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The IgE response is often considered to be fundamentally
deleterious, because IgE-mediated allergic disease is a
significant burden on the community, particularly in
developed countries [1]. IgE antibodies may, however,
offer some protection against parasitic infections, and
such antibodies remain a conspicuous part of the humoral
response of most individuals in rural parts of the devel-
oping world [2, 3]. Studies of parasite infections of
humans and animals have therefore informed our under-
standing of IgE antibodies in allergic disease, and
together these conditions have provided insights into the
biology of IgE more generally [4].

While many aspects of IgE-mediated effector function
have now been well characterized [4, 5], the rarity of
IgE-committed cells has made it difficult to elucidate the
developmental pathway of IgE-producing B cells [6].

Details of this pathway have emerged, however, by the
application of molecular techniques to the study of IgE
antibody gene sequences [7].

Antibody gene sequences provide glimpses of B cell
clonal history, through the somatic point mutations that
they may carry. These mutations are believed to accumu-
late through the germinal centre reaction [8]. Within the
germinal centres, rapidly expanding clones of antigen-
specific B cells accumulate mutations within their rear-
ranged antibody genes at the rate of about one mutation
per cell division. Interactions between these cells and
antigen on the surface of follicular dendritic cells leads to
the selection of cells that have accumulated beneficial
mutations, and to the death of cells that have accumu-
lated deleterious mutations [9]. This process of antigen
selection should be reflected in a tendency for
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Abstract

Patterns of somatic mutation in IgE genes from allergic individuals have been
a focus of study for many years, but IgE sequences have never been reported
from parasitized individuals. To study the role of antigen selection in the evo-
lution of the anti-parasite response, we therefore generated 118 IgE sequences
from donors living in Papua New Guinea (PNG), an area of endemic parasit-
ism. For comparison, we also generated IgG1, IgG2, IgG3 and IgG4 sequences
from these donors, as well as IgG1 sequences from Australian donors. IgE
sequences had, on average, 23.0 mutations. PNG IgG sequences had average
mutation levels that varied from 17.7 (IgG3) to 27.1 (IgG4). Mean mutation
levels correlated significantly with the position of their genes in the constant
region gene locus (IgG3 < IgG1 < IgG2 < IgG4). Interestingly, given the
heavy, life-long antigen burden experienced by PNG villagers, average muta-
tion levels in IgG sequences were little different to that seen in Australian
IgG1 sequences (19.2). Patterns of mutation provide clear evidence of antigen
selection in many IgG sequences. The percentage of IgG sequences that
showed significant accumulations of replacement mutations in the complemen-
tarity determining regions ranged from 22% of IgG3 sequences to 39% of
IgG2 sequences. By contrast, only 12% of IgE sequences had such evidence of
antigen selection, and this was significantly less than in PNG IgG1, IgG2 and
IgG4 subclass sequences (P < 0.01). The anti-parasite IgE response therefore
has the reduced evidence of antigen selection that has previously been reported
in studies of IgE sequences from allergic individuals.
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replacement mutations to accumulate in the complemen-
tarity determining regions (CDRs) of the immunoglobu-
lin variable region genes [10]. By analysing the
distribution of mutations within sequences, a number of
early studies highlighted an apparent lack of antigen
selection in the evolution of allergic IgE gene sequences
[11, 12]. More recently, we have also reported that IgE
sequences from an individual suffering from atopic der-
matitis lacked evidence that mutations accumulated
under the pressure of antigen selection [13]. Kerzel et al.
[14] saw similar patterns in four patients with atopic der-
matitis, but they reported evidence of antigen selection
in IgE sequences from 13 asthmatic patients.

