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Chapter 109
Hybridoma immunoglobulin isotype switch variant
selection with the fluorescence activated
cell sorter

T.J.KIPPS & L. A. HERZENBERG

Directionality of in vitro isotype
switching, 109.2
The technique of switch variant

In 1978, Rajewsky et al. utilized the powerful resolving
capacity of the fluorescence activated cell sorter
(FACS) to isolate isotype ‘switch variant’ myeloma
cells from a large culture of myeloma cells [1]. Using
fluorescence-conjugated antibody specific for an
immunoglobulin isotype not expressed by the parent
myeloma cell line, they were successful in staining and
subsequently sorting rare switch variant cells. These
variant cells secreted myeloma protein of a different
immunoglobulin isotype but identical variable (V)
region idiotype(s) as the antibody produced by the
parent myeloma line [1,2]. As such, these cells appar-
ently switched from the expression of the gene encod-
ing the constant part of one heavy chain to that of
another, while expressing the same heavy chain vari-
able region gene which encodes the antibody’s antigen
combining site. Although other investigators had
observed similar isotype switch variants after muta-
genesis of the MPC 11 myeloma cell line using a soft
agar cloning technique [3,4], these investigators
demonstrated that rare spontaneous switch variant
cells could be selectively stained for the variant
immunoglobulin expressed on their surface membrane
and subsequently sorted using the FACS [1].

More recently, the authors and others have used the
FACS to isolate isotype switch variant hybridomas
producing monoclonal antibodies with selected speci-
ficities and desired functional activities [5-7]. Experi-
ments have shown that spontaneous immunoglobulin
gene switching occurs in hybridomas with frequencies
similar to those noted with cultured myeloma cells.
Furthermore, the binding specificity of the switched
monoclonal antibody is identical to that of the original
parent immunoglobulin molecule. Thus, by defining
the methodology required for switch variant selection,
a hybridoma clone producing a monoclonal antibody
with a desired specificity may be modified to secrete

selection, 109.2
Limiting dilution analysis of 109.5
sorted populations, 109.4

Kinetics of isotype switching,

antigen-specific immunoglobulin with an isotype of
desired biological activity.

The ability to select switch variant hybridomas
producing monoclonal antibody with a particular
immunoglobulin isotype may greatly enhance the
application of monoclonal antibody technology. Even
among the subclasses of mouse IgG—namely IgG,,
IgGay, 18Gapb, and [gG;—major differences exist. Com-
parison of the segmental flexibility using nanosecond
fluorescence spectroscopy has demonstrated IgGyy to
be most flexible, 1gGy, slightly less flexible and 1gG,
relatively rigid [8,9]. Furthermore, each immunoglo-
bulin subclass possesses discrete biological activity.
IgG2. and IgGyy, fix guinea-pig and rabbit complement
through the conventional pathway, whereas IgG, and
1gG; do not [10-12]. IgG; molecules, but not IgGa,,
IgGap, or IgGs, are capable of mediating passive
cutaneous anaphylactic (PCA) reactions in the mouse
[10,13-15]. I1gG3a and IgGyy subclasses, but not IgG),
mediate the same reaction in the guinea-pig[11,16-18].
More recently, the authors have detected differences
between these three classes of murine immunoglobulin
in their ability to participate in human antibody-
dependent cellular cytotoxicity (ADCC) [19]. 1gGa.
functions better than IgGyp, in human ADCC, whereas
IgG; is inactive. Furthermore, mouse immunoglobu-
lin isotypes of anti-tumour antibodies apparently
differ in their ability to influence tumour growth in
experimental animal model systems [20-27]. Thus the
isotype of a given monoclonal antibody may play a
critical role in its biological effector function. The
ability to select switch variant cells from a hybridoma
originally selected for the binding specificity of its
secreted monoclonal antibody may allow for the
production of specific monoclonals with isotypes of
desired biological activity.

