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Isotype switching to IgE contributes to atopic asthma, therefore strategies to divert this pro-
cess to alternative isotypes could have therapeutic relevance. It is known that patients with
allergic disease have serum IgE and IgG4 antibodies with similar specificities, and that cyto-
kines such as IL-4 mediate switching to both of these isotypes. Availability of variable region
gene analysis has allowed us to probe isotype variants at the single-cell level. An earlier
report described identification in a single atopic patient of short transcripts with a common
complementarity-determining region “clonal signature” in combination with Cu, Cy4 and Ce.
We have extended this analysis, and have identified V,-Cvy4 transcripts with clear clonal rela-
tionship to IgE-derived sequences in blood lymphocytes from three of four patients with
atopic asthma. No other IgG subclasses were detected, confirming the link between IgE and
IgG4. Full sequences were obtained from each clonally related isotype in all patients, and
showed extensive somatic mutation. As previously found for IgE, the IgG4 isotypes had evi-
dent intraclonal variation. There were shared mutations between isotypes, but also many dif-
ferences, indicative of separate cell populations with divergent mutational histories. These
findings indicate that, in atopic patients, an individual B cell commonly switches to either IgE
or IgG4. Cells producing each isotype then co-exist in the recirculating pool, and the balance
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between them may influence the disease process.
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1 Introduction

IgE antibodies have a central role in allergic disease, with
elevated levels of both total and allergen-specific IgE in
serum of atopic patients [1, 2]. This is frequently paral-
leled by high levels of total and allergen-specific IgG4 [3].
The role of IgG4 Ab in allergic disease is still unclear, but
some studies have found a significant negative correla-
tion between symptom score and IgG4 Ab titer following
immunotherapy [4, 5]. It is possible that non-reaginic Ag-
specific IgG4 Ab may have a protective role as blocking
Ab that neutralize allergens [6-8], as has been demon-
strated for parasite-specific IgG4 in helminthic infections
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Isotype switching of B cells to both IgE and IgG4 is
induced by two signals: the Th2-type cytokines IL-4 or
IL-13, and CD40:CDA40 ligand interaction between B and
T cells. It is unknown if a choice is made during isotype
switching between IgE and IgG4 or if their expression is
co-regulated. Recently, IL-7 has been found to potenti-
ate IL-4-induced class switching to both IgE and IgG4
[10]. The same group has demonstrated that IL-10 can
decrease IL-4-induced switching to IgE and increase
switching to IgG4, and may have an additional influence
on secretion of these isotypes [10]. There are other levels
of control that differentially regulate production, with high
IFN-v:IL-4 ratios enhancing IgG4 and suppressing IgE,
while lower levels of IFN-y and increased IL-4 or IL-13
enhance IgE [11, 12]. A recent study found that different
T cell subsets from the peripheral blood of patients with
atopic dermatitis could induce IgE or IgG4 production
from purified B cells. The activated skin-homing T cells
secreted high levels of IL-13 and induced IgE produc-
tion, while, in contrast, resting T cells without the skin-
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homing receptor secreted high levels of IFN-y and
induced IgG4 production [12].

One interesting question is whether different cohorts of B
cells are producing the IgG4 and IgE or if B cells derived
from the same cell of origin are involved. If they are pro-
duced by clonally related cells they may have been stim-
ulated by a common Ag, and share Ag and possibly epi-
tope specificity. This is difficult to analyze at the serologi-
cal level, but can be investigated by probing the Ig V4
genes. The clonal relationship of B cells is evident from
the CDRS3 sequence that is unique for each B cell clone.
It is encoded by D segment genes, N additions and part
of Jy, forming the most diverse amino acid sequence of
the V region. Gene sequences of V,-Ce transcripts from
allergic individuals have been analyzed by PCR and have
revealed a preferential use of the V5 family perhaps
indicative of stimulation by a superantigen [13, 14].
Repeated sequences with a common CDRS3 and differing
somatic mutations have also been detected in IgE [15].
Identification of intraclonal variants indicates that B cells
switched to IgE are derived from only a few progenitors.

The complementarity-determining region (CDR)3 can
also be used to investigate alternative isotypes. One
study identified clonally related Cu, Cy4 and Ce tran-
scripts in a single individual by sequencing of the short
CDR3 framework region (FWR)4 and part of the C region
[16]. We have shown that existence of alternative iso-
types may be a common phenomenon, with three out of
four patients having clonally related IgE and 1gG4 tran-
scripts co-existing in the peripheral blood. We have
extended the analysis by obtaining nucleotide
sequences of the entire H chain V regions, and have
been able to compare the patterns of somatic mutation
in the two isotypes.

