Immunological Rev. (1982), Vol. 67 R

Published by Munksgaard, Copenhagen, Denmark
No part may be reproduced by any process without written permission from the author(s)

Molecular, Cellular and Systemic
Mechanisms for Regulating
IgCH Expression

LEONORE A. HERZENBERG, KYOKO HAYAKAWA, RICHARD R. HARDY,
TAKESHI TOKUHISA, VERNON T. OI & LEONARD A. HERZENBERG

INTRODUCTION

IgCH expression changes dramatically at several points along the antigen-
triggered developmental pathway from “virgin” B to mature IgG-secreting
(plasma) cells. IgD and IgM receptors are present on the virgin B cell and are still
expressed on “early” memory cells. But the expression of these receptors
terminates when early memory cells are triggered to differentiate to the “mature”
memory cells (present in animals primed with hapten-carrier conjugates on alum
or in other adjuvants). The expression of IgG receptors, in contrast, apparently
begins when virgin cells differentiate into early memory cells and it continues
thereafter. Thus, by the time B cells reach the mature memory stage, they have
lost IgD and IgM and, instead, carry surface IgG molecules that indicate the
antibody-secretion committment of the cell (see Figure 1 and Herzenberg et al.
1980a, Black et al. 1977, 1980, Okumura et al. 1976, Coffman & Cohen 1977,
Abney et al. 1978).

At the molecular level, shifts in [gCH expression are regulated by mechanisms
that enable or prevent genetic rearrangements and changes in RNA processing
at key points during B cell development. At the cellular level, such shifts are
controlled (triggered) by receptor-antigen interactions and by signals from
regulatory cells that encourage or discourage B cell differentiation (e.g., Black et
al. 1980, Okumura et al. 1976a). Operating together, these mechanisms thus
define the IgCH isotype expressed by an individual memory cell and the
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Figure 1. Schematic view of the memory B cell development pathway.
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* Mechanisms that regulate memory B cell development control the potential for IgG
antibody production.

* Mechanisms that regulate memory B cell expression control which and how many of the
memory B cells present in a given animal actually give rise to AFC.

proportional representation of cells carryingeach of the IgG isotypes in memory
populations generated in response to antigenic stimulation.

The frequencies of memory B cells committed to producing various isotype or
allotype responses to a given epitope, however, do not necessarily define the

TABLE 1
Allotype-suppression impairs Igh-1b memory B cell expression rather than development

Adoptive 1gG Anti-DNP Responses*

DNP-KLH Primed Donors§ (from splenic B cells+KLH T)

Age when Igh-1b
Status primed in situt Igh-1a Igh-1b Igh-4a Igh-4b
Control 8 wk normal 90 80 250 280
Suppressed 8 wk . no 93 73 270 260
Suppressed >5 mo no 130 170 nd nd

§ SILXBALB/C donors primed with 100 xg DNP-KLH on alum >4 weeks prior to
transfer; allotype-suppressed mice exposed to maternal antibodies to the paternal Igh-1b
(1gG2a) allotype.

* B cells remaining from 10’ donor spleen cells treated with monoclonal anti-Thy-1.2 and
complement (to deplete T cells) were mixed with syngeneic carrier-primed T cells (2.5X10°
nylon-passe.d T cells from non-suppressed KLH-primed mice) and transferred to irradiated
BALB/c mice (650 Rad, 18 h previously); Recipients were immunized with 1 ug aqueous DNP-
KLH at time of transfer; serum anti-DNP antibody levels (ug/ml) were measured by RIA 2
wce.ks after transfer, Nylon-passed T cells transferred without B cells produced <5 ug/ml
anti-DNP antibody of each allotype.

t Igh-1b serum levels < 10 #g/ml; occasional very low and transient in situ Igh-1 anti-DNP
Tesponses produced; all other in sity IgG responses normal.
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IgCH isotype expression (representation) in antibody responses to that epitope.
That is, antigenic stimulation (with T-dependent antigens) that generates
optimal memory B cell populations does not always stimulate in situ primary
antibody responses. Depending on the immunization protocol, such stimulation
can instead induce the (recently recognized) “epitope-specific” regulatory
system to suppress the expression (expansion and terminal differentiation) of
newly-generated or pre-existent memory cells. Furthermore, it can induce
specific suppression for the expression of individual memory cells committed to
producing antibodies with a particular IgCH constant-region and anti-epitope
combining-site (Herzenberg & Tokuhisa 1982, Herzenberg et al. 1980b, 1981,
1982a-c).

This epitope-specific system essentially determines which and how many of
the memory B cells present in an animal give rise to antibody secreting cells (afc)
under a given set of stimulatory conditions. Thus mechanisms that regulate IgH
gene expression in B cells control the potential for producing various antibodies;
however, mechanisms that selectively regulate the actuation of this potential
also exist and play a key role in defining the characteristics of antibody responses
(magnitude, specificity, affinity and IgCH isotype/allotype representation)
(Herzenberg et al. 1982a).

IgH-RESTRICTED REGULATION OF MEMORY B CELL EXPRESSION

In our experience, most of the differences in IgCH representation in in situ
antibody responses measured following immunization with the kinds of
antigens and protocols commonly used to study B cell memory reflect these
latter regulatory influences on the expression (rather than the development) of
memory B cells. That is, the failure of a given in situ antibody response rarely
turns out to be due to the absence of memory B cells capable of giving rise to that
response. Usually, such memory B cells are present and demonstrable in
adoptive assays but fail to give rise to in situ responses because their expression is
specifically suppressed.

