
IgA subclass switch recombination in human
mucosal and systemic immune compartments
M Lin1,2, L Du1, P Brandtzaeg3 and Q Pan-Hammarström1

Human immunoglobulin A (IgA) comprises two IgA subclasses, IgA1 and IgA2, whose distribution has been

shown by immunohistochemistry to be different in various body compartments. In comparison with systemic immune

compartments, we investigated the IgA switch profiles at the molecular level in salivary and lacrimal glands, nasal

mucosa, and proximal and distal gut mucosa. Direct switching from IgM to IgA1 or IgA2 predominated in all immune

compartments analyzed. Similar composition of the Sl–Sa1 and Sl–Sa2 junctions was observed, including

microhomology usage, which suggested that there is no major difference in the actual recombination mechanism

utilized during IgA subclass switching. The proportion of IgA1/IgA2 switch recombination events largely paralleled the

previously published immunohistochemical representation of IgA1þ and IgA2þ plasma cells, implying that the local

subclass distribution generally reflects precommitted memory/effector B cells that have undergone IgA subclass

switching before extravasation at the effector site. The extremely low or undetectable levels of activation-induced

cytidine deaminase (AID) and Ia–Cl circle transcripts in intestinal lamina propria samples as compared with Peyer’s

patches suggest that the cellular IgA subclass distribution outside of organized gut-associated lymphoid tissue is only

to a minor extent, if at all, influenced by in situ switching.

INTRODUCTION

The most abundant antibody isotype in humans is immu-
noglobulin A (IgA). It comprises two subclasses, IgA1 and
IgA2, of which the constant (C) heavy-chain regions are
encoded by separate genes (Ca1 and Ca2) on chromosome 14.1

IgA2 is relatively resistant to enzymatic degradation because of
a 13-amino-acid deletion in the hinge region that removes the
recognition site for IgA1-specific bacterial proteases.2,3 Immu-
nochemical analyses have shown that the distribution of the
two IgA subclasses is strikingly different in various immune
compartments. IgA1, in a monomeric form, predominates
(B90%) in serum, whereas a larger proportion of IgA2, mainly
as dimers, is seen in various external secretions,4–6 which may
be advantageous because of its stability.

The mucosal immune system consists of two functionally
distinct tissue compartments: inductive sites, where antigens
frommucosal surfaces activate naive T and B lymphocytes; and
effector sites, where memory/effector B cells after extravasation

undergo terminal differentiation to plasma cells. Mucosa-
associated inductive sites chiefly consist of palatine tonsils,
adenoids, Peyer’s patches (located mainly in the distal ileum),
and isolated lymphoid follicles (ILFs)—most abundantly in the
large bowel.7 Peyer’s patches, ILFs, and the appendix (with its
large follicles) are collectively referred to as gut-associated
lymphoid tissue (GALT). Mucosal immune effector sites
comprise the subepithelial lamina propria of various mucosae,
stroma of exocrine glands, and the surface epithelia.7–9 The gut
mucosal system harbors by far the largest activated B-cell pool
in the body, containing at least 80% of all plasmablasts and
plasma cells, mostly producing IgA dimers.10 Immunohisto-
chemical studies of these cells showed a striking disparity in
local subclass distribution, with IgA2 production dominating
distally in the gut.4,5 It remains unknownwhether such regional
disparity is governed by inherent characteristics of the activated
B cells derived by homing through lymph and peripheral
blood from different inductive mucosa-associated lymphoid
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compartments or subsequently being tailored in situ by
immunoregulatory local factors at the effector sites.9,11–13 It
was indeed suggested quite early that the topical intestinal
microbiota might be involved in the distal gut preference
for IgA2.14

Isotype switching, or class switch recombination (CSR), is
initiated by activation-induced cytidine deaminase (AID) in
activated B cells15 and involves specific DNA regions, referred
to as switch (S) regions located upstream of the genes encoding
the Ig heavy-chain C regions.16,17 DNA double-strand breaks
are introduced in the donor and acceptor S regions and these
breaks are processed by a number of DNA repair pathways,
eventually leading to recombination of the two S regions.18 This
allows previously rearranged Ig heavy-chain V domains to be
expressed in association with a C region different fromCm, thus
promoting B-cell switching to IgA, IgG, or IgE expression. CSR
is also accompanied by deletion of circular DNA from the Ig
heavy-chain locus. These so-called ‘‘switch circles’’ contain the
DNA segments between the Sm and a target S region, including
the I (intervening) region promoter. Under the influence of the
I promoter, the switch circle produces an I–Cm transcript,
referred to as circle transcript (Figure 1a), which, together with
AID transcripts, have been suggested to serve as hallmarks of
ongoing or recent CSR.19