2 Results

2.1 Sequences of related V,-Ce and V,,-Cvy4
transcripts

Using the approach outlined in Fig.1, steps 1-3, we
have found IgG4 transcripts clonally related to V,5-Ce
transcripts in three patients. It was not possible to iden-
tify clonally related transcripts for all V;-Ce sequences.
From a total of seven V;5-Ce sequences detected from
four patients (two sequences from patient 1, two from
patient 2, one from patient 3 and two from patient 4),
clonally related 1gG4 transcripts were identified for three
sequences. Clonal relationships were evident from the
closely similar CDR3/FWR4 sequences of the IgG4 and
IgE transcripts (Fig. 2) from the end of the 5’CDR3 primer
onwards. The same Jy gene is used within each set of
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clones, also indicating derivation from the same progeni-
tor B cell: Jy3a in patient 1, J;,3b in patient 2 and J;5b in
patient 3, all of which are relatively uncommon in the
expressed repertoire [17]. For patients 1 and 2 the IgG4
and IgE clones show common D segment gene align-
ments [18] of the same length and reading frame, which
provides strong evidence for a clonal relationship (Fig. 2).
In addition, there are common N additions in patient 1, at
amino acids 110 (TGG) and 111 (TTT), and a shared
mutation at position 112 (GCT—GGT). In patient 2 the
last nucleotide of amino acid 110 (TAT) is common to
both isotypes, either arising from a mutation of the D
gene or an N addition. Although there is clear clonal
relatedness, there are also some mutational differences
between the Vy-Ce- and Vy-Cy4-derived clones of
patients 1 and 2 that result in different amino acids, for
example in the D21-9 segment of patient 2, at positions
106 (serine) and 108 (glycine).

For patient 3, the CDR3 is quite short, therefore the 5’
primer overlaps most of the D segment area, limiting the
number of nucleotides available for comparison. The D
segment in patient 3 is either too truncated or somati-
cally mutated to confidently match it to a germ-line D
segment using the strict criterion of ten consecutive
nucleotides [18]. However, the close similarity of the
sequences in the two isotypes, and the likelihood from
the best matched D gene (Fig. 2) that the tryptophan at
position 104 (TGG) is an N addition, confirm a common
clonal origin. In addition, the same J;;5b gene is present
in both transcripts. Further evidence of clonal relation-
ship was found by the results of the PCR in the other
direction (see below).

2.2 Absence of clonally related Cu, Cy and Ca
transcripts

No related transcripts of isotypes other than IgG4 were
identified using the same approach (steps 1-3 in Fig. 1).
The C region primers are routinely used with success in
our laboratory [19] and the CDR3 probes amplified the
appropriate V;5-Ce sequence when tested. One expla-
nation is that there was insufficient homology between
the CDRS3-specific primers and the CDR3 of related
clones of other isotypes due to somatic mutation occur-
ring in this region which may have prevented primer rec-
ognition and annealing. However, this is unlikely as the
same primers were successful at annealing to IgG4 tran-
scripts, and detection of only related V,;5-Ce and V,5-
Cv4 clones was consistent in three different patients.
Obviously, the IgM precursor B cells did exist at some
earlier time but they may not have persisted in the circu-
lating lymphocyte pool, or been present in the material
sampled. Alternatively, they may have been present, but
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at too low a frequency to be detected by our PCR
approach.

2.3 Analysis of V,; gene sequences

In the next stage, the upstream region of the Vy-Cvy4
transcripts was sought, both to confirm the origin of the
transcripts, and also to look for intraclonal variation
(Fig. 1, step 4). Additional evidence was obtained for the
common origin of the Ce and Cy4 clones by finding iden-
tical N additions within each patient at the V,-D junction
(Fig.2). This step was particularly important for the
clones from patient 3, where enough common nucleo-
tides were identified in the 5’ end of the CDR3 to be con-
fident of clonal relatedness, with the first two amino
acids of the CDR3 probably arising from N additions. In
patient 1 common replacement mutations were also
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observed in both the IgE and IgG4 clones at the start of
the D segment, at positions 101 (T—H) and 103 (Y—S)
(Fig. 2). As expected, the same V,;5 genes were used by
the related IgE and IgG4 transcripts, patients 1 and 2
using the Vs.5; gene and patient 3 using the V32 gene.
The clonal relationship of the Vy-Ce and V,-Cy4 tran-
scripts is further underlined by the presence of common
mutations in the Vy regions shown in Fig.3 and dis-
cussed later.

