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where /., is the whole-cell current and i is the
single-channel current. The modal weighting co-
efficients (Agw Amear Angn) are those plotted in
Fig. 3A and allow for the proportion of blank
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determined the wave form of open probability
[P,(t)] for each mode by averaging idealized
records for all sweeps falling within the appropri-
ate modal category.

. The contribution of the medium-P, mode was only

slightly decreased here. In earlier recordings tak-
en under different experimental conditions (5),
most of the current in control patches was sup-
ported by medium-P, gating, and NE produced a
shift away from medium-F, to low-P, gating. In
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Shutdown of Class Switch Recombination by
Deletion of a Switch Region Control Element

Steffen Jung,* Klaus Rajewsky, Andreas Radbruch

Upon activation, B lymphocytes can change the class of the antibody they express by
immunoglobulin class switch recombination. Cytokines can direct this recombination to
distinct classes by the specific activation of repetitive recombinogenic DNA sequences, the
switch regions. Recombination to a particular switch region (s,1) was abolished in mice
that were altered to lack sequences that are 5’ to the s 1 region. This result directly
implicates the functional importance of 5’ switch region flanking sequences in the control
of class switch recombination. Mutant mice exhibit a selective agammaglobulinemia and
may be useful in the assessment of the biological importance of immunoglobulin G1.

Immunoglobulin class switch recombina-
tion permits a B cell to sequentially express
antibodies that have identical specificities
but that differ in class and thus effector
function. This recombination, which
moves the variable region exon of the
immunoglobulin heavy (IgH) chain to as-
sociate with a different set of constant
region exons, is mediated by switch (s)
regions—that is, arrays of short tandem
repeats located upstream of each constant
region (Cy) gene segment, except Cs.
Once activated, class switch recombination
is a regulated process, directed to the same
switch region on the active and the alleli-
cally excluded, inactive allele of a given B
cell (1). Class switching is directed by
cytokines. For example, the addition of
interleukin-4 (IL-4) to cultures of polyclo-
nally activated B cells induces switching to
IgG1 and IgE (2). The direction of class
switching may be determined by the mod-
ulation of accessibility of the individual
switch regions to a common switch recom-
binase (3). Before recombination, 5’ switch
region flanking sequences are subjected to
cytokine-induced demethylation (4) and
chromatin changes (5). Furthermore, the
activation of promoter and enhancer ele-
ments in these regions leads to transcription
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of the respective unrearranged (germline)
switch regions and their associated Cy
genes (6). Despite the large body of correl-
ative evidence for germline transcription
and class switch recombination (3, 6), a
functional relation between switch region
flanking sequences and class switch recom-
bination has not been directly shown.

To test the functional importance of
switch region flanking sequences for switch
recombination, we generated mutant mice
that lack 5 flanking sequences of the s 1
switch region (7) (Fig. 1). The homologous
recombination event yields an IgH locus with
the 5" s 1 region being replaced by an inverse-
ly oriented neomycin resistance (neo”) gene
needed for selection of recombinants in the
conventional targeting scheme (8). In the
targeting construct (9), the neo’-cassette re-
places 1.7 kb of the 5' s, 1 region spanning all
sites of molecular changes known to be in-
duced by the cytokine IL-4—that is, a protein
binding site (10), deoxyribonuclease (DNase)
I hypersensitive sites (5), sites of specific
demethylation (4), and the promoter ele-
ments and splice donor site of the I, 1-germ-
line transcript (11) (Fig. 1D).

Using a murine embryonic stem (ES)
cell line derived from 129/Ola mice (IgH%),
we generated ES cell clones that were het-
erozygous for the targeted replacement of
the 5" 5,1 region (designated neoA5's_ 1) by
homologous recombination (12). To exclude
the influence of the neo” gene or its control



elements on class switch recombination, we
subsequently deleted the neo’-cassette using
the yeast Flp recombination system (13, 14).
In the targeting construct (9), the neo” gene
is flanked by two Flp recombination target
(FRT) sequences oriented in parallel (Fig.
1). For site-specific deletion, we transiently
transfected a targeted ES cell clone (clone
12) with the Flp recombinase expression
vector pOG44 (14) and isolated an ES cell
clone (clone 12.21) that had the desired
deletion, designated A5's,1 (15). The re-
sulting locus retains a smgle copy of an FRT
signal. The structure of the targeted loci was
confirmed by restriction analysis (Fig. 2).

