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Redirection of class-switching by CpG 1483

CpG DNA redirects class-switching towards “Th1-
like” lg isotype production via TLR9 and MyD88
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Unmethylated CpG-containing DNA plays a critical role in immunity via the augmentation of
Th1 but suppression of Th2 T cell responses. We describe here that CpG maoitifs also redirect
isotype production by murine B cells to “Th1-like” Ig isotypes (IgG2a, IgG2b, and IgG3) while
suppressing Th2 isotypes (IgG1 and IgE). Using genetically mutant B cells, we find that the
IgG2a, IgG2b and IgG3 isotypes are transcriptionally regulated via the promotion of class-
switching, in a manner critically dependent upon TLR9 and MyD88. Thus, CpG DNA redi-

rects Ig isotype production by regulating the specificity of class-switch recombination.
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1 Introduction

DNA molecules containing unmethylated CpG motifs
comprise one of an ever-growing number of defined
pathogen-associated molecular patterns that modulate
adaptive immune responses [1, 2]. These motifs play
critical roles in the augmentation and/or initiation of
autoimmune responses by serving as adjuvants for auto-
reactive T cells [3], promoting Th1 responses largely via
the induction of IL-12 [4-6], and costimulating autoreac-
tive B cells [7]; conversely, they suppress pathogenic
Th2 responses, including allergic airway inflammation [8,
9]. Given the constant exposure of most complex organ-
isms to such DNA motifs, CpG sequences thus likely
supply a tonic modulatory signal to ongoing immune
responses, and serve as useful adjuvants during immu-
nomodulation and vaccination strategies [2].

In this context, a critical feature of CpG-containing DNA
remains its potential to redirect Ig isotype production by
B cells during ongoing immune responses [2, 10]. In sev-
eral animal models of vaccination, infection, and allergy,
CpG DNA promote antigen-specific antibodies of the
“Th1-like” isotypes IgG2a, IgG2b, and 1gG3, while sup-
pressing the Th2-like (and IL-4-related, since IL-4 pro-
motes Th2 responses) isotypes IgG1 and IgE, presum-
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ably in large part due to the effects of CpG on T cells [2,
4]. However, recent studies indicate that CoG DNA may
also directly stimulate B cells, suppressing IgG1 and IgE
production [11, 12], though the mechanistic details by
which this regulation takes place remain largely
unknown.

Cellular recognition of CpG-containing DNA predomi-
nantly requires the Toll-like receptor 9 (TLR9) [13-15],
which stimulates a myeloid differentiation marker 88
(MyD88)-dependent signaling pathway [16, 17]. We
therefore investigated the molecular mechanisms that
govern CpG-induced redirection of Ig isotype production
in MyD88-deficient and TLR9-deficient B cells, and
found that the Th1-like isotypes were indeed regulated
transcriptionally at their germline loci. Thus, CpG-
containing DNA modulates Ig isotype production by B
cells by regulating class-switching to Th1-like Ig via reg-
ulation of the germline transcripts.

2 Results

2.1 CpG DNA redirects Ig isotype secretion to
non-Th2 IgG isotypes

Since CpG-containing DNA can promote Th1 responses
and suppress Th2 responses in vivo [4-6, 8, 9], we pre-
dicted that they likely redirect B cell differentiation
toward a “Th1-like” B cell phenotype in general [18],
inducing multiple non-Th2-related isotypes. To test this,
we exposed B cells undergoing activation with soluble
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anti-CD40 and recombinant IL-4 to CpG oligonucleo-
tides, and assessed the quantities of secreted Ig (Fig. 1,
open bars). Strikingly, exposure to CpG oligonucleotides
significantly suppressed the production of the IL-4-
related isotypes IgE and IgG1, resulting in a 10-20-fold
suppression of the former, and a 2-4-fold suppression of
the latter (p<0.01 for both isotypes). At the same time,
CpG DNA strongly promoted the secretion of IgG2a,
IgG2b, and IgG3, increasing the amount secreted from
undetectable to 10-20 ng/ml for IgG2a and I1gG3
(p<0.001), and stimulating the secretion of IgG2b over
20-fold (p<<0.001). These effects were not replicated with
GpC-containing oligonucleotides, indicating that the Ig
redirection requires the CpG motif.

