAAGATTCTGTAGGGGCCACTGTCTT

Re-PCRst}

Human VH back primers with Ncol restriction sites
VH1-Ncol GTCCTCGCAACTGCGGCCCAGCCGGCCATGGCCCAGGTGCAGCTGGTGCAGTCTGG
VH2-Ncol GTCCTCGCAACTGCGGCCCAGCCGGCCATGGCCCAGGTCAACTTAAGGGAGTCTGG
VH3-Ncol GTCCTCGCAACTGCGGCCCAGCCGGCCATGGCCCAGGTGCAGCTGGTGGAGTCTGG
VH4-Ncol GTCCTCGCAACTGCGGCCCAGCCGGCCATGGCCCAGGTGCAGCTGCAGGAGTCGGG
VHS5-Ncol GTCCTCGCAACTGCGGCCCAGCCGGCCATGGCCCAGGTGCAGCTGTTGCAGTCTGC
VH6-Ncol GTCCTCGCAACTGCGGCCCAGCCGGCCATGGCCCAGGTACAGCTGCAGCAGTCAGG

Human JH forward primers with Xhol restriction sites
JH(1-3)-Xhol
JH(3-6)-Xhol

Human J« forward primer with NotI restriction site
Jx(1-4)-NotI

Human JA forward primers with NotI restriction sites
JA1-Notl
JA(2,3)-Notl
J2(4,5)-Notl

GCCTCCACCTCTCGAGTGA(A/G)GAGACGGTGACCA(G/T)(G/T)GT(G/C)CC
CCTCCACCTCTCGAGACGGTGACCAGGGT(C/T)CCTTG

TTCTCGACTTGCGGCCGCACGTTTGATCTCCACCTTGGTCCC
GCAATGGTAGCGGCCGCACCTAGGACGGTGACCTTGGTCCC

GCAATCGTAGCGGCCGCACCTAGGACGGTCAGCTTGGTCCC
GCAATCGTAGCGGCCGCACCTAAAACGGTGAGCTGGGTCCC

Family based primers were used to amplify VH and VL regions. Primers for re-PCR were constructed to introduce Ncol and Xhol restriction sites
and Sacl and NotlI restriction sites (underlined) at the 5" and 3" ends of the VH and VL segments, respectively. 1The same Vk and VA primers were used

in the first PCR and re-PCR.

at a concentration of 10 yg/ml in a carbonate buffer, pH 9-6. After
blocking with 0-1% (v/v) Tween 20 in PBS, each tube was incu-
bated at room temperature for 2-5 h with 5 x 10 phages. The
phage solution was subsequently removed, tubes were washed 10
times with PBS,0-1% (v/v) Tween 20 and 10 times with PBS (each
washing step was performed by pouring buffer in and out imme-
diately). Bound phages were eluted from the tube by 100 mM Tri-
ethylamine (Aldrich-Chemie, Steinheim, Germany). The eluted
material was immediately neutralized by adding 1 M Tris. HCI,
pH 7-4. Eluted phages were used to infect log-phase E. coli
XL1-Blue cells [26]. After each round of selection, phages were
rescued from single ampicilin-resistant colonies of infected XL1-
Blue cells. Binding to HulgG Fc was verified by ELISA, using
bacterial supernatants containing monoclonal phage antibodies
(moPhabs) or moPhabs which were purified and concentrated by
polyethylene glycol/NaCl precipitation and resuspended in PBS
containing 1% (w/v) BSA.

Enzyme-linked immunosorbent assay (ELISA)

Binding of moPhabs to HulgG Fc was assessed by ELISA using
plates (Titertek, Flow Laboratories, Zwanenburg, the Nether-
lands) coated overnight at room temperature with HulgG Fc
fragments (10 ug/ml in a carbonate buffer, pH 9-6). A monoreac-
tive moPhab directed against group B Streptococcae (kind gift of
Dr J. de Kruif, Department of Immunology, University Hospital
Utrecht, Utrecht, the Netherlands) or a representative moPhab
which does not bind to HulgG Fc was used as a negative control.
MoPhabs binding to antigen were detected using horseradish
peroxidase (HRP)-conjugated sheep anti-M13 antibody and
2’,2’-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS)
substrate (Detection Module Recombinant Phage Antibody
System, Pharmacia Biotech AB) according to the manufacturer’s
recommendations with the modification that PBS containing
0-05% (v/v) Tween 20 and 1% (v/v) newborn bovine serum (Flow
Laboratories, Irvine, Scotland) was used for blocking. The colour