The mechanisms of CSR are partly mediated by cytokines
and B-cell activators that regulate transcription of unrear-
ranged CH genes, yielding the so-called germline (GL)
transcripts (Figure 1a). These transcripts are a prerequisite
for CSR and their regulation is a decisivemechanism for isotype
selection.20 Thus, transforming growth factor-b1 is an
important cytokine for directing the IgA switching through
regulation of Ia GL transcripts, both in human and mouse B
cells.21,22 However, as the transforming growth factor-b1-
responsive elements in the human Ia1 and Ia2 promoters are
identical, this cytokine probably does not provide subclass-
specific targeting.17 More recently, APRIL (A Proliferation-
Inducing Ligand) has been proposed as the most important
cytokine directing IgA2 switching, whereas BAFF (B-cell-
Activating Factor belonging to the TNF Family), in addition to
its ability to induce IgA1 switching, can enhance APRIL-
stimulated IgA2 expression, apparently by promoting the
survival of IgA2þ B cells.23

In this study, the differential induction of IgA1 and IgA2
revealed in various human tissues was investigated by
molecular methods. We compared the IgA subclass switch
patterns detected atmucosal effector and inductive sites, as well
as in systemic immune compartments, by analyzing the
composition of Sm–Sa recombination junctions. Furthermore,
in order to explore the mechanisms underlying the differential
regulation of IgA subclass switching, we analyzed the level of
GL Ia1, GL Ia2, APRIL, and BAFF transcripts in specimens
obtained from the proximal and distal gut mucosa as well
as in Peyer’s patches. In addition, the expression of Ia–Cm
circle transcripts and AID was investigated in these samples to
investigate possible in situ CSR activities outside the Peyer’s
patches.

RESULTS

Profiles of Sl–Sa1/Sl–Sa2B-cell switching in systemic and
mucosal immune compartments

Genomic DNA purified from peripheral blood lymphocytes
(PBLs), spleen, and various mucosal tissues was subjected to
nested PCR to amplify the Sm–Sa switch fragments that contain
the recombination junctions. The approximate positions of the
PCR primers are shown in Figure 1a. The number of Sm–Sa
fragments was determined from 10 reactions with DNA from
each sample and represents random amplification of clones
that had switched in vivo. As shown inFigure 1b, the number of
Sm–Sa switch fragments generated from one representative
spleen sample ranged from 10 to 15, each with a unique length.
The number and intensity of amplified Sm–Sa fragments in
mucosal tissues (represented by one ileal and one colonic
sample in Figure 1b) were comparable to those in spleen,
confirming that there was a sizable IgA-committed B-cell pool
in the different mucosal compartments, regardless of
anatomical site.

To further characterize the Sm–Sa junctions obtained from
systemic and mucosal tissue samples, we subsequently cloned
and sequenced the amplified Sm–Sa fragments. Altogether, 322
unique Sm–Sa sequences were obtained from various tissues
(Table 1) and (Supplementary Figure S1 online). In addition,
159 Sm–Sa fragments from PBLs of adults and 141 fragments
from PBLs of children, which have previously been partially
described,24–27 were also included for comparison.

All sequences could be reliably matched with the GL Sm and
Sa1 or Sa2 regions, which enabled us to assessed the proportion
of Sm–Sa1/Sm–Sa2 recombination junctions in IgAþ memory/
effector B cells from systemic and mucosal tissues. The spleen
contained mainly IgA1-switched B cells, representing by a
predominance of Sm–Sa1 switch fragments (93%, Figure 2).
The proportion of IgA1-switched cells was significantly
reduced in PBLs from adults as compared with the spleen
(66%, w2 test; Po0.01), but not in PBLs from children (80%).

Figure 2 illustrates the IgA subclass switch profiles of B cells
in mucosal tissues. Palatine tonsils and adenoids, which make
upmost ofWaldeyer’s ring and are referred to as nasopharynx-
associated lymphoid tissue (NALT),7 showed a predominance
of Sm–Sa1 recombinational junctions (78% and 80%, respec-
tively). However, salivary glands, lacrimal glands, and nasal
mucosa, where effector/memory B cells are believed to be
recruited mainly from NALT,28 contained a lower proportion
of Sm–Sa1 junctions (55%, 54%, and 60%, respectively;
significantly lower as compared with spleen; w2 test;
Po0.05 or Po0.01). In the proximal small intestine (duo-
denum), the percentage of IgA1-switched cells (80%) was not
significantly different from that in the spleen, whereas in the
distal small intestine (ileum and Peyer’s patches), the frequency
of IgA2-switched cells was markedly increased, reaching a
nearly equal ratio of Sm–Sa1/Sm–Sa2 switching (w2 test;
Po0.05 between duodenum and ileum or Peyer’s patches).
In the appendix and colonic mucosa, switching to IgA2 was
muchmore frequent than to IgA1, with a dominance of Sm–Sa2
junctions (Z70%) identified at both sites.
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Figure 1 Nested PCR amplification of Sm–Sa fragments generated by class switch recombination (CSR) in systemic and mucosal immune
compartments. (a) Schematic map of the human Ig heavy-chain constant (C) locus. Horizontal small arrows indicate the approximate positions of the
primers used for amplification of Ia1–Ca1 germline transcripts, Sm–Sa fragments, and Ia–Cm circle transcripts. (b) Typical gel electrophoresis of PCR
products as determined with genomic DNA in one representative tissue sample of spleen, ileum, and colon. For each specimen, the numbers of Sm–Sa
switch fragments were based on 10 PCR reactions run in parallel (lanes 1–10). M, molecular weight marker.
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Composite Sl–Sa junctions in switched B cells from
systemic and mucosal immune compartments

We next determined the nucleotide sequences surrounding the
Sm–Sa breakpoints (Supplementary Figure S1). In most
instances, a clear Sm–Sa boundary could be identified,
whereas in some sequences, a small stretch of nucleotides
surrounding the putative breakpoint displayed perfectly
matched homology with both Sm and Sa, a phenomenon
referred to as microhomology usage. Occasionally, a piece of
the Sg region was inserted between Sm and Sa sequences,
representing a sequential Sm–Sg–Sa CSR event.