Since 1978, the authors have simplified and im-
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proved the process of switch variant selection using the
FACS. The first switch variants were isolated only
after repeated rounds of FACS variant selection,
involving months of tissue culture. Currently, it is
possible to detect and, in most cases, directly clone
switch variant cells with only one round of FACS
selection. Here the authors describe these advances
which greatly facilitate the process of switch variant
selection.

Directionality of in vitro isotype switching

In planning a switch variant selection, it is important
to note some basic facts of the murine heavy chain
immunoglobulin gene complex and the heavy chain
class switch. The genes coding for the heavy chain
constant region isotypes are arranged in tandem, 3’ of
the variable region gene complex of mouse chromo-
some 12 [28-30]. The order in which the heavy chain
immunoglobulin genes are arranged is depicted in Fig.
109.1. Prior to immunoglobulin gene expression, the
variable region genes of the heavy chain gene complex
must undergo rearrangement to form a functional
VDJ gene composed of the variable (V), diversity (D)
and joining (J) gene segments that together code for
the variable region of the antibody heavy chain
[31,32]). The VDJ gene is subsequently expressed with
one of the several heavy chain isotypes on the same
RNA transcript that is translated to form the antibody
heavy chain.

Models proposed for immunoglobulin class switch-
ing must take into account the conserved expression of
the same VDJ gene after the switch to another isotype.
One model suggests that selective splicing of a large
RNA transcript may account for the switch in the
expression of the heavy chain constant region [33-35].
Another model suggests that genes on a single DNA
strand can recombine internally to join the gene
coding for switched heavy chain isotype with the
expressed VDJ gene [36,37]. A third model proposes
that unequal recombination between newly formed
sister chromatids may be responsible for this genetic
rearrangement [38-40].

Analyses of the DNA from several myeloma cell
lines and hybridomas have demonstrated deletions of
the genes coding for the isotypes located upstream, or
5’, of the expressed heavy chain isotype gene [28,41].
Such deletions may make switching to isotypes coded
for by genes located 5 of the expressed isotype gene
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impossible, unless there is interchromosomal switch
recombination to the genes expressed on the homolo-
gous chromosome. Although interchromosomal
recombination during isotype switching has been
documented [42], such recombination is of much lower
frequency than switching among genes located on the
same chromosome. Generally, switching to genes
located 5 of the C gene expressed in the original
hybridoma is rare or non-existent. Although variant
cells have been selected that express isotypes located
upstream of the gene expressed by the sorted hybri-
doma population, this has been noted only with switch
variants selected for re-expression of their original
parent isotype [43]. As such, these cases are not
representative of hybridoma cells cloned from a
hybrid fusion. Thus, in planning a variant selection,
one should consider selecting for isotypes coded for by
genes located 3’ of the gene coding for the expressed
heavy chain isotype, unless one can analyse the DNA
from the cell line of interest to confirm that the heavy
chain genes 5° of the expressed gene have not been
deleted.

The technique of switch variant selection

Staining reagents

The success of switch variant selection using the
fluorescence activated cell sorter depends upon the
specificitity of the staining reagent for the variant
isotype. In order to detect as few as one cell in several
million, the fluorescence of the specifically stained
variant cell should be bright enough to allow it to be
discriminated from the most brightly autoftuorescent
cells in the population. A standard methodology
employs preparations of highly absorbed, isotype-spe-
cific heterologous antibodies that have been fluores-
cein conjugated for variant selection. More recently,
the authors have used monoclonal antibodies directed
against allotypic determinants on mouse immunoglo-
bulin for variant selection. These reagents are particu-
larly effective when two or more types of monoclonal
antibodies that have different binding specifities for a
variant immunoglobulin isotype are used for surface
staining, as described below.