Cells of three independent neoA5's, 1 ES
cell clones (clones 13, 10, and 2) and the
A5's_1 clone (clone 12.21) were injected into
blastocysts of C57BL/6 and CB.20 mice to
generate chimeric mice. The IgH allotype
differences of ES cell (IgH*)—derived and blas-
tocyst (IgH?)-derived cells allowed the analy-
sis of B cells that were heterozygous
(IgH<oA5"svlab or [gHAS'41ak) for the muta-
tion in the chimeric mice; host-derived B cells
are IgH?®. To determine the effect of the
deletion on IgGl1 class switch recombination,
we polyclonally activated splenic B cells from
neoA5's, 1 and A5's,1 chimeras by bacterial
llpopolysacchande (LPS) in the presence of
IL-4 (Table 1). After this treatment, B cells
that carried a mutant allele showed a 50%
reduction in the frequency of IgG1-expressing
cells as compared to wild-type controls. As-
suming equal representation of cells that ex-
pressed the mutated and the wild-type allele,
cells that expressed the targeted allele proba-
bly had not switched to y1.

If this interpretation is correct, IgG1*-
expressing B cells from neoA5’s_ 1 and A5's, 1
chimeras should have functiona hy rearranged
and switched the wild-type allele but left the
targeted allele in germline configuration. A
DNA restriction enzyme analysis of sorted
cells that express p? and y1? from the culture
(LPS plus IL-4) of neoA5’ s,1 and A5's 1
chimeras confirmed this predlctlon (Fig. 3
The y12-expressing cells retained the mu-
tated allele in germline configuration,
whereas all wild-type alleles were rear-
ranged. Thus, the mutations in the 5’
flanking regions shut down switch recom-
bination to s, 1. Splenic B cell cultures of
both the neoA5’s,1 and the A5's,1 chi-
meric mice ylelded the same results (Table
1 and Fig. 3), which demonstrates that the
silencing of s 1 is not a result of the
insertion of the neo’ gene or its control
elements.

Because germline transmission of the
neoA5’s.1 mutation was obtained before
transmission of the A5’s 1 mutation and
because both mutations show the same phe-
notype, further analyses were done on mice
with the neoA5’s 1 mutation. After the
mating of neoA5’s,1 chimeras to C57BL/6

and CB.20 mice, the offspring that were
derived from chimeras with mutated ES cells
were identified by coat color and tested by
restriction analysis of tail DNA for transmis-
sion of the mutated allele (Fig. 2). In het-

Fig. 1. Strategy for deletionof the 5’ A

REPORTS

erozygous mutant mice ([gH™2>'v1*®) tar-
geted and wild-type alleles can be distin-
guished serologically by means of their allo-
type differences. Thus, we can quantitate
the extent to which the s, 1 region is silenced

s,1 flanking region. (A) Genomic "ﬂs ‘u"“ T ’f’ Tj T X o
structure of the murine s, wild- Tt —t —— H:H:
type locus (IgH?) and its 5’ flanking 31
sequence. Tandemly repeated 49- B

bp units are indicated as black HE Exb E H BEXS Exb L
bars; direct repeats are shown as | & Lt Lol
striped boxes. A, Acc |; E, Eco RI;  PlasmidHsvri neo’

B, Bgl Il; H, Hind III; X, Xmn I; Xb, c

Xba I; and S, Sca I. (B) The target- ...,

ing vector, which contains the 9.7- R E B e =
kb Hind Ill-Sca | fragment from the | Jei| £ -
5'"s,1locus (9). (C) Structure of the BoS Ay &

resultant loci that either contain . SR

(neoAS5’s,1) or do not contain % HE EXb Exb

(A5's 1) the neo” gene. Triangles

indicate the primers used in the
PCR screening for homologous re-
combinants (pair A and B) (72) and D
for detection of clones with neo”
gene deletion (pair C and B) (15).
Primer A: 5'-CCTGCGTGCAATC-