IgE antibodies are conspicuous in the response to
helminths [15] and other parasites [16, 17], but we are
unaware of any study that has examined IgE cDNA tran-
scripts from parasitized individuals. In the light of the
accumulating evidence of the unique mutational features
of the IgE response in some conditions, we undertook
immunogenetic studies of IgE antibodies in a community
from the highlands of Papua New Guinea (PNG), where
helminth infections are endemic, malaria is increasingly
common, but allergic disease is almost unknown [18].
Here, we describe an analysis of sequences derived from
14 rural PNG villagers. To provide suitable data sets for
comparison, we also amplified IgG sequences from both
PNG and Australian individuals, and because of the pos-
sibility that different IgG subclasses could display vary-
ing patterns of mutation, we generated IgG sequences
using subclass-specific PCR primers.

The average number of mutations in the IgE
sequences of Papua New Guineans was very high and
was broadly similar to the number of mutations seen in
IgG sequences from the same individuals. Although the
extent of IgE mutations was significantly higher than
has been reported from studies of allergic individuals,
the mean level of IgG mutations reported here is little
different to previous reports of IgG sequences from the
developed world. The distribution of replacement and
silent mutations between framework regions (FRs) and
CDRs suggest the involvement of antigen selection in
the development of responses of each IgG subclass, but

there was little evidence of selection in the IgE
response.

Materials and methods

Sample processing. After informed consent, and with the
approval of both the UNSW Human Research Ethics
Committee and the Papua New Guinea Medical Advisory
Council, peripheral blood was collected from 14 life-long
residents of Masilakaiufa village, Eastern Highlands Prov-
ince. The donors had no clinical symptoms or history of
allergic disease and were aged between 22 and 53 years.
Peripheral blood was also collected from 14 residents of
Sydney, Australia. Serum was prepared from peripheral
blood samples and frozen at )70 �C for later testing.
Mononuclear cells were also prepared by density gradient
centrifugation and frozen at )70 �C.

Serum Ig determination. Total IgE concentrations were
determined for each PNG serum sample by enzyme immu-
noassay on a UniCAP� 100 system (Pharmacia, Uppsala,
Sweden). On initial testing, one IgE sample was out of
range (>5000 kU ⁄ l). It was re-measured after 1:5 dilution
in an Australian serum sample known to have very low IgE
(<5 kU ⁄ l). Total IgG and IgG subclasses were determined
using a BN ProSpec� (Dade Behring, Sydney, Australia)
nephelometer. Reference ranges were based on data from
healthy adult residents of Sydney, Australia.

Sequence amplification. Mononuclear cells were prepared
from peripheral blood samples by density gradient centri-
fugation, and total cellular RNA was extracted using
TRIzol� Reagent (Invitrogen, Carlsbad, CA, USA). Syn-
thesis of cDNA was performed using Superscript� III
Reverse Transcriptase (Invitrogen) according to the manu-
facturer’s protocol. IgE and IgG heavy chain gene rear-
rangements were then amplified using an isotype-specific
PCR. PCR amplification was performed with 100–200 ng
cDNA or aliquots of the PCR1 product as templates,
0.2 lM of each primer, 200 lM of each dNTP, 1.25 units
PFU polymerase (Promega, Madison, WI, USA) and a buf-
fer supplied by the manufacturer. Details of the primers
used are shown in Table 1. Specific primers for the three
large IGHV gene families (VH1F, VH3F and VH4F) were

Table 1 Primers used for PCR amplification of immunoglobulin gene sequences.

