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Ig isotype switch via  deletional recombination is  accompanied by excision of the intervening DNA between the 
two  switch regions. The excised DNA is looped  out as extrachromosomal circular  DNA or switch  circle. Such 
switch circles have been isolated and characterized in mice. We investigated deletional recombination  in  human 
B cells undergoing Ig isotype switching  to demonstrate whether switch circles are also excised, and to thereby gain 
insight into the processes involved  in human isotype switching. We characterized  the deleted switch  circular DNA 
from IL-4 directed p to E switching in polyclonal human B lymphocytes. By using two sets of specially designed 
PCR primers, we  amplified  switch  circle fragments representing switch circles  resulting from p to E direct  switching 
and p-y-E sequential switching. The PCR-amplified products  were  subcloned by a TA cloning strategy and re- 
sulting clones were screened by  hybridization  with a ~ ' S E  probe. Sequence analysis of the  positive clones revealed 
that all clones representing p to E direct  switching indeed  had 5' S E  directly  joined  to 3 '  Sp. Most clones repre- 
senting p-y-E sequential switching showed 5' S E  joined  to 3' Sy as expected. However, two clones contained Sp 
and Sa1 sequences interposed between 5' SE and 3'  Sy, respectively. These data demonstrate that switch circles 
are excised during  human B cell isotype switching,  and that IL-4 directed E class switching is accomplished by 1) 
direct p to E switching, 2) sequential p - y ~  switching, and 3) double sequential p-a-y-E switching. lournal of 
Immunology, 1994, 152: 3427. 

I g isotype switching is an important  process  whereby 
B cells  generate different types of effector Ab mole- 
cules without changing  Ag specificity (1, 2). As 

B lymphocytes  differentiate  into  memory  or  plasma  cells, 
p heavy chain gene expression may change to  expression 
of other  isotypes,  a  process  called Ig isotype  switching  (2, 
3 ) .  DNA rearrangement  between  two different isotype 
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switch  regions (S)3 has been found in switched myelomas, 
lymphomas,  and  hybridomas as well as induced  fresh B 
lymphoblastoid  cells (4-9), indicating  that  deletional re- 
combination of the Ig C, genes is  a  mechanism  for  isotype 
switching. This deletional  rearrangement,  called S-S re- 
combination, joins the p S with  a  downstream S to  create 
a new transcriptional  unit  encompassing VDJ sequences 
(originally  expressed  with CF) and the targeted down- 
stream C, gene (3). According  to the proposed  mechanism 
for  deletional  recombination,  intervening DNA between 
two  recombining S should loop out  and  ligate through its 
ends  to  form an extrachromosomal  circular DNA molecule 
or Ig switch  circle (10, 11).  Switch  circles  would not be 
created by sister chromosome exchange, an alternate 
mechanism  for  switch  recombination (12). 

' Abbreviations used in this  paper: S, switch  region. 
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Isolation  and  characterization of Ig  switch  circular DNA 
from mouse B lymphocytes during cytokine-directed  iso- 
type  switch  demonstrated  directly that deletional  recom- 
bination  occurs in mice (13-17). Switching  to IgE (18, 
19), the Ig class that  mediates  immediate  hypersensitivity 
(allergic)  diseases (20), is induced by the cytokine  IL-4. In 
mice,  analysis of Ig switch  circles revealed that sequential 
switching  from p to E via y l  predominated in B cells 
treated  with IL-4 (16). For  human IgE switching,  analysis 
of only  chromosomal (as opposed  to  switch  circular)  re- 
combination products has been published, with both S p - s ~  
and Sp-sy-S~ composite S being observed (6-9). Recombi- 
nation between chromosomal Sp/Sy S and SE may com- 
pletely eliminate Sy sequences between Sp and S E ,  creating 
composite S ~ / S E  S indistinguishable from chromosomal S 
arising from direct p-E switching. Therefore, one cannot es- 
timate the frequency of direct p-E vs sequential p y - ~  switch- 
ing in humans from published data on chromosomal recom- 
bination products. However, switch circles resulting from 
direct p-E switching will always have a different structure 
from circles created by sequential p-y-~ switching (Fig. 1) 
and thus can in principle be used to assess the frequency of 
direct and sequential I g E  switching. 

For  these  reasons we sought to 1) determine  whether 
switch  circular DNAs are  excised via looping out and de- 
letional  recombination  from  human B cells  undergoing 
isotype  switching and 2) provide  incontrovertible  evidence 
of direct and sequential  switching from p to E in cytokine- 
induced  human B lymphocytes. We used PCR to amplify 
and  analyze  the S fragments  from switch  circles  derived 
from human B lymphocytes  stimulated by IL-4 and CD40 
mAb (21-23). Our  results  demonstrate that isotype  switch 
to the E locus can  be achieved by direct  switch from p to 
E ,  sequential switching  from p to E via y, and triple step 
sequential  switching from p to E via an a and y gene. 