CATCTTG-3'; primer B: 5'-CCT-
TCATTCTAACCTGCCCC-3'; prim-
er C: 5'-AACAGTCAGCACCCTCA-
CTC-3'. (D) Detail of targeted re-
placement of the 5’ s_1 region (7)
and site-specific neo” gene dele-
tion. The FRT-neo-FRT cassette
(1.4 kb) replaced a fragment of 1.7
kb that carried all the known sites of
IL-4—induced molecular changes.
M, site of demethylation (4); circle,
protein binding sites (70); striped

boxes, DNase | hypersensitive sites
(5); promoter elements and the

FRT

splice donor site of the I 1-germline transcripts (77) are shown schematically.

Fig. 2. Restriction analysis of wild-
type E14-1, neoA5’s 1, and A5's 1
cells and of F, heterozygous-mu-
tant and wild-type ES cell-de-
rived progeny of a neoA5’s 1 chi-
mera resulting from matings with
C57BL/6 mice. Genomic DNA was
digested by Eco Rl and Xba I. After
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gel electrophoresis and blotting, lgH16.5— | ARSI
the upper half of the filter (A) was IgH® 1‘-0} —10.6 IgHneasS'syta
hybridized to probe A (s,1) (7) and ~ lgH™*%57@ 103

the lower half (B) was hybridized to

probe B (neo) (9). (A) The targeted

ES cells (lanes 2, 3, 7, and 8) show B

the disruption of the 16.5-kb Eco Rl - 14

and the 15.5-kb Xba | fragment of 1.0— -

one of the wild-type IgH? alleles.

Note that the A5's 1 cells retain the :

Xba | site indicative for the remain- Eco Rl «neo Xba |

ing FRT signal, as predicted for

Flp-mediated recombination. Lane 4 reveals the Eco Rl and Xba | restriction polymorphism of the
wild-type IgH? and IgH® alleles, and lane 5 shows the disrupted /gH? allele (10.3 and 10.6 kb) in a

heterozygous mutant mouse (/gH"e°45'sy'ab) (B)

) The neo’-specific probe B verifies the deletion of

the neo” gene in the A5’s 1 ES cell clone. Lanes 1 and 6, wild-type ES cells; lanes 2 and 7,
neoA5’s 1-targeted cells; lanes 3 and 8, A5's_1-targeted cells; lane 4, wild-type [129/Ola (IgH#2) x
C57BL/6(/gHb/°)] F,; lane 5, heterozygous NeoA5’ s,1 mutant F, (IgHmee4s'sy'ab). Molecular size
markers are indicated to the right and left in (A) and (B) in kllobases Asterisks indicate probe used.
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by the neoA5’s, 1 mutation.
Splenic B cells of heterozygous mutants
(IgH™A%"sv14%y and wild-type littermate con-

neoAS'sT1 A5'sY1
| s I p—
- L] © L]
2+ = 4 =
- |—165 IgH?
SN | —10.3 [gHNeoA5 syla
Eco Rl *5,1

Fig. 3. Southern (DNA) blot analysis of p2- and
y12-positive cells fractionated from a culture (LPS
plus IL-4) of neoA5's 1 (mouse 10.10 and mouse
13.1) and AS's 1 (mouse A4 and mouse AS)
chimeras by fluorescence-activated cell sorting.
Cells were fixed and stained as described (Table
1) (25), and genomic DNA was digested with Eco
RI and analyzed by probing with a probe specific
for s 1 (probe A, Fig. 2). Molecular size markers
are indicated to the right in kilobases.