2.2 Ig redirection by CpG partially requires
MyD88 and TLR9

We therefore speculated that CpG redirection required
both TLR9 [13-15] and MyD88 [16, 17], and investigated
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Fig. 1. CpG suppresses IL-4-related isotype production and
induces “Th1-like” Ig isotype production. Resting splenic B
cells from wild-type (WT; open bars), MyD88-deficient (black
bars), or TLR9-deficient (gray bars) C57BL/6 mice were
incubated in the presence of anti-CD40 antibody and
recombinant IL-4 for 10 days, in the presence or absence of
a CpG-containing or control (GpC-containing) oligonucleo-
tide. Secreted Ig were quantified by ELISA of culture super-
natants. Shown are data from one experiment consisting of
four simultaneously tested animals, representative of three
experiments. Error bars indicate standard deviations, and
are too small to be visible in some cases. Asterisks (*) indi-
cate undetectable by this assay (<100 pg/ml).
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the ability of CpG DNA to redirect Ig production in TLR9-
deficient and MyD88-deficient B cells (Fig. 1, black and
gray bars, respectively). Both MyD88- and TLR9-
deficient B cells were severely deficient in their ability to
generate Th1-like IgG isotypes in response to CpG: they
were completely impaired in the ability to induce detect-
able levels of IgG2a and IgG3, and were unable to aug-
ment IgG2b production above baseline (anti-CD40+IL-4-
induced) quantities (p<<0.0001).

Interestingly, CpG DNA was clearly capable of suppress-
ing both IgG1 and IgE production by both MyD88- and
TLR9-deficient B cells: although the former appeared to
produce IgE in levels slightly higher than wild-type coun-
terparts, perhaps indicating a role for MyD88 in the regu-
lation of Ig production by anti-CD40+IL-4, CpG clearly
induced a 5-6-fold suppression (p<0.001), and similarly
induced a 2-3-fold suppression in IgG1 production
(Fig. 1, upper panels). The effect in TLR9-deficient cells
was more modest, with CpG inducing only at most a 2-
fold suppression in IgE and IgG1. Nonetheless, taken
together, these results indicated that the classical TLR9-
MyD88 pathway is critical for Th1-like isotype promotion,
but does not as strongly apply to the Th2 (IL4-related)
isotypes.

2.3 MyD88- and TLR9-dependent Ig redirection
by CpG involves redirection of class-
switching

Notably, these defective Ig responses in MyD88- and
TLR9-deficient B cells could not be explained simply by
CpG-mediated effects upon cell proliferation and/or
apoptosis, since MyD88- and TLR9-deficient B cells pro-
liferated comparably to wild-type cells treated with anti-
CD40 and IL-4 (not shown). Instead, since the suppres-
sion of the IL-4-related isotypes by CpG appears to
reflect the inhibition of class-switching to IgG1 and IgE
[11], we suspected that the promotion of the Th1-like
isotypes might reflect the augmentation and/or initiation
of class-switching to IgG2a, IgG2b, and IgG3. Therefore,
we examined both germline and post-switch transcripts
for these isotypes in wild-type, MyD88- and TLR9-
deficient B cells during stimulation in the presence or
absence of CpG DNA (Fig. 2).