Memory development in allotype-suppressed mice, for example, is somewhat
impaired in that a higher proportion of the allotype-committed memory cells
tend to remain at the early memory stage; however, by and large, allotype-
suppressed mice have ample populations even though they do not produce
allotype-marked antibody responses when the allotype-suppression suppressor
T cell mechanism is active (see Table 1) (Jacobson et al. 1972, 1981, Okumura et
al. 1976b, Black et al. 1980, Tokuhisa et al. 1980, 1981, Herzenberg &
Herzenberg 1974, Herzenberg et al. 1976, 1982c). Similarly, idiotype-suppressed
mice (at least in some systems) have normal memory populations even though
they do not produce antibody responses containing the suppressed idiotype
(Eichman et al. 1978).
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RNA transcription and processing

restriction enzyme recognit;

which differs aymong thfsc fc(::rsceglll]i?nczs.that shows aJ gene et contex
The failure to detect rearrangements in these IgE-producing variants may b

due'n'nrely to our choice of restriction enzymes. That is, analyses of digests V);'t;:

additional restriction enzymes (currently in progress) may yet revealg alJ elne

DNA segment difference. We are intrigued, however, by the possibility thatgthe

clones that segregated to produce the parental type).
: glzlese findings mz.1y be attributable to the production of an extended (VDJ-
gG2a-IgE) transcript that tends to be processed initially to permit the

genes. We are presently testing this hypothesis by doing Northern analyses of
nuFlea.r RNA from these cel] lines (although we must admit that somz valid
op]ectxons can be raised concerning the likelihood that RNA processi

differences account for the findings with these variants) processine

DNA4 methylation

U . “ « " ’
gerxllc(l)t;rlmetlllzyla.uon of . active” genes seems to be commonplace in eukaryotic
es (Razin & Friedman 1981). This generalization apparently holds for

Switch \4 i i Vv i W v
ariants Slnce, n the f()ur ariants € ha (S examined thus far, the

2p:réllrelntlczllmoves with the VDJ segment. For example, when a cel] switches from
undefmet-lfrloducer t.o an IgG2b-producer, the IgG2b gene sites become
Ylated. This evidence demonstrates directly that rearrangement and
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switching in the variants tested is accompanied by a change in CH gene
methylation such that under-methylation remains correlated with CH gene
expression. Thus it suggests that genetic information in the VH gene complex
(V-D-J and its associated flanking and intron sequences) controls the methyla-
tion of downstream CH gene(s) (Oi et al. unpublished observations).

This idea raises a variety of questions, some immediately amenable to test and
others of more long-term but nonetheless cogent interest. What methylation
pattern will we find, for example, in the IgE-producing variants mentioned
above in which we have not been able to detect a VH rearrangement
accompanying the switch from IgG2a production? Or, returning to the normal B
cell subpopulation discussed earlier, what contrasts in methylation patterns will
we find in mature cells expressing different levels of IgM and IgD. Similarly,
what methylation patterns can be expected in immature B cells and germinal
center cells that only express IgM receptors? (If data obtained with a tumor cell
line producing both IgM and IgD is predictive, then the expressed IgM and IgD
CH genes in mature B cells should be under-methylated (Rogers & Wall 1981);
however, it is “anybody’s guess” as to what the methylation status of the IgD
gene is prior to its expression).

Attempting to predict normal cell behavior from studies with tumor cells or
with the hybridoma variants we have isolated is, of course, a risky matter in any
event; however, such studies are clearly useful for defining and refining
hypotheses before more complex studies with normal populations are initiated.
Thus we see a two-fold purpose to our work with switch-variants and other types
of animal cell lines: first, such studies reveal the untrammeled potential of the
animal genome; and, secondly, they offer insights which may prove useful in
devising studies to clarify the workings of such cells in their natural habitat.

REFERENCES

Abney, E. R., Cooper, M. D, Kearney, J. F., Lawton, A. R. & Parkhouse, R. M. E. (1978)
Sequential expression of immunoglobulin on developing mouse B lymphocytes: A
systematic survey that suggests a model for the generation of immunoglobulin isotype
diversity. J. Immunol. 120, 2041,

Black, S. J. & Herzenberg, L. A. (1979) B cell influences on the induction of allotype
suppressor T cells. J. exp. Med. 150, 174-183.

Black, S. J., Tokuhisa, T., Herzenberg, L. A. & Herzenberg, L. A. (1980) Memory B cells
at successive stages of differentiation: Expression of surface IgD and capacity for self
renewal. Eur. J. Immunol. 10, 846-851.

Black, S. 1., van der Loo, W., Loken, M. R. & Herzenberg, L. A. (1977) Expression of IgD
by murine lymphocytes: Loss of Surface IgD Indicates Maturation of Memory B Cells.
J. exp. Med. 147, 984-996.

Coffman, R. L. & Cohn, M. (1977) The class of surface immunoglobulin on virgin and
memory B lymphocytes. J. Immunol. 118, 1806.




MECHANISMS REGULATING IgCH EXPRESSION 9

8 HERZENBERG ET AL.
TABLE II
Competent memory B cell populations in normal animals are not always expressed in situ
Immunization(s)* IgG2a anti-DNP Antibody in Serum
_ Adoptive Secondary
In Situ Primary (donor B cells+CTh)
KLH DNP-KLH ug/ml (affinity) ug/ml (affinity)
alum aqueoust S5 50 (8)
alum alumt 5(<1n 73 (8)
alum aqueous 3 18 (<1
alum alum 35(5) 73 (10)

TABLE III
The epitope-specific system selectively regulates isotype representation in antibody responses
Immunizations* Relative Anti-DNP Levels in Serum} ;
IgM 1gG1 IgG3 IgG2b 1gG2a |
- DK i 1 1 1 1
K DK 2 0.5 0.3 04 0.2
- DK DK 3 10 8 13 7
K DK DK 4 8 2 1 0.3

* 100 ug indicated antigen; 4 wks between KLH and DNP-KLH; Cell tranfers and response
measurements as in Table I. Data shown for (BALB/CXSJL)FI mice are representative
of data from similar studies in BALB/C.

t Sequential carrier/hapten-carrier immunization induces specific suppression for in situ
antibody responses to the “new” hapten on the carrier (see text).

Our recent studies with normal animals also demonstrate that memory B cell
development is necessary but not sufficient to assure IgG antibody production.

