Chapter 5
Switching the Isotype of Monoclonal
Antibodies

THOMAS ]. KIPPS

1. Introduction

Isotype switch variant selection is an important adjunct to monoclonal antibody
technology. Through the production of hybridomas, we can now harness the
specificity of the humoral immune response to generate virtually unlimited
amounts of monoclonal antibody of desired specificity. Unfortunately, a se-
lected hybridoma may fail to secrete specific immunoglobulin with an isotype
of desired functional activity. This problem may be alleviated through the se-
lection of isotype switch variants that secrete antibody of a different immu-
noglobulin isotype but with preserved antigen-binding specificity. In addition,
by selecting hybridomas that produce monoclonals differing from one another
in isotype only, comparative studies can be performed on the functional ac-
tivities of the different murine immunoglobulin isotypes. Such studies may
increase our understanding of potential uses of monoclonal antibodies in cell
biology and medicine.

This chapter will review current concepts of immunoglobulin isotype
switching, discussing several advances that facilitate the selection of switch
variant hybridomas.

2. Mouse Immunoglobulin Isotypes

The capacity to change the isotype of an existing murine monoclonal an-
tibody may greatly enhance its utility. It has long been recognized that major
differences exist in the biological activities of the different mouse immunog-
lobulin isotypes.’ Pentameric IgM, for example, is particularly efficient in hem-
agglutination and in directing complement-mediated cytolysis. IgE, on the
other hand, is unable to fix complement, but is extremely cytophilic for mast
cells and basophils, providing for the specific triggering of anaphylaxis. Even
among the subclasses of mouse IgG, namely IgG1, IgG2a, IgG2b, and IgG3, major
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Figure 1. The murine heavy chain immunoglobulin gene complex. The distances between the
constant region loci (C) are not drawn to scale, which in kilobases (kb) are: 5'-Ju-(6.5 kb)-Cp-(4.5
kb)-Cs-(55 kb)-Cya-(34 kb)-Cy1-(21 kb)-Cyz1-(15 Kb)-Cyza-(14 kb)-C-(12kb)-C,.? (S, Switch region;
Vu, variable region gene; D, diversity segment; Jy, joining segment.

differences exist. IgG2a and IgG2b fix complement through the conventional
pathway, whereas most IgG1 and IgG3 do not.»=* Although IgG2a and IgG2b,
but not IgG1, are capable of directing passive cutaneous anaphylactic (PCA)
reactions in the guinea pig, only IgG1 is able to direct PCA in the mouse.’*
More recently, we have detected differences between these three classes of
murine antibody in their capacities for directing antibody-dependent cell-me-
diated cytotoxicity (ADCC) by human K cells.® IgG2a functions best in human
ADCC. IgG2b directs only intermediate levels of activity, but functions signif-
icantly better than IgG1. Furthermore, mouse immunoglobulin isotypes of an-
titumor antibodies apparently differ in their ability to influence tumor growth
in experimental animals.®® Thus, by defining the methodology for isotype
switch variant selection, a hybridoma producing a monoclonal antibody of
desired specificity may be modified to secrete antigen-specific immunoglobulin
with an isotype of desired biological activity.

3. The Genetics of Imnmunoglobulin Isotype Expression

The immune system has evolved complex genetic machinery for immu-
noglobulin isotype expression, allowing it to link a usefully permuted variable
region gene to any one of the different heavy chain constant region genes
through the process of isotype switching. The immunoglobulin heavy chain
isotypes are coded for by individual gene loci arranged in tandem along a
chromosome region that is 200 kilobases long and 3’ of the variable region gene
complex of mouse chromosome 12 (Fig. 1)."°~*? Prior to immunoglobulin gene
expression, at least two DNA rearrangements are required to form a functional
VDJ gene, composed of the variable (Vu), diversity (D), and joining (J4) gene
segments that together code for the variable region of the antibody heavy
chain.®'* The VDJ gene is subsequently transcribed with one of the several
heavy chain isotype genes to produce a single mRNA transcript that is trans-
lated to form the antibody heavy chain. Subsequent rearrangements apparently
occur to produce an isotype “switch,” allowing for the expression of the same
VD] gene with a different heavy chain isotype gene.