Fig. 4. Flow cytometric C57BL6 IgHb®

trols (IgH*?) were activated in vitro with LPS
or LPS plus IL-4 (Fig. 4 and Table 1). B cells
of both allotypes from littermate control mice
differentiated into IgG1-expressing cells; how-
ever, in heterozygous mutant mice B cells that
expressed the targeted allele (IgH™25+!¢) did
not switch to IgG1. The frequency of IgG1*-
expressing cells was reduced by 99.5%. Class
switch recombination in general was not af-
fected in the heterozygous mutant B cells
because the frequencies of IgG3 cells in LPS
cultures of wild-type and mutant mice were
similar (Table 1). In cultures (LPS plus IL-4)
of neoA5’s, 1 and A5's_ 1 heterozygous mutant
B cells, Ig?vi-expressing cells appeared more
frequently than in control cultures (Table 1),
which suggests that these cells, which func-
tionally rearranged the targeted allele but
subsequently failed to switch to expression of
IgG1, remained in the pool of IgM-expressing
cells and did not switch to other classes.

An evaluation of serum antibody titers of
heterozygous mutant mice revealed a concen-
tration of IgG1? (2.5 wg/ml) that was 2% that
of littermate controls, whereas the serum ti-
ters of IgM and IgG2a were unchanged (Fig.
5A). After primary and secondary immuniza-
tion of heterozygous mutant and littermate

IgHa IgHneoaS'sylalb

analysis (FACScan; Bec-
ton Dickinson) of LPS
plus IL-4—cultured sple-
nic B cells of a heterozy-
gous mutant F, mouse
(IgHneo5'sy1a) - g litter-
mate control (IgH#?),
and a C57BL/6 mouse.
Cells were harvested af-

ter 6 days of culture, pu-
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L
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rified, and stained in the cytoplasm with fluorescein isothiocyanate—coupled goat antibodies to
mouse IgG1, biotinylated mouse monoclonal antibody to mouse IgG12, and streptavidin phyco-
erythrin (25). Dots refer to cells in the lymphocyte gate as defined by light scatter.

control mice with (4-hydroxy-3-nitrophe-
nyl)acetyl (NP)—chicken vy-globulin (CG)
NP-specific antibody, titers were determined.
The overall extent of the immune response
was similar for both groups of mice, as reflect-
ed by the NP-specific IgM (Fig. 5B) and
IgG1b (Fig. 5C) titers, but the concentration
of NP-binding IgG1* (IgG1 derived from the
IgH™°A5'v14 ocus) in sera of heterozygous
mutant mice was below our level of detection
(60 ng/ml) (Fig. 5C). Thus, deletion of the 5’
s, 1 sequences affected IgG1 class switches in
vitro and in vivo, which suggests the involve-
ment of the 5" s 1 region in the control
of both the IL-4—induced and the recently
postulated IL-4-independent (16, 17) class
switch to IgGl.

Our results show that a repetitive switch
region devoid of its 5’ flanking sequences is
severely impaired as an acceptor for the com-
mon donor s, region. These data establish the
existence of spatially separated switch recom-
bination substrate and recombination control
elements. A similar bipartite structure with
the IgH intron enhancer functioning as a
recombinatorial enhancer has been suggested
for the V(D)] joining (18). Stimulating re-
combination in adjoining sequences, the
switch recombination control element is rem-
iniscent of hot spots of recombination in yeast
that promote homologous recombination of
flanking DNA (19, 20).

The neoA5's 1 allele remained inert
even in cells heterozygous for the mutation
(IgHm<0A5'sv14%) with all potential transacting
factors present (including the I,1 germline
transcripts), as demonstrated by the ability
of the wild-type allele to undergo class
switching to IgG1. The cis-acting nature of
the 5' switch region flanking elements is
consistent with the current model that at-
tributes directed class switch recombination