Primer name Sequences (5¢–3¢) Description

VH1F CACTCCCAGGTBCAGCTGGTGCAGTCTGG IGHV1 family forward primer

VH3F GTCCAGTGTSAGGTGCAGCTGGTGGAGTCTGG IGHV3 family forward primer

VH4F GTCCTGTCCCAGSTGCAGCTRCAGSAGTSGGG IGHV4 family forward primer

G1 CCCAGAGGTGCTCTTGGAGGA Reverse primer for IgG1

G2 ⁄ G4IN GGCTGTGCTCTCGGAGGTGCT Reverse primer for IgG2 and IgG4 PCR2

G3OUT TGTGTCACCAAGTGGGGTTTTGAGC Reverse primer for IgG3 PCR1

G3IN CAGAGGTGCTCCTGGAGCA Reverse primer for IgG3 PCR2

G4OUT CAYGGGGGACCATATTTGGACT Reverse primer for IgG4 PCR1

IGEOUT GCTGAAGGTTTTGTTGTCGACCCAGTC Reverse primer for IgE PCR1

IGEIN GGGGAAGACGGATGGGCTCTGTGTGG Reverse primer for IgE PCR2
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used as forward primers in separate reactions. IgG1 and
IgG2 were amplified by standard PCR using appropriate
isotype specific primers (G1 and G2 ⁄ G4IN) as reverse
primers. Reactions times for this PCR were 95 �C for
3 min, followed by 35 cycles of 95 �C for 30 s, 61 �C for
30 s, 72 �C for 4 min and then a final extension at 72 �C
for 5 min. Semi-nested PCR were used for IgG3 (reverse
primers: G3OUT and G3IN), IgG4 (G4OUT and
G2 ⁄ G4IN) and IgE (IGEOUT and IGEIN) sequence
amplifications. PCR1 conditions used were initial denatur-
ation at 95 �C for 3 min, followed by 35 cycles of 95 �C
for 30 s, 60 �C for 30 s, 72 �C for 4 min and a final exten-
sion at 72 �C for 5 min. For PCR2, the only changed con-
dition from those of PCR1 was the annealing temperature,
which was 65 �C for IgE and IgG4, and 61.7 �C for IgG3.
PCR2 was run for 25 cycles. All PCR were run on a Tper-
sonal 48 cycler (Biometra, Gottingen, Germany). PCR
products were then cloned and sequenced at the Rama-
ciotti Centre for Gene Function Analysis, University of
New South Wales, as previously described [13].

Bioinformatic analysis. Rearranged VDJ sequences were
aligned against the germline repertoire using the iHM-
Mune-align program [19] and the UNSWIg repertoire of
germline genes [20] (http://www.ihmmune.unsw.
edu.au/unswig.html). This repertoire was updated with a
number of IGHV polymorphisms that we have identified
in the PNG population and have submitted to GenBank
(accession numbers HM855272–HM855948), as well as
putative polymorphisms that have been identified in pre-
vious studies [20, 21]. Evidence in support of the exis-
tence of these putative polymorphisms within rearranged
VDJ genes can be found at http://cgi.cse.unsw.edu.au/
~ihmmune/IgPdb/. The number of mismatches between
the germline IGHV genes and each rearranged sequence
was noted. Sequences with more than 45 mismatches
were removed from the data set because of the likeli-
hood they included sequencing errors. Clonally related
sequences were identified on the basis of shared IGHV,
IGHD and IGHJ genes, as well as shared N regions and
shared point mutations. Where clonally related sequences
were identified, they were removed from the data set after
a representative sequence was generated by averaging the
mutation numbers seen in the different FR and CDR
regions of each sequence in the set. Where there were
sequences associated with two or more isotypes in a set,
averages sequences were generated for each isotype.

To investigate the role of antigen selection in the evo-
lution of patterns of mutation within the IgE sequences,
the proportion of replacement mutations within the
CDR1 and CDR2 of each sequence was calculated. Broad
definitions of CDR1 and CDR2 were used, incorporating
the CDR regions of both Kabat [22] and IMGT [23], and
analysis was made with reference to a random model of
mutations as previously described [13]. In this model, the
probability that a random mutation would introduce a

replacement mutation in the CDR was estimated to be
0.26, based upon patterns of mutation and hotspots in a
data set of non-productive sequences [13]. Analysis showed
that this estimate was appropriate for all IGHV sequences,
for there is little variation in the mutability of different
IGHV genes (data not shown). Using the binomial distri-
bution, the estimate was then used to establish 95% confi-
dence limits for the proportion of the total mutations that
would be replacement mutations in the CDR (RCDR), if
the mutation process targeted hotspots, but if these muta-
tions were not subject to antigen selection pressure. Pro-
portions were calculated for varying numbers of total
IGHV mutations (Mv). The upper limit (97.5%) was used
to distinguish sequences that showed evidence of antigen
selection from sequences that lacked such evidence.