1501

anti
DNP

Weeks

thlfre 2. Carrier-priming prevents subsequent hapten-carrier stimulation of anti-hapten
antibody responses. Data for Igh-l1a (IgG2a) allotype anti-DNP responses shown are
comparable to Igh-1b, IgG2b and [gG3 anti-DNP responses in the same (BALB/CXSJL)F1
allotype heterozygotes. IgG1 responses are also comparable in animals stimulated once with
DNP-KLH; however, I1gG1 responses in some KLH/DNP-KLH/DNP-KLH stimulated
animals are equivalent to normal secondary anti-DNP responses levels (e.g., see Figure 5). For
protocol and assay details, see legend for Figure 3. ’ '

* K=KLH; DK=DNP-KLH; 100 ug each antigen on alum at 4 wk intervals; 10 or more
(BALB/cXSJL)F1 mice per group;

+ Mean responses (normalized to primary response to DNP-KLH) measured by RIA 2 weeks
after last immunization (3). See Figure 1 or Table II for representative (absolute) IgG1 and
IgG2a responses in individual animals. IgG1 responses in K/DK/DK animals were broadly
distributed (see Figure 2); other responses were more tightly grouped around the mean

response shown.

That is: immunization with a “priming dose” of a hapten-carrier conjugate (e.g.,
100 ug on alum) invariably induces the appearance of mature anti-hapten
memory B cell populations with similar activity in adoptive assays; however, the
in situ 1gG anti-hapten responses that follow this immunization vary markedly

K s
K,DK 0 (<0.3) S—
K,DK,DK p (<03) )
DK = (s) o
DK,DK = (100} =

50 100 150 100 200 300

[gh— i -1a Anti KLH
AP e

*K = KLH; DK = DNP-KLH; DC = DNP-CGG

Figure 3. Carrier/hapten-carrier immunization induces epitope-specific suppression for IgG
anti-hapten responses: secondary stimulation with DNP on the same carrier. Animals were
immunized with 100 ug of the indicated antigens (on alum) at 6-week intervals. Units of anti-
carrier antibody are calculated relative to a standard adoptive secondary response serum (to
the appropriate carrier). Data in parentheses after anti-DNP response “bars” show the average
Ka (M 'X10% for the response. Mean antibody levels shown, measured 2 weeks after
stimulation or restimulation (by RIA) in individual serum samples, are representative of serum
antibody levels measured weekly thereafter (for at least 4 weeks).
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producing clones yielded downstream (IgE-producing) variants that do not
appear to have arisen from typical rearrangements. That is, we have not been
able to distinguish these from the parent clones by restriction mapping although
we have examined digests with 10 restriction enzymes. We are not yet ready to
rule out rearrangement as accounting for these IgG2a to IgE switches on the
basis of this (negative) evidence; however, we have begun exploring alternative

mechanisms that could account for the switch in these variants (see discussion of
DNA methylation below).

CHARACTERIZATION OF THE GENETIC MECHANISMS
UNDERLYING IgCH SWITCHES IN HYBRIDOMA VARIANTS

The following sections summarize our studies analyzing the variant lines we
have obtained for three kinds of mechanisms that could account for switches in
IgCH expression: Tearrangements, somatic crossing-over or other chromosomal
changes; methylation or other DNA modifications affecting transcription; and,

differential splicing of primary transcripts or other mechanisms affecting
translation.

Intra-chromosomal rearrangements

As indicated above, the switch in IgCH expression in some of the variants we *
have obtained is due to IgH chromosomal rearrangements in which the VDJ

which includes both the J3 and J4 genes (Newell et al. 1980). (This probe is
broadly useful for identifying fearrangements in switch variants because a J4

following the faté of the J4 gene segment in each of the newly-selected variants,
we have shown that the switches in four of the six variants studied thus far are
clearly accompanied by the rearrangement of at least one DNA restriction
fragment that hybridizes with the (J4) probe.

The demonstration of these rearrangements implies the deletion of the
formerly utilized upstream gene; however, in attempting to directly demonstrate
this deletion, we have been confronted by two related problems. First, the
multiple copies of all of the immunoglobulin genes in the variant cells make it
extremely difficult to know whether overlapping restriction fragments are being
differentially affected by the switching phenomenon. Secondly, although the
fusion parents of our most extensively analyzed variant family have different
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thern hybridization analyses have not as yet
left hapl0types’tr(iizlttij)nfrsoi::3l SC())ll;morphist between these haplotypes. Conse-
reveatlleyd iini: ;::sently impossible to distinguish which gene copies are from the
quently,
wenve (C3H‘S“t,t) :: rvf:on::)eso$ee -have found differences between the rearrange-
Tt oo ried in a ;)air of variants that each switched (independ.enyly)
. tha: OCC‘Il G2b production. In one, we clearly see an IgGl restriction
o Ing' t:‘ iar in the 1gG2b producer. However, in the other, the IgG2b
et lsnsg novel IgG1 restriction fragment. What this novel IgG1 .conte).(t
P ot o n be understood only after cloning and perhaps sequencing this
reprerseesrtl:isctcia(l)n fragment; however, these findings certainly appear inconsistent
:v‘:‘lll a simple deletion modelvfor class switching.