© 2003 Blackwell Publishing Ltd, Clinical and Experimental Immunology, 131:364-376
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Table 2. Libraries constructed

Insert

percentage (%)

RA Number of Number of _
patient CD38" SF B cells Library individual clones VH VL
G 4-0%10* Gm¥ 7:5x10° 100 100
Ggt 1-2x10° 90 100

A\ 3:5%x10* Vm 1-1x10° 90 90
Vg 1-1x10° 100 100

+m and g indicate that the H chain V regions of the library are derived from IgM- or IgG-expressing

B cells, respectively.

reaction was read at 415 nm in an ELISA reader (EL 312e Bio-
kinetics Reader, Bio-Tek Instruments, Inc., Winooski, VT, USA).

DNA fingerprinting of clones

The diversity of moPhabs with HulgG Fc-binding activity was
assessed by Mval DNA fingerprinting of clones. The scFv insert
was amplified by PCR using primers M13 reverse (5-AAC AGC
TAT GAC CAT G-3’) and PHENSEQ (5’-CTA TGC GGC CCC
ATT CA-3’) [28]. Reactions, preceded with an incubation at 95°C
for 12 min, were carried out for 30 cycles (60 s at 94°C, 60 s at 55°C
and 120 s at 72°C) on a thermal cycler. Subsequently, the samples
were incubated at 72°C for 7 min. All PCR reactions were per-
formed in a volume of 25 ul containing 50 mM KCl, 10 mM Tris-
HCI pH 8:3, 2 mM MgCl,, 250 uM of each dNTP, 10 pmol of each
primer and 0-5 U Ampli Tag Gold DNA polymerase (Perkin-
Elmer). Amplified DNA was digested with the frequent-cutting
enzyme Mval (MBI Fermentas, Amherst, NY, USA) and analy-
sed on a 3% agarose gel.

Soluble scFv production

Soluble single chain (sc) Fv fragments were produced in E. coli
amber nonsuppressor strain SF110, modified to contain the F’ epi-
some of E. coli XL1-Blue, as described [26,27], likely resulting in
the production of a mixture of scFv monomers and dimers [29].
Integrity and quantity of monoclonal scFv fragments was assessed
by Western blotting using antimyc mAb 9E10 (CRL-1729, ATCC,
Rockville, MD) which recognizes the C-terminal peptide tag and
rabbit antimouse Ig-HRP antibodies (DAKO, Glostrup, Den-
mark). Blots were assayed using the enhanced chemilumines-
cence (ECL) detection system (Amersham, Little Chalfont, UK).
Binding of soluble monoclonal scFv fragments to HulgG Fc was
determined by ELISA. ScFv fragments bound to antigen were
detected using the mouse antimyc mAb 9E10, a rabbit antimouse
Ig-HRP antibody (DAKO) and ABTS. The colour reaction was
read at 415 nm in an ELISA reader.

Nucleic acid sequence analysis

Nucleotide sequence analysis of H and L chain variable regions
from phage library-derived clones was performed on a LiCor
infrared automated DNA Sequencer, using a dye-labelled M13
reverse primer (5-GGA TAA CAA TTT CAC ACA GG-3'),
and on an ABI 310 Genetic Analyser (Perkin Elmer) using
PHENSEQ and LINKSEQ (5-CGA TCC GCCACC GCCAGA
G-3") primers [28]. To determine the most homologueous

germline genes for the cloned V regions, sequences were aligned
online with the V BASE sequence directory available at the MRC
in Cambridge (Tomlinson ef al. MRC Centre for Protein Engi-
neering, Cambridge, UK; http://www.mrc-cpe.cam.ac.uk/imt-doc/
vbase-home-page.html). For analysis of the number of replace-
ment (R) and silent (S) mutations, the regions encoded by the
primer used for PCR amplification and the complementarity-
determining region 3 (CDR3) and JH/JL regions were excluded.