Results

Serum antibody concentrations

Total serum immunoglobulin concentrations were deter-
mined for all PNG samples, and the results are summa-
rized in Table 2. Concentrations of serum IgE antibodies
were all above the laboratory reference range for healthy
Sydney adults, and the mean IgE concentration of the
serum samples was 2465 kU ⁄ l. IgG subclass concentra-
tions are also shown in Table 2. IgG1 and IgG4 concen-
trations were particularly high. Nine of the 14 PNG
individuals had IgG1 concentrations above the laboratory
reference range for healthy Sydney adults, while all but
one of the individuals studied had serum IgG4 concentra-
tions that were above the Laboratory Reference Range. In
Western populations, IgG4 is typically the least abun-
dant IgG subclass, but IgG4 in these PNG samples was
seen at substantially higher concentrations than IgG3.

Sequence analysis

Sequences were aligned against the germline IGHV,
IGHD and IGHJ gene repertoires using the iHMMune-

Table 2 Serum immunoglobulin concentrations of 14 Papua New

Guineans. Mean values and the range of values are indicated, along with

laboratory reference ranges for healthy individuals, based on data from

adult residents of Sydney, Australia.

Mean Range Reference range

IgE (kU ⁄ l) 2465 343–12,485 0–180

IgG1 (g ⁄ l) 12.2 9.9–14.8 2.4–10.8 (male)

3.4–11.2 (female)

IgG2 (g ⁄ l) 3.7 1.6–5.4 1.2–5.5 (male)

1.5–5.2 (female)

IgG3 (g ⁄ l) 0.7 0.15–1.7 0.3–1.3 (male)

0.2–1.1 (female)

IgG4 (g ⁄ l) 2.4 0.8–5.7 0.08–0.9 (male)

0.07–0.9 (female)
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align program, while IGHG gene identity was confirmed
by BLAST. PCR error rates were determined by analysis of
errors within the IGHG constant region genes and were
shown to vary from 0.9& (IgG2) to 1.2& (IgG4). The
amplified constant region of the IgE sequences was too
short for such a calculation.

Alignments against the germline IGHV genes were
examined, and after the removal of sequences with more
than 45 mismatches to the germline, there were 1108
unique PNG sequences, including 125 IgE sequences,
482 IgG1 sequences, 288 IgG2 sequences, 59 IgG3
sequences and 154 IgG4 sequences. These sequences were
submitted to GenBank and were assigned the accession
numbers HM773966–HM775073. One hundred and
sixty-two IgG1 sequences were also amplified from Aus-
tralian samples.

A number of VDJ sequences were found that aligned to
a recently identified germline IGHV3 gene (HM855939).
The IGHV3-NL1*01 gene was seen in seven VDJ rear-
rangements (accession numbers HM773984, HM774108,
HM774124, HM774201, HM774302, HM774729, and
HM774738). One of these is an IgG3 sequence
(HM774124) that contains no somatic point mutations.

Alignments were also seen to 12 other recently
identified IGHV allelic variants, including IGHV1-8*02
(HM855457), IGHV1-18*03 (HM855463), IGHV3-7*03
(HM855666), IGHV3-9*02 (HM855577), IGHV3-11*06
(HM855329), IGHV3-21*03 (HM855323), IGHV3-
21*04 (HM855688), IGHV3-33*06 (HM855436),
IGHV3-48*04 (HM855336), IGHV3-53*04 (HM855453),
IGHV4-59*11 (HM855471) and IGHV7-4-1*04 (HM
855485). In total, alignments were seen to 91 different IGHV
genes and allelic variants. Despite the use of primers specific
for the VH1, VH3 and VH4 gene families, many sequences
were also amplified that utilized the IGHV5 family genes. In
fact, the IGHV5 family genes as well as IGHV1-69 alleles
were over-represented in all data sets, when compared with
previously reported rearrangement frequencies [21].