Heterologous antibody

There are several advantages and disadvantages to
using heterologous anti-isotypic antibody prep-
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Fig. 109.1. Order of constant region genes in the murine heavy chain immunoglobulin gene complex.
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arations rather than isotype-specific monoclonal anti-
bodies. Such preparations represent heterogeneous
collections of antibody molecules with multiple bind-
ing specificities for the variant immunoglobulin iso-
type. More than one fluorescein-conjugated antibody
can bind to a single surface immunoglobulin molecule,
increasing the fluorescence signal conferred upon the
switch variant cell. Many preparations of heterolo-
gous anti-isotype antibodies are available commer-
cially as fluorescein conjugates or free antibody. A
disadvantage of heterologous antibody is that such
preparations must be extensively absorbed with other
mouse immunoglobulin isotypes on solid-phase im-
munoabsorbants to render them specific for the heavy
chain isotype of interest. One must carefully check
commercially available isotype specific heterologous
antibody preparations. The authors have observed
several such preparations to slightly increase the mean
fluorescence of cells bearing irrelevant mouse
immunoglobulin isotypes. Such non-specific staining
will increase the number of false-positive variant cells
sorted in a given experiment, making variant selection
much less efficient.

Another problem encountered with heterologous
antibody preparations is the fine dependence of opti-
mal staining on antibody concentration. That is
demonstrated in Table 109.1. This table lists the mean
fluorescence values of two cell lines stained with a
fluorescein-conjugated goat anti-mouse gamma 2 re-
agent at varying amounts and concentrations. Higher
concentrations of antibody yield higher levels of
specific staining at a given absolute amount of anti-

Table 109.1. Titration of FITC goat anti-mouse 1gGy on
hybridoma cell lines

Mean fluorescence

Antibody Micrograms of hybridoma cell
concentration antibody per lines 197-24.63
(ug/ml) 106 cells 190-59.2 (IgG2a) (1gGy)
80 10 88 12

3 78 11

1 65 10

0.3 41 10
40 10 81 12

3 76 12

1 63 10

0.3 36 10

8 10 44 10

3 42 10

1 29 10

0.3 19 10

0.1 19 10
No stain — 10 10

body used per number of cells stained. This may be due
to populations of antibodies that are heterogeneous
with respect to binding affinity. Thus low affinity
antibodies that may specifically bind the variant
surface immunoglobulin isotype and increase the
fluorescence signal conferred upon variant cells may
not interact efficiently with their substrate when
present at low concentrations.

Staining protocols should be devised to control the
concentration effect that may be observed with a
heterogeneous population of heterologous antibody.
The cells to be sorted are harvested and washed with
staining medium consisting of phenol red-deficient
RPMI-1640 medium with 4% (v/v) newborn calf
serum. Sample volumes containing the desired
numbers of cells are routinely aliquoted into separate
tubes and centrifuged for 5 min at 200 g. The
supernatant is decanted and the staining reagent,
diluted to the desired concentration in staining
medium, is added to the cell pellet. After a 20 min
incubation at 4 °C, the cells are washed twice with
large volumes of staining medium prior to FACS
analysis and cell sorting.

Monoclonal antibody to mouse immunoglobulin
isotype

Murine monoclonal anti-allotypic antibodies have
several advantages over heterologous antibody for
switch variant selection. Many are isotype specific,
eliminating the need for absorption with other
immunoglobulin isotypes. Most bind with high
affinity, minimizing the dramatic changes in staining
intensity noted with slight variations in reagent con-
centration. Many have been well characterized with
respect to the site at which they bind the immunoglo-
bulin molecule [44-47]. Thus two fluorescein-conju-
gated monoclonal antibodies, with affinity for the
same immunoglobulin isotype but with binding speci-
ficity to different sites along the molecule, can stain
surface immunoglobulin-bearing cells with an inten-
sity equal to or brighter than most heterologous
antibody preparations.