2.4 Intraclonal variation in V,;5-Cv4 clones

In all three cases the sets of V,5-Cvy4 transcripts demon-
strated intraclonal heterogeneity (Fig.3). Similar intra-
clonal variation has been described previously for V,;5-
Ce transcripts [15]. In this study the limited V;5-Ce
sequences identified did not show intraclonal heteroge-
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Figure 1. Outline of the position of primers used in each PCR step relative to the complete V-C, region. To obtain the complete
IgE sequences only steps 1 and 2 were necessary. Steps 1, 2 and 3 were then used for IgM, IgG, 1IgG4 and IgA to look for related
clones. As transcripts with the appropriate CDR3 sequence were only obtained for IgG4 in each case, step 4 was only carried out
for this isotype. As indicated by the arrow, step 4 was carried out on the product from step 2. This was to obtain the V,, sequence

and confirm clonal relatedness by the CDR3 sequence.
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Figure 2. Nucleotide sequences of the CDR3/FWR4 regions of the IgE and IgG4 transcripts from each patient, compared with
the germ line-encoded D and J; segment genes. The closely similar CDR3 sequences of IgE and IgG4 for each patient are evi-
dence for clonal relatedness. The sequences for IgG4 have been compiled from two different PCR reactions (CDR3-Cvy4 and
Vi5L-CDRS3, see Fig. 1), while the complete IgE sequences were from one PCR reaction (V5L-Ce). The positions of the 5’ and 3’
CDR3 primers used to obtain the IgG4 clones are indicated with dashed lines, with the 5’ primers including the arginine from the
Vy-encoded gene at the V,-D junction. Uppercase: replacement mutation, lowercase: silent mutation, * followed by one-letter
amino acid represents replacement substitutions when compared with the germ line-encoded amino acids. The amino acids are

numbered from the first amino acid in V.

neity and therefore represent the predominant sequence,
being found in 3/3, 4/4, and 5/5 clones from patients 1, 2
and 3, respectively (Fig. 3). Intraclonal heterogeneity was
more evident in IgG4 sequences (Fig. 3) in these patients.
Some of the intraclonal variants were very similar and
closely related, for example sequences 1 to 4 in patient 3
(Fig.3). Other sets differed more widely, as seen for
sequence 1 in patient 1 when compared with sequences
2 and 3 (Fig.3). Although the clones were clearly all
related, there was no evidence for a step-wise accumu-
lation of somatic mutation. There were no obvious paren-
tal clones that gave rise to daughter clones as one might
expect to see within the confines of a germinal center;
instead mutation appeared to accumulate randomly
across the V region. It is likely that we have obtained only
a limited view of mutational variability in the clones.

2.5 Analysis of mutational pattern of clonally
related Cy4 and Ce transcripts

The nucleotide sequences were compared with those of
the related IgE clones. All the transcripts were aligned to
the closest germ-line genes and, because the V,;5 family
has little polymorphism, somatic mutations could be
assessed with confidence [20]. There were common
mutations found in each set of IgG4 and IgE clones, but
overall the pattern of mutation was quite different for
each isotype, with unique mutations in the FWR and
CDR. Sets of IgG4 clones were more closely related to
each other than to IgE.

Clustering of replacement amino acids in CDR1 and
CDR2 is considered to be indicative of conventional Ag
selection; however, a crude visual inspection of the
sequences does not reveal this pattern. When the muta-
tion patterns of the sequences were analyzed codon by
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Figure 3. Amino acid sequences of related IgE and IgG4 clones from patients 1-3 including the intraclonal variants for IgG4. The
sequences are aligned to the closest germ-line V,;5 gene. Although there are some common mutations in both IgE and 1gG4, the
overall patterns are quite distinct. Uppercase: replacement mutation; lower-case: silent mutation; 1: sites of previously observed
hotspots of mutation [15]. The complete IgE sequences were obtained from one PCR, while the IgG4 sequences have been com-
piled from the products of two PCR reactions (CDR3-Cvy4 and V,5L-CDRS3, see Fig. 1). EMBL accession numbers AJ002767 —