Analysis of the VDJ junctions showed the mean CDR3
lengths of PNG IgG sequences to vary between 14.9
(IgG2) and 16.6 amino acids (IgG3), while the IgE
sequences had a mean length of 15.4. These differences
were not statistically significant. Within the junctions, all
previously reported functional IGHD genes were observed.
Alignments were also seen to one or more allele of each
IGHJ gene, including both IGHJ3*01 and IGHJ3*02.
IGHJ3*01 was originally reported as part of a haplotype
that includes IGHJ4*01 and IGHJ5*01. In an earlier bio-
informatic study of VDJ rearrangements, we failed to find
convincing evidence for the existence of these three alleles
[24]. The alignments seen in this study confirm the exis-
tence of IGHJ3*01, although no convincing alignments
were observed to IGHJ4*01 or IGHJ5*01.

In the PNG data sets, 64 sets of clonally related
sequences were seen, involving a total of 175 sequences.

Forty-four sets contained two sequences, 12 sets con-
tained 3 sequences, 3 sets contained 4 sequences, 2 sets
contained 5 sequences and 3 additional sets contained 6,
7 and 16 sequences, respectively. Seven sets contained
clonally related sequences from different isotypes, includ-
ing three sets of mixed IgG1 ⁄ IgG2 sequences, three set
of IgG1 ⁄ IgG4 sequences and one set of IgG1 ⁄ IgE
sequences.

Clonally related sequences were particularly common
amongst the IgG4 sequences. Of the 154 IgG4 sequences,
55 (35.7%) sequences were related to other IgG4 or IgG1
sequences. In contrast, only 69 of the 482 IgG1 sequences,
23 of the 288 IgG2, 16 of the 59 IgG3 and 12 of the 125
IgE sequences were members of clonally related sets. The
number of clonally related sequences was significant
higher amongst the IgG4 sequences (v2 test: P < 0.001).
No clonally related sequences were identified in the
Australian samples.

For subsequent mutation analyses, clonally related
sequences were removed from the data sets. After their
removal, 1004 unique PNG sequences remained, includ-
ing 118 IgE sequences, 445 IgG1 sequences, 276 IgG2
sequences, 49 IgG3 sequences and 116 IgG4 sequences.
The average mutation count for the IgE-associated IGHV
genes was 23.0. The average number of mutations seen
in PNG sequences associated with the different IgG sub-
classes correlated with the position of the various con-
stant region gamma genes in the constant region locus.
IgG3, which is encoded by the most 5¢ IGHG gene, had
the lowest number of mutations (mean: 17.7). The
IGHG1 gene is located downstream of the IGHG3 gene,
and IgG1 sequences had an average 21.0 mutations. The
IGHG2 gene is found downstream of IGHG1, and IgG2
sequences had an average 22.0 mutations. IgG4, which is
encoded by the most 3¢ IGHG gene, had the highest
number of mutations (mean: 27.1). Differences between
PNG isotypes were significant (one-way ANOVA: P <
0.001) with IgG4 being significantly higher than all
other isotypes including IgE (Dunn multiple comparison:
P < 0.05). Perhaps surprisingly, there was no significant
difference seen between the level of mutations in the
Australian IgG1 sequences (mean: 19.2) and in the PNG
IgG1 sequences. Mean numbers of mutations for PNG
IgG subclasses and IgE are shown as Fig. 1, and the
frequency distributions of IGHV mutation numbers are
shown as Fig. 2A–F. Chi-squared analysis of the fre-
quency distribution of IGHV mutations showed a signifi-
cant difference between isotypes (P < 0.01). Striking
differences were seen in the proportion of sequences that
were relatively unmutated (<10 mutations). Eight per
cent of IgE sequences had fewer than 10 mutations, but
very few IgG4 sequences were relatively unmutated, with
only two of 116 IgG4 sequences having fewer than 10
mutations. In contrast, 31% of IgG3 sequences carried
fewer than 10 mutations, with two sequences having no

Y. Wang et al. Antigen Selection and IgE Sequences 499
..................................................................................................................................................................