The average length ofmicrohomology at the Sm–Sa junctions
from various mucosal tissues was comparable to that in the
spleen (Table 1). However, among the various mucosal tissues,
significantly shorter stretches ofmicrohomologywere observed
in both lacrimal gland and appendix than in the nasal mucosa
(Student’s two-sided t-test; Po0.001). Point mutations on one
or both sides of the Sm–Sa junctions, reflecting the error-prone
end-joining mechanism operating during the CSR process,
were identified in some of the sequences. Although there
appeared to be a lower frequency of mutations in the switch
junctions derived from the lacrimal gland and duodenum, no
statistically significant differences were found as compared
with the spleen and PBLs (w2 test, P40.05). Furthermore, when
Sm–Sa1 and Sm–Sa2 sequences were directly compared, no

significant difference was observed in the composition of the
recombination junctions. Taken together, as the nature of the
recombination junctions, i.e., the microhomology usage as well
as the frequency and pattern of mutations around the
recombination breakpoints, reflects the DNA repair
pathway used,18,29 we conclude that the actual repair/recom-
bination mechanisms involved during the IgA1 and IgA2
switching processes in systemic and mucosal immune com-
partments are largely similar.

Table 1 Characteristics of Sl–Sa junctions in various immune compartments

No. of mutations at Sl–Sa junctions

No. of S
fragments

Total no. of
mutations

No. of bp
sequenced

Frequencya (per
1,000bp)

Microhomology at Sl–Sa
junctionsb (bp)

Length of S frag-
mentsb (bp)

Spleen 30 14 840 16.7 3.0±4.2 428.4±166.5

PBLs
(adults)

159 67 4,590 14.6 1.8±3.2 423.6±164.1

PBLs
(children)

141 51 4,110 12.4 3.9±5.1 473.7±290.3

Adenoids 24 14 690 20.3 3.0±3.5 299.7±108.7**

Palatine
tonsils

30 9 900 10.0 2.3±2.7 388.2±142.4

Salivary
glands

46 26 1,290 20.2 1.9±2.6 297.5±112.1***

Lacrimal
glands

29 7 870 8.0 1.4±1.8 247.1±108.6***

Nasal
mucosa

30 21 900 23.3 3.5±3.4 359.6±128.3

Duodenum 28 8 840 9.5 2.3±3.6 240.5±97.7***

Ileum 28 15 810 18.5 2.5±4.0 266.7±92.3***

Peyer’s
patches

28 17 810 21 2.3±3.4 230.8±73.3***

Appendix 13 4 390 10.3 1.4±1.8 247.6±58.3***

Colon 36 21 1,020 20.6 2.6±3.0 273.9±100.5***

bp, base pair; PBL, peripheral blood lymphocyte; S, switch.
aThe frequency ofmutations around the Sm–Sa junctions (±15bp) in spleen andPBLs aswell as in variousmucosal immune compartments. Statistical analysiswas performed
using the w2 test. No statistically significant differences were found between spleen and other tissues.

bThe usage ofmicrohomology at the Sm–Sa junctions and the length of S fragments from variousmucosal tissues and PBLswere comparedwith the spleen. Statistical analysis
was performed with two-sided Student’s t-test. **Po0.01; ***P o0.001.

Figure 2 Proportions of Sm–Sa1/Sm–Sa2 recombination junctions in
switched B cells present in samples of spleen, unstimulated peripheral
blood lymphocytes (PBLs), and various mucosal immune compartments.
Black and white columns indicate IgA1 and IgA2 switching, respectively.
Statistical analysis was performed with the w2 test and statistically
significant differences between spleen and PBLs or mucosal specimens
are marked with asterisks. *P o0.05; **P o0.01; ***P o0.001.
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It is, however, notable that the length of the S fragments was
shorter in mucosal tissues than in spleen and PBLs, particularly
so in the gut (Table 1; Student’s two-sided t-test; Po0.001). As
the Sm–Sa2 fragments were generally shorter than the Sm–Sa1
fragments (average length 320 vs. 374 bp, based on all the Sm–Sa
fragments included in this study), this difference might simply
be explained by a higher proportion of IgA2-switched cells in
the gut. However, this subclass disparity could not fully account
for the fragment length difference. Thus, although the
proportion of Sm–Sa1 in the duodenum was similar to that
in the spleen and PBLs (Figure 2), the length of S fragments was
still significantly shorter. Indeed, when the two types of S
fragments, Sm–Sa1 and Sm–Sa2, were calculated separately,
they were both significantly shorter in the duodenum, ileum,
Peyer’s patches, appendix, and colon than in PBLs (data not
shown). An alternative explanation could be that PCR prefe-
rentially amplifies shorter products whose overrepresentation
in the gut is because of more abundant IgA-switched clones.
However, this possibility was also excluded, as we did not
observe any difference in the length of switch fragments when
genomic DNA from a representative appendix sample was
further diluted (from 30 ng to 3 ng, 1 ng, and 0.3 ng,
respectively, per PCR reaction). Yet another possible
explanation is that IgA switching in the gut is directed
more toward the 5’ of the Sm and 3’ end of the Sa regions,
possibly through multiple rounds of recombination, and that
the observed length of S fragments actually reflected the
position of the breakpoints in the Sm and Sa sequences (a plot of

Sm–Sa2 breakpoints derived from duodenum, appendix,
colon, spleen, and PBL samples is shown in Supplementary
Figure S2).