Inter(?)-chromosomal mechanisms

“Back-switch” variants pose another kind of mechanistic' pyzzlc in that they
appear to be due to rearrangements in which the VH is Juxt.ap(c;s?d to ta;r;
i i inci been excised from
hich, in principle, should have ;
upstream CH gene w , rcised rom the
i i t. We have been trying to
chromosome during an earlier rearrangemen i
“new” i from an IgCH segment dupli
hether the “new” CH gene is drawn . '
(vivownstream on the active chromosome or from an IgCH reglo;; obn a dlflfzzte:(:
i i ly, these variants have all been se
active) chromosome. Unfortunately, . . °n
?rr(l)m a pzlrental clone derived from the fusion of allotypically (IgH) similar ceLls
(C3H.SW spleen cells and NS-1 myeloma cells). Thus allotype;na;kers on eto?
. i i *t be used to identify the sourc
immunoglobulin produced by the variant can IseC :
ill:]e CH ggene being expressed; and, for somewhat similar reaspns, recom.bmant
DNA analyses have yielded ambiguous data on this point (bo.th 18 ;)11(1;
laboratory and in collaborative studies with Dr. Tasuku Honjo, Os
University). . ‘ . -
We areynow attempting to resolve this issue by selecting bacl‘(-svylt'c'h lvta‘.rla‘mts
in a variant family derived from a potentially more mformai\tlve mmak 3518;
The active chromosome in this family codes for allotypically-marke o
structures that are all easily distinguishable from the BALB/C allotyp.es (1: e
for by CH genes on NS-1 chromosomes. Thus far we have succeeded .m 1scl> a .g
several “cross-allotype” back-switch variants from an IgG2a-produ01tr,1g 1(; otne :;
the family; however, all have reverted to the parental IgGZ.a (Ig(ljl-l aa I(:O)t/l;:er
, iod 1 This instability introduces
henotype after a short period in culture. ' : : ' :
?ntrigui};lpg area for study but at present contributes little to.wards 1dent1ﬁc:1;1osz
of the origin of the CH gene in stable back-switch variants such is i(t)Ch
obtained previously. Nevertheless, because a stable.cross‘-allotype bac -sr\Zml
variant would provide definitive evidence on this pqlnt, we are ctl-l(:ns) y
continuing attempts to select such variants (Oi, unpublished observati .
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according to whether the hapten-carrier conjugate is introduced under con-
ditions that permit the induction of support or suppression for the various

*K,DK,DC
DK,DC (100)
K,DC
DC
| 1 | | J
25 50 10 20 30
Igh—1a Anti DNP Igh-1a Anti CGG
(ug/ml) (units)

*K = KLH; DK = DNP—KLH; DC = DNP—CGG
Response Affinity (Ka M—1x 106) shown in parenthesis

Figure 4. Carrier/hapten-carrier immunization induces epitope-specific suppression for IgG
anti-hapten responses: secondary stimulation with DNP on a different carrier. For protocol
and assay details, see legend for Figure 3.

TABLE IV
Individual isotype responses are independently reguiated by the epitope-specific system

Animal Immunizations IgG Anti-DNP Response
number 1gG3 IgGl 1gG2b I1gG2a
| K DK DK 10 260 33 <6
2 K DK DK 15 360 48 <6
3 K DK DK 7 130 15 <6
4 K DK DK 23 680 120 40
5 K DK* DK 5 200 62 16
6 K DK DK 12 310 55 15
7 - DK DK 14 260 120 170
8 - DK DK 30 420 170 220
9 - DK DK 50 150 93 160
10 - DK DK 55 400 100 240
11 - DK DK 38 310 120 190

* Responses shown are from animals in a single experiment in which the KLH preparation
used primed poorly for suppression induction. Generally, carrier/ hapten-carrier immunized
animals require three DNP-KLH stimulations (100 xg on alum each time) to reach this degree
of responsiveness. For protocol and assay details, see legend for Figure 3. IgG1 and IgG2a
Tesponses reported as ug/ml serum; 1gG3 and IgG2b reported as estimated #g/ml serum
(based on comparisons of counts bound in RIA rather than on binding with direct standards).
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components of the “normal” anti-hapten response (Herzenberg et al. 1980,
1982a). .
Presentation of the hapten-carrier conjugate de novo, for example, pe:rmlts
production of typical primary and secondary anti-hapten responses in which .all
IgG isotypes are well represented. Presentation of the safne ha“ptefl-c,'flrr.ler
conjugate to animals primed previously with the carrier protein but “naive” with

In situ 1°
e DK
300~ ° KK
[ ]
T [ ]
[ ]
200~ Y °
Lo . .
IaG1 - °
Anti DNP e )
®
(ug/mi) 100 % | e [ o0 o .
. o
.: °°° * o *
00
&
T T v |2
100 Tn situ 2°
o d * DK, DK
1500 . . o K,DK,DK
$ « o * .
[ ]
LAY }
1000« .
61 e ’ .o
Anti DNP o 8 ° o
(“9/"") 500=~{%h° o . .
00
[ ]
O .

200 400 600 800 1000

IgG,a Anti DNP (ug/ml)
Figure 5. 1gG1 responses escape suppression more easily than IgG2a rcspo.nse~s..Axes infilcate
ug/ml anti-DNP antibody of the specified isotype in serum samples from mdmduz?l animals.
Animals were primed with 100 ug DNP-KLH (DK) or KLH (K) on alum and then stimulated 6
weeks later with DNP-KLH (again 100 ug on alum). Antibody levels shown, measured 2 weeks
after stimulation or restimulation, are representative of levels measured weekly thereafter (at
least 4 weeks). Responses from the (BALB/cXSIL)F1 hybrids used for these experiments
were similar to responses obtained with BALB/¢ and BAB/14 mice.
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ing IgCH contributions to the physical and functional properties of the antibod

mo!ecule (O1i 1982, abstract). Thus we used a hybridoma line producing I Gil
t'mtl—dansyl antibodies for the parent of the (first) switch-variant famil gwe
1sol.ated (see Figure 15) and then used the antibodies produced by the parenty and
v.anant ll.ne's to compare the functional properties of different constant regions
(in association with the same combining-site). The results of these studies (Oiet
a!. 1981), summarized in Table VIII, define clearcut complement fixation
dlft:CI'CIlfJCS amongst the isotypes: IgE antibodies do not fix complement; IgG1
antibodies are relatively ineffective in this regard; and intact IgG2 anti;)odies
show strong complement fixation (IsG2b>1gG2a). In addition, these data

a NZB Spleen

Lyt-1/Cell

Lyt-1/Cell

Igh/Cell

a NZB Spleen

3 100
g =
~ 8
é g 10

1 10 100 1 10 100
' Ig/Cell Tg/cell
:Zgailrlf;bll;l_.bt,iytl;: cde”te:rhmmants are found on population II1. The IgM-Lyt-1 staining (a) shows
anti Lyt "‘g/h“eet hse ;wle) sgall amoyr?ts of a surface determinant that react with monoclonal
Together ,these e 5 f_— yt-1 stalrllmg (© shows that Lyt-1-staining cells are IgD-dull.
I Si, " s define poPulatlon III (high IgM, low IgD). Data from NZB mice are
nce this strain has relatively large numbers of cells in population III (b). The Thy-