B c IaneoAS'sﬂa/b ’gHalb
—— = "
103.] @ jgHneosSsyTan 103, ®1gG12 4 o lgG1 a
3 10 A igG1b a
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A
124 0 o H s 102 m A E s Te ©
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Fig. 5. Serum concentrations of Ig isotypes of unimmunized and NP-CG—

immunized heterozygous mutant F, mice and their wild-type littermate
controls. (A) Six-week-old heterozygous mutant (@) and wild-type litter-
mate control (O) animals were bled from the subcaudal vein, and serum
titers of the indicated antibodies classes were determined by enzyme-
linked immunosorbent assay as described (76). (B and C) Seven-week-
old mice of both groups were immunized by intraperitoneal injection of
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100 pg of alum-precipitated NP-CG. Sera were taken on day 7 (d7; for
IgM@ and IgM® titers) and day 13 (d13; for IgG1 titers) after primary
immunization (1°) and on day 7 after boosting (2°). Preimmune sera
contained NP-binding IgM (2 wg/ml) and NP-binding IgG1 (less than 60
ng/ml of either allotype). Responses of individual neoAS5’s_ 1 heterozygous
mutant mice (@) and wild-type littermate controls (O) are given.




Table 1. In vitro LPS culture analysis of splenic B cells from chimeric and heterozygous mutant mice.
In the analysis of chimeras, the IgH2 allotype represents the ES cell-derived B cells, whereas in the
analysis of the heterozygotes it distinguishes cells that express the mutant IgH locus from the ones
that express the wild-type IgH locus. The degree of chimerism in the B cell compartment varied from
75 t0 100% ES cell-derived B cells in the individual chimeras. As a control for the chimera analysis,
we used mice generated with ES cells that carried wild-type IgH loci. Data were evaluated with a
FACScan (Becton Dickinson) (Fig. 4) and are listed as percent positive cells per B cell blasts and
percent of k and \ positive cells, respectively. Dashes indicate data not determined.

LPS LPS + IL-4

Mouse IgH genotype

¥3 P y1 y12 pe y1P po

Chimeric mice
1 a/a - - - 25 22 - -
2 a/a - - - 26 20 - -
3 a/a - - - 20 37 - -
13.1 neoAs’s, la/a - - - 10 30 - -
10.10 neoAs’s, " 1a/a - - - 10 32 - -
104 neoAs’s,, " 1a/a - - - 13 36 - -
2.4 neoA5’s. 1a/a - - - 12 38 - -
A10 45's,12/a - - - 13 22 - -
A1 A5’s, 1a/a - - - 13 17 - -
A4 A5 s " 1a/a - - - 14 28 - -
A5 1a/a - - - 13 35 - -
Heterozygous mutant mice

1 ab 16 16 - 20 4 17 13
2 a/b 19 13 - 22 5 18 9
3 neoA5’s, 1a/b 19 16 0.9 0.3* 14 23 10
4 neoAs’s,, 1a/b 16 15 1.2 0.1+ 11 25 15
Control b/b 10 18 - 0.1 0.1 42 -
*This value has been confirmed by fluorescence microscopy to be 0.08% of k and \ positive cells. 1This value

has been confirmed by fluorescence microscopy to be 0.15% of k and \ cells.

to modulation of the accessibility of the indi-
vidual switch regions (3). Yet, it remains
unknown how the control region exerts its
influence on the switch region. Despite the
correlation of cytokine-induced, class-specific
transcription of switch regions and the direc-
tion of recombination (6) and recent experi-
ments that show that transcriptional regulato-
ry elements increase the frequency of recom-
bination on extrachromosomal switch recom-
binase substrates (21), the causal relation of
germline transcription and class switch re-
combination is still unclear. Thus, the 1.5-kb
5's,1 fragment we deleted may well carry an
inducible recombination enhancing element
overlapping with, but distinct from, the L1
promoter, as recently reported for the recom-
bination initiation site and the promoter of
ARGH4 in yeast (22).

Future studies with mice that lack the 5’
s, flanking sequences will reveal the role of
sequentlal switch recombination via IgGl,
recently proposed to impose an additional
control on the expression of IgE (23). Ex-
hibiting a selective [gG1 immune deficiency,
A5's,1 homozygous mutant mice will allow
studies of the importance of class switching
to IgGl in the humoral immune response
and for the establishment of immunologic
memory.
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