Direct vs. sequential IgA switching in different immune
compartments

We subsequently investigated whether sequential switching
contributes to the increased IgA2 production in the distal gut.
To that end, we quantified the percentage of direct and
sequential IgA switching in mucosal tissues and compared that
with systemic lymphoid tissues. The data demonstrated that
490% of IgA switching had progressed directly from IgM to
IgA in both compartments (Table 2). A small proportion of
sequential switching to IgA2 tended to occur in the appendix
and colon, but no significant difference was found between the
distal gut and other tissue sites (Table 2).

Interestingly, some variations in the type of sequential IgA
switching were observed between the systemic and mucosal
immune compartments. Thus, in the spleen only Sm–Sg1–Sa1
switching was observed, whereas in the salivary glands and
distal gut mucosa S regions from other IgG subclasses were also
involved (Sg2 and Sg3; Table 2). Sequential switching in nasal
mucosa involved two Sa regions, namely Sm–Sa1–Sa2 and
Sm–Sa2–Sa1.

Regulation of IgA1/IgA2 switching in proximal and distal
gut mucosa

To further understand the mechanisms underlying differential
regulation of IgA subclass switching at different mucosal

Table 2 Direct/sequential IgA switching in various immune compartmentsa

No. of S
fragments

No. of direct
switching

No. of sequential
switching Type of sequential switching (no. of events)

Spleen 30 28 (93%) 2 (7%) Sm–Sg1–Sa1 (2)

PBLs
(adults)

159 152 (96%) 7 (4%) Sm–Sg1–Sa1 (3); Sm–Sa1–Sa2 (2); Sm–Sg1–Sa2 (1); Sm–Sg2–Sa2 (1)

PBLs
(children)

141 135 (96%) 6 (4%) Sm–Sg1–Sa1 (2); Sm–Sa1–Sa2 (1); Sm–Sa2–Sa1 (1); Sm–Sg3–Sa1 (1);
Sm–Sg3–Sa2 (1)

Adenoids 24 23 (96%) 1 (4%) Sm–Sg1–Sa1 (1)

Palatine
tonsils

30 30 (100%) 0 (0%)

Salivary
glands

46 43 (93%) 3 (7%) Sm–Sg2–Sa2 (1); Sm–Sm–Sg1–Sa1 (1); Sm–Sg3–Sa2 (1)

Lacrimal
glands

29 29 (100%) 0 (0%)

Nasal
mucosa

30 27 (90%) 3 (10%) Sm–Sa1– Sa2 (2); Sm–Sa2–Sa2–Sa1 (1)

Duodenum 28 28 (100%) 0 (0%)

Ileum 28 27 (96%) 1 (4%) Sm–Sg1–Sa1 (1)

Peyer’s
patches

28 27 (96%) 1 (4%) Sm–Sg3–Sa1 (1)

Appendix 13 12 (92%) 1 (8%) Sm–Sg1–Sa2 (1)

Colon 36 34 (94%) 2 (6%) Sm–Sg2–Sa2 (2)

IgA, immunoglobulin A; PBL, peripheral blood lymphocyte; S, switch.
aThe frequency of direct or sequential IgA switching in the spleen, PBLs, and various mucosal immune compartments. Statistical analysis was performed using the w2 test. No
significant differences were found between any groups.
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effector sites, we designed a series of reverse transcriptase-PCR
(RT-PCR) assays to measure the level of GL and circle
transcripts (Figure 1a) as well as the expression of BAFF and
APRIL in tissue specimens from both the small bowl
(duodenum and ileum) and the large bowl (colon). Samples
from Peyer’s patches, representing the major intestinal
inductive site, and PBLs were also included for comparison.

As shown in Figure 3a, the Ia1–Ca1 GL transcripts were
detectable in some of the duodenal/ileal (lanes 2, 4, 5, and 10)
and colonic (lane 6) tissue samples. However, as compared with
the samples of Peyer’s patches (lanes 11–14, with 2% of
complementary DNA (cDNA) input) and IL-10þCD40

ligand-activated PBLs (lane 16, with 5% of cDNA input),
the expression level at these mucosal effector sites was
extremely low. The Ia2–Ca2 GL transcripts were undetectable
in half of the lamina propria samples and barely detectable in
the remaining ones derived from duodenum/ileum/colon
(lanes 2, 3, 4, 8, and 10), but were easily seen in the Peyer’s
patch samples (lanes 11–14, with 2% of cDNA input).