RESULTS

Generation of libraries

Phage antibody display libraries were constructed using CD38" B
cells isolated from SFMCs of 2 RF-seropositive RA patients (G
and V). L chain V regions were combined with the corresponding
H chain V regions from IgM- or IgG-expressing B cells in
phagemid vector pHEN-LINK, resulting in 4 combinatorial
libraries (Gm, Gg, Vm, Vg) (Table 2). The libraries contained the
numbers of individual clones as indicated (Table 2), of which at
least 90% had both VH and VL inserts, as determined by restric-
tion analysis of 10 randomly chosen clones of each library
(Table 2).

Enrichment of HulgG Fc-binding Phabs by panning

The obtained libraries (Vm and Vg) were rescued by superinfec-
tion with helper phage and HulgG Fc-binding Phabs were
selected by panning on human IgG Fc-coated surfaces. Eluted
phages were used to infect E. coli and the libraries were again res-
cued with helper phage. Subsequently, the phage antibody parti-
cles were subjected to a second round of selection. Up to 4 rounds
of rescue-selection-infection were performed. After each round
of selection, phages were prepared from 94, randomly chosen,
individual ampicillin resistant clones of each library and analysed
for binding to HulgG Fc by ELISA. After 3 rounds of selection,
the frequencies of phages binding to HulgG Fc in the Vm and Vg
libraries were 5-3% and 86%, respectively. After 4 rounds of
selection, the frequency of HulgG Fc-binding phages in the Vm
library was increased to 67% (Table 3). HulgG Fc-binding
moPhabs of the libraries, obtained after different rounds of selec-
tion, were analysed for diversity using Mval DNA fingerprinting
(data not shown). MoPhabs of clones that differed in their Mval
restriction patterns were tested for binding to solid-phase HulgG
Fc fragments in ELISA (Fig. 1a). Also monoclonal soluble scFv
fragments were produced (Gg library) and tested (Fig. 1b).

© 2003 Blackwell Publishing Ltd, Clinical and Experimental Immunology, 131:364-376
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Table 3. Frequency of binding clones determined during successive
rounds of panning on HulgG Fc-coated surfaces

Rounds of selection

Library 1 2 3 4
Vm 0/94 1/94 5/94 63/94
Vg 2/94 11/94 81/94
(a)
2
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2:5

MoPhab scFv

Fig. 1. HulgG Fc-binding reactivity of positive clones. (a) The binding to
solid-phase HulgG Fc of seven representative moPhabs (10" phage parti-
cles/well) was assessed by ELISA. A monoreactive moPhab directed
against group B Streptococcae was used as a negative control. (b) The
reactivity of representative moPhabs (10" phage particles/well) and their
corresponding soluble monoclonal scFv fragments (1 : 2 diluted periplas-
mic scFv fragment preparations) towards HulgG Fc was determined by
ELISA. Gg24 was used as a representative clone which does not bind to
HulgG Fec. O Gg24, 4 Gg19, B Gg20,N Gg21, [0 Gg22.

Sequence analysis of HulgG Fc-binding scFv fragments

In order to demonstrate diversity, a total of 38 HulgG Fc-binding
clones from the libraries were used for nucleotide sequence anal-
ysis of VH and VL gene inserts. Twenty-one of these clones were
previously analysed for diversity using Mval DNA fingerprinting
(data not shown) and 17 clones were randomly picked from
HulgG Fc-binding clones. Nucleotide sequences were compared
to the V BASE germline sequence directory, a data base contain-
ing all known human V, D and J germline genes. The percentage
of identity compared to the most homologueous germline gene
was determined and DH and J segments were assigned when
possible.