A disadvantage of using fluorochrome-conjugated
monoclonal antibody is that not all reagents stain with
sufficient intensity to discriminate the majority of
specifically stained cells from the most brightly auto-
fluorescent cells of a given hybridoma population.
Monoclonal antibodies to several mouse immunoglo-
bulin isotypes may not be generally available. Finally,
because most of these reagents are allotype specific,
consideration must be given to the point that the
hybridomas produce immunoglobulin of the appro-
priate allotype (see Chapter 94). A few of the mono-
clonal reagents that the authors found useful for
variant selection are listed in Table 109.2.
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Table 109.2. Monoclonal reagents useful for sur-
face murine immunoglobulin staining

Name Isotype/allotype Specificity
5.7 I1gGs CH3 of Igh-1b
2.9 Igh-1a CH: of Igh-1b
8.3 Igh-1b CH3 of Igh-la
9.8 Igh-1b CH; of Igh-1a
10.9 Igh-1b CHj3 of Igh-4a
10-4.2 Igh-1b Igh-5a
3.33 Igh-la Igh-5b
78 Igh-4a Igh-6b
Bet-2 (331-12) Rat IgG Igh-6

Fluorescein conjugation ratios

For variant sorting, it is important to consider the
average number of fluorescein molecules covalently
conjugated to the isotype specific antibody. This
fluorescein to protein ratio (or F: P ratio) can be easily
calculated from the measured light absorption of the
conjugated sample at 495 nm and 280 nm [48].
Conjugation ratios less than 2 may not stain specific
cells sufficiently to allow for efficient variant sorting.
Ratios greater than 4 may non-specifically bind to
cells, increasing the background autofluorescence of
the cell population from which variants are to be
sorted. Increasing the number of fluorescein molecules
bound to an antibody molecule above three does not
proportionately increase the fluorescence of the anti-
body because of the internal fluorescence quenching of
the closely coupled fluorochromes. Generally, anti-
body preparations for variant sorting have F: P ratios
of 2—4.

Fluorescein conjugation reactions should be closely
monitored (see Chapter 28 for fluorochrome conjuga-
tion techniques). If the conjugated preparation is
found to have a higher F:P ratio and to have lost fine
binding specificity, then isolation of antibody mole-
cules with lower F:P ratios on columns of DEAE-
Sepharose should be tried. For this the antibody
preparation is dialysed against 0.01 m-phosphate
buffer at pH 7.5. At this ionic strength the antibody
will bind to the DEAE-Sepharose. Fractions are
eluted using 0.01 M-phosphate buffers of increasing
salt concentration, starting with 0.1 M-NaCl and
advancing to 0.5 M-NaCl at 0.1 M increments of NaCl.
The protein molecules with the lower F:P ratios will
elute at the lower salt concentrations. Fractions of
antibody with F:P ratios of 2-3 are pooled and
subsequently retested for binding specificity and inten-
sity of staining.

Antibody titration and variant staining concentration

It is important to titre the fluorescein-labelled reagent
on cells bearing the variant isotype and compare this
with the staining of the parent population. When
staining for a variant present at 1 in 10°-107 cells, it is
not necessary to use the full saturating amount of
antibody needed to stain a population of positive cells.
Rather, during the first round of variant selection, the
authors routinely use one-fifth this amount.

Exclusion of dead cells from variant cell sorting

Since dead cells often non-specifically bind fluorescent
reagents, populations of cells with less than 90%
viability are unsuitable for variant sorting. In order to
exclude the small percentage of dead cells in a given
population from FACS analysis and sorting, the
authors include the DNA-intercalating dye propidium
iodide (PI) in the staining mixture at 0.3 ug/ml [49].
Dead cells absorb PI, making them brightly fluores-
cent above 580 nm (red fluorescence) when excited at
488 nm. By electronically gating out cells with a bright
red fluorescence, dead cells can be excluded from
analysis and sorting.

