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ABSTRACT  As B cells differentiate under the influence of
antigen and T cells, they frequently switch from the expression
of IgM antibody to the expression of other isotypes. This is
accomplished by rearranging the expressed variable region
gene to downstream constant region genes and deleting the
intervening sequences. Some B-cell lines that represent early
stages in development switch constitutively in culture at fre-
quencies that approach those of lipopolysaccharide- or lym-
phokine-stimulated normal B cells. Hybridoma cells represent
a later stage of development and rarely switch in culture. In
contrast to early B-cell lines, hybridomas produce large
amounts of immunoglobulin, and single cells can be assayed
easily for the expression of new isotypes. We have used the
ELISA spot assay and fluctuation analysis to determine the rate
of switching of two hybridoma cell lines. By identifying sub-
clones that switched more frequently, we have progressively
enriched for cells that switch spontaneously at higher rates.
These cells, like normal cells, switch by rearrangement and
deletion, and the frequency of switched cells in some of the
clones is comparable to that which has been observed in less
differentiated B-cell lines and in normal B cells.

When antigen and T cell-derived signals trigger the secondary
immune response, they stimulate B cells with specific IgM
antibodies on their surface to switch to the production of IgG,
IgE; and IgA antibodies of the same specificity (1, 2). This is
accomplished by rearranging the heavy chain variable region
gene from its initial site of assembly 5’ to the u constant
region gene to one of the downstream constant region genes
[in mice, 93, y1, 92b, 92a, € and a (2, 3)]. The process of
immunoglobulin switching allows a particular antigen binding
site to be expressed with each of these other isotypes and to
mediate a wide variety of effector functions throughout the
body. Recombination between variable and constant region
genes takes place within or close to repetitive ‘‘switch”
sequences that are found 5’ to each of the constant region
genes, except 8, and results in deletion of the intervening
DNA sequences (reviewed in ref. 4). These switch sequences
are composed of tandem arrays of reiterated sequences that
have some homologies but differ in size and composition for
each constant region (2, 3, 5). Studies with both normal B
cells and a few B-cell lines that switch in culture show that
switching is directed towards particular isotypes by lympho-
kines such as interleukin 4, y interferon, and transforming
growth factor B that are produced by helper T cells (reviewed
in refs. 6 and 7).

Both general and isotype-specific factors are thought to
contribute to the switching process. Prior to switching, the
constant region of the recipient isotype and its associated
switch sequences show increased accessibility to nucleases,
and germ-line or sterile transcripts are initiated from lym-
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phokine-responsive intervening region promoters (6, 8-10).
Deletion of the yl or 92b intervening region in transgenic
mice results in a complete block in switching to the affected
isotype (11, 12). Although proteins have been identified that
bind to the switch regions and to promotor elements for
sterile transcripts (13-22), virtually nothing is known about
the enzymes and other factors that mediate switching. Ex-
periments using transfected reporter constructs suggest that
the switch recombinase system acts in trans, is regulated
during B-cell development, and generally is not expressed in
mature B-cell lines such as hybridomas and myelomas (23),
which switch in culture at very low frequencies of 10~6-10-7
(5, 24-26). Some pre-B-cell and B-cell lines switch more
frequently in culture, and in some cases the frequency of
switching can be increased by treatment with lipopolysac-
charide or lymphokines (27-30) or both, but the rates of
switching are probably still too low to allow effective bio-
chemical analysis.

While using the ELISA spot assay to determine the rate at
which hybridoma cells switch in culture and to isolate isotype
switch variants, we noticed a clonal variation in the rate of
switching among subclones obtained from a single parental
hybridoma (31). In this report, we illustrate and document
that clonal variation and describe how we have used it to
sequentially isolate hybridoma subclones that have progres-
sively higher rates of switching. The final products of this
process switch constitutively at frequencies that are at best
as high as if not higher than those seen in many murine
pre-B-cell and B-cell lines and appear to be comparable to
those observed in normal B cells.