We subsequently studied the expression of AID and Ia–Cm
circle transcripts, two hallmarks for ongoing CSR activities.
Compared with the Peyer’s patch samples and the IL-
10þCD40-ligand activated PBLs, AID was expressed at an
extremely low or even undetectable level (not reliably
determined by real-time PCR, with the cycle threshold
(CT) value of 434) in all the duodenal, ileal, and colonic
lamina propria specimens (Figure 3b). This is in line with the
extremely low number of B lymphocytes in the lamina propria
samples as measured by the expression level of CD19
(Figure 3b), and as previously demonstrated by immunohisto-
chemistry outside of GALT structures.30 Because of the
extensive homology between the Ia1 and Ia2 sequences, we
designed an assay to amplify the Ia1 or Ia2 circle transcripts
together (Ia–Cm). These transcripts were reliably detected in
each experiment (and confirmed by sequencing) in all the
Peyer’s patch samples and in activated PBLs, but could only be
amplified occasionally in a few ileal and colonic lamina propria
samples after multiple attempts (Figure 3a). Furthermore, the
weak bands detected in lamina propria samples were often
nonspecific and could only be confirmed by sequencing as a real
circle transcript in one ileal and one colonic sample
respectively. Thus, although ongoing IgA switching could
occasionally be detected in samples derived from proximal as

Figure 3 Expression of Ia1–Ca and Ia2–Ca2 germline (GL) transcripts,
Ia–Cm circle transcripts, andAID,CD19,APRIL, andBAFF in proximal and
distal gut mucosa. Mucosal specimens from the duodenum/ileum and
colon are labeled with blue and red numbers, respectively, whereas
specimens of Peyer’s patches are indicated by green numbers. Samples 1
and 3 were taken from colonic and samples 2, 4, and 5 were taken from
duodenal lamina propria of different individuals, whereas samples 6–10
were obtained from the same individual at different sites (6, ascending
colon; 7, ascending colon with inflammation; 8, descending colon; 9,
duodenum; 10, ileum). Samples 11–14 represented Peyer’s patches from
four different individuals. Samples 15 and 16 were derived from
unstimulated and IL-10þCD40L-stimulated peripheral blood
lymphocytes (PBLs) respectively. (a)Gel electrophoresis ofGL transcripts
amplified by reverse transcriptase-PCR (RT-PCR). Arrows indicate the
desired size of the amplicons. Because of the large difference in the
expression levels of GL transcripts among different samples, only 1/50th
or 1/20th of complementary DNA (cDNA), respectively, was added in the
PCR reactions for Peyer’s patches or PBLs, but equal amounts of cDNA
were added throughout for the amplification of Ia–Cm circle transcripts and
the housekeeping gene b-actin. Three independent experiments were
performed and representative pictures are shown. M, molecular marker.
(b)Measurement ofAID,CD19,APRIL, andBAFFexpressionby real-time
quantitative RT-PCR. Equal amounts of cDNA were added in all the
amplifications. The expression level of each gene in every samplewas first
normalized in relation to the b-actin housekeeping gene. A relative
expression level was subsequently determined by comparing the
normalized value of each sample with sample 15, the unstimulated PBLs.
An average of three independent experiments was plotted and the
dispersion bar indicates the s.e. value.
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well as distal intestinal effector sites, this is an extremely rare
event as compared with Peyer’s patch samples.

We next determined the mRNA expression of BAFF and
APRIL. BAFF, a cytokine that has been suggested to induce
IgA1 switching as well as to promote the survival of IgA2þ B
cells, was clearly present at a higher level in the duodenum
(IgA1 dominant; lanes 2, 4, 5, and 9 in Figure 3b) than in the
colon (IgA2 dominant; lanes 1, 3, 6, 7, and 8 Figure 3b).
However, APRIL, the cytokine that has been suggested to
promote IgA2 switching specifically, was expressed at more
comparable levels in these sites (Figure 3b). In Peyer’s patches,
where nearly equal proportions of Sm–Sa1/Sm–Sa2 switch
fragments were observed, the expression level of APRIL was
much lower than in both the duodenal (IgA1 dominant) and
colonic (IgA2 dominant) effector sites (Figure 3b). Similar
results were also obtained in the nasal mucosal samples (lanes
17–19 in Supplementary Figure S3). Taken together, there
was no clear relationship of expression of BAFF and APRIL,
or the ratio of APRIL/BAFF, with the proportion of switched
IgA1 and IgA2 cells in the mucosal samples (Supplementary
Figure S4).

DISCUSSION

We studied for the first time at the molecular level the subclass
profiles of IgA expression among systemic and mucosal
immune compartments. Although our PCR-based strategy
could not make a distinction between productive and
nonproductive alleles, our molecular results generally paral-
leled the distribution of IgA1- and IgA2-producing plasma cells
as previously determined by immunohistochemistry,4 with
some minor deviations.

The spleen collects and responds to circulating antigens and
thus plays an important role in maintaining systemic
immunity. On average, 93% of the IgAþ splenic plasma cells
are of the IgA1 phenotype,4,5 which is similar to our molecular
data (94%). This organ is a likely major source of the
predominating monomeric IgA1 in serum.