Limiting dilution analysis of sorted populations

Even with the best of staining reagents and sorter
conditions, the false-positive cells far outnumber the
true-positive variant cells. The authors devised a
cloning technique that sorts a fixed multiple number of
cells into each separate well of a microtitre plate.
Individual cell sorting of the brightest 0.1 of the
stained hybridoma population into separate wells
usually requires the assay of a multitude of individual
culture supernatants for the variant isotype to identify
a switch variant clone, especially for variants present
at frequencies of one in several million. On the other
hand, sorting all cells into a single well may resultin a
population of hybridomas with variant cells present at
too low a percentage to generate a culture supernatant
in which the variant isotype can be detected, even with
the most sensitive of radioimmunoassays. This prob-
lem is alleviated by sorting 25, 50 or even 100 cells into
each well of a microtitre plate. This limits the number
of wells that need to be assayed. It also ensures that the
frequency of variants in any given population will be
greater than or equal to the reciprocal of the number of
cells per well sorted. The culture supernatants of
individual wells are tested after 1 week’s culture to
identify those containing variant cells, by a sensitive
solid-phase radioimmunoassay. Then the authors
expand the hybridomas from these wells and subse-
quently restain them for repeat FACS analysis and
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individual cell cloning. With this approach, it is
possible to detect 1 in 107 cells after one variant sort
using the FACS.

This approach has several advantages. First, the
number of variants within a given culture can be
directly assessed with one round of variant sorting.
The average number of true switch variants sorted per
well can be calculated by applying limiting dilution
analysis based upon the Poisson distribution [50] to
the data obtained from assaying the cultured plates.
Dividing this number by the number of actual cells
sorted into each well gives the sort fidelity coefficient,
or percentage of cells sorted that were indeed switch
variants. The calculated proportion of variants within
the parent population is provided by multiplying this
coefficient by the percentage of cells of the stained
parent population that were detected within the
fluorescence sort gate during the variant sort. Should
only a fraction of the stained cells from the subse-
quently cloned switch variant population fall within
this gate, the true percentage of switch variants within
the population is then actually higher than this
calculated percentage. In this case, the true percentage
of variants within the culture is the calculated propor-
tion of variants divided by the fraction of switch
variants detected within the original sort gate after
they have been cloned and subsequently restained for
the variant isotype. This technique provides variant
frequencies without extrapolating sort data from
repeated rounds of variant sorting. Also, it is less
dependent on the assumption that variant cells have
growth characteristics identical to those of the parent
population.

A second advantage is the speed at which variants
can be isolated. Sorted populations of cells that are
highly enriched for switch variants may be identified 1
week after the first round of FACS selection. As the
FACS can easily sort with high fidelity cells present at
percentages greater than 0.1%, individual switch vari-
ant cells can be directly cloned into separate wells of a
microtitre plate during the second round of FACS
selection. Switch variant cells can be cloned within 2
weeks of the initial sorting of cells from a given cell
population.

Kinetics of isotype switching

To appreciate the kinetics with which spontaneously
arising switch variants emerge within a culture of
monoclonal producing hybridomas, it is important to
reflect upon several principles of mutation theory
developed in the study of microbial genetics. In 1943,
Luria & Delbruck published a theoretical analysis of
the rate of increase of the proportion of mutant-type
cells in a culture maintained in logarithmic growth

[51]. Their analysis applied to cases in which the
growth rates of normal and mutant cells are equal and
back-mutation is negligible. This analysis also
required a low mutation rate so that the number of
wild type cells available to generate new mutants
would remain virtually the same as the total number of
cells. They formulated a theoretical argument that,
under these conditions, the proportion of mutant-type
cells will increase linearly with the number of gene-
rations through which the culture is maintained.

These same conditions apply to many of the switch
variants that the authors have analysed. In the several
different variant families analysed, the authors found
that growth rates for parent hybridomas and their
selected switch variant progeny are identical. Further-
more, the rate of isotype switching is very low, ranging
from 1073 to 10~7 per cell division. The number of
parental hybridoma cells available to generate new
switch variants will remain identical to the total
number of cells in culture, provided the parent cell line
is not rapidly losing its ability to produce immunoglo-
bulin. Lastly, the authors have noted that many switch
variant cell lines do not switch back to the parental
isotype at a detectable rate. Exceptions to this,
however, have been noted [43].