Materials and Methods 
Cells and  cell cultures 

Human B lymphocytes were purified from normal PBMC by the AET- 
rosette method (24). For induction of E switch, purified B  cells (1 X lo6 
cells/ml) were cultured in RPMI 1640 supplemented with 10% FCS (Hy- 
Clone, Logan, UT), 2 mM glutamine, 50 Uiml of penicillin, and 50 
pgiml of streptomycin in the presence of 200 Uiml of IL-4 (a gift from 
Dr. E. Medlock, Amgen, Thousand Oak, CA) and 0.1  pgiml of CD40 
mAb  G28-5 (a gift from Dr. E. A. Clark, University of Washington, 
Seattle, WA) (22). One set of cultures was incubated for 5 days before 
preparation and analysis of circular DNA, whereas another set of cultures 
was incubated for 14  days for measurement of IgE production. In the 
stimulated cultures on day 14, IgE was 48.5 ngiml, whereas control cul- 
tures  IgE  was below 0.2 ngiml. 

Preparation of circular DNA fractions 

Circular DNA fractions were prepared from stimulated B cells as  de- 
scribed (25) with minor modification. The  5 X 10‘ cells from stimulated 
or control cultures were lysed with alkaline-SDS buffer (50 mM NaCI, 
2 mM EDTA, 1% SDS, pH 12.4).  The cell lysates were vortexed for 5 
min  and  then incubated at 30°C for 1 h. The final lysates were neutralized 
with 0.05 vol  of 1 M Tris-HCI (pH 7.1) and then with 0.1 vol of 5 M 
NaCl followed by treatment with proteinase K (100  pg/ml in final) for  30 
min  at 37°C. After phenol extraction, the circular DNA-containing aque- 

ous phase was precipitated with 2.5 vol of absolute ethanol. The precip- 
itated DNA was digested with EcoRI to linearize circular DNAs and with 
RNAse to remove RNA for 1 h at 37°C (Preliminary experiments showed 
that linearization of circular DNAs yielded better amplification results 
compared with uncut supercoiled DNA. Because the Sp, Sy4, and SE 
regions do not contain EcoRI sites, digestion of circular DNAs would not 
destroy the switch fragments.) After EcoRI linearization, the circular 
DNA-enriched portion was used as PCR templates for amplification of 
switch circle fragments without further treatment. 

PCR strategy 

PCR was performed in a 25 pI vol/reaction with 10% DMSO, 50 mM 
KCI, 20 mM Tris-HCI (pH 8.4), 2.5 mM MgCI,, SO pM primerireaction, 
and 2.5 U of Taq polymerase. An amount of circular fraction DNA de- 
rived from l X 10‘ cultured cells  was used as  the DNA template for each 
reaction. The first cycle of PCR was conducted at 94°C for  10 min (with- 
out Taq polymerase) for complete DNA denaturation, 65°C for 10 min 
for annealing (Taq polymerase was added to the tube at this step), and 
72°C for  10 min for extension. PCR was continued in 94°C for 1 min, 
65°C for 1 min, and 72°C for  5 min for  40  cycles with 15-min extension 
in final cycle. 

A second round of PCR using nested primers was run on the DNA 
templates derived from the first PCR reaction with the same conditions as 
the first round PCR except for the changes in the primers. The first round 
PCR products (2 ~ 1 )  from primer set 2 and 5 ( p  and E) were reamplified 
by primer set 1 and 6 and the products (2 pl) from primer set 4 and 5 (y4 
and E )  were reamplified by primer set 3 and 6 (Fig. 1).  A second round 
of amplifications were conducted at 94°C for 1 min, 68°C for  1 min, and 
72°C for 3 min for  40  cycles with a 15-min extension time for final cycle. 
The primer sequences are shown in the following list: 

1.  5’ A’ITGGCCCAGTGCCATGTCCCCAGTKAT3‘, comple- 
mentary to position 3738-3710 of Sp sequence. 

2. S’CCATCTATGTCCAACAAGATCATGA3‘, complementary to 
position 3766-3742 of Sp. 

3. S’CTCTGGCCATCGGTGCCACCTCA3’, complementary to 
4620-4598 of Sy4. 

4. 5‘AGTCAGCACAGTCCAGGGCCTCTA3’, complementary to 
position 4656-4633 of Sy4. 