I/IgM staining is resented S <] ici yco ol to show t]lata
presen a a sp lelclt control h
3 monoclonal alltlbody of the
same lsotype (] at lgGZ) dOCS not stain population II1.
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IgCH ISOTYPE “SWITCH-VARIANT” FAMILY #1

IgG2b 1gG2a IgE | IgA (isotypes)

]
Igh-4 Igh-3 Igh-1 Igh-7 (loct)

44-—>35——>13—->74
!

l_____J

v
4f5 — — — ——-> 1.bl0— >7.b7

4.4 (parent IgG1 hybridoma) derived from C3H.SW Spleen XNS-1 fusion (#27)

Figure 15. 1gCH isotype “switch-variant family 1. Variants are columnated according to

isotype produced.

demonstrate an intriguing correlation between the segmental flexibility of an
antibody molecule and its complement fixing potential.

At the genetic level, the hybridoma variants we selected were initially quite
similar to the plasmacytoma variants obtained and selected by Rajewsky and co-
workers. We also obtained downstream switches and upstream “back-switches”.
Furthermore, the downstream switches are clearly identifiable as typical
rearrangements in which the VH gene complex is juxtaposed to the next CH gene
on the active chromosome (since the restriction maps from the parental and
variant lines are distinguished from one another by the disappearance and
appearance of the relevant restriction fragments).

In our most recent variant selections with this family, however, two IgG2a-

TABLE VIII
Characteristics of antibodies from switch-variant family # 1 (anti-dansyl combining site)*
IgH Complement Segmental

Parent Variant Isotype Fixation Flexibility
4.4 IgG1 + rigid
4.4 35 I1gG2b +++ +++
35 13 IgG2a ++ ++
1.3 7.4 IgE no rigid
35 4.f5 IgG1 + rigid
4.15 1.b10 1gG2a (no CH1) + A +* rigid (?)
1.b10 7.b7 IgE no rigid

* affinity (Ka M-1) >10**8.
** higher (10%) complement fixation without antigen.
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respect to the hapten, however, usually results in the specificsuppression of all of
the potential primary IgG anti-hapten responses and the persistent suppression
of most of these responses (see Figures 2 through 6).

The regulatory mechanism that mediates the suppression induced by this
carrier/hapten-carrier immunization sequence is epitope-specific and Igh-
restricted. That is, once induced to suppress antibody responses to an epitope
(hapten) on a carrier protein, it suppresses responses to that epitope presented
on an unrelated carrier molecule and does not interfere with primary or

100+
[ ] .' 'Y
Igh-1b .
Anti °
(g °  ane
50~ ¥ 4
o L ] hd ® *
o . ..
ole
o L )
[ X J
| J | |
50 100
[ ] [ ] e In situ 2°
1 ® DK,DK
o K,DK, DK
400+ . ° °
[ ]
Igh-1b ] ¢
Anti DNP o
{ug/mi) 200 .
i [ 2
4°%0 o.
[ ]

Igh-ta Anti DNP (ug/mi)

1’,751616& Igh-la and Igh-1b (IgG2a allotypes) anti-DNP responses tend to be concordantly
:'bac;t in normal.(not allotype-suppressed) animals. Axes indicate ug/mi anti-DNP
dibody of the specified allotype in serum samples from individual animals. (BALB/c X

< H .
;;uu)il;;ybrlds were used for these experiments. (For protocol and assay details, see legend for
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TABLE V
Selective suppression for Igh-1b anti-epitope responses (induced by the allotype-suppression
’ mechanism)**

Igh-1 (IgG2a) Allotype Antibody Responses§

Anti-DNP Anti-KLH Anti-CGG
DNP-KLH Second (secondary) (secondary) (primary)
Primed mice* Antigent Igh-la Igh-1b Igh-la Igh-1b Igh-la Igh-1b
Group #1 DNP-KLH 130 <5 60 <5
Group #1 DNP-CGG 260 10 14 14
Group #2 DNP-CGG 316 195 13 18
Control DNP-KLH 127 110 25 40

* Group #1: young (BALB/CXSJL)F1 mice primed while allotype suppression is active
(no Igh-1b primary antibody responses to DNP-KLH, specific suppression induced for
subsequent Igh-1b responses to DNP-KLH epitopes). Group #2: mice primed after the onset
of remission from allotype suppression (normal Igh-1b primary responses to DNP-KLH, no
epitope-specific suppression induced). Control protocol: normal syngenic age-matched
control mice primed with same antigen dose (100 ug DNP-KLH on alum). All groups induce
similar (normal) Igh-1b memory for DNP-KLH epitopes (e.g., see Table I).

t Second immunization: all allotype-suppressed mice now in remission (suppression for
Igh-1b responses to DNP-KLH epitopes persists if induced previously; Igh-1b responses to
newly-introduced CGG epitopes are normal, other IgG responses to DNP-KLH and DNP-
CGG epitopes also normal).

§ Serum antibody levels tested by (RIA) 14 days after immunization with indicated antigen.
Anti-CGG and anti-KLH activity (units) expressed relative to an appropriate secondary
response antiserum. Anti-DNP responses expressed as gg/ml serum.

** Studies summarized from Herzenberg et al. 1982c.

secondary antibody responses to other epitopes on either carrier. Furthermore,
although it can suppress all IgG responses to the epitope, it often selectively
suppresses individual isotype or allotype anti-epitope responses.

That is: IgG1 antibody responses are more resistant to suppression than other
IgG responses, including 1gG3 (see Table I1I). IgG3 responses, however, tend to
be more resistant to suppression than IgG2a and IgG2b. Thus when suppression
is induced initially under sub-optimal conditions or begins to wane following
repeated stimulation with the hapten-carrier conjugate, animals tend to produce
anti-hapten responses composed almost exclusively of IgG 1 antibodies (Herzen-
berg et al. 1982a—c). Nevertheless, individuals in which suppression is weak
occasionally produce exclusively IgG2a, IgG2b or IgG3 responses or, more
frequently, produce IgG 1 responses together with responses to one or another of
the “more suppressible” isotypes (see Table IV and Figure 5).