Strikingly, both MyD88 and TLR9 were absolutely
required for the induction of class-switching to each of
these isotypes, as evidenced by analyses of both germ-
line and post-switch transcripts: only wild-type B cells
exposed to CpG DNA produced significant levels of
germline and post-switch transcripts of IgG2a, 1gG2b
and 1gG3, whereas wild-type cells, whether or not
exposed to GpC DNA, as well as MyD88- and TLR9-
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Fig. 2. CpG induces class-switching to “Th1-like” IgG isotypes in a MyD88- and TLR9-dependent fashion. Resting splenic B cells
from wild-type (WT), MyD88-deficient, or TLR9-deficient C57BL/6 mice were incubated in the presence of anti-CD40 antibody

and recombinant IL-4, in the presence or absence of a CpG-

or control GpC-containing oligonucleotide. On the days indicated,

cDNA was then assessed for the quantity of germline and post-switch transcripts. Each graph reflects data from one experiment
consisting of four simultaneously tested animals, representative of at least three experiments. Error bars indicate standard devia-

tions.

deficient cells, whether or not exposed to CpG or GpC
DNA, failed to produce significant levels of any
(p<0.00001 for all isotypes, comparing CpG-treated
wild-type cells with any other group). Thus, the induction
of the Th1-like Ig isotypes by CpG DNA requires TLR9-
and MyD88-dependent transcriptional activation of the
respective germline Ig loci, leading to subsequent class-
switch recombination.

3 Discussion

These findings indicate that CpG DNA induces class-
switching to “Th1-like” Ig isotypes by promoting tran-
scription at their germline loci. These events are depen-
dent upon both TLR9 and MyD88, presumably due to a
requirement to induce and/or activate transcriptional
activators and/or regulators to induce germline tran-
scription. At the same time, CpG suppresses the pro-
duction of the “Th2-like,” IL-4-related isotypes IgG1 and
IgE, but interestingly this effect does not appear to
require MyD88 and/or TLR9, indicating that other recep-
tors and/or signal transduction pathways likely contrib-
ute to mediating the effects of CpG DNA [17]. As such,
the classical pathway of CpG-TLR9-MyD88 primarily
promotes the type 1 lymphocyte fate in B cells, at least in
terms of the types of Ig isotypes generated.

Although little is known about specific transcriptional
regulators of the germline loci of these “Th1-like” isoty-
pes, it is likely that one or more transcription factors,
such as T-bet [11, 12, 19], is induced by CpG oligonucle-

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

otides and is responsible for the initiation and/or aug-
mentation of class-switching to those isotypes in
response to CpG stimulation, analogous to the role of T-
bet in 1gG2a induction in response to IFN-y [19, 20].
Indeed, T-bet-deficient B cells are unable to generate
IgG2a in response to CpG oligonucleotides, although
they can produce IgG2b and IgG3 ([12] and our unpub-
lished data). As such, additional transcription factors
likely participate, such as members of the NF-&B family,
which play critical roles in signal transduction of TLR
pathways [21], and have been implicated in the germline
regulation of the y2b and y3 loci [22, 23]. However, the
relatively delayed appearance of y2b and y3 switch tran-
scripts (typically at least 48 h after CpG exposure), in
contrast to the earlier (~6 h) induction of other CpG tar-
get genes like T-bet ([11] and our unpublished data) sug-
gests that not NF-kB factors, but rather one of their tar-
get genes, may in fact represent the true, specific regula-
tors of these loci in response to CpG. Continued investi-
gation within this context will likely yield novel targets in
the regulation of class-switching, and therefore in the
regulation of autoimmune, allergic, and infectious dis-
eases.

4 Materials and methods

4.1 Mice
C57BL/6 mice were purchased from the Jackson Laboratory

(Bar Harbor, ME, USA). MyD88-deficient mice [24] of the
C57BL/6 background were graciously provided by Dr. Emil
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Table 1. Real-time PCR primers used in this study

Eur. J. Immunol. 2004. 34: 1483-1487

Locus Primer 1

Primer 2

IgG2a® germline 5’-ACTGGTGGACCGAGGAAGG

IgG2a° post-switch 5’-TCTGGACCTCTCCGAAACCA
IgG2b germline 5’-CTCACACACAGAAGAATGGACCA
IgG2b post-switch 5’-GAAACCAGGCACCGCAAAT
IgG3 germline 5’-GCAAGATCTCTGCAGCAGAAATC