� 2011 The Authors

Scandinavian Journal of Immunology � 2011 Blackwell Publishing Ltd. Scandinavian Journal of Immunology 73, 496–504



mutations at all. These differences between IgG4 and the
other isotypes, including differences between IgG4 and
IgE, were all significant (v2 tests; in all cases P < 0.05).

Inference of antigen selection

The percentages of PNG sequences in each sequence data
set that showed evidence for selection are shown in
Fig. 3, and plots of replacement mutations in the CDR
(RCDR) against total IGHV mutations (Mv) are shown for
IgE and the IgG subclasses as Fig. 4. The IgE sequences
showed evidence of antigen selection in only 12% of
sequences, which was significantly less than in the IgG
sequences (v2 test: P < 0.001). Amongst the IgG
sequences, the percentage of sequences showing evidence
of antigen selection were 28% (IgG1), 39% (IgG2), 22%
(IgG3) and 27% (IgG4). All subclasses showed signifi-

IgG3 IgG1 IgG2 IgG4 IgE Aus IgG1
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Figure 1 Mutations in IGHV genes of different isotypes of Papua New

Guinea immunoglobulin sequences and of Australian IgG1 sequences.

Data are presented as mean ± SEM.
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Figure 2 Frequency distribution of point mutations in IGHV genes. Data are presented for (A) Australian IgG1 sequences and for Papua New Guin-

ean (B) IgG1, (C) IgG2, (D) IgG3, (E) IgG4 and (F) IgE.
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cantly elevated levels of selection in comparison with IgE
(P < 0.01 in each case), except for the small set of IgG3
sequences.

Discussion

The antigen-induced clustering of cell surface IgE is a
key activation pathway for mast cells, basophils and
eosinophils, and these cells are all conspicuous players in
response to parasite infections. A detailed understanding
of the fine specificity of IgE antibodies is therefore essen-
tial if we are to properly understand the biology of these
critical effector cells. Much of our understanding of IgE
antibodies is drawn from more general studies of humoral
immunity, for it has been widely assumed that the IgE
response develops in parallel with the IgG response. That
is, it has been thought that the IgE response develops
within germinal centres where, guided by antigen selec-
tion, and in the presence of T follicular helper cells, clo-
nal proliferation and mutation lead to the emergence of
high-affinity antibodies and the development of both
plasma cells and memory cells. Recent work has chal-
lenged this view. It has been proposed, for example, that
IgE-switched cells may be early emigrants from the ger-
minal centre reaction [6]. It has also been proposed that
the IgE response could be driven by superantigen-like
stimulation [14]. Indirect evidence that may help us clar-
ify these fundamental aspects of the biology of IgE comes
from studies of IgE sequences and the point mutations
that accumulate in these genes.

To investigate the IgE response in circumstances other
than allergic disease, we conducted the present study of
individuals from a community in which parasite infec-
tions are endemic [25]. The prevalence of allergic disease
was investigated in this population in the 1980s, and it
was shown to be almost entirely absent [18]. Although

epidemiological studies have not recently been conducted
in the area, none of the subjects in this study reported
any symptoms indicative of allergic disease. All the indi-
viduals, however, had very high serum IgE concentra-
tions. Although the specificities of the IgE antibodies
remain unknown, it is reasonable to suppose that most of
the IgE was generated as a consequence of parasite infec-
tion. The very high serum IgG4 concentrations seen are
also typical of the response to persistent parasite infec-
tions [26].

Patterns of gene usage have been a focus of many
studies of IgE sequences. An over-representation of genes
of the IGHV5 family in IgE VDJ rearrangements has
been reported by some [11, 12] but not all studies of IgE
sequences [13, 14], and this has been taken as evidence of
superantigen-driven responses [14]. In this study, biased
usage of IGHV1-69 genes and genes of the IGHV5 fam-
ily were seen in sequence sets of all isotypes and in both
Australian and PNG IgG sequences. This suggests that
the bias seen is likely to be a consequence of the variable
efficiency of the amplification of different IGHV genes
by the family-specific degenerate PCR primers used
in this study. Previously reported biases could also be
artefactual.