Several models have been proposed to describe the molecular events in-
volved in the isotype switch. One theorizes that selective processing of a large
RNA transcript may allow for translation of the variable region with different
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constant region isotypes.’®® This model may account for the coordinate
expression of IgM and IgD.'”~'® A second model proposes that the genes on a
single DNA strand internally recombine, deleting the gene coding for the for-
merly expressed isotype and bringing into juxtaposition the VD] gene with the
newly expressed isotype gene.???* Another model theorizes that this type of
DNA rearrangement results instead from unequal recombination between
newly formed sister chromatids.?2-2°

Theories postulating that isotype switching results from rearrangement of
the heavy chain constant region genes have received considerable support from
the analysis of isotype genes in plasmacytomas.!®!?1820.24.26 Thege studies
have demonstrated that the expressed heavy chain isotype gene is repositioned
immediately downstream, or 3’, of the VDJ gene through DNA rearrangement(s)
that delete intervening constant region exons. Rearrangement of the DNA is
noted to occur at so-called “switch regions” (S), located 5’ of each heavy chain
locus except delta (Fig. 1). These regions share short repetitive sequences [i.e.,
TGAGC and TGGG(G)],?” which possibly allow for pairing of different switch
region loci for S—S recombination. These regions also may act as binding sites
for postulated switch recombinases that catalyze the DNA rearrangements nec-
essary for isotype switching.

These features of the immunoglobulin gene complex have important im-
plications for the design of an isotype switch variant selection. Analyses of the
DNA from several hybridomas have demonstrated rearrangements of isotype
genes similar to that noted in myelomas, with deletion of the genes coding for
isotypes located 5’ of the expressed heavy chain isotype gene.?®2° Such dele-
tions make switching to these isotypes impossible, unless switch recombination
could occur with the upstream isotype genes positioned on the nonexpressed
homologous chromosome. Indeed, we have observed interchromosomal recom-
bination between isotype genes in cultured hybridomas.?° Variants have also
been selected that express an upstream isotype gene®'*?; however, this has
been observed only when cloned switch variant cell populations were selected
for “‘back-switch” variants producing antibody of the original parental isotype.
As such, these examples of “‘back-switch’ variants may not be representative
of hybridomas obtained through a hybrid fusion. It should be noted that rear-
rangements and deletions of constant region genes frequently occur in the non-
expressed heavy chain gene complex.?*?%:33:3% Thus, before attempting to se-
lect variants expressing an isotype gene located 5’ of the originally expressed
heavy chain gene, it is best to determine whether the gene coding for the desired
isotype is still present in the hybridoma’s genome.

4. Spontaneous Isotype Switching in Myelomas and
Hybridomas

In vitro isotype switching was first observed in the IgG2b-secreting MPC
11 myeloma.*® After mutagenesis with melphalan or ICR 191, approximately
0.5% of the cells cloned in soft agar expressed myeloma protein with altered
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heavy chains, a few of which reacted with antibodies specific for mouse IgG2a.
Subsequent characterization of these variants confirmed that some of these
clones had indeed undergone an isotype switch from IgG2b to IgG2a, while
retaining expression of the same light chain genes and heavy chain VD] rear-
rangement.®®3® Although spontaneously occurring switch variants of MPC 11
were also noted, these were relatively rare and difficult to isolate by soft agar
cloning techniques. Staining the myeloma cells with fluorescein-conjugated
antibody specific for mouse IgG2a, however, Rajewsky and his associates dem-
onstrated that these relatively rare spontaneous switch variant cells could be
isolated from MPC 11 using the fluorescence activated cell sorter (FACS).?° By
selecting cells based on variant surface immunoglobulin expression, these in-
vestigators increased the efficiency of isolating variant myeloma cells two- to
threefold over the previously employed technique of antibody—agar overlay.

Spontaneous isotype switching subsequently was observed in monoclonal
antibody-producing hybridomas.?®3*4°~43 Switch variant hybridomas are de-
tected at frequencies similar to those found in myeloma cell populations (see
Section 6). Importantly, such hybridoma variants produce antibodies with idi-
otypic specificities, antigen-binding activities, and antibody light chains that
are identical to that of the antibodies produced by the parent hybridoma.

In vitro isotype switching apparently results from DNA rearrangement(s)
similar in many ways to those found in plasmacytomas.*® The newly expressed
heavy chain gene is found generally 3’ of the expressed VD] gene, this resulting
from excision of DNA coding for the formerly expressed isotype. Although the
sites of recombination responsible for such rearrangement(s) may be outside
the physiological switch regions (S), switch variants generally produce anti-
bodies that are analogous to physiologically occurring antibodies of the same
isotype in their molecular weight, glycosylation, and primary protein sequence.