5. S’AGGCTCCACTGCCCGGCACAGAAAT3‘, corresponding to 
position 542-566 of SE. 

6. S‘TGTCCCTTAGAGGACAGGTGGCCAAG3’, corresponding to 
position 1156-1181 of SE (26). 

Cloning  and screening 

The final PCR products were cloned by the TA  cloning method as pro- 
vided by the manufacturer (Invitrogen, San Diego, CA). The  TA cloning 
strategy for direct cloning of  PCR products is based on the characteristic 
of Taq polymerase to incorporate an extra A nucleotide to the 3’ end of 
the newly synthesized DNA chain in a DNA template-independent man- 
ner (27). PCR-generated DNA products thus frequently have 3’ protrud- 
ing ends with one A nucleotide in both DNA chains. Therefore, a PCR 
cloning vector with T nucleotide protruding ends (complementary to A 
nucleotide) was created to facilitate the direct cloning of PCR products. 
This cloning procedure, called TA cloning, does not require any modi- 
fications or further treatment of PCR products before cloning. Our com- 
parison of this method with other cloning procedures for PCR products 
(i.e., blunt end ligation) revealed that the TA  cloning always gave much 
higher cloning efficiency and also was simple and  very easy to manipu- 
late. PCR products were precipitated and reconstituted in H,O. One of 
five of the PCR products was ligated to the commercially prepared vec- 
tor, and the ligated materials were transformed into competent cells.  The 
clones that contained inserts (white clones) were selected for miniprepa- 
ration and digested with EcoRI. After electrophoresis, the clones were 
transferred to nylon membrane and screened by hybridization with a 
PCR-generated 257-bp probe that is specific for 5’  Se sequence (PS’SE). 
P5‘%  was amplified by using primer 6 and a primer that is complemen- 
tary to 1413-1390 of the germ line SE sequence, S’CAGC’ITAACT 
CAATCTGGACCACC3‘ (26). Hybridization was conducted according 
to the standard procedures except that the hybridization and blot washing 
were performed at 70°C (28). The clones that hybridized with P5’Se were 
subjected to DNA sequence analysis. 
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FIGURE 1. Schematic diagram showing  the  formation  of switch circular DNA (switch circles) and our PCR primer  position 
strategy for detection of  switch fragments contained within such switch circles. A: Diagrammatic map  of  the C, genes of the 
human IgH gene cluster. B: Diagram  of the occurrence and detection of p to E direct switch.  A  map of disrupted human Ig C, 
chain region genes that relate to this study is shown at the  top. The S are indicated  by shaded boxes and  the constant region 
are indicated  by an open  box. The numbered arrows indicate  the position and the  orientation of the PCR primers, arrows above 
the gene map are  sense  sequences, and those below  the  map are antisense sequences.  For p to E direct switching, after looping 
out and  deletion, a hybrid S-S region with 5'  Sp-3' SE would  be generated on the  chromosome as shown in the  linear  diagram 
at the  bottom. The excised DNA should join their two ends to  form a switch  circular DNA  with 5' SE-3' Sp sequence as shown 
in the circle. Primer sets 2 and 5 would  amplify the switch fragments from switch  circles if the  deleted S-S regions indeed are 
joined  to  form a circular  DNA. The primer sets 1 and 6 was  used for the second round PCR reactions to increase the sensitivity 
and  specificity of  the procedure. C: Diagram of the  occurrence  and  detection of p to E sequential switch  via y. The primers 4 
and 5 are used for the first round PCR and  the  primer sets 3 and 6 for second round PCR for amplification  of y to E switching. 
The p to y switch  would generate a Sp-Sy switch circle as shown and a 5'  Sp-3' Sy sequence would be generated on  the 
chromosome as shown in the linear  diagram. Subsequent y to E switch  could generate two types of  switch  circles depending 
on where the  recombination sites occur. A switch  circle that has 5' SE directly  joined  to 3' Sy would be generated when the 
switch takes place  between the Sy part of the hybrid 5'Sp-3'Sy region  and SE as shown in the  left  hand side of B. The 
chromosome would retain some Sy sequence as shown.  A second type of switch circle, with Sp sequences interposed between 
the 5' SE and 3'Sy sequences, would result when switch recombination occurs between the  remaining 5' Sp part of the hybrid 
5'Sp-3'Sy S and SE. This is  shown on the right hand side of B. In this case, the retained  chromosomal S-S region wil l  have 5'Sp 
joined  to ~ ' S E .  

DNA sequencing sequences  join together on the chromosome to form  a  hy- 
Nucleotide sequences of the inserts were determined by the standard 
dideoxy chain termination method using a kit purchased from USB 
(USB, Cleveland, OH). Sp6 and T7 primers and PCR primers and several 

thesized sequencing primers were: TTATCTGGGCAGGCAAAG  (18 
synthesized oligonucleotides were used as sequencing primers. The syn- 

mer, 1346-1363 SE), TATTACCTGCTGAGTTACCT  (20 mer, 1541- 
1560 SE), TCTTCTGTGCAGCAGAGGGG (20 mer, complementary to 
4388-4369  Sy4), and TITGGCTCAACCCAGCTTGG  (20 mer, com- 
plementary to 3324-3305 Sp) (26). 