MATERIALS AND METHODS

Cells. Cell lines were grown in Dulbecco’s modified Eagle’s
medium (DME H-21, GIBCO) supplemented with 10% (vol/
vol) fetal calf serum (FCS), 5% National Cancer Tissue
Culture (NCTC) 109 (BioWhittaker), 1% nonessential amino
acids (GIBCO), 1% penicillin, and 1% streptomycin. PC1.4a
and PCl.4.1c are IgGl-producing switch variants isolated
from subclones of the PC1 IgM anti-phosphorylcholine-
producing hybridoma (32). 36.65 is an IgG1 anti-p-azophe-
nylarsonate-producing hybridoma (33).

ELISA Spot Assay. The assay was carried out as described
by Greene et al. (34). Briefly, flat-bottomed immunoplates
were coated with affinity-purified isotype-specific anti-
mouse immunoglobulin (Fisher Biotech) for 2 hr and blocked
with 2% bovine serum albumin. After five cycles of washing,
cells were added and plates were incubated for 6 hr at 37°C
in a CO; incubator. After extensive washes, plates were
treated with the relevant biotin-conjugated antibody (Fisher
Biotech, Orangeburg, NY) for 2-4 hr, washed, and treated
with avidin-conjugated to alkaline phosphatase for 1-2 hr.
Spots were stained by using 1 mg of the phosphate substrate
5-bromo-4-chloro-3-indolyl phosphate (Auresco, Solon, OH)
per ml and were counted with a dissecting microscope (31).
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Cloning in Soft Agar. Cells (10°) were seeded in 0.6%
SeaPlaque agarose (35) and allowed to grow for 7-10 days;
random clones were picked into 96-well plates and further
tested.

Fluctuation Analysis. The rate of isotype switching was
determined by fluctuation analysis (36) as described by Lea
and Coulson (37). Briefly, for each clone 15-25 subclones
were isolated from soft agar and grown to a density of =5 X
10° cells; the entire sample was tested for y2b, j2a, and a
switch variants by using the ELISA spot assay. When the
rate of switching was low, 5 X 106 to 107 cells were tested.

Southern Analysis. High molecular weight DNA was iso-
lated (38), and 10 ug was digested to completion with HindIII
or EcoRI (Boehringer Mannheim). After electrophoresis
through 0.8% agarose, DNA was denatured, transferred by
capillary action to a nylon membrane (Bochringer Mann-
heim), and hybridized (38) sequentially to three specific
probes: a 10-kb fragment spanning the y1 switch region (39),
a 1.4-kb EcoRI fragment from the 42b switch region (40), and
a 600-bp fragment from the Cyx3 domain of the yl constant
region (gift of Barbara Birshtein). Probes were labeled by
random priming (Boehringer Mannheim).

RESULTS

Hybridomas secrete large amounts of immunoglobulin. With
such cells, the ELISA spot assay (34) can detect a single cell
producing a new isotype among 10° parental cells and,
coupled with fluctuation analysis (36), can provide a rapid
and reliable assay for the rate of switching (31).

Using this assay, we have observed a significant clonal
variation in the rate of switching of three IgGl-producing
hybridomas that switch predominantly to y2b and +2a in
culture. The two PC-specific clones PCl.4a and PC1.4.1c,
which are derived from the same IgM parent, differed in rate
by 30-fold, with an intermediate rate for clone 36.65.12.7
PC1.4a switched to both 2b and y2a at a very low rate of 4
x 107 events per cell per generation, which is typical of
hybridomas (Fig. 1). When assayed for each isotype sepa-
rately, PC1.4.1c switched to 42b and y2a at rates of 6.8 X
106 and 4.9 x 107, respectively, for a combined rate of 1.2
X 10~5 events per cell per generation. Clone 36.65.12.7
switched to both y2b and y2a at a rate of 4 X 1076 events per
cell per generation (Fig. 2A).
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FiG. 1. Fluctuation analysis of clones derived from PC1.4 and
isolation of high-switch variants. Unless otherwise noted, cells were
assayed by using a mixture of antisera specific for y2a, y2b, and a.
Each circle represents data from one subclone. The rates of switch-
ing, shown above each column, were calculated as described by Lea
and Coulson (37). Unswitched cells were recovered from some
clones (blackened circles) that contained a large number of switch
variants, subcloned and subjected to fluctuation analysis.
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This modification of the fluctuation analysis assumes that
the underlying rate of the event being measured is the same
in each subclone. If true, the number of switch variants
scored reflects the timing of the switching event during the
clone’s propagation; early events will result in the accumu-
lation of more variants than late events (36). We observed
significant clonal variation (2-4 orders of magnitude) in the
number of switch variants scored (PC1.4a and PC1.4b in Fig.
1;36.65.12.7 in Fig. 2 A). This raised the possibility that some
clones with large numbers of switch variants were in fact
switching at a high rate.