5. Techniques of Switch Variant Selection
5.1. Cloning in Soft Agar

The first method used for selecting variant hybridomas involved cloning
the cells in soft agar.** After discrete colonies are detected, heterologous iso-
type-specific antibody is added to the agar plates. Either the presence of a
surrounding precipitin ring (positive selection) or lack thereof (negative selec-
tion) signals the presence of a variant clone. Since this method screens for
alteration(s) in the secreted antibody, it can potentially be used to select var-
iants from myelomas having little or no surface immunoglobulin. Although
this technique has been used successfully to isolate a number of interesting
variants of MPC 11,%°3% it may be limited to selecting variants that arise at
relatively high frequencies. This is because one can easily screen only a limited
number of cells with this method, usually (1-5) x 10*.

A permutation on the softagar cloningtechnique that maybeuseful inlimited
settings is that of clonal abortion. Kéhler and Shulman used this method for
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selecting variants from a hybridoma-secreting IgM specific for the hapten tri-
nitrophenol.*® Hybridoma cells were conjugated with the hapten so as to make
their secreted antibody self-reactive. The cells were then plated in soft agar to
which guinea pig complement was added. Only variants producing antibody
that could not fix complement or bind antigen would survive under such se-
lective pressure. Although this group did not isolate isotype switch variants,
they succeeded in selecting a variety of variant hybridomas secreting variant
IgM molecules. It remains to be seen whether this method may be successful
in selecting noncomplement-fixing isotype variants when the probability of
isotype switching is higher, i.e., from IgG2a to IgE (see Section 6).

5.2. Sequential Sublining

A more recent method of switch variant selection is through sequential
sublining®? or sib selection (see Spira et al., this volume, Chapter 4). Hybri-
domas are plated into microtiter plates at approximately 10* cells per well.
After 3—4 days of culture, the supernates are harvested and assayed for the
presence of variant isotype using a sensitive solid phase radioimmunoassay.
Wells identified as possibly containing switch variant cells are grown up in
culture and the cycle is repeated. Through several rounds of such sequential
sublining, variant cells may become sufficiently enriched to allow cell cloning.

5.3. Fluorescence Activated Cell Sorting

A powerful way to isolate switch variant hybridomas is to use the fluo-
rescence activated cell sorter (FACS). As mentioned previously, this method
selects cells based on their expression of surface immunoglobulin, which for
hybridomas is of the same isotype as the secreted antibody. Cells are stained
with fluorochrome-labeled antibodies specific for the variant isotype and the
most brightly fluorescent cells are selected. In less than 1 hr of sorting, one
can easily screen 107 hybridomas, enriching them for switch variants more
than a thousandfold. Of course, operational knowledge of the FACS is required.
A detailed description of this is outside the scope of this chapter and the reader
is referred to a recent review.*®

Although selection of the first switch variants required many weeks with
successive rounds of enrichment sorting,?® several improvements have been
made that significantly lessen the time and effort required for variant isolation.
Currently, it is possible to detect, and in many cases clone, switch variant cells
in only a single sort.>*” The following sections will describe several important
measures either necessary or helpful for rapid detection of isotype switch var-
iant hybridomas using the FACS.

5.3.1. Staining Reagents

Efficient variant selection is predicated on the quality of the fluorescent
reagent(s) used to label variant cells. Close attention must be given to both the
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specificity and staining intensity of a given antibody preparation. The fluo-
rescence conferred upon the variant cell by the staining reagent should be bright
enough to allow for easy discrimination from cells having bright autofluoresc-
ence. Since the autofluorescence of individual cells within a given hybridoma
population may vary over nearly an order of magnitude in brightness, staining
reagents ideally should increase the mean fluorescence of cell populations
bearing desired isotype(s) tenfold.

5.3.1a. Heterologous Antibody. Fluorescein-conjugated heterologous
anti-isotype antibodies can serve as excellent selective reagents. These are gen-
erally prepared in the goat, since immunoglobulins of this animal tend not to
be cytophilic for murine cells. Antibodies purified from the immune sera must
be extensively absorbed with other mouse antibody isotypes to render them
uniquely specific for the heavy chain isotype of interest prior to fluorescein
conjugation.

Heterologous immunoglobulin preparations are composed of heteroge-
neous antibodies with many different binding affinities for mouse immunog-
lobulin. As such, the staining intensity may be quite sensitive to changes in
antibody concentration.® Titrations with control hybridomas expressing the
desired isotype should be performed at several different concentrations of an-
tibody to determine not only the amount of antibody required for saturation
staining of a given number of cells, but also the optimal antibody concentration
for effective staining (usually 25-50 pg/ml). For selecting hybridoma variants
present at 10~ *~10~7 within a hybridoma population, the same antibody con-
centration is used; however, the cell concentration is increased fivefold, so that
only one-fifth the total amount of antibody required for saturation staining of
positive control hybridomas is used.