Results 
PCR strategy for detection of specific switch 
circular DNA 
During  deletional  recombination, the 5' part of the up- 
stream S sequence and 3' part of the targeted S region 

brid S. The 3' portion of the upstream S region sequence, 
the 5' sequences of the targeted S region, and all the ia- 
tervening sequence  should be looped out in  those B lym- 
phocytes  undergoing isotype switch. We used PCR-based 
methods to assay for  production of IgE  switch  circles in 
human  IgE  switching. As depicted in Figure 1, if deleted 
DNA  forms a  circular DNA by joining the 5' switch  sec- 
tion of a  downstream  isotype to 3' switch  sequences of a 
more proximal isotype, as demonstrated in mice (13-17), 
then the  orientation of the PCR primer pairs 2 (antisense 
sequences) and 5 (sense  sequences)  should  allow amplifi- 
cation of switch  circle  sequences  formed by Sp to S E  di- 
rect switching  (Fig. 1B). Primer  pairs 1 and 6 were used 
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for second round PCR to increase the sensitivity and spec- 
ificity of first round PCR. Switch circular DNA formed by 
p to E sequential switch via any intervening Ig C, would 
not  be amplified by this set of primers. This follows be- 
cause the 3' part  of Sp sequences where primer 2 and l are 
located  would  be  part of a switch circle containing the 5' 
switch region of the intervening isotype (rather than E )  to 
which p had initially switched (Fig. IC, top switch circle). 

Similarly, primer sets 4 and 5, with primer sets 3 and 6 
used for second round amplification, were designed to de- 
tect only switch circles representing y to E switch events 
(Fig. IC). Although primers 4 and 3 are derived from the 
published sequence of  the 74 locus (26), the four human y 
genes (y3, yl, y2, and y4) are more  than 97% homologous 
to each other in this region (F. C. Mills and E. E. Max, 
unpublished observations). Therefore, it is likely that 
p - y - ~  switch circles derived from  any  of the four y genes 
would  be  amplified by these primer sets. Such y-E switch- 
ing must follow an earlier direct or sequential switch from 
p to one or more y gene(s). Primer pairs 4 and 5 and 3 to 
6 would  not detect p to E direct switching becausc the 3' 
part  of Sp would have been  looped out and deleted during 
the prior switch recombinations between Sp and Sy. 

The orientation of the primers ensures that the amplified 
switch fragments are from  the excised circular DNA  and 
not from  the rearranged genomic DNA. Thus, these ap- 
proaches enabled us to  test  the hypothesis that deleted in- 
tervening DNA excised indeed forms switch circular 
DNA,  and  to demonstrate in humans that both direct and 
sequential switch mechanisms are involved in p to E 

switch. 
Amplification of the  DNA switch circle fragments from 

IL-4 plus CD40 mAb-stimulated B cell is shown in Figure 
2A. Multiple bands are visualized when amplified with the 
primer set for p to E direct switch (labeled pl and 6 )  and 
the primer set for y to E sequential switch (labeled p3 and 
6) .  No PCR bands were seen with unstimulated B cells 
(B+O). The multiple bands were consistent with the pre- 
diction that breakpoints for switch recombination would 
be scattered over both S regions involved in the joining 
(13). An example of cloning of the PCR products is shown 
in the Figure 2B where 17 randomly selected individual 
subclones from the minipreps are shown. Subclones that 
hybridized with the 5' SE-specific probe (P5'Se) in Figure 
2C indicated that these subclones contained SE sequences 
of interest. The various sizes of the inserts implies that  the 
subclones represent switch sequences from different 
switch circles. 

Direct switch from p to E 

To demonstrate that those clones hybridizing with P5'Se 
truly represent the switch circle fragments from switch 
circular DNAs, determination of their exact nucleotide se- 
quences and identification of the recombination break- 
points between the isotype switch segments was accom- 