We have also observed occasional (carrier/hapten-carrier) suppressed allo-
type heterozygotes that partially escape from suppression and produce single
allotype anti-hapten responses (see Figure 6). Furthermore, we have induced
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receptor expression imply differential function; could the differences in receptor
exp.ression reflect the operation of distinct DNA attenuator sequences as-
socxat‘ed with IgD and IgM; etc.). Hopefully, the answers to some of these
qu.estlons will be obtained by examining the functional roles, lineage relation-
ships and molecular regulatory mechanisms of sorted B cells in the subpopula-

tions defined by the analytic parameters discussed here.

IgCH expression in hybridoma “switch” variants

Hybridomas, !ike plasmacytomas, have an active IgH chromosome on which a
VDJ segment juxtaposed to an I gCH segment (VDJ rearrangement) defines the

Zlilggr(;pula:on. Differences in‘ ThB surface density on population I account for the major

b (al)'lci: ae}tl?v;en mouse strains that carry the “high” and “low” alleles for ThB expression.

monontone a;gt.bst(;am_ and BALB/c (b) is a low strain. The “E2” antigen (detected by a rat

A markerl' ody) is expressed only on populations II and III (high IgM, variable IgD)

o is present.on cells that h.ave high but not low surface IgM density (c) and is
und on cells that have either low or high surface IgD density (d).

100 100
3
10 3 10
1 1
1 10 100 1 10 100
TgM/Cell TgMW/Cell
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Ig heavy chain structure of the secreted and cell-surface antibody molecules
produced by the cell (Honjo et al. 1981). The “upstream” IgCH genes on this
chromosome are deleted (by the rearrangement) while the “downstream” genes
remain in their germ-line configuration. Thus, in principle, new rearrangements
(“switches™) that result in the expression of the downstream IgCH genes should
be possible in established hybridomas and plasmacytomas. In addition, because
these kinds of neo-plastic cells generally have at least one additional (inactive)
IgH chromosome, inter-chromosomal exchanges that resuit in the expression
either of downstream or upstream switches in IgCH expression are also possible
(at least in theory).

In practice, IgCH switches of any type appear to be extremely rare since, even
when plasmacytomas are grown for years, they almost always continue to
produce the same IgCH isotype they produced originally. Nevertheless, as
Rajewsky and co-workers recently showed, rare spontaneous isotype “switch”
variants do arise in cultured plasmacytoma lines and can be isolated by FACS
sorting for (selecting) variant cells that express a “new” surface isotype.
Furthermore, these investigators showed that new variants could be selected
from established variant lines and thus a family of switch variants could be
developed by sequential selections. Most of the variants obtained were
explicable as the result of straightforward downstream switches to the next
IgCH gene on the active chromosome; however, selections for “back-switch”
variants that express IgCH genes presumably deleted from the active parental
chromosome were also successful.

These findings encouraged our (successful) attempts to isolate switch variants
from hybridoma cell lines producing anti-hapten antibodies useful for examin-

a BALB.X Spleen b CBAN Spleen

Figure 13. 1a expression is lower on population III. The IgM/1a staining (a,b) shows that cells
with the least Ia cells are IgM-bright, while the IgD/1a staining (c) shows that cells with the
least Ia cells are IgD-dull. Together, these stains define population IIT (high IgM, low IgD).
Data for CBA/N (b,c) are more informative because population I is less dominant than in
BALB/C.
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specific suppression for Igh-1b (IgG2a allotype) antibody responses to all of the
epitopes on DNP-KLH (by priming young allotype-suppressed mice with DNP-
KLH prior to the onset of the characteristic mid-life remission from allotype
suppression) (see Table V). These latter findings demonstrate clearly that the
epitope-specific system can selectively regulate the production of individual
allotype-marked antibody responses. Consequently, they suggest that this
system normally regulates such responses independently but tends to maintain
allotype concordancy for a given isotype unless immunization conditions dictate
the specific suppression of one allotype rather than both (Herzenberg et al.
1982b).

Allotypic determinants, in fact, are almost always unique to a single isotype
and thus identify both the isotype and the allotype of an antibody molecule

TABLE VI
The epitope-specific system is a general regulatory mechanism§

Variable Examined Result Obtained

* Epitope Suppression induced for DNP and TNP by carrier/hapten—carrier;
suppression inducible for KLH epitopes by other protocols
* Carrier KLH, CGG, Ovalbumin and TGAL all prime for carrier/hapten—

carrier suppression induction; some genetic restrictions (e.g., KLH
in A/J); 100 #g KLH aqueous, on alum or in CFA about equally
effective; addition of B. pertussis antigen prevents suppression
induction.

* Timing/Age Suppression induction equally strong in adults of all ages; persists
for up to 1 year once induced; 1 to 13 weeks (or more) between
carrier and hapten-carrier equivalent.

* Genetic Control  Suppression induction impaired by non-MHC “carrier-function”
genes, e.g., KLH/DNP-KLH suppression induction impaired in
A/J and C57BL/10 (CGG/DNP-CGG OK in these strains); no
impairment by MHC IR genes that impair IgC antibody responses
‘ to epitopes on certain carriers, e.g., TGAL/TNP-TGAL induces
typical epitope-specific suppression for IgG anti-TNP in Ir-la
“non-responders™ to TGAL.

Mouse Strains Carrier/hapten-carrier  can induce suppression in BALB/C,
BAB/14, SJL, SJA, C3H, C3HSW, A/J, (SILXBALB/C),
C57BL/10 and C57BL/6 mice.

Other Regulatory Epitope-specific system mediates suppression by carrier-specific

Systems suppressor T cells (CTS), e.g., KLH-specific CTs regulate IgG
antibody by inducing  epitope-specific suppression;  allotype
suppression induces epitope-specific suppression; Ir non-respon-
siveness may also be mediated by the epitope-specific system.