Heterologous anti-isotype antibodies are commercially available. Many re-
putedly specific reagents unfortunately do not have the specificity required for
rare cell sorting. Exceptions are the FITC-conjugated goat anti-isotype anti-
bodies recently made available from Southern Biotechnology Associates (Bir-
mingham, Alabama). We have tested several and found them well suited for
selecting isotype switch variants.

5.3.1b. Monoclonal Antibody. Monoclonal antiallotypic antibodies may
have several advantages over heterologous anti-isotype antibodies for selecting
switch variants. Many are isotype-specific, thus obviating the need for absorp-
tion.***° Most bind with high affinity, making staining intensity less sensitive
to changes in antibody concentration. Also, by mixing two fluorescein-con-
jugated antiallotype antibodies that noncompetitively bind to different sites on
immunoglobulins of a selected isotype, the staining intensity achieved with
monoclonal antibodies may be comparable to that of heterologous antibody
preparations.5°°?

5.3.1c. Fluorochromes. Fluorescein isothiocyanate (FITC) is the most
widely used fluorescent molecule for labeling specific antibody, partly because
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Figure 2. Fluorescence staining of IgG1 antidansyl-antibody-producing hybridomas. Hybridomas
were stained with FITC—goat anti-mouse IgG1 and dansyl-allophycocyanin. Histograms depict flu-
orescence intensity of (right) stained and (left) unstained hybridomas when excited at 488 and 600
nm with a dual-laser FACS-II equipped with logarithmic amplifiers. The numbers on the ordinate
and abscissa refer to the relative fluorescence intensity. Boxed area in the histogram on the right
circumscribes the sorting gate used for switch variant selection.

it is so readily conjugated to proteins via the isothiocyanate moiety.>? For var-
iant sorting, however, it is important to monitor the average number of fluo-
rescein molecules covalently attached to the isotype specific antibody. This
fluorescein to protein ratio (F/P) can be calculated from the measured light
absorption of the conjugated protein at 280 and 495 nm.*? Antibodies with F/
P ratios less than two may not stain cells with sufficient intensity for variant
sorting. On the other hand, overconjugation may make the antibodies nonspe-
cifically “sticky.” Therefore, for variant sorting, antibodies with F/P ratios of
three to four generally work best.

The advent of phycobiliproteins may allow for new dimensions in hybri-
doma variant selection.>3-5* These brightly fluorescent proteins may be coupled
with haptens, allowing for specific staining of hybridomas producing antihap-
ten antibodies. One can stain with a combination of one fluorochrome linked
to antigen and a second linked to anti-isotype antibody, and carry out multi-
parameter analysis and sorting using a dual-laser FACS. Seen in Fig. 2, for
example, are histograms of stained and unstained hybridomas producing IgG1
monoclonal antibody specific for the hapten dansyl (5-dimethylaminonaph-
thalene-1-sulfonyl). Staining for dansyl is achieved with the hapten conjugated
to allophycocyanin, a phycobiliprotein with bright fluorescence at wavelengths
between 640 and 680 nm when excited at 600 nm. By concommitantly staining
with FITC-anti-IgG1, one can select for variants that have lost surface IgG1
expression but retain antigen-binding activity (boxed area of Fig. 2). Variants
so selected are primarily isotype switch variants producing IgG2b antidansyl
antibody.
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5.3.2. Exclusion of Dead Cells

For efficient rare cell sorting, it is necessary to exclude dead and dying
cells. Such cells increase the background fluorescence and decrease the stain-
ing reagent’s effective concentration by nonspecifically absorbing the fluores-
cein-labeled antibody. Thus, cells should be greater than 90% viable prior to
sorting. Even so, the proportion of dead cells usually will exceed that of switch
variants. For this reason, we include propidium iodide at 1pg/ml in the anti-
body staining mixture. This dye labels dead and dying cells, making them
brightly red fluorescent when excited by the argon dye laser at 488 nm. As
such these cells can be electronically excluded from analysis and sorting.*¢-%?

5.3.3. Paucipopulation Sorting

Enhanced sensitivity for detecting switch variant hybridomas can be
achieved through paucipopulation sorting.*” Even with the best of staining
reagents and sorter conditions, the maximum enrichment that can be achieved
with the FACS is on the order of 10*-10*. Thus, when sorting for cells present
at frequencies of 107 °~1077, the sorted sample will consist primarily of parent-
type hybridomas. By sorting 5, 25, or 125 cells into individual wells of a 96-
well microtiter plate, however, a limiting dilution of switch variant cells is
achieved. After 1 week of culture, the supernates from the separate wells can
be assayed for the variant isotype using a solid phase radioimmune assay (RIA).
Using the Poisson distribution, the number of switch variant cells actually
sorted can be calculated from the proportion of wells found positive for the
desired isotype.