To examine this, we recovered unswitched cells from
clones of PC.1.4.1c and 36.65.12.7 that contained a large
number of switch variants, subcloned them, and subjected
the subclones to fluctuation analysis. Most subclones showed
the same or lower rates of switching than the parental clone.
However, a few subclones showed a higher rate of switching
than the parental cells. For example, PC1.4.1c subclone .21.9
switched at a significantly lower rate than the parent line .21,
whereas .21.18 switched at a high rate and gave rise to
progeny that also switched at a high rate (Fig. 1). Similarly,
three subclones of 36.65.12.7.23 (.1, .10, and .18 in Fig. 2B)
switched at rates that were lower than or similar to the
parental line, whereas one, clone 36.65.12.7.23.20 (20 in Fig.
2B and .23.20 in Fig. 2A) gave rise to clones with a signifi-
cantly higher rate of switching. Subsequent progeny of clone
.23.20 (Fig. 2A) retained this high rate of switching and gave
rise to clones that switched at even higher frequencies (Fig.
2A).

Using sequential enrichment of subclones that switched at
progressively higher rates, we achieved 15-fold and 91-fold
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FiG.2. Fluctuation analysis of clones derived from 36.65.12.7(A4)
and 36.65.12.7.23 (B), showing enrichment for variants that switch at
a high rate. Unless otherwise noted, cells were assayed by using a
mixture of antisera specific for y2a, y2b and a. Each circle represents
data from one subclone. The rates of switching, shown above each
column, were calculated according to Lea and Coulson (37). The two
panels have different ordinates. Unswitched cells were recovered
from some clones (blackened circles) that contained a large number
of switch variants, subcloned, and subjected to fluctuation analysis.
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Fi1G.3. Genomic Southern analysis of 36.65.12.7 (here 36.65) and
subclones. (A) Genomic DNA was digested with HindIII and hy-
bridized with a y1 switch region probe. The 24-kb germ line fragment
is rearranged in 36.65.12.7 to a 16-kb fragment that defines the active
91 allele. This fragment is replaced by 5.1- and 7.9-kb fragments in
the 92b (14.1, 19.2) and y2a (2.3, 2.4) switch variants, respectively.
(B) The blot hybridized to a switch 92b probe. (C) EcoRI-digested
DNA hybridized to a 600-bp ¥l constant region probe.

increases in rates over the PC1.4.1c and 36.65.12.7 parents,
respectively (Figs. 1 and 2). The frequency of switch variants
in some PC1.4.1c subclones, such as .18.2, was >1%, or 400
times greater than was seen for PCl.4a, a closely related
hybridoma.

As mentioned, some subclones had very low rates of
switching (.21.9 in Fig. 1 and .30 in Fig. 2A4). Analysis of
clones like .30.7 required 1 x 107 or more cells to detect
switch variants. Like the subclones that switched at a high
rate, the variants that switched at a low rate were relatively
stable but frequently generated subclones that switched at
higher rates. Two 36.65.12.7 subclones with the lowest (.30)
and highest (.23.20.10.10) rates of switching differ in their
rates by 115-fold (Fig. 2A).

Subclones of PC1.4.1c and 36.65.12.7 that switched at the
highest frequencies were examined for their ability to switch

Proc. Natl. Acad. Sci. USA 91 (1994) 3425

to either 42b or y2a. Whereas PC1.4.1¢.21.18 switched at
about the same rate to either y2b or j2a (Fig. 1),
36.65.23.20.10.10 switched at a somewhat higher rate to y2a
than to 92b, and the frequency of y2a switch variants in some
subclones often exceeded 10% (Fig. 2A). Switching to the
further downstream ¢ and a constant regions occurred at very
low frequencies for all clones.