pS'SL' 
f 

FIGURE 2. Detection  and  cloning of  PCR-amplified  recom- 
binant S from  switch  circles  containing SE sequences. A: Gel 
electrophoresis of  PCR-amplified  switch  fragments  from  switch 
circles using p - ~  primers (P1+6) or y-E primers (P3+6). Multiple 
DNA bands of  differing  sizes  can be  seen with the  stimulated 
cells. DNA from  control (B+O) and  IL-4  plus  CD40  mAb-stim- 
ulated B cells  (B+IL-4+aCD40)  served as templates  for  amplifi- 
cation of switch  fragments by  different  primer  sets (PI. Two in- 
dependent amplifications  (indicated  with  the  numbers in the 
parethesis)  were  performed  with the induced B cells with each 
set of primers. B: Subcloning of the PCR products. The 5 p,I of 
the  second  round PCR products  (shown in A) were  ligated  into 
the TA cloning  vector  as  described in Materials  and  Methods. 
Clones with inserts  were  randomly  picked up for  miniprep  anal- 
ysis.  The  different  sized  inserts  derived  from these  clones  are 
shown. C: Southern  blot  analysis  of the  isolated  subclones 
showing  that  contain 5' S E  sequence. The  subclones from B 
were  hybridized  with a 257-bp PCR-generated  probe  represent- 
ing 5' SE sequences  as  shown in D. The strongly  hybridizing  or 
positive  clones (clones  19-22, 29, 32, 34,  and  35  were  consid- 
ered  positive)  were  subjected  to  nucleotide  sequencing  analysis 
because  they  probably  were  derived  from  switch  circles of in- 
terest.  Some of the clones  (i.e., 1.1 -23,25,30, and 36) that  were 
considered  negative  were  also  sequenced.  The  results  indicated 
that all the  negative  clones  were  PCR-generated  nonspecific 
amplification  products.  The  weak  hybridization  signals  ob- 
served  are  probably due to  the  probe (PS'SE) hybridizing  to 
primer sequences in these  clones  because  these  clones  con- 
tained  the  sequences of primer 6, which  had  also  been  used  for 
generation of the probe by  PCR amplification (see Materials  and 
Methods). D: Diagram for  PCR-generated  probe PS'SE that was 
used  for  Southern  blot in 2C. A 257-bp fragment  was  amplified 
by  PCR (see Materials  and  Methods). This  fragment  was  cloned 
and the sesquences  was  confirmed by nucleotide  sequencing. 

plished. Sequencing of 10 clones reactive with P ~ ' S E  and 
derived  from  primer  pair 1 and 6 amplification  revealed that 
all  these  clones  had 5' S E  sequences  directly  joined to 3' Sp 
sequences in a 5'-3' orientation. As shown in Figure 3A, the 
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FIGURE 3. Nucleotide sequences 
surrounding breakpoints of switch frag- 
ments derived from switch circles. The 
clones from p to E direct switch and p to 
E sequential switch via y were analyzed 
by nucleotide sequencing.  The arrows 
indicate the switch recombination 
breakpoint sites. The vertical lines indi- 
cate the identical nucleotide bases. 
Switch circle sequences  at the break- 
point  with homology to both germ line 
sequences  are indicated by the bold let- 
ters  because it is not possible to assign 
the homologous sequence to one donor 
germ line S region. The  dashed horizon- 
tal lines represent nucleotides absent 
from either switch circles or from the 
published germ line sequences. The 
nongerm line nucleotide insert at the 
breakpoint in pSCl.7-56 is underlined. 
A: Nucleotide sequences of the recom- 
bination sites for the clones derived 
from p to E direct switch circles. The nu- 
cleotide sequences around the break- 
points from 10 clones were shown. The 
breakpoints of the switch recombina- 
tion sites were precisely defined by 
comparing with the germ line SE and Sp 
region sequences. B: Nucleotide se- 
quences of the recombination sites for 
the clones from y to E sequential switch 
circles. The nucleotide sequences 
around the breakpoints of eight clones 
from y to E sequential switch were 
shown. The breakpoints were defined 
by alignment of these clones with pub- 
lished germ-line SE and Sy4 S se- 
quences. C: The nucleotide sequences 
across the %-SF and Sp-Sy junctions in 
switch circle  clone  pSCl.7-56 showing 
its derivation from SE, S F ,  and Sy. The 
recombination breakpoints shown were 
determined by alignment of the clone 
with germ-line SE, Sp, and Sy4. D The 
nucleotide sequences  across the %-Sal 
and Sal-Sy4 (or Sy2) junctions in clone 
pSCl.l-32 showing its derivation from 
SE, Sal, and Sy4 (or Sy2). The break- 
points for SE, Sal, and Sy4 were defined 
by alignment of the clone with germ- 
line SE, Sal, and Sy4 sequences.  The 
87-bp sequence interposed between SE 
and Sy4 (or Sy2)  has complete homol- 
ogy with the stretch of Sal sequences 
shown. 

C 

SE SLI SY 

D 

0%. 1 - 3 2  
SE sa1 sy 

u 100 bp 
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B sy4 cy4 

C SE C E  

FIGURE 4. Assignment of the position  of  recombination 
breakpoints defined  from the switch circles in the various S 
regions. The breakpoints in Sp and SE from the p. to E direct 
switch  circle clones are indicated  in  the Sp and SE regions in 
(A)  and (C, upper set of arrows), respectively. The breakpoints 
of Sy and SE from y to E switch clones are shown in (6) and 
(C, lower set of arrows), respectively. 

recombination breakpoints for each clone are  defined by 
alignment of the switch circle fragments with published 
germ-line S E  and Sp region sequences. 