AJ002781.

codon for significant clustering by the method of Chang
and Casali, using the binomial distribution method [21],
none was found (data not shown). There is an ongoing
accumulation of replacement mutations in the CDR of
related 1gG4 clones at a number of sites (Fig. 3). How-
ever, these additional R mutations are not confined to the
CDR but are also seen in the FWR, therefore it is unlikely
that they are Ag selected. Distinct replacement muta-
tions are present in CDR1 and 2 of V,5-Ce transcripts
when compared with the IgG4 clones (Fig.3). Again,
these differences are also found in FWR, reducing the
likelihood of conventional Ag selection.

Some of the common mutations that occurred in both
IgE and IgG4 clones arose at sites previously described
as hotspots [15]. These are sites within V5 that are par-
ticularly prone to somatic mutation, and have been ana-
lyzed in detail for V,5-Cu, Ca, Cy and Ce clones and are
indicated (1) in Fig. 3 [15]. Hotspots tend to occur at sites
with certain nucleotide motifs, which appear to act as a
target for the mutation machinery. They occur indepen-
dently of Ag selection, although they may subsequently
be selected by Ag [22, 23]. For example the triplet AGY,
often within the motif CAGCT/A, is commonly mutated.
This was found to be the case in patient 1 at Ser 28
(AGC—ACC) and Ser 77 (AGC—ACC), and patient 3 at
Ser 31 (AGC—AAC). Another known consensus motif
for hotspot sites is TAA [24], and a shared mutation
within this motif is found in patient 3 (Lys 23, K—Q).
These mutations may have arisen independently in the

different isotypes, given that these sites are known to be
particularly susceptible to the hypermutation mecha-
nism. Equally, they may have been present in the IgM
precursor. More of the mutations (8/12) arose in both
related IgE and IgG4 clones at non-hotspot sites and are
likely to have been present in a common IgM precursor
cell [15]. For example, two replacement mutations were
found in patient 3 at Asp 59 (N—Q, AAC— CAA) in both
the IgE and IgG4 clones (Fig. 3).

The overall pattern of mutation is different for IgE and
IgG4 in each set, and is indicative of independent
switching to either isotype from expanded IgM precursor
clones, with the clones subsequently following divergent
pathways of mutation.

3 Discussion

We have isolated related IgG4 and IgE transcripts from
peripheral blood where the co-existence of related 1gG4
and IgE clones in three of four atopic patients appeared
to be a relatively common phenomenon. Previously,
short CDR3/FWR4 sequences of related clones were
obtained from a single patient by Efremov et al. [16] that
showed mutational differences between IgG4 and IgE,
with the IgM clone having a sequence similar to that of
the IgE clone. However, the very short transcripts did not
allow analysis of the V, region.
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By compiling complete V,-Cy4 transcripts from two PCR
we have been able to demonstrate a distinct pattern of
mutation in the IgG4 and IgE transcripts. The somatic
mutation indicates that these are derived from clonally
related but distinct B cells. Our similar sequences of the
CDRS3 confirm the clonal relatedness of the IgG4 and IgE
transcripts in each patient. The full V region sequences
demonstrate that the different isotypes have probably
arisen from an IgM progenitor that already harbored
some somatic mutation. Studies of switch fragments
and switch circles from B cells in peripheral blood have
revealed that the switch to IgE can either go directly from
IgM, or, less frequently, via intermediate isotypes, includ-
ing IgG4 [25]. The divergent mutational patterns seen in
the IgE and IgG4 clones would indicate a direct switch
from IgM to either IgE or I9gG4, after which the cells had
an independent history of somatic mutation. However,
the possibility of sequential switching via 1gG4 to IgE
remains, with some of the clones remaining at the 1gG4
stage and undergoing further somatic mutation. The
common mutations in each patient may have been pres-
ent in the original IgM precursor, although some may
have arisen independently as they are at known hotspot
sites. Intraclonal variants have been described previ-
ously in IgE, but in these patients it was more evident for
1gG4.