All VH regions analysed from the Vm library were in germ-
line or in near-germline whereas the 2 identical VH regions from
the Gm library harboured 13 mutations (Table4). The 12
sequenced VH genes of the 2 libraries could be assigned to 3 dif-
ferent germline counterparts belonging to the VH1 (1x) and VH3
(4x) gene families. The VH regions analysed from the Gg library
harboured somatic mutations, ranging from 3 to 13 mutations. In
these VH regions, the overall ratio’s of R and S mutations in CDR
and framework regions (FRs) were 4-0 and 3-0, respectively. The
heavy chain V regions from the Vg library of patient V contained
less mutations compared to those of the corresponding library of
patient G (Table 4). The 26 analysed VH genes of the Gg and Vg
libraries could be assigned to 5 different germline counterparts
belonging to the VH1 (3x) and VH3 (7x) gene families. Germline
DH genes could be assigned in 29 out of 38 sequences (Table 4).
All VD gene segments were joined to a JH3, JH4, JHS or JH6
joining segment (Table 4). Comparison of H chain sequences
revealed that 12 of the 18 clones derived from the Gg library (1)
are encoded by the same DP-77/D3-3/JH4d rearrangement (2)
bear identical CDR3 regions and (3) share somatic mutations
compared to the DP-77 germline gene (Table 4 and Fig. 2). Inter-
estingly, the VH regions of the Gg6 and Gg11 clones show a com-
plete deletion of a codon at position 52a in the CDR2 region
(Fig.2). A statistical analysis of these VH genes was performed as
described by Chang and Casali [31]. Consistent with selection by
Ag, all VH genes displayed higher and lower numbers of R muta-
tions in the CDR and FR, respectively, than those theoretically
expected (Table 5). Also the probability that excess or scarcity of
R mutations in CDRs or FRs resulted from chance only was cal-
culated (Table 5). The VH gene of Gg6 and Ggl1 was under neg-
ative pressure to mutate the FR structure and was under positive
pressure to mutate the CDR structure (Table 5).

The VL regions from the libraries of patient G harboured
somatic mutations, ranging from O to 22 mutations. In these VL
regions, the overall R/S ratio’s in CDR and FR regions were 7-8
and 1-6, respectively. In line with the VH regions, VL genes from
the libraries of patient V seemed to display less mutations com-
pared to those of patient G. The 38 VL sequences from the librar-
ies of the patients G and V were derived from 11 different
germline genes belonging to the VAL (11x), VA2 (1x), VA3 (11x),
Vi3 (3x) and V4 (2x) family germline gene segments (Table 6).
Comparison of L chain sequences revealed that some clones
derived from the libraries of patient G are encoded by the same
IGLV3S2/JA3b or IGLV3S2/JA2 or A3a rearrangement, bear iden-
tical or almost identical CDR3 regions and share somatic muta-
tions compared to the IGLV3S2 germline gene (Table 6 and
Fig. 3). Also one VL region (clone Ggl18) shows a complete dele-
tion of a codon (at position 95a of the CDR3 region) compared to
the clonally related VL region of Gm2 (Fig. 4). Statistical analysis
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Table 5. R and S mutations in VH and VL genes of monoclonal phageAbs selected for HulgG Fc-binding

CDR1+2 FR1-3
Expected Expected
Clone Germline gene R/S* R mutations¥ P-valuei R/S* R mutations¥ P-valuei
VH gene
Ggl; Gg2; Gg5; Ggl2; DP-77 2/0 0-6 0-097 1/0 17 0-328
Ggl3; Ggl6; Ggl7
Gg9 DP-77 2/0 0-8 0-155 2/0 22 0-365
Gg3; Gg4 DP-77 2/1 1-0 0206 11 2-8 0-107
Ggb; Ggll DP-77/HHG4 5/0§ 1-4 0-004 111 39 0-029
VL gene
Gg4 IGLV3S2 3/0 13 0-092 1/3 40 0-025
Gg5 IGLV3S2 2/2 1-6 0291 2/3 51 0-032
Gg9 IGLV3S2 71 27 0-008 4/3 85 0-014
Gglo IGLV3S2 4/0 2:5 0-145 7/3 80 0-183
Gml IGLV3S2 7/0 40 0-053 9/6 125 0-055
Gm?2 DPK22 2/0 07 0-130 2/0 2:3 0-359
Ggl8 DPK22 5/0 13 0-003 11 4-0 0-024

*Observed total number of replacement (R) and silent (S) mutations in CDR1 and CDR?2 or framework (FR) (FR1,FR2 and FR3) regions of analysed
moPhabs assuming that, in codons with 2 or 3 point mutations, the nucleotide exchanges occurred independently. Each mutation was classified as R or
S in comparison to the germline sequence of the codon. fCalculated number of expected R mutations in V gene CDRs or FRs based on chance only
[31]. #Calculation (according to the binomial distribution model) of the probability p that excess or scarcity of R mutations (in Ig V gene CDRs or FRs)
resulted from change only [31]. §Deletion of triplet included.