This method has several advantages. First, it permits direct determination
of the proportion of variants found within a given population without the need
for collating data from successive rounds of sorting. Second, it increases the
speed at which variants can be isolated. For, after the first sort, paucipopu-
lations of cells that are greatly enriched for variants can be identified. Thus,
approximately 2 weeks after the initial sort, the switch variants in these pop-
ulations can be cloned.

6. Kinetics of Isotype Switching

The analysis of the kinetics with which spontaneously arising switch var-
iants emerge within a culture of hybridomas is basically a problem in popu-
lation genetics. The proportion of variants within a given hybridoma popu-
lation will depend on the intrinsic rate(s) of spontaneous isotype switching per
cell division, the growth rate(s) of the hybridomas and their newly generated
switch variant progeny, and the per generation rate(s) of subsequent switching
in individual switch variant cells.

Luria and Delbruck formulated an analysis of the rate at which mutant-
type cells emerge within a microbial population®® that may apply to switch
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Figure 3. Approximate spontaneous isotype switch frequencies per cell division in cultured mu-
rine hybridomas. VDJ, Rearranged variable region gene complex; C, constant region loci.

variant hybridomas. For logarithmically growing cultures, they concluded that
the proportion of mutants will increase linearly with time, provided that the
mutation rate is low, backmutation is neglible, the growth rates of mutant and
wild-type cells are equal, and the proportion of mutants to wild-type cells
remains relatively small. Although exceptions are observed, these same con-
ditions are met by many hybridoma switch variant families. Thus, for most
hybridomas, the relative proportion of switch variants should increase with
the number of generations spent in culture. This has been verified experi-
mentally.?”

Catcheside®® derived a formula useful for calculating the actual mutation
rate of cells within a logarithmically growing culture prior to achieving mu-
tational equilibrium:

M2/N, — My/N;

m = 2(In 2) C

where m is the mutation rate per cell per generation, M, and M, are the numbers
of mutants at times 1 and 2, N; 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.

By determining the proportion of variants within a given hybridoma pop-
ulation at two separate times, one can use the above formula to obtain ap-
proximations of the switch variant frequency per cell per generation. Figure 3
depicts the generalized spontaneous isotype switch frequencies in cultured
hybridomas (T. J. Kipps, unpublished observations). These frequencies may
not apply to all hybridomas and are meant to serve only as approximations.
Several points, however, are worth emphasizing. The rates of spontaneous is-
otype switching are comparable to conventional spontaneous mutation fre-
quencies, these rates ranging from 10~ * to 10~ 7. The probabilities of isotype
switching vary, depending on the isotypes of both parent and switch variant
hybridomas. Switch events occurring with the highest probability exchange
the expression of one isotype gene to that of its nearest 3’ neighbor. Switching
to isotypes located farther downstream apparently can occur directly, however.
The probability of such spontaneous events is much greater than the product
of probabilities for successive switching through an isotype variant interme-



98 Chapter 5

diate. Spontaneous switching to isotype genes located 5’ of the heavy chain
gene expressed by the hybridoma after fusion has not been detected.

7. Effects of Mutagens on the Rate of Isotype Switching

Several mutagens have been found to increase the number of antibody
heavy chain variants. Cells generally are cultured for one cell cycle with a
mutagen at concentrations that reduce the viability of the treated cells by 40%.
At this dose, melphalan or ICR 191 significantly augments the number of an-
tibody heavy chain variants of the MPC 11 myeloma.?® Most of these, however,
are not switch variants and secrete altered heavy chains of the parent isotype.>”
We have observed four- to eightfold increases in the number of isotype switch
variants found in newly subcloned hybridomas so treated with hydroxyurea.*”
The relative increase in the proportion of variants found in drug-treated hy-
bridoma populations that previously had been cultured for several weeks, how-
ever, is not as apparent, due to the accumulation of spontaneous variants within
the culture, increasing the switch variant ‘“background” of matched untreated
controls. Recently, it has been reported that UV induces high rates of spon-
taneous isotype switching in a human Ilymphoblastoid cell line.>® Whether this
is also true for murine hybridomas remains to be tested.

ACkNOWLEDGMENTS. The author is indebted to Dr. Leonard A. Herzenberg for
his many stimulating discussions and his invaluable advice. T.J.K. is a special
fellow of the Leukemia Society of America.