B cells from the same cell of origin switch to both IgG4
and IgE and co-exist together in the blood while other
isotypes are not evident. We do not know if the clonally
related B cells bind the same Ag or perhaps different epi-
topes of a common Ag. Two of the patients had specific
IgG4 and IgE to Der p | in their serum. If the clonally
related IgG4 and IgE do have common Ag specificities
this may allow them to compete for allergen binding. The
clones we identified had closely similar CDRS for IgE and
IgG4, which is central to Ag recognition. However, the
most common pattern of mutation is for distinct replace-
ment mutations in both the CDR and FWR of the V region
of IgE and IgG4. It is difficult to know where specificity
for antigen lies in IgE as there is a clear bias for usage of
the V5 family, which may be due to a superantigen
effect, with binding through the FWR [14]. The different
patterns of mutation observed may lead to a divergence
in specificity, with each isotype recognizing different epi-
topes of a common Ag. Distinct epitope specificity by
IgG4 and IgE Ab has been described for certain aller-
gens, Fel d | and Bet v | [3]. Blocking Ab of the IgG4 sub-
class may operate by binding to different epitopes of
allergens also recognized by IgE. There are potential
therapeutic benefits to increasing 1IgG4 production over
IgE if IgG4 does indeed act in this way, but the mecha-
nisms of regulation need to be better understood. As yet,
the allergen specificity, if any, of the individual clones iso-
lated also remains to be examined. Expressing them as
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Fab molecules in phages is a potential way of addressing
this question [26].

4 Material and methods

4.1 Patients

Peripheral blood was obtained from four patients with clini-
cal histories of atopic asthma, elevated levels of total IgE
ranging from 300-5200 IlU/ml and radioimmunosorbent test
(RAST) scores of 4 for Der p I-specific IgE (DPC, Gwynedd,
GB). Patients 2—-4 also had positive RAST scores for other
aeroallergens such as cat, tree or grass allergens. In addi-
tion, patients 1 and 2 had a positive RAST for Der p I-
specific IgG4, detected by a monoclonal mouse anti-human
IgG4 (The Binding Site, Birmingham, GB) in place of anti-
IgE.

4.2 Preparation of cDNA

RNA was extracted as previously described [14]. It was
divided into five aliquots and reverse transcription was per-
formed on each using a 3’ outer C region primer for either
IgM, 1gG (a consensus primer for all IgG subclasses), IgG4,
IgA or IgE [15, 16] with a first-strand cDNA synthesis kit
(Pharmacia, Uppsala, Sweden). The exception to this was
patient 3 where the cDNA was prepared with an oligo-dT
primer.

4.3 Amplification and sequencing of V,;5-Ce transcripts

We focused on the V5 family as we previously found it to be
over-represented in the Vy, genes used to encode IgE [14].
Therefore, V5-Ce transcripts were amplified (Fig. 1, step 1
and 2), cloned and sequenced as previously described [15].

4.4 Investigation of related V,-Ce clones
4.4.1 Identification of CDR3-FWR4-C, seqgeunces

For seven V_5-Ce sequences from four patients, clonally
related transcripts were sought by the use of CDR3-specific
oligonucleotides. A three-step PCR was used, outlined in
Fig. 1, using V5L and inner V5L (IV45L) primers in combina-
tion with C region primers as previously described for IgM,
IgG and IgA [15] and IgG4 [16], followed by amplification
with 5’CDR3-specific primers with C region primers. The
5’CDRS3 primer sequences used for the clones obtained
were as follows: patient 1 5’cgacggttgcattattctggt3’, pa-
tient 2 5’agattatccccgtattac3’, patient 3 5’agacatg-
gggtgcgtggatggd’ (Fig.2). Products were purified, cloned
and sequenced. The nucleotide sequence of the CDR3-Cy
transcripts obtained from step 3 were compared with that of
the IgE clones to check for clonal relatedness.
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4.4.2 Identification of V,5-CDR3 sequences for IgG4

For clones with the appropriate CDR3-Cy, sequence, shared
with the V;5-Ce transcripts, step 4 was undertaken to obtain
the upstream V,;-CDR3 sequence (Fig. 1). Of step 2 product,
1-3ul was amplified with the IV,,5 leader primer together
with a 3’ CDR3/FWR4-specific primer. The CDR3/FWR4
primer sequences used for the clones obtained were as fol-
lows: patient 1 5’accaaaccaaaaac/tg/tac/ttcc3’, patient 2
5’tcaaaagcatcatgataactactd’, patient 3 5’tcgaaccaa/
gttccatcc3’ (Fig.2). PCR products of predicted size were
cloned and sequenced.
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