Table 6. Molecular analysis of VL genes of monoclonal phageAbs selected for HulgG Fc-binding

VL Germline ~ Homology CDR3 CDR3 CDR1+2 FRI1-3 Total number
Clone family gene (%) JL gene (AA) (AA) (R/S)*  (R/S)*  of mutations
Gg4 23 IGLV3S2 97-0 A3b 11 QVWDSSSDHWV 3/0 1/3 7
Gg5 23 IGLV3S2 96-2 A3b 11 QVWDSSSDHWV 2/2 2/3 9
Gg9 23 IGLV3S2 93-6 A3b 11 QVWDSSSDHPM SN 4/3 15
Ggl0 23 IGLV3S2 94-1 A2/A3a 9 QAWDSSTVV 2/0 512 14
Gml 23 IGLV3S2 90-7 A2/A3a 9 QAWDSSTGV 5/0 7/5 22
Gm2 K3 DPK22 98-4 Kl 10 QQYGGSRTWT 2/0 2/0 4
Ggl8 K3 DPK22 97-1 Kl 9 QQYGSSPGT 4/0 111 7
Ggll 2 V1-2 100 Al 10 SSYAGSNNYV 0/0 0/0 0
Ggl Al DPL2 942 21 11 ATWDDSLNGYV 52 51 14
Gg3; Gg7; Gg8; Ggl5 21 DPL7/DPLS 100 21 12 QSYDSSLRGSKV 0/0 0/0 0
Ggb 21 DPL7/DPLS 99-6 Al 12 QSYDSSLRGSKV 1/0 0/0 1
Ggl2 Al DPL7/DPL8 99-2 21 11 QSYDSSLSLYV 0/0 2/0 2
Gg2 21 DPL7/DPLS 98-8 A3b 10 QSYDSSLNWV 2/0 1/0 3
Ggl3 23 DPL23 98-7 A2/A3a 9 QAWDSSTAV 2/0 1/0 3
Ggl6 K4 DPK24 99-2 K4 9 QQYYSTPLT 2/0 0/0 2
Ggl4 K4 DPK24 98-8 K4 9 QQYYSTSLT 3/0 0/0 3
Ggl7 21 DPL7/DPLS 98-8 A3b 11 ATWDDSLSGPV 1/0 02 3
Vm2; Vm7 23 IGLV3S2 100 A3b 12 QVWDSSSDHPWV 0/0 0/0 0
Vg8 3 IGLV3S2 99-6 A2/A3a 11 QVWDRNTDEGV 0/0 1/0 1
Vml K3 DPK22 96-7 K4 9 QHYGSSPLP 5/0 172 8
Vel Al DPL3 99-6 A3b 10 QSYDSSLSGV 0/0 0/1 1
Vm3; Vm4; VmS; Vm8; Vm9; Vg2 1 DPLS 100 A3b 11 GTWDSSLSSWV 0/0 0/0 0
Vg3; Vgd 21 DPL5 99-6 A3b 11 GTWDSSLSSWV 0/0 1/0 1
Vg6 Al DPL7/DPL8 100 A3b 10 QSYDSSLSGV 0/0 0/0 0
Vm10 1 DPL7/DPLS 99-6 2A3b 10 QSYDSSLSGV 0/0 0/1 1
Vm6 23 V2-19 99-6 A3b 10 YSAADNNPWV 0/0 1/0 1
Vg5 23 V2-14 94-9 21 9 QAWDSSTYV 0/0 4/5 12
Vg7 3 V2-14 95-3 A2/A3a 11 QVWDRNTDEGV 4/0 2/3 11

*Total number of replacement (R) and silent (S) mutations in CDR1 and CDR2 or framework (FR) (FR1,FR2 and FR3) regions of analysed moPhabs
taking into consideration only the consequence of mutations at the level of the codon.
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PRECHS ! %‘3 of these VL genes revealed that, similar to the VH genes, all genes

I SO 2 diplayed higher and lower numbers of R mutations in the CDR
5O 5 5 8 D g and FR, respectively, than those theoretically expected. The VL
8 g E E o : : A : j( % genes of Gg4, Gg5, Gg9 and Ggl8 were under negative pressure

o g § Lo < '8 D S to mutate the FR structure. The VL genes of Gg9 and Gg18 were
8o o 1 o 2 under positive pressure to mutate the CDR structure (Table 5).