§ Studies summarized from Herzenberg & Tokuhisa 1982 and Herzenberg et al. 1982a-c.
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(Herzenberg & Herzenberg 1978). Thus the isotype-restricted regulation th.at
characterizes the epitope-specific suppression induced by carrier/ hapten-carrier
immunization can be explained both in allotype homozygotes and heterozygotes
by the activity of Igh-restricted epitope-specific regulatory elements that
recognize allotypic determinants and usually tend to operate concordantly for a
given isotype in allotype heterozygotes.

Generality of epitope-specific regulation

Mechanisms that regulate isotype, allotype and idiotype representation 'in
antibody responses have usually been treated as exceptional; h'owever, st}xdu?s
partially summarized in Table VI demonstrate that epitope-specific regulz.mon is
demonstrable with diverse antigens administered under a wide variety of
immunization conditions to many different mouse strains (from Herzenberg &
Tokuhisa 1982). Furthermore, a retrospective view of the immunoregulatory
literature indicates that the epitope-specific system plays a key role (albeit
unrecognized as such) in regulating most of the commonly studied T—depender'lt
antibody responses (see Herzenberg et al. 1982a). Thus we sugggst that, in
general, the characteristics of in situ antibody responses tend to be mﬂuent_:ed
more strongly by the epitope-specific regulation of memory B cell expression
than by mechanisms that control memory B cell development (see summary in
Table VII and discussion in Herzenberg et al. 1982a).

Some exceptions to the “rule”

Most of our studies of epitope-specific regulatory interactions have been

TABLE VII )
Requirements for optimal IgG antibody responses to epitopes on T-dependent antigens*

I. Memory B Cell Development:

* Antigen reactive precursors (virgin B cells) .

* Carrier-primed T cells or presentation of antigens in a forr.n that stimulates the
development of carrier-primed T cells, e.g.,, on alum or in complete Freunds
adjuvant (CFA)

* Support for the IgD+ to IgD— memory shift

II. Memory B Cell Expression: )

* Helper T cells specific for the carrier on which the epitope is presented (or preantatlon

of the antigen in a form that stimulates CTh development, e.g., on alum or {n CFA)

* Active prevention of the induction of epitope-specific suppression for eac.h isotype/

allotype response to a given epitope (e.g., priming with epitopes on new!y-mtrgduced

carrier molecules usually prevents initial and subsequent suppression induction for
responses to those epitopes)




HERZENBERG ET AL.

little IgD, is present in only spleen and peripheral blood (missing in lymph
nodes), appears first in ontogeny, and is highly represented in NZB mice
ThlS popqlation (I11) carries the “E2” marker, has less surface Ia (I-A) anci
mainly cqnsxsts of cells that have small but clearly measurable amounts of the
Lyt-1 antigen believed originally to be restricted to T cells (see Figure 14)
Further characterization of the Lyt-1 bearing B cells (Ly! B) present‘ in

a BALB/C e BAN
Spleen Spleen

b BALB/C £
Lymph Node

100

10

IgD/Cell

Fi . . .

( 1;‘31\4;83;2) Dlgfcrerfces in B cell subpopulation frequency in lymphoid organs from normal

BALB/c (:_nd) ;(-(ljmck;d }mmunodeﬁcient (CBA/N) mice. Population I11 is missing in both
n A/N lymph nodes (e-h); population I is missing in all CBA/N organs.
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subpopulation III demonstrates 1) that Lyl B from NZB (but not from other)
mice secrete relatively large amounts of IgM when cultured under standard
conditions in the absence of exogenously-added antigens; 2) that these cells
account for all of the IgM secreted by unseparated NZB spleen cells (or splenic B
cells) cultured under conditions; and 3) that the NZB Lyl B subpopulation does
not contain “typical” IgM antibody producing cells (PFC) such as those
generated following immunization with sheep erythrocytes (Hayakawa, Hardy
and Herzenberg, manuscript in preparation).

The characteristic surface Ig levels on these subpopulations indicates that the
quantitative expression of IgD and IgM on B cells is quite carefully regulated
and thus suggests that each subpopulation has evolved mechanisms that permit
it to express the amounts of IgD and IgM that suit its (currently unknown)
function. This unsuspected orderliness raises a variety of new questions
concerning the roles of IgM and IgD receptors and the internal regulatory
mechanisms that selectively control receptor expression (e.g., does differential

a BALB/C Spleen b
1-4 Days

BALB/C Spleen
1-2 Weeks

-] BALB/C Spleen d
1 Month 2 Months

100 100

IgD/Cell

1 10 100
IgM/cell

IgM/Cell

Figure 1]. Population I appears late in spleen ontogeny. BALB/c spleen: (a) 1-4 days; (b) 1-2
weeks; (c) 1 month; (d) 2 months or older.
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conducted with hapten-carrier conjugates such as DNP-KLH or TNP-TGAL
that induce substantial IgG1, IgG2a, IgG2b and IgG3 anti-hapten antibody
responses when used as priming antigens. The suppression induced by carrier/
hapten-carrier immunization with any of these conjugates is effective in
suppressing responses to the inducing hapten on any of the other conjugates and
the isotype hierarchy described above appears to be maintained in all cases.
Recently, however, we have been exploring the responses obtained with DNP
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Figure 7a ar{d 7b. Carriers that stimulate atypical isotype representation in anti-DNP responses
(contrast with KLH or CGG) also stimulate atypical epitope-specific suppression.
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conjugates that induce strikingly different initial isotype response patterns when
used as priming antigens (see Figure 7). The results obtained with these
conjugates (which may induce a substantial T-independent contribution to IgG
responses) have added even more complexity to the regulatory picture.

In essence, carrier/hapten-carrier immunization with such conjugates induces
specific and persistent suppression for anti-DNP responses when the DNP
hapten is presented subsequently on the priming carrier; however, the sup-
pression induced is relatively ineffective for preventing IgG anti-DNP responses
when the suppressed animals are immunized subsequently with DNP-KLH.
Furthermore, IgG3 rather than IgG1 responses tend to be the least suppressible
when animals are immunized with these hapten-carrier conjugates (Hayakawa
& Herzenberg, unpublished observations).