Catcheside derived a formula to calculate the actual
mutation rate from the increase in the proportion of
mutants noted with time in a logarithmically growing
bulk culture assayed prior to achieving mutational
equilibrium [53]. The mutation rate, m, can be calcu-
lated from the following formula:

=2y {008

where M| and M, are the numbers of mutants at times
I'and 2, Ny and N, are the numbers of cells at these two
time points, and G is the number of generations
elapsed between times 1 and 2. The natural logarithm
of 2 appears in the formula because the mutation rate
is per cell per generation rather than the rate per cell
division. Since we are dealing with unsynchronized,
exponentially growing populations, an event observed
to occur within one generation to produce #» number of
cells will actually be the result of n(1/2)/(1n 2)
divisions. Therefore, for a mutation rate of m, the
proportion of mutant cells within a culture will
increase by a fixed increment, m/2(1n 2) per gene-
ration.

In order to avoid large fluctuations in the propor-
tion of mutants detected within a newly cloned
population of cells, it is important to analyse popula-
tions that are large relative to the mutation frequency.
Luria & Delbruck analysed a large series of bacterial
cultures established from small initial inocula and
grown for a small number of generations [51]. They
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noted that a few cultures had a high proportion of
mutant cells while others lacked any detectable
mutants. Such fluctuation was reasoned to be second-
ary to the random occurrence of mutations. Thus,
while the population is still small in some cultures, a
mutation will occur by chance early. This will result in
a culture with a high proportion of mutants relative to
most other cultures, in which no mutation will occur
until the population is as large as the reciprocal of the
mutation rate.

To test whether or not similar population genetic
considerations applied to cultured hybridomas pro-
ducing antibody of selected specificity, the authors
conducted a series of experiments on an anti-dansyl
IgG-producing hybrid cell line maintained in tissue
culture for many weeks [54,55]. This cell line was
initially cloned and maintained in logarithmic growth
in large bulk culture of at least 107 cells. At varying
time points, samples from the cell culture were sub-
jected to IgGs, isotype switch variant selection by the
multiple cell cloning technique described above. The
authors calculated the proportion of variants within
the culture by limiting dilution analysis of data
obtained with a solid-phase radioimmunoassay for
variant isotype as described above. To provide the
number of generations between each sort the authors
divided the time elapsed between each variant selec-
tion by the cell cycle time of 18 h. The data are
presented in Table 109.3. The number of variants
within a given culture increased with time after the cell
line was established. From the formula described
above, the authors calculated the switch frequency of
IgG, to IgG; to be 6 x 10-9,

These results have important implications for isola-
tion of switch variants. Obviously, the selective pres-
sure applied by the FACS cannot induce isotype
switching. It can only isolate the variants after they
have occurred randomly. Applying selective pressure
on mutational equilibrium will optimize the chance of
selecting a switch variant cell. Thus, prior to attempt-
ing switch variant selection on a particular cell line, it
is recommended that the line be maintained in large
bulk culture for several weeks to increase the propor-
tion of variants found within that culture. If the
proportion of variants found within the culture drifts
upward to 10~%, these cells may be directly cloned
from the cell line using one round of FACS sorting.

In conclusion, advances in technology facilitate
rapid isolation of switch variant clones from existing
hybridoma cell lines. Because of the differences noted
between the biologic activity of murine immunoglobu-
lin isotypes, as discussed above, switch variant selec-
tion may greatly enhance the application of mono-
clonal antibodies. Through switch variant selection, a
hybridoma producing a monoclonal antibody with a

Table 109.3. Analyses of variant proportion within con-
tinuously growing culture

Proportion of variants within the
Culture Time IgGi hybridoma population
generations  (days) 7y 72b V2a

Newly cloned 0 1.Ox1075 0.8x107% 02x1077

(Go)

G 8 1.6x107° 1.3x107% 03x10~3
Gas 19 12%x10"% 30x1075 9.0x10~3
Gioo 75 40x10~4 50x10735 3.5x%x10-4

desired specificity may be modified to secrete antigen-
specific immunoglobulin with an isotype of desired
biologic activity. Through this technology, particular
monoclonal antibodies may be fashioned into reagents
better suited for a particular task in immunodiagnos-
tics or immunotherapy.
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