o ! cen ° ? g
S8 gt gy g9 3 DISCUSSION

SRS LT
gf i g5 55 . § This report describes the V genes of moPhabs directed against
8o g D HulgG Fc which were constructed from terminally differentiated
T g B V.8 2 3 B Ig-producing SF PCs derived from RF-seropositive patients with
59 < E ' : R : 3 RA. The data reveal that RA-associated RFs are encoded by a
L - 3 E ' o 5 L 8 diverse set of VL and a more restricted set of VH regions. VH
3 § . - ) o ° L S gene family usage of PC-derived IgM- and IgG-RFs was found to
ol © % . s g i be restricted to the VH1 and 3 gene families, with a preference for
_Re L < oo ! § VH3, and many different VL genes were shown to contribute to
s o 28 7S 003 RF specificity.
86 < < go ! | g | E In the present study, clonally related VH as well as VL
W5 O =0 SR :g sequences were identified in the Gg library of patient G, based on
&< 5 8 Vo 255 . é the presence of identical CDR3 regions and shared somatic muta-

I o ot g tions. In this B cell selection process base-pair substitutions as
&© : : x E E 5 2 E E g well as deletions of triplets, leaving the transcripts in frame, were
SRR L D &b involved. Consistent with data of others [32-34], deletions, asso-

o 8 § . g E § ciated with somatic hypermutation, were found in CDR regions.
8314 o ! 6 i’n The phenomenon was demonstrated to occur in VH and VL genes

6 ' £2 0 86 oo 2 and is believed to provide a further mechanism for introducing
20 w0 ! < ' E structural diversity into antibodies [32,33]. Somatic mutation has

ok § Ce "8 . gg occasionally been associated with increased affinity for Fc [7], as
RE 68 ok 1 £ well as with changes in gross and fine specificity [35]. So, it seems
g T TR §_ that in this nonlymphoid tissue the GC-like structures provide a

s c 3 . ok o 8 microenvironment in which selection of B cells occurs. However,
&g E E ° : : ¢ : : § we are aware that in combinatorial antibody libraries, cloned VH

L 8 g Lo 5 g v g and VL genes are randomly combined and expressed as antibody
g8 ! L L S fragments in bacteria. Thus, the VH/VL combinations analysed at

o 2 B $8 1 g the level of a moPhab may not be representative of the original
2381 oo ! o0 ! S combinations in vivo. However, an enrichment of autoantibody-

< TR - T 2‘ specific PCs as applied in our procedure increases the chance of
220 5o go s recovering original VH-VL paires [22,36]. Moreover, in this
N % . O e % respect it is also relevant to note that substantial evidence is avail-
men e Q1 S R able that the H chain CDR3 region has a dominant role in both
. § E E 6 : : < : : ;‘) RF speciﬁf:ity .and polyrf:activity. In a.greerpent with this we fqund
T 2 8! ed ! < that combinations of a single VH region with multiple VL regions
28 o ., B yielded moPhabs with similar specificities. Consequently we

D $8 1. e 2 believe that the VH usage of our Fc-binding moPhabs is indeed
e o, o gp representative of the genuine RF repertoire but we cannot com-
o T8 e T Z pletely guarantee that the VL genes found represent the genuine
TR so ! oo 1B RF VL genes.

ol TS TE 4 Comparison with previously reported RFs obtained from RA
BRo . Vo s " § synovial membranes with methods such as EBV cloning and
_e - e =00 g §' somatic heterohybridization reveals similarity. RF from the syn-
- ° : : 2k E E g P E E 3 = ovial membrane of patients with RA predominantly used H chain
2 g L .. 3 g segments encoded by genes from the VH3 family [37,38] and a

ol 3% gE 1 Té E substantial quantity of the RF-encoding genes was found to be
°g o . g8 somatically mutated [6,7,11-14].
o< 1 831 . 88 11 Bg Harindranath et al. [39] has described the structural differ-

Je ences between ‘natural’ RFs occurring in healthy subjects and
>. g RFs of B cells derived from the PB compartment of patients with

§.= §. = § .= :.n g RA. Furthermore, V genes of IgM-RF-producing hybridomas

&858 553 8658 &= .2 obtained from PB of immunized healthy donors were compared

with those established from RA synovial tissues [37,38]. The
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overall conclusion from the latter studies is that RF produced in
the synovial tissue of patients with RA are encoded by a wider
range of V genes than the RF in healthy immunized donors. Fur-
thermore, there is an increase in the representation of VH3 genes
in the synovial RF hybridomas. In addition, RF produced in RA
synovia show evidence for affinity maturation [7,37,38,40], isotype
switch to IgG-RF [37,38] and exhibit differences in IgG binding
specificity compared with RF from healthy immunized individuals
[35]. These observations support the concept that there are two
classes of RFs, physiological as part of the normal immune
response and pathological associated with RA.