Since our goal is to use these cells to examine the bio-
chemical mechanism of switching, we wanted to determine if
switching was associated with gene rearrangement and de-
letion as occurs in vivo (2, 3). 36.65.12.7-derived 92b and y2a
switch variants were cloned, and antibodies and DNA were
examined. The antibodies produced by these switch variants
continue to bind the relevant antigen, and their heavy and
light chains show the same migration on SDS gels as IgG2b
and IgG2a isolated by conventional means (data not shown).
DNAs from y2b and y2a switch variants were compared by
Southern analysis to their progenitors, and the Sp2/0 fusion
partner. HindIII-digested DNAs were hybridized with a y1
switch region probe (Fig. 34). The 24-kb germ-line fragment
was rearranged in 36.65.12.7 to a 16-kb fragment that defines
the active 71 allele. This fragment is replaced by different 5.1-
and 7.9-kb fragments in the 92b (siblings 14.1 and 19.2) and
y2a (siblings 2.3 and 2.4) switch variants respectively, indi-
cating that switching is associated with gene rearrangement.
The 5.1-kb fragments also hybridized with a 42b switch
region probe (Fig. 3B), confirming that a recombination event
had created a hybrid y1/42b switch region in this clone. The
active yl allele that is represented by the 6.9-kb EcoRI
fragment was deleted in the 42b and y2a switch variants (Fig.
3C). Together, these data confirm that rearrangement and
deletion occur in association with switching in these clones.

We observed an additional yl constant region allele in the
high-switching 36.65.12.7 subclones and 42b and y2a switch
variants. This allele was only detected with a yl constant
region probe (21-kb R1 fragment in Fig. 3C) and did not
hybridize to the yl switch region probe (Fig. 3A and results
not shown).

In the course of these experiments, we also observed that
PC1.4.1c subclones with a higher rate of switching frequently
underwent deletions and/or rearrangements in the donor y1
switch region (Fig. 4). While PC1.4.1¢.21.18 and four of five
subclones retain the 9.4-kb germ-line yl switch region frag-

. ment, additional fragments, some of which are submolar,

were seen in the parent and three of five subclones. These
altered y1 switch regions, which dominate some cultures, did
not arise from cells that had already switched to 92b or y2a
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FiG.4. Genomic Southern analysis of PC1.4.1c subclones. DNA
was isolated from yl-positive cells (minimally 99% 71 producers),
digested with Sac I, and hybridized to a y1 switch region probe. The
9.4-kb germ-line fragment is dominant in the .21.18 parent and three
subclones. Three of five subclones have additional bands, and one
(.21.18.16) has lost the 9.4-kb germ-line band altogether and gained
two new bands.
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because the DNA was prepared from cultures that were at
least 99% vl producers. In addition, when the same blot was
hybridized sequentially with y2b and 92a switch region
probes, no changes from the germ-line configuration of these
downstream recipient switch regions were detected, confirm-
ing that the cultures contained few switched cells (results not
shown). Because Southern analysis is a relatively insensitive
technique, we do not know if ongoing deletion of the yl1
switch regions is restricted to the clones switching at a high
rate or even correlates with the frequency of switching.

DISCUSSION

Clonal variation has been used to obtain hybridoma cell lines
that switch frequently from IgG1 to the production of IgG2b
or IgG2a in culture. We have used fluctuation analysis (36) to
compare the rate of switching in different cell lines and
subclones. This may not be completely valid, since switching
is not a typical rare mutational event. In the higher switching
clones, the distribution of the frequencies may provide a
more valid representation of the behavior (Figs. 1 and 2).
However, it is clear that each subclone of the higher switch-
ing variants has the potential to switch and that some
subclones accumulate switched cells at frequencies compa-
rable to mitogen-stimulated normal spleen cells. A direct
comparison of switching rates is not possible, because fluc-
tuation analysis has not been previously applied to switching
in spleen cells or most other cultured cell systems.