The breakpoints of these clones  were assigned to posi- 
tions within the  germ-line Sp and S E  regions as shown in 
Figure 4A and C. Of the 10 clones, the homology between 
the two germ-line S sequences at the recombination  site 
was only nine bases for one  clone  (pSC1.7-l), eight  bases 
for  one  clone  (pSC1.1-12),  six  bases  for  two  clones 
(pSC1.8-10 and 13-23), five bases for two  clones (pSC 
1.1-7 and pSC 1.7-6), three bases for one clone (pSC1 .l-4), 
one base for two  clones (pSC1.7-4 and pSC1.7-12), and 
none  for one clone  (pSC1.7-2)  (Fig. 3A). These  observa- 
tions, along  with  the  data  from  the  breakpoints of y to E 

sequential  switching  shown in the next section  where non- 
homologous  junction  was  also  observed in some of the 
SEISy switching  recombination  junction  sites (Fig. 3B), 
are  consistent  with  the  idea that DNA recombination  be- 
tween  two S regions  is not mediated by the  homologous 
recombination (4). 

In clone pSC1.7-4 there was an additional 13-bp se- 
quence, ATTGAACTAAATT, between 1732 and 1733 of 
germ  line S E ,  not present in the published germ line S E  
sequences. It is unlikely that this 13-bp  fragment  is due to 
an insertion induced by IL-4 and CD40 stimulation be- 
cause  the identical structure was present in all the isolated 
clones that go through this region (is.,  in pSC1.7-1, 1.7-2, 
1.7-6,  1.7-12,  1.7-22,  1.7-67,  1.8-10, and 13-23), and the 
13-bp  fragment also existed in a switch circle isolated 
from another  donor  (data not shown).  Therefore, it is most 
likely that this 13-bp stretch had been deleted from the 
clone that was served as DNA  template  for S E  germline 
sequences published. Sequencing  analysis  also  showed 
that there was a extra 30 bp of sequence  (GCTAGGCT 
GGGCTGAGCTGGTCTGAGCTCA) between 3628 and 
3629 of the  published  germline Sp sequence (in pSC1.l-4, 
1.1-7, 1.7-4,  and 1.7-12). The clone pSCl.8-23 had a 12-bp 
deletion between 2779 and 2792 of Sp (Fig. 3B). In addition, 
the sequences from switch circular DNAs also showed sev- 
eral  minor  point mutations, insertions, and deletions scattered 
in  both Sp and S E  regions from the germ-line Sp and SE 
sequences that could be due to polymorphisms, PCR-intro- 
duced mutations, andlor sequencing error. 

Sequential switch from p to E via y 

The nucleotide  sequence detcrmination of 10 clones re- 
sulting  from the primer set 3 and 6 and reacting with the 
P5'Se revealed that eight dones had 5' S E  dircctly joined 
to 3' Sy sequences in the predicted 5l-3' orientation. The 
S E  partial sequences  from all the sequenced clones  shared 
more than 99% homology with the published SE germline 
sequence except for the  13-bp insert mentioned above. The 
Sy partial sequences of the  clones  showed at least 97% 
homology with the published germ-line Sy4 sequence 
(26), other than a  22-bp  segment  (GGGGCTGAAGG 
GCGCCOACCCT) inserted at a position corresponding to 
coordinates  4355-4356 in the y4 locus. (Reexamination of 
the original y4 sequencing  data used in reference 26 con- 
firms the absence of the  22-bp  segment in y4; however, 
this segment  is found in the sequences of germ  lines y l ,  
72, and y3 (F. C. Mills and E. E. Max, unpublished ob- 
servations)). 

It is not possible to rigorously define the Sy origin of 
these  sequences  due to the high homology between the 
human y genes; howevcr, sequence  comparisons  using 
slight differences between the y loci  suggest that these 
clones  arise  from  more than one y gene (F. C. Mills and 
E. E. Max, unpublished observations). The sequences  sur- 
rounding  the recombination breakpoints defined by align- 
ing the sequences of these clones  with the germ-line SE 
and Sy4 sequences  are represented in Figure 3B. Detcr- 
mination of the sequences and alignment of them with 
germ  line S E  and Sy4 sequences  enable  us to assign the 
breakpoints in germ line Sy4 and SE sequences as indi- 
cated in Figure 4B and C. 



Journal  of  Immunology 3433 

One  clone, pSC1.7-56,  had 52  bp of sequence inter- 
posed  between  the SE and Sy sequences (Fig. 3C).  All but 
one  base of this sequence  is  homologous (98%) with a 
stretch of published germ-line Sp sequence, indicating 
that the  interposed  sequence originated from Sp. This 
interposed Sp sequence is direct evidence  for p to E se- 
quential  switch  via y gene  as  shown in Figure 1B. The 
origin of the  extra 1 base located  between  at Sp and Sy 
breakpoint is unclear. It could be  due  to a polymorphism, 
PCR-introduced mutation,  a sequencing error, or an inser- 
tion of non-germ-line  sequence by an error-prone  DNA 
synthesis  mechanism  during  the  process of Sp to Sy 
switch recombination (4). 