In patient G especially the DP-77/D3-3/JH4d rearrangement
was frequently used. The intrinsic R/S ratio for random mutagen-
esis in CDRs and FRs of human VH and VL germline genes was
found to be approximately 3 [41,42]. Upon Ag activation, in gen-
eral, a strong counterselection of R mutations are observed in
FRs, resulting in lower R/S-values, whereas the CDRs should be
selected for affinity-increasing R mutations, resulting in higher R/
S-values [42]. In the DP-77/D3-3/JH4d sequences the overall R/S
ratio’s in CDR and FR regions were 8-0 and 2-5, respectively, sug-
gesting that clonal selection has occurred on the basis of Ag bind-
ing. The CDR3 regions of these clonally related sequences show
evidence of extensive N region additions that are GC-rich and
thought to be added through the activity of terminal deoxynucle-
otidyl transferase (TdT) [43-48]. This phenomenon was previ-
ously demonstrated to occur in CDR3 regions of RFs [11,49]. The
DP-77 gene segment was recently demonstrated to be involved in
clonal expansion of RA synovial IgG1-RFs [50] and is the VH3
gene most frequently expressed, mostly unmutated, by peripheral
IgM-RF" RA B cells [51]. DP-35 and DP-58 were previously
found to be gene segments that can potentially encode antibodies
with RF activity [38,40,50]. A cDNA library generated from RA
synovium revealed frequent utilization and clonal expansion of
the DP-35 gene segment which is not frequently expressed in nor-
mal human antibody repertoires [20]. DP-10 has been reported to
encode RF in patients with RA [38,40,52-56] and to be preferen-
tially expressed in fetal liver during ontogeny of the antibody rep-
ertoire [57,58]. In both patients, VA1 and 3 rearranged with JA1 or
3b were preferentially used by the VL regions. Rearrangments of
IGLV3S2/JA3b, IGLV3S2/JA2 or JA3a and DPL7/DPLS with JA3b
were often encountered and used in both patients. In the
IGLV3S2/JA3b sequences of patient G the overall R/S ratio’s in
CDR and FR regions were 3-3 and 0-8, respectively. The overall R/
S-values in CDR and FR regions of IGLV3S2/JA2 or JA3a rear-
rangements from patient G were 7/0 and 1-7, respectively. In the
DPK22/x1 sequences of the same patient the overall R/S-values in
CDR and FR regions were found to be 6/0 and 3-0, respectively.
These data indicate that also these clonally related VL sequences
are the result of an Ag-driven response.

Somatically mutated V genes are also found among IgM-bear-
ing B cells [42]. For example, the RA synovial tissue-derived IgM-
RF RF-SJ1 was demonstrated to have accumulated a total of 16
substitutions in the H chain [7]. RF-SJ1 was shown to have 100-
fold higher affinity for IgG than the clonally related RF close to
germline. The VH region assigned to germline gene DP-10
derived from the Gm library of patient G harboured 13 muta-
tions. However, the R/S-values in the CDR and FR regions of this
H chain were 2-0 and 0-6, respectively, indicating that this rear-
rangement was not involved in an Ag-dependent GC reaction.

There are several examples where the V genes of RFs derived
from RA synovial tissues are unmutated or only slightly mutated

and it has been suggested that IgG binding is encoded in the ger-
mline repertoire [7,11,52,59]. In line with these findings, the VH
and VL gene segments from the libraries constructed from PCs of
patient V harboured less mutations compared to those of patient
G, suggesting that extensive somatic mutation is not required to
generate disease-associated autoantibodies against IgG Fec.

This structural study of HulgG Fc-binding moPhabs con-
structed from PCs isolated from the central site of inflammatory
activity provides further evidence for an Ag-driven immune
response in patients with RA, including expansion of clonally
related B cells, selection and isotype switching, all hallmarks of a
GC reaction.
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