The humanNALT structures (palatine tonsils and adenoids)
also contained a high proportion of Sm–Sa1 junctions (78% and
80%, respectively), which is reasonable because these organs act
as a ‘‘cross-road’’ between mucosal and systemic immunity.7 B
cells activated in human NALT express several homing
molecules shared between the systemic immune system and
mucosal effector sites of the upper aero-digestive tract.28 These
lymphoid structures also exert local effector functions of both
systemic and secretory immunity.31

Salivary glands, lacrimal glands, and nasalmucosa, where the
IgA-committed B cells apparently are mainly recruited from
NALT, showed a higher level of IgA2 switching than NALT.
Several possibilities could explain this discrepancy. First, as
secretory IgA antibodies against microbial polysaccharides are
predominantly of the IgA2 subclass,32,33 increased exposure to
such antigens at these secretory effector sites might influence
the retention and local differentiation of B cells that have
already switched to IgA2. Second, some of the IgA2-producing
cells in this region are most likely derived from Peyer’s

patches.8,9 Third, a relatively high level of switched IgA2 cells in
nasal mucosa might be contributed by local CSR, which
reportedlymay take place at this site,34 andwhere scattered ILFs
may occur.7

It follows that the percentage of Sm–Sa1-switched cells (60%)
did notmatch the high proportion of IgA1þ plasma cells (90%)
previously detected by immunohistochemistry in nasal
mucosa.4 One possible interpretation is that coexistence of
B cells not differentiated to plasma cells could have diluted out
the switch junctions of surface IgAþ cells of the other subclass.
Alternatively, there are individual variations among the tissue
samples; and we examined nasal mucosa from three subjects, of
which one biopsy showed a dominance of IgA1 switching. It is
also interesting to note that in nasal mucosa, IgA1þ B cells
could serve as precursors of IgA2þ B cells through sequential
switching (Sm–Sa1–Sa2), and vice versa, involving both
sequential switching and potentially trans-switching (Sm–
Sa2–Sa1, where the two Sa regions are not from the same
allele). These switch activities between the two IgA subclasses
might reflect the alteration of antigens encountered in the nasal
mucosa of the same individual and could contribute to the
varying proportion of IgA1þ or IgA2þ plasma cells observed
in different individuals.

The intestinal IgA system is the best-understood contributor
to mucosal immunity.7,9,35 It is generally accepted that Peyer’s
patches are the main inductive sites for gut immunity.36,37

Although a nearly equal ratio of Sm–Sa1/Sm–Sa2 switch
junctions was found in Peyer’s patches, there was a striking
difference between the duodenal (Sm–Sa1, 80%) and ileal (Sm–
Sa1, 52%) lamina propria effector sites. The reason for this
regional disparity is unclear but could reflect an impact of the
local luminal antigens or microbiota.14,38 The proximal small
intestine has a low bacterial density but is abundantly exposed
to food proteins, whereas the distant small intestine has a
massive microbial load. The shift from IgA1- to IgA2-
producing cells probably represents an adaptive response to
protect the mucosa from the increased exposure to lipopo-
lysaccharide-containing bacteria through mechanisms dis-
cussed above.14 Consistent with this, the colonic lamina
propria, adjacent to the gut lumen where lipopolysacchar-
ide-containing bacteria reach the highest density (1010–1012

organisms per g), showed an overwhelming predominance of
Sm–Sa2 switch junctions (70%), contributing to an abundance
of IgA2-producing plasma cells. APRIL, produced by intestinal
epithelial cells or dendritic cells, has been suggested as the key
factor driving the T-cell-independent IgA2 CSR in colonic
mucosa.23 Our data could to some extent be taken to support
this idea, as we detected a relatively high ratio of APRIL/BAFF
as well as signs of ongoing CSR in the colonic samples.
However, the expression level of APRIL/BAFF, or the ratio of
APRIL/BAFF in duodenal and ileal lamina propria and Peyer’s
patch samples, as well as in nasal mucosa, did not show a clear
relationship to the distribution of IgA1/IgA2-switched cells
(Figure 3b and (Supplementary Figure S4). The mRNA
expression levels of APRIL/BAFF may not correlate with the
amounts of cytokines secreted, but it is also possible that these
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cytokines do not have a decisive effect on the IgA subclass
switching/distribution in vivo. Furthermore, it is noteworthy
that in the studies by Fagarasan et al.39 andHe et al.,23 where the
concept of in situ IgA switching in mouse and human gut
lamina propria was first proposed, resection material from the
gut was used and the possibility that ILFs might have
contaminated the analyzed cells was not considered. However,
in more recent studies by Barone et al.,40 Bergqvist et al.,41 and
Shikina et al.,42 gut tissues containing organized lymphoid
follicles were carefully excluded, and a different conclusion was
reached, i.e., GALT is the major site for IgA CSR and no
evidence was obtained to suggest that IgA CSR occurs in the
intestinal lamina propria of humans andmice. Small CD19þ B
lymphocytes are rare outside the immediate vicinity of GALT
structures in the human gut and they usually express surface
IgA.30 Some of these cells may show sign of proliferation
(nuclear marker Ki-67þ ), which is a prerequisite for CSR; but
as they also express the postgreminal center marker CD27, they
were deemed to represent cells recently migrated from GALT
structures.43 Thus, although we did not microdissect the included
lamina propria samples to fully exclude potentially contaminating
organized lymphoid tissues such as ILFs, our results suggested
that if in situ switching occurs outside of GALT, it is a very rare
event compared with the IgA switch activity in organized
lymphoid structures, especially the Peyer’s patches. This was
clearly indicated by the extremely low or undetectable level of
AID and IgA circle transcripts in lamina propria samples.