IgG3 post-switch 5-TCTGGACCTCTCCGAAACCA

5’-CCAGTGGATAGACCGATGGG

5’-GGGCCAGTGGATAGACCGAT
5’-AGTTGTATCTCCACACCCAGGG
5-AGTTGTATCTCCACACCCAGGG
5’-CCAGGGACCAAGGGATAGACA
5’-CCAGGGACCAAGGGATAGACA

Unanue (St. Louis, MO, USA). TLR9-deficient [13] mice of
the C57BL/6 background were purchased from the Euro-
pean Mouse Mutant Archive (Orleans, France). All animals
were bred and raised under specific pathogen-free condi-
tions at the Washington University School of Medicine, and
all experiments were performed in compliance with the rele-
vant laws and institutional guidelines, as overseen by the
Animal Studies Committee of the Washington University
School of Medicine.

4.2 B cell cultures and ELISA

For in vitro analyses, B cells were purified by negative selec-
tion against CD43, yielding >98% IgM*CD69™ B cells (Milte-
nyi Biotec, and data not shown). Cells were stimulated by
2 ug/ml anti-CD40 antibody (BD Pharmingen, San Diego,
CA, USA) with 10 ng/ml recombinant murine IL-4 (Pepro-
Tech, Inc, Rocky Hill, NJ, USA), as described previously [19].
Phosphorothioate CpG (5’-TCCATGACGTTCCTGACGTT) or
control GpC (5’-TCCATGAGCTTCCTGAGTCT) oligonucleo-
tides were added where indicated at 3 uM, as described
previously [11]. Ig secretion was assessed in culture super-
natants by ELISA (Southern Biotechnology, Birmingham, AL,
USA). Of particular note, IgG2a° (IgG2c, C57BL/6) was
detected using goat anti-mouse-lgG2a (Southern Biotech-
nology) and biotin-5.7 (anti-mouse-IgG2a°; BD Pharmingen)
as the capture and detection antibodies, respectively, fol-
lowed by avidin-alkaline-phosphatase (Sigma-Aldrich Co.,
St. Louis, MO, USA). For purposes of consistency with prior
studies [11], we refer herein to this isotype as IgG2a. In addi-
tion, for convenience of discussion, we have used the term
“Th1-like” to refer collectively to the IgG2a, IgG2b and IgG3
isotypes, since these isotypes have been previously linked
to type 1 T cell responses in animal studies [25, 26].

For cellular proliferation analysis, B cells were washed twice
with ice-cold PBS, and then resuspended in PBS containing
5 mM carboxyfluorescein diacetate, succinimidyl ester
(CFDA SE, CFSE; Molecular Probes, Eugene, OR, USA) at a
concentration of 2x107 cells/ml. Cells were then incubated
for 10 min at room temperature with intermittent agitation,
then quenched with an equal volume of heat-inactivated
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fetal bovine serum (BioWhittaker, Walkersville, MD, USA),
followed by washing thrice with PBS. Cells were then resus-
pended in complete medium and cultured as above. Cells
were analyzed by flow cytometry on a FACSCalibur System
(BD Biosciences, San Jose, CA, USA).

4.3 RNA transcript analysis

For RNA analyses, RNA was prepared from cells at the times
indicated in the text with the RNeasy® Mini Kit (Qiagen, Inc.,
Valencia, CA, USA) accompanied by DNase treatment, and
first-strand cDNA synthesized using oligo(dT) primers and
SuperScript™ Il reverse transcriptase (Invitrogen Corp.,
Carlsbad, CA, USA). Samples were then subjected to real-
time PCR analysis on an ABI PRISM® 7000 Sequence
Detection System (Applied Biosystems, Foster City, CA,
USA) under standard conditions with specificity reinforced
via the dissociation protocol. Gene-specific primers are
listed in Table 1, and were validated by comparison with
standard PCR primers used to detect germline and post-
switch transcripts in wild-type B cells in response to LPS +/-
IL-4 or IFN-y ([20] and our unpublished data). The relative
mRNA abundance of each transcript was normalized
against tubulin [20], calculated as 2(Ctiubuin - Ctlgene) - \where Gt
represents the threshold cycle for each transcript.
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