For example, priming BALB/C mice with high doses of DNP-coupled sheep
erythrocytes (DNP-SRBC) induces substantial IgG3 anti-DNP responses, small
but detectable 1gG2a responses and virtually no IgGl anti-DNP antibody
production (see Figures 7a & 7b). Furthermore, SRBC/DNP-SRBC immuniza-
tion induces specific suppression for 1gG anti-DNP responses, i.e., anti-SRBC
sponses proceed normally (data not shown) while anti-DNP antibody produc-
tion remains minimal even when the animals are re-challenged with DNP-
SRBC. Nevertheless, immunization with DNP-KLH at this point “breaks” or
bypasses the suppression for IgG3 responses and stimulates the appearance of
modest IgG2a and IgG1 anti-DNP responses as well.

We must admit that we have no explanation at present either as to how
priming with DNP on these kinds of carriers induces such different isotype
response patterns or how the suppression induced by carrier/hapten-carrier
immunization with DNP on these carriers can be specific for anti-DNP
responses when DNP is presented again on the priming carrier (anti-carrier
responses are not affected) and yet minimally suppress anti-DNP responses to

DNP on other carriers.

At the moment, we are exploring two approaches: examination of the memory
B cell populations generated by these antigens to determine whether the
response defect can be traced to influences on memory development rather than
expression (experiments testing the induction of anti-DNP memory with DNP-
SRBC administered under our immunization conditions are currently in
progress); and, comparison of the anti-DNP idiotypes produced in the various
isotype response to the antigens to determine whether non-overlapping
repetoires are being accessed and independently regulated.

We therefore report these incomplete studies more for their caution than for
their contribution. That is, data collected thus far show that although the
epitope-specific system regulates reponses to a wide variety of antigens under
broadly different immunization conditions, its properties (as formulated from
responses to typical hapten-carrier conjugates) cannot explain all of the
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peculiarities of isotype regulation in varied antibody responses stimulated by
DNP presented on different kinds of carriers.

QUANTITATIVE REGULATION OF SURFACE ISOTYPE EXPRESSION

The amount of IgM present on B cells in normal lymphocyte populations spans
roughly a 100-fold range (measured as the amount of fluorochrome-coupled
anti-IgM/cell using a Fluorescence Activated Cell Sorter (FACS) fitted with
logarithmic amplifiers). Similarly, the amount of IgD/cell in such populations
spans about a 20-fold range. In both cases, the frequency distribution (FACS
histogram) for cells stained with the relevant fluorochrome-coupled anti-Ig
antibody has some irregular structure but is basically unimodal and appears to
represent a continuum (see Figure 8). Nevertheless, our recent studies demon-
strate clearly that these broad distributions are actually a composite of the
distributions obtainable from at least three distinct B cell subpopulations
identifiable by differences in the correlated expression of IgD and IgM on
individual cells (see Figure 9) (Hardy et al. 1982a, b).

We defined these subpopulations initially using multiparameter FACS
analyses with monoclonal antibodies to IgM and IgD; however, we soon found
that they can be recognized by correlations with a variety of other characteristics
(organ localization, genetically-controlled absences or increases, ontological
differences, qualitative or quantitative differences in the expression of other
surface markers) (see Figures 9-14).

For example, the major B cell subpopulation in adult spleen, lymph nodes and
peripheral blood (population I) has relatively little surface IgM and intermediate
to high levels of IgD. It is missing in CBA/N mice and uniquely lacks a B cell
surface marker identified by a rat monoclonal antibody (“E2”) (see fig. 12). The
smallest subpopulation, in contrast, has abundant surface IgM and relatively

a. BALB/C Spleen b. BALB/C Spleen
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Figure 8. 1gM and IgD expression on B cells. Single parameter FACS histograms for BALB/C
spleen obtained with reagents used for multiparameter analyses shown in Figures 9-14.

MECHANISMS REGULATING IgCH EXPRESSION 19

[ atateiab bt 1
; :
o E q SJA Spleen
;
H 1]
i (AN
H [}
g o 1) |
1
Ho i
B S J
 § L] 1]
[+X] 1 10 100
TgM/Cell
b BALB/C Spleen e BA Spleen
100
1t

c BALB.K Spleen £ CS7BL/6-Igh® Spleen

1 10 100 o
Figure 9. B cell subpopulations defined by IgM-IgD immunoﬂuorescenc‘? staining an(j
multiparameter FACS analysis. (a) schematic diagram; (b—f) FACS fret.]uenc)-' contour plot§
showing subpopulation distributions in various mouse strains. Population I is less frequent in
some strains: compare BALB/c and BALB.k (b,c) with SJA, CBA and C57BL/6 (d-f).

For these studies, we utilized a dual laser FACS to analyze correlations in the levels of two
cell surface determinants revealed by the amounts of green and red fluorescence associated
with individual cells after staining in suspension with a given pair of the following monoclona!
antibody reagents (one “green” the other “red”): anti IgM #331-12 (Kincade et al. 1981);“ant:
IgD 10-4.2, anti Ia 11-5 (Oi et al. 1978); anti ThB 49-h4 (Eckhardt and Herzenberg, 1980); “E2
30-e2, anti Lyt-1 53-7.3 and anti Thy-1.2 30-h12 (Ledbetter and Herzenberg, 1979).

Our FACS instrument has two argon ion lasers: one is used both to generate a light scatte,l:
signal (size measurement) and to excite fluorescein (coupled directly to the “grf:en
monoclonal antibody reagent); the second is used, in tandem with a dye lase.r, t.o excite a
relatively new fluorescent dye, Texas Red (Molecular Probes, Plano, Texas) which is co.upled
to avidin and used as a second-step to reveal the biotin-labeled “red” monoclonal antibody
reagent. Data presented in “contour plots” (in this and succeeding figures) show the amount of
green fluorescence on individual cells along the X-axis and the amount of red fluorescence
along the Y-axis, both in arbitrary units.