We have considered whether the size or composition of the
donor switch sites influences the rate of switching. Two
subclones of PC1 switched at quite different rates; 4 x 10~7
events per cell per generation for PCl.4a and 1.2 X 103
events per cell per generation for PC1.4.1c (Fig. 1). After
switching from u to yl, PC1.4a retained about 300 bp of the
u switch region and none of the yl switch region, while
PC1.4.1c retained 1.5 kb of the u switch region and all of the
y1 switch region (41). Clone 36.65.12.7 switches to y2b and
y2a at a relatively high rate (4 X 10~¢ events per cell per
generation, Fig. 2), yet retains little or no u switch region and
has a large deletion in its y1 switch region (unpublished data).
There is thus no simple relationship between the donor
switch site structure and rates of switching in these clones.

Some have suggested a link between deletions in donor
switch regions and commitment to switching. Deletions of the
u switch region occur in IgM-producing spleen cells prior to
switching (1, 6), but the role of this event in subsequent
switching to downstream isotypes is unknown (1, 6, 42).

As reported here, we have observed that the higher switch-
ing PC1.4.1c hybridomas frequently undergo deletions of the
vl switch region prior to switching. These very frequent
events have not been reported previously for hybridomas to
our knowledge. PC1.4.1c cells may have reexpressed an
activity that can cut and ligate the y1 switch region. This
activity may be involved in switching and normally may be
repressed in hybridomas. We have not observed similar
deletions in the yl switch region of 36.65.12.7 subclones (Fig.
3 and results not shown).. This may reflect differences in the
36.65.12.7 and PC1.4.1c vyl switch regions. PC1.4.1c retains
a germ-line 9.4-kb Sac I fragment, whereas much of the yl1
switch region was deleted in the original 36.65.12.7 isolate
(results not shown). Thus, 36.65.12.7 may have already lost
the part of the vyl switch region that is the target of deletion
in PC cells. Since we cannot quantitate this activity, we do
not know if it correlates with the frequency of switching, but
we have observed a modest increase in the incidence of
deletions in the course of isolating high-switching subclones.

We also observed a duplication of the yl constant region
gene in high-switch variants of 36.65.12.7. Although this
duplicated gene does not appear to have a S’ switch region or
to participate directly in the switching events, we cannot rule
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out the possibility that it plays some indirect role in increasing
the frequency of switching.

We do not know whether increased switching in these
hybridoma cell lines is associated with progressively in-
creased accessibility (8), with increased amounts of some or
all of the components of the putative switch recombinase, or
with the decreased expression or activity of a negative
regulatory factor that is normally expressed in plasma cells.
The presence of sterile transcripts has been shown to precede
switching in normal spleen cells and in some B-cell lines
(8-10). Sterile transcripts have not been observed in hybrid-
omas, but this is not surprising since they normally switch at
very low frequencies. We have used the relatively insensitive
technique of Northern analysis to search for sterile tran-
scripts in the higher switching subclones reported here and
have not detected them when using 10-fold more RNA than
we needed for the control RNA isolated from lipopolysac-
charide-stimulated normal spleen cells (unpublished data).
This may be because even in the highest switching subclones,
sterile transcripts are only expressed in cells just prior to
switching. At any given time the number of such cells is
relatively small even in the high-switching variants, while in
stimulated normal spleen cells the switching event occurs in
a more synchronous fashion. Nevertheless, our inability to
detect sterile transcripts suggests that even though each of
the high-switching subclones has the potential to switch, the
recipient switch sites of the population as a whole are not
being transcribed.

The hybridoma subclones described in this paper switch
spontaneously from y1 to y2b and y2a at quite high frequen-
cies. Starting with an unrelated hybridoma, we have recently
used a similar process to enrich for subclones that switch
from 93 to yl, y2b or y2a, suggesting that high-switching
variants can be obtained from most, if not all, hybridoma cell
lines. The phenotype is stable to repeated subcloning and
may persist after the switching event so that further down-
stream switch variants are readily obtained.

The high rate of secretion by hybridomas allows single-cell
analysis of switch variants and quantitation of switching
rates. Using this system, we can readily quantitate and
optimize the cellular response to lymphokines and other
agents. Furthermore, the existence of closely related clones

~ with large differences in rates of switching may allow genetic

and biochemical approaches to studying switching and lead
ultimately to an understanding of the underlying mechanism
and its absence in terminally differentiated plasma cells.
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