References

1. Nisonoff, A., Hopper, J. E., and Spring, S. B., 1975, Immunoglobulins of the rabbit, mouse,
guinea pig, and horse, in: The Antibody Molecule (F.]. Dixon and H. G. Kunkel, eds.), Academic
Press, New York, pp. 313-345.

2. Ey, P. L., Russell-Jones, G. J., and Jenkin, C. R., 1980, Isotypes of mouse IgG-I. Evidence for
‘non-complement-fixing’ IgG, antibodies and characterization of their capacity to interfere with
IgG. sensitization of target red blood cells for lysis by complement, Mol. Immunol. 17:699—
710.

3. Parham, P., Kipps, T. J., Ward, F. E., and Herzenberg, L. A., 1983, Isolation of heavy chain
class switch variants of a monoclonal anti-DC1 hybridoma cell line: Effective conversion of
non-cytotoxic IgG1 antibodies to cytotoxic IgG2 antibodies, Hum. Immunol. 8:141-151.

4. Ovary, Z., Fahey, J. L., and Barth, W. F., 1965, The immunoglobulins of mice. IIl. Skin sen-
sitizing activity of mouse immunoglobulins, J. Immunol. 94:410-415.

5. Kipps, T. J., Parham, P., Punt, J., and Herzenberg, L. A., 1985, Importance of isotype in human
antibody dependent cell-mediated cytotoxicity directed by murine monoclonal antibodies, .
Exp. Med., 161:1-17.

6. Wright, P. W., and Bernstein, I. D., 1980, Serotherapy of malignant disease, Prog. Exp. Tumor
Res. 25:140-162.

7. Matthews, T.]., Collins, J. J., Roloson, G., Thiel, H.-J., and Bolognesi, D. P., 1981, Immunologic
control of the ascites form of murine adenocarcinoma 755. IV. Characterization of the protective
antibody in hyperimmune serum, J. Immunol. 126:2332—-2336.



Switching the Isotype of Monoclonal Antibodies 99

8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Langlois, A. J., Matthews, T., Roloson, G. J., Thiel, H.-J., Collins, J. J., and Bolognesis, D. P.,
1980, Immunologic control of the ascites form of murine adenocarcinoma 755. V. Antibody-
directed macrophages mediate tumor cell destruction, J. IImmunol. 126:2337-2340.

. Herlyn, D., and Koprowski, H., 1982, IgG,, monoclonal antibodies inhibit human tumor growth

through interaction with effector cells, Proc. Natl. Acad. Sci. USA 79:4761-4765.

Honjo, T., and Kataoka, T., 1978, Organization of immunoglobulin heavy chain genes and allelic
deletion model, Proc. Natl. Acad. Sci. USA 75:2140-2145.

Adams, J. M., Kemp, D. J., Bernard, O., Gough, N., Webb, E., Tyler, B., Gerondakis, S., and
Cory, S., 1981, Organization and expression of murine immunoglobulin genes, Inmunol. Rev.
59:5-32.

Shimizu, A., Takahasi, N., Yaoita, Y., and Honjo, T., 1982, Organization of the constant region
gene family of mouse immunoglobulin heavy chain, Cell 28:499-506.

Davis, M., Calame, K., Early, P., Livant, D., Joho, R., Weissman, ., and Hood, L., 1980, An
immunologlobulin heavy chain gene is formed by at least two recombination events, Nature
283:733-739.

Early, P., Rogers, J., Davis, M., Calame, K., and Hood, L., 1980, An immunoglobulin heavy
chain variable region gene is generated from three segments of DNA: VH, D and JH, Cell 19:981—
992.

Wall, R., Choi, E., Kuehl, M., and Rodgers, J., 1981, RNA processing in immunoglobulin gene
expression, Cold Spring Harbor Symp. Quant. Biol. 45:879-885.

Yaoita, Y., Kumagai, Y., Okumura, K., and Honjo, T., 1982, Expression of lymphocyte surface
IgE does not require switch recombination, Nature 297:697—-699.

Early, P., Rogers, J., Davis, M., Calame, K., Bond, M., Wall, R., and Hood, L., 1980, Two mRNAs
produced from a single immunoglobulin mu gene by alternative RNA processing pathways,
Cell 20:313-319.

Maki, R., Roeder, W., Traunecker, A., Sidman, C., Wabl, M., Raschke, W., and Tonegawa, S.,
1981, The role of DNA rearrangement and alternative RNA processing in the expression of
immunoglobulin delta genes, Cell 24:353-365.