Activated B cells from GALT and NALTmigrate through the
blood and cannot be easily distinguished from each other in the
circulation.13,28 The proportion of Sm–Sa2 junctions in PBLs
from children (20%) was lower than that in the PBLs from adults
(34%), which could reflect an increasing contribution of
circulating IgA precursor cells from GALT with age. Immu-
nohistochemical studies of salivary glands have indeed suggested
that the proportion of IgA2-producing plasma cells increases
with age,44 perhaps reflecting distant homing from GALT.

Both direct and sequential IgA switching activities have been
suggested to participate in the development of IgAþ plasma
cells.45,46 APRIL can reportedly induce sequential CSR to IgA2
in vitro, either in IgA1þ or in IgG1þ B cells, and intestinal
lamina propria IgA2þ B cells have been shown to contain Sm–
Sa1–Sa2 or Sm–Sg1–Sa2 junctions.23 However, to what extent
sequential CSR contributes to IgA subclass production in vivo
remains unclear. Our study demonstrated that switching to
IgA1 and IgA2 in systemic and mucosal immune compart-
ments, including at the intestinal mucosa, mainly progresses
directly from Cm to Ca, whereas only a minor proportion
proceeds from Cm to Ca via Cg or the other Ca gene. This is in
agreement with the recent study on human memory B-cell
subsets where, in contrast to IgGþ cells, the CD27þ IgAþ and
CD27� IgAþ (presumably resembling the IgAþ cells from the
gut lamina propria) cellsmainly showed direct Sm–Sa switching
(495%).11 Similarly, in mouse B cells, sequential CSR from
IgM through IgG to IgA contributed very little to IgA
production in vitro and in vivo, in contrast to the situation
for IgE.47 It is also interesting to note that in colonicmucosa, the

rare sequential events that we observed were Sm–Sg2–Sa2.
IgG2þ cells rather than IgG1þ or IgG3þ cells could thus act as
precursors to add to the IgA2 repertoire in colonic mucosa.
Indeed, IgG2þ plasma cells are more abundant than the IgG3
counterparts at this effector site, whereas the reverse is true in
nasal mucosa.48

Taken together, our data demonstrate that there is a striking
disparity of IgA subclass switch profile at different mucosal
sites. The remarkable regionalization of activated B cells that
have undergone IgA CSR is closely related to the distribution of
plasma cells producing the two IgA subclasses. The subclass
commitment seems to be largely determined by CSR at regional
inductive sites before the IgA effector cells are distributed by
their homingmolecules. Thus, our study suggested that at most
a minor molecular tailoring of the local subclass profiles might
take place by in situ switching at mucosal effector sites—that is,
outside of GALT and NALT structures. Such compartmenta-
lized differentiation of IgA responses has to be taken into
account in the development of mucosal vaccines and in their
application strategy.

METHODS

Tissue specimens. The following mucosal tissues were sampled with
ethical approval from immunologically normal subjects (aged 10–77
years)28 who had endoscopic biopsy or surgical resection performed
for diagnostic or therapeutic purposes: duodenum (n¼ 7), ileum
(n¼ 4), Peyer’s patches (n¼ 7), colon (n¼ 6), adenoids (n¼ 3),
palatine tonsils (n¼ 5), salivary glands (n¼ 4), lacrimal glands (n¼ 3),
nasal mucosa (n¼ 6), appendix (n¼ 2), and spleen (n¼ 3). The tissue
specimens were placed directly in ice-chilled tubes and brought to the
laboratory within 1 h, or they were snap-frozen bed-side in liquid
nitrogen. It is noteworthy that the samples excised from the surgical
resection preparations were of a small size comparable to the targeted
biopsies. Control sections (from the excised samples) stained with
hematoxylin and eosinwere examined to exclude aswell as feasible that
organized lymphoid tissue was present in the lamina propria samples.
One biopsy (sample 7 in Figure 3) was obtained from an inflamed
mucosal area; the remaining specimens were all from sites without
macroscopical signs of inflammation and were deemed to be normal
by hematoxylin and eosin staining. PBLs were obtained from 17
healthy adults and 14 healthy children (1–6 years old), as previously
reported.24,25