Triple step sequential switch to E via a and y 

Onc  clone,  pSC1.1-32, isolated from PCK products  am- 
plified  by the y - ~  primer  pairs contained a  revealing 87-bp 
fragment interposed between  the 5' SE and 3' Sy se- 
quences (Fig. 30) .  This  fragment  was 100% homologous 
with  a stretch of S a l  sequence (F. Mills and E. E. Max, 
unpublished  data). The  placement of Sal sequence in  this 
orientation between 5' S E  and 3' Sy segments  is most 
readily  interpreted as a evidence for  a  preceding recombi- 
nation between Sp and Sal before  the  switching  to y4 or 
y2.  Thus, at least  a  triple step sequential switch  model 
would  be invoked to explain generation of the switch cir- 
cle that gave rise to this  clone, Le., from p, to a1 for the 
first step,  from a1 to y4 or 72  for the second  step,  and 
from y4 or  y2 to E for the  third step (Fig. 5). 

Discussion 

The  PCR-based method for  analysis of human  switch  cir- 
cles described in this  report provides an important ap- 
proach  for  the investigation of the  mechanisms of isotype 
switching.  This is especially so for  studying  those  low 
frequency  switch  events  with relevant numbers of cells 
used such as polyclonal or Ag-specific  activation of fresh 
human B cells,  a  situation where the classical  approach  for 
isolation and characterization of circular  DNA  cannot  be 
expected to give satisfactory  results.  Proper selection of 
primers based on their  predicted orientation in switch  cir- 
cular  DNA  enabled  us  to identify and study  in  a sensitive 
manner  those  specific  switch  events of interest (i.e., p to E 
or y to E) without  being hindered by other  types of switch 
circles  or the S sequences in the retained genomic  DNA. In 
addition,  this analysis of the switch  circles  provides  con- 
clusive  insights about events that cannot be  directly  re- 
vealed by the  analysis of the  retained  switch junctions  on 
chromosomal  DNA. 

Our  findings  definitively show that looping out and  de- 
letional  recombination is  one of the mechanisms by which 
human B lymphocytes  achieve  class  switch  from p to E. 

The  simplest explanation  for our PCR strategy's detection 
of switch  fragments and  their orientation is that  the  inter- 
vening  DNA between  two S is reciprocally  looped  out 
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FIGURE 5. Schematic diagram of  triple step sequential 
switch  found  in  clone  pSCl .I -32. The initial  switch 1 j be- 
tween Sp and Sal generated a hybrid S region with a 5'Sp- 
3'Sal chromosomal junction. The second switch 2) occurred 
between  the Sal portion  of the hybrid 5'SpL-3'SaI region and 
Sy4 or Sy2, leading to formation of a complex 5' Sp-Sal- 
3'(Sy4 or Sy2) chromosomal S. To generate the sequence 
found in clone pSC1 .I -32, a switch event must have taken 
place  between  the Sal sequences in the complex Sp-Sal- 
(Sy4 or Sy2) region  and Sc. This led a switch  circle  containing 
5'S~-SaI-3'(Sy4 or S-yZ) sequences being excised as shown 
in the circle at the bottom right. Reciprocally, this switching 
step would creatc a chromosomal S containing  5'Sp-Sal- 
3'Se (bottom left) that allows for E gene expression. 

from the chronrosome and  deleted as an extrachromo- 
somal switch  circle. It remains to be  conclusively shown 
that switch  recombination  is indeed  reciprocal because  we 
have not demonstrated  the reciprocal  recombination on the 
chromosome. 

To gain insight illto the processes involved  in human  Ig 
isotype switching,  we  have amplified and analyzed switch 
circles derived from IL-4 directed p to E switching.  Our 
detection of direct 5' SE-3' Sp, junctions in  the  switch 
circles conclusively demonstrates that switching  from p to 
downstream  isotyyes  such  as E can be  achieved by direct 
switching in stimulated primary human B cells. Sequential 
switching to E via y genes  between Sp and SE also  occurs 
but is not an obligatory step. 