We have previously identified large numbers of clon-
ally related IgE sequences that utilized the IGHV6-1
gene, in a study of an individual with atopic dermatitis
[27]. This is likely to be the result of the thorough sam-
pling of a highly restricted portion of sequence space that
is revealed by PCR amplification using a forward primer
specific for IGHV6-1. In contrast, the relatively low pro-
portion of clonally related sequences seen in this study
suggests that the IgE response, in parasitized individuals,
may be highly diverse. The varying proportions of clon-
ally related sequences seen in association with different
IgG subclasses may also point to varying levels of diver-
sity in these responses, although analysis is confounded
by the unequal numbers of different IgG subclass tran-
scripts obtained from different individuals. Certainly, the
high proportion of clonally related IgG4 sequences sug-
gests a lack of diversity which might be expected if this
subclass response was restricted to the minor set of the
most persistent antigens.

Further insights into the IgE anti-parasite response come
from analysis of somatic point mutations, and to better
interpret our observations of mutations in IgE sequences,
we amplified IgG-associated VDJ gene sequences, using
IgG subclass-specific reverse PCR primers. The mean muta-
tion levels seen in these 886 unique IgG sequences varied
substantially between subclasses and correlated with the
position of the constant region genes within the con-
stant region gene locus (IgG3 < IgG1 < IgG2 < IgG4).
Although unexpected, this is in accord with the reports of
low-affinity IgG3 being seen early in a response [25], and
high-affinity IgG4 emerging after long periods of persistent

Figure 3 Percentage of unique immunoglobulin IGHV gene sequences,

sourced from Papua New Guinean individuals, which showed evidence

of antigen selection. Sequences that included more replacement muta-

tions within the complementarity determining regions (CDR1 and

CDR2) than the 97.5% confidence limit of a random model of mutation

were deemed to show evidence of antigen selection.
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antigen stimulation [28]. These studies are consistent with
the concept that B cells only switch to IgG4 after multiple
rounds of cell division, during which the VDJ sequences
accumulate high numbers of mutations [29]. On the other
hand, it does not imply that IgG class-switching progresses
inevitably by a series of sequential downstream steps, for
cells may switch to IgG4 both directly from IgM and indi-
rectly via other constant region genes, as is also known to
occur in the IgE response [30, 31].

Interestingly, despite IgE also being associated with
persistent stimulation, and the IGHE gene being down-
stream of the IGHG genes, the level of mutation in IgE
sequences was similar to that of IgG1 and IgG2
sequences and was significantly less than that of IgG4
sequences. The average number of mutations seen in the

IgE-associated VDJ gene sequences was 23.0, which is
substantially higher than we previously reported for IgE
sequences from individuals with atopic dermatitis, whose
mean mutation counts were 14.7 and 15.7 [13, 27].
Higher counts have been seen in individuals with sea-
sonal rhinitis and allergy to grass pollen [32], with a
reported median count of 21.

While an average of 19.2 mutations were seen in
IgG1 sequences derived from PBMC of Australian indi-
viduals, the PNG IgG1 sequences had an average of 21.0
mutations. This broad similarity in the extent of muta-
tions between IgG sequences from PNG villagers and
sequences from urban residents of developed nations is
surprising. It might be expected that mutation numbers
would reflect an individual’s history of antigen exposure.