PCR amplification of Sm–Sa fragments. Genomic DNA was purified
from various tissue specimens and PBLs by previously described
methods.26,28,49 The amplification of Sm–Sa fragments from in vivo
switched cells was also performed as described before.49 Briefly, two
pairs of Sm– and Sa-specific primers were used in a nested PCR assay.
The Sa-specific primers were located in a region 30 of the repetitive
sequences and perfectly matched with both Sa1 and Sa2 sequences;
together with the Sm-specific primers, they were therefore expected to
amplify the Sm–Sa1 and Sm–Sa2 fragments with the same efficiency. In
the first run, 30 ng of DNA was added in a 25 ml reaction mix and
amplified for a total of 30 cycles consisting of 1min at 94 1C, 1min at
60 1C and 1min 30 s at 72 1C. Then, 1 ml of PCR products from the first
run was used in the second run as templates and under the same
conditions, except that the annealing temperature was changed to
65 1C and the extension time at 72 1Cwas 1min. The number of Sm–Sa
fragments was determined from 10 PCR reactions run in parallel
with DNA from one individual, representing random amplification
of in vivo IgA-switched clones. The PCR error rate (0.9/1,000
nucleotides) was estimated previously.49
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Analysis of Sm–Sa junctions. The PCR-amplified Sm–Sa fragments
were subsequently purified, cloned, and sequenced. The Sm–Sa
breakpointswere determined by aligning the S fragment sequenceswith
the Sm (X54713), Sa1 (L19121), and Sa2 (AF030305) sequences.49

S fragment sequences that did not completely match with the Sm
sequences were subsequently aligned with the Sg1 (U39737), Sg2
(U39934), Sg3 (U39935), or Sg4 (Y1254-52) sequences.50 Direct IgA
switchingwas defined by progressing fromSm to Sa, whereas sequential
IgA switching was defined by proceeding from Sm to Sa via Sg (Sm–Sg–
Sa) or fromone IgA subclass to another (Sm–Sa1–Sa2 or Sm–Sa2–Sa1).
Sm–Sa fragments, rather than Sm–Sg–Sa fragments, were included

for microhomology and mutation analyses. Microhomology was
defined as successive nucleotides that were shared by both the Sm and
Sa regions at the switch junction (without mismatches). Analysis of
microhomology usage and mutation pattern around the switch
junctions was performed as previously described25 and followed the
recently suggested guideline.29

Amplification of Ia–Ca GL and Ia–Cm circle transcripts. Total RNA
was isolated from 20 to 30mg snap-frozen mucosal tissue by the
RNeasy mini kit (Qiagen, Hilden, Germany). Dnase I (Qiagen) was
used to remove trace amounts of genomic DNA. First-strand cDNA
synthesis was performed with a NotI-d(T)18 primer using a cDNA
synthesis kit (Pharmacia, Uppsala, Sweden).
Ia-consensus (5’-CCCCACAGCAGCCCTCTTG-30), Ca1-specific

(5’-GCGGTTA GCGGGGTCTTGG-30), and Ca2-specific (5’-
GGCGGTTAGTGGGGTCTTCA-30) primers were used to amplify
the Ia1–Ca1 and Ia2–Ca2 GL transcripts. Ia-consensus and Cm-
antisense (5’-AATCTGCCGGGGACTGAAAC-30) primers were used
to amplify the Ia–Cm circle transcripts. Amplification was performed
in 40 cycles, at 94 1C for 50 s, at 68 1C (66 1C for Ia–Cm) for 50 s, and at
72 1C for 1.5min (1min for Ia–Cm), respectively. Amplification of b-
actin was used to monitor the integrity of RNA and cDNA synthesis.
The desired amplicons were checked for correctness by sequencing.

Expression of AID, BAFF, APRIL, and CD19 analyzed by real-time

RT-PCR. Real-time RT-PCR assays were performed to quantitatively
measure the expression level of AID, BAFF, and APRIL transcripts.
A qPCRCore kit for SYBRGreen I (Eurogentec, Seraing, Belgium)was
used together with the previously described primers for amplification
ofAID transcripts and the housekeeping gene b-actin,51 as well as with
the following primers for amplification of BAFF, APRIL, and CD19
transcripts: BAFF-forward (5’-TGCCTGAAACACTACCCAATAA-
30) and BAFF-reverse (5’-AGCAGTTTCAATGCACCAAA-30);
APRIL-forward (5’-GGGTATCCCTGGCAGA GTC-30) and APRIL-
reverse (5’-CTCCTTTTCCGGGATCTCTC-30); CD19-forward (5’-
AACCTGACCATGTCATTCCACC-30) and CD19-reverse (5’-
GCCAAA GTCACAGCTGAGACCT-30). Amplification was per-
formed on a StepOne Real-Time PCR System (Applied Biosystems,
Foster City, CA) with the following conditions: at 95 1C for 10min,
followed by 40 cycles, each cycle at 95 1C for 10 s and at 60 1C for 1min.
Melting curve analysis was performed immediately after the above run
to ensure that the amplification was specific. Relative expression of
AID,CD19,BAFF, andAPRILwas calculated as previously described.52

Statisticalanalysis. Categorical variables, such asmutation frequency
and proportion of Sm–Sa subclass, were represented as numbers (%),
and compared by the w2 test. Continuous variables, such as micro-
homology usage and length of the S fragments, were expressed as
mean±s.d. and compared by Student’s t-test. All statistical assess-
ments were two sided and evaluated at the 0.05 level of significance.
The analyses were performed with the SPSS 13.0 software (IBM, NY).

SUPPLEMENTARYMATERIAL is linked to the online version of the paper

at http://www.nature.com/mi
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