Moore, K. W., Rogers, J., Hunkapiller, T., Early, P., Nottenburg, C., Weissman, I., Bazin, H.,
Wall, R., and Hood, L., 1981, Expression of IgD may use both DNA rearrangement and RNA
splicing mechanisms, Proc. Natl. Acad. Sci. USA 78:1800-1804.

Kataoka, T., Kawakam, T., Takahashi, N., and Honjo, T., 1980, Rearrangement of immunog-
lobulin gamma-1-chain gene and mechanism for heavy-chain class switch, Proc. Natl. Acad.
Sci. USA 77:919-923.

Dunnick, W., Rabbitts, T. H., and Milstein, C., 1980, An immunoglobulin deletion mutant with
implications for the heavy-chain switch and RNA splicing, Nature 286:669—675.

Sakano, H., Maki, R., Kurusawa, Y., Roeder, W., and Tonegawa, S., 1980, Two types of somatic
recombination are necessary for the generation of complete immunoglobulin heavy-chain
genes, Nature 286:676—679.

Honjo, T., Nakai, S., Nishida, Y., Kataoka, T., Yamawaki-Kataoka, Y., Takahashi, N., Obata,
M., Shimizu, A., Yaoita, Y., Nikaido, T., and Ishida, N., 1981, Rearrangements of immunog-
lobulin genes during differentiation and evolution, Immunol. Rev. 59:33—-68.

Cory, S., Webb, E., Gough, J., and Adams, J., 1981, Recombination events near the immunog-
lobulin C-mu gene join variable and constant region genes, switch heavy chain expression, or
inactivate the locus, Biochemistry 20:2662—-2671.

Cory, S., and Adams, J. M., 1980, Deletions are associated with somatic rearrangement of im-
munoglobulin heavy chain genes, Cell 19:37-43.

Coleclough, C., Cooper, D., and Perry, R. P., 1980, Rearrangement of immunoglobulin heavy
chain during B lymphocyte development as revealed by studies of mouse plasmacytoma cells,
Proc. Natl. Acad. Sci. USA 77:1422-1426.

Kataoka, T., Miyata, T., and Honjo, T., 1981, Repetitive sequences in class-switch recombination
regions of immunoglobulin heavy chain genes, Cell 23:357—-368.

Hurwitz, J. L., Coleclough, C., and Cebra, J. J., 1980, Cy gene rearrangements in IgM-bearing B
cells and in the normal splenic DNA component of hybridomas making different isotypes of
antibody, Cell 22:349-359.



100 Chapter 5

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Sablitzky, F., Radbruch, A., and Rajewsky, K., 1982, Spontaneous immunoglobulin class
switching in myeloma and hybridoma cell lines differs from physiological class switching,
Immunol. Rev. 67:59-72.

Kipps, T. J., and Herzenberg, L. A., 1984, Allotype switch variants: Demonstration of inter-
chromosomal recombination in isotype switch of cultured monoclonal antibody-producing
hybridomas, In preparation.

Radbruch, A., Liesegang, B., and Rajewsky, K., 1980, Isolation of variants of mouse myeloma
X63 that express changed immunoglobulin class, Proc. Natl. Acad. Sci. USA 77:2909-2913.
Dangl, J. L., Parks, D. R, Oi, V. T., and Herzenberg, L. A., 1982, Rapid isolation of cloned
isotype switch variants using fluorescence activated cell sorting, Cytometry 2:395-401.
Lang, R. B., Stanton, L. W., and Marcu, K. B., 1982, On immunoglobulin heavy chain switching:
Two gamma 2b genes are rearranged via switch sequences in MPC-11 cells but only one is
expressed, Nucleic Acids Res. 10(2):611-630.

Cory, S., Adams, J. M., and Kemp, D. J., 1980, Somatic rearrangements forming active im-
munoglobulin mu genes in B and T lymphoid cell lines, Proc. Natl. Acad. Sci. USA 77(8):4943—
4947,

Preud’homme, J. L., Birshtein, B. K., and Scharff, M. D., 1975, Variants of a mouse myeloma
cell line that synthesize immunoglobulin heavy chains having an altered serotype, Proc. Natl.
Acad. Sci. USA 72:1427-1430.

Francus, T., Dharmgrongartama, B., Campbell, R., Scharff, M. D., and Birshtein, B. K., 1978,
IgG2a-producing variants of an IgG2b-producing mouse myeloma cell line, J. Exp. Med.
147:1535-1550.

Francus, T., and Birshtein, B. K., 1978, An IgG.,-producing variant of an IgG.,-producing mouse
myeloma cell line. Structural studies on the Fc region of parent and variant heavy chains,
Biochemistry 17(20):4324-4331.