Total muta ons (Mv)

Total muta ons (Mv) Total muta ons (Mv)

Total muta ons (Mv) Total muta ons (Mv)

A

B

D

E

C

Figure 4 The proportion of total IGHV mutations (Mv) that are replacement mutations within the CDR1 and CDR2 regions (RCDR). The propor-

tions of Mv that are RCDR mutations are plotted against the total numbers of mutations in (A) 445 IgG1 sequences, (B) 276 IgG2 sequences, (C) 49

IgG3 sequences, (D) 116 IgG4 sequences and (E) 118 IgE sequences. The solid lines show the 97.5% confidence limits for the RCDR ⁄ MV ratio in a

model of random mutation, where p(RCDR) equals 0.26. Data points have been adjusted to highlight clusters of overlaid values. CDR, complementar-

ity determining region.
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Individuals from developed nations could therefore be
expected to have substantially fewer mutations than indi-
viduals who have lived in the less hygienic circumstances
of the developing world. Our observation may be
explained by recent studies of the memory response. It
has been shown that in a recall response, IgG+ memory
cells rapidly give rise to plasma cells, but IgM+ memory
cells re-enter the germinal centre reaction [33]. As
CD27+ IgM+ memory cells carry few mutations in their
immunoglobulin genes [34, 35], the extent of mutations
generated in the germinal centre reaction of a recall
response is likely to be little different from that seen as a
result of the earlier exposure to the antigen. Repeated
exposure to common microbial antigens, which is a likely
feature of village life in developing countries, would
therefore be likely to lead to a relatively slow rise in
mean mutation levels with age.

As expected, many IgG sequences displayed a signifi-
cantly higher proportion of replacement mutations within
the CDRs than is seen in a model of random mutation.
This can be taken as evidence that antigen selection
guided the evolution of these sequences. The percentage
of such sequences ranged between 22% (IgG3) and 39%
(IgG2). The majority of sequences do not show evidence
of antigen selection. This is not because most IgG
sequences develop in the absence of antigen selection, but
rather it likely reflects the underlying random nature of
the mutational process, which makes it impossible to see
clear evidence of antigen selection in more than a fraction
of all selected sequences. In contrast to the IgG
sequences, only 12% of IgE sequences showed evidence
of antigen selection. This is in line with previous obser-
vations of allergic IgE sequences. We and others have
reported an absence of antigen selection, and therefore
presumably the absence of affinity maturation in allergic
IgE sequences [13, 36, 37].

Kerzel et al. [14] recently used the same kind of com-
parison with a random model of mutation in a study of
antigen selection and mutations in allergic IgE sequences.
In their study, a different probability of mutation was
used, as different definitions of the CDRs were also used.
The use of these different definitions and probabilities do
not alter the conclusions of the present analysis.

The relative lack of antigen selection in the evolution
of IgE sequences in parasitized individuals could be the
result of early departure of IgE-committed cells from the
germinal centre reaction and the continuing accumulat-
ing of mutations at other sites where follicular dendritic
cells and follicular helper T cells, that are essential to the
antigen selection process, are absent [6, 38]. Although
the IgE response could continue to develop at extra-ger-
minal centre sites within the lymph nodes, it is also pos-
sible that clonal expansion and mutation continue
outside the lymph nodes. The mutation process is initi-
ated by the enzyme activation-induced cytidine deami-

nase (AID) [39] and there is, for example, evidence of
AID expression by B cells at mucosal surfaces [40]. Intes-
tinal helminths could perhaps drive proliferation and
mutation of IgE-committed B cells within these tissues,
giving rise to antibodies of low affinity or even of uncer-
tain specificity.

A number of studies have reported that the specific
IgE response is accompanied by an approximately 10-fold
higher production of non-specific or ‘bystander’ IgE [41,
42]. The source and molecular features of this non-spe-
cific response have not been reported, but it has been
suggested that ‘bystander’ IgE arises through non-cognate
interactions between activated T cells and antigen non-
specific B cells [41]. This hypothesis is not consistent
with the patterns of mutation seen in the IgE sequences
in this study. On the other hand, an essentially random
mutation process and the accumulation of IgE-switched
B cells of lower affinity or even of altered specificity
offers an alternative explanation for the phenomenon of
‘bystander’ IgE that is consistent with the mutational
evidence. If we are to understand the efficacy of these
antibodies, and if we are to harness the IgE response,
through vaccination, against those parasite infections that
remain a burden on the health of much of the world’s
people, the biological processes that lead to these patterns
of mutation must be explored.
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