The  evidence  for sequential switching  from both  rear- 
ranged Ig S and  switch  circles  have led to the proposal that 
class  switching to C, genes distal to C p  such  as to the CE 
and Ca genes  proceeds by obligate  switch recombination 
via an Sy intermediate (17). Our  switch  circle analysis 
does  show that IL-4 directed E switching in humans can  be 
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achieved by sequential  switching  from p to E via y. Most 
of the 7-E switch  circles  sequences had 5' S E  sequence 
directly joined to 3' Sy. This situation  represents sequen- 
tial switching  events  from p to y and then to E where y to 
E recombination site occurred  the 3' Sy part of the hybrid 
5' Sp-3' Sy switch regions and 5' S E  as  indicated on  the 
left side of Figure 1C. Such p - y - ~  switching would  result 
in  a  retained chromosomal hybrid S composed of 5'Sp- 
y-~ 'SE.  Indeed,  such p-?-E sequential  switching  has been 
demonstrated in human  IgE-secreting B cell lines and IL- 
4-induced  primary  B cells that have  composite S with Sy 
sequences interposed between 5' Sp and 3'  SE (8, 9). Se- 
quential p - y - ~  switching is also clearly demonstrated by 
clone 1.7-56,  which contains a  stretch of Sp sequences 
interposed  between 5' SE and 3' Sy. 

In addition to direct  and two  step  sequential  switching 
from p to E via y, multiple  step  sequential  switching to E 

via  more than one  intermediate  Ig C, genes  between C p  
and CE has been shown by the structure of the clone, 
pSC1.1-32. That  clone revealed Sal sequences inserted 
between  the 5' SE and 3' Sy sequences.  As depicted in 
Figure 5 ,  generation of such a clone could  be  properly 
interpreted by a  triple step  sequential  switching model 
from p to E via a1 and 7 2  or 74. Whether such a multiple 
step sequential switching represents an unusual event in a 
common pathway to E switching  is not clear at  this  time. 
It is premature to conclude that triple step  sequential 
switching is a  rare event  based  on only  a single  clone of 
this structure  being defined. If the  frequency of direct or 
sequential switching were the  same  as for  triple step se- 
quential switching, the chance to detect  the  latter  type of 
switch  circles should  be much lower. The switch circles 
reflecting  multiple step sequential switching would be  de- 
tected  only in the case  where a  portion of the  second 
S (i.e., Sa l )  is retained  in the  chromosome  during  the next 
switching recombination (i.e., to Sy4 or Sy2) and  then 
both  downstream S sequences (Sal  and Sy4 or Sy2) are 
excised  as  part of a subsequent  switch circle. There  are 
many  opportunities  for  recombinations in multistep se- 
quential switching to remove  the  switch  remnants of ear- 
lier s-S joining so that a later  switch  circle will not contain 
the elements of earlier switches  even though multistep  se- 
quential  switching  has  occurred (Fig. 5). Interestingly,  the 
notion of switching  from p to E via a1 is in agreement 
with  the report that E switching could  be  frequently in- 
duced  from  IgAl-positive B cells by IL-4 stimulation (29). 

Breakpoints from nucleotide-sequenced clones are as- 
signed to the Sp, Sy4, and SE germ-line sequences as shown 
in Figure 4. All the Sp and SE recombination sites  are located 
within the typical switch regions, the regions characterized by 
enrichment of tandemly repeated sequence GGGCT or 
GAGCT (26). Although recombination breakpoints cluster in 
the 3' parts of S p  and Sy and cluster in 5' part of SE,  one 
cannot conclude from this data that those breakpoints show a 
biased distribution, as has been described in LPSITGF-P- 
stimulated a switching in mice where the Sp breakpoints 

were clustered in the 3' portion (17). Our PCR amplification 
and cloning methods are not equally effective for amplifying 
and cloning different size switch circles. Thus, the clones we 
isolated may reflect those switch circles more readily ampli- 
fied such that clones with larger sized switch fragments may 
have been excluded due to the limitations of the methodol- 
ogies we used. 

The  discrepancies between  the  breakpoint  distribution 
of our results  and the breakpoint analysis  for S ~ S E  junc- 
tions in chromosomal  DNA,  where the Sp breakpoints 
were clustered  in  the 5' region (6, 7),  could also be ex- 
plained by the methodology  used. The relevant smaller 
switch  fragments  or regions would be  better  amplified by 
PCR in  both systems  (6, 7;  and  this report). More  likely, 
the clustering of Sp breakpoints in the 5' region of the 
retained DNA may well result from possible  secondary 
deletions  occurring within the  recombined switched se- 
quences.  Such secondary deletions have  been  suggested to 
account  for the observation of the breakpoints  clustering 
toward  the 5' end of Sp from isotype-switched  myelomas, 
lymphomas, and  hybridomas (4). Excised  switch  circles 
are believed not to undergo  further  replication (13, 17), 
making  the  chance of secondary deletion occurring in the 
switch  circles  less likely than secondary deletions in re- 
tained  switched loci  on the active  chromosome.  Thus, 
breakpoints  defined from  switch  circles should more 
closely  resemble the  original  recombination sites than 
breakpoints from the switched  chromosomes. 
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