Eckhardt, L. A., Tilley, S. A., Lang, R. B., Marcu, K. B., and Birshtein, B. K., 1982, DNA rear-
rangements in MPC-11 immunoglobulin heavy chain class-switch variants, Proc. Natl. Acad.
Sci. USA 79:3006-3010.

Liesegang, B., Radbruch, A., and Rajewsky, K., 1978, Isolation of myeloma variants with pre-
defined variant surface immunoglobulin by cell sorting, Proc. Natl. Acad. Sci. USA 75:3901~
3905.

Neuberger, M. S., and Rajewsky, K., 1981, Switch from hapten-specific immunoglobulin M to
immunoglobulin D secretion in a hybrid mouse cell line, Proc. Natl. Acad. Sci. USA 78:1138—
1142.

Baumbhackel, H., Liesegang, B., Radbruch, B., Rajewsky, K., and Sablitzky, F., 1982, Switch
from NIP specific IgG3 to IgG1 in the mouse hybridoma cell line S24/63/63, J. Immunol.
128:1217-1220.

Muller, C. E., and Rajewsky, K., 1983, Isolation of immunoglobulin class switch variants from
hybridoma lines secreting anti-idiotope antibodies by sequential sublining, J. Immunol.
131:877-881.

Thammana, P., and Scharff, M. D., 1983, Immunoglobulin heavy chain class switch from IgM
to IgG in hybridoma, Eur. J. Immunol. 13:614-619.

Coffino, P., and Scharff, M. D., 1971, Rate of somatic mutation in immunoglobulin production
by mouse myeloma cells, Proc. Natl. Acad. Sci. USA 68:219-223.

Kohler, G., and Shulman, M. J., 1980, Immunoglobulin M mutants, Eur. J. Inmunol. 10:467—
476.

Parks, D. R., and Herzenberg, L. A., 1984, Fluorescence activated cell sorting: Theory, exper-
imental optimization and application in lymphoid cell biology, Meth. Enzymol. 108:197-241.
Kipps, T.]., and Herzenberg, L. A., 1984, The fluorescence activated cell sorter: Complementary
tools in immunodiagnosis and immunotherapy, in: Rapid Methods in Immunology and Mi-
crobiology, Springer-Verlag, Berlin, In press.

Huang, C., Parsons, M., Oi, V. T., Huang, H. S., and Herzenberg, L. A., 1983, Genetic charac-
terization of mouse immunoglobulin allotypic determinants {allotypes) defined by monoclonal
antibodies, Immunogenetics 18:311-321.



Switching the Isotype of Monoclonal Antibodies 101

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Parsons, M., Oi, V. T., Huang, C. M., and Herzenberg, L. A., 1983, Structural characterization
of mouse immunoglobulin allotypic determinants (allotypes) defined by monoclonal antibod-
ies, Inmunogenetics 18:323-334.

Oi, V. T., and Herzenberg, L. A., 1979, Localization of murine Ig-1b and Ig-1a (IgG2a) allotypic
determinants defined with monoclonal antibodies, Mol. Immunol. 16:1005-1018.

Dangl, J. L., and Herzenberg, L. A., 1982, Selection of hybridomas and hybridoma variants
using the fluorescence activated cell sorter, J. Inmunol. Meth. 52:1-14.

Goding, J. W., 1976, Conjugation of antibodies with fluorochromes: Modification of the standard
methods, J. Inmunol. Meth. 13:215-236.

Oi, V. T., Glazer, A. N, and Stryer, L., 1982, Fluorescent phycobiliprotein conjugates for anal-
ysis of cells and molecules, J. Cell Biol. 93:981-986.

Hardy, R. R., 1984, Purification and coupling of fluorescent proteins for use in flow cytometry,
in: Handbook of Experimental Immunology, 4th ed. (D. M. Weir, C. C. Blackwell, L. A. Her-
zenberg, and L. A. Herzenberg, eds.), Blackwell, Edinburgh, In press.

Luria, S. E., and Delbruck, M., 1943, Mutation of bacteria from virus sensitivity to virus re-
sistance, Genetics 28:491-511.

Catcheside, D. G., 1949, in: The Genetics of Micro-organisms, Pitman, London, pp. 158-162.
Birshtein, B. K., Preud’homme, ].-L., and Scharff, M. D., 1974, Variants of mouse myeloma
cells that produce short immunoglobulin heavy chains, Proc. Natl. Acad. Sci. USA 71:3478—
3482.

Rosen, A., and Klein, G., 1983, UV light-induced immunoglobulin heavy-chain class switch
in a human lymphoblastoid cell line, Nature 306:189—-190.



