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Uniformity in the clonal repertoire for the immune
response to phosphorylcholine in mice*

A comparison of the clonal nature of the immune response to phosphoryl-
choline (PC) was made in nine different inbred mouse strains. Quantitative
idiotypic analysis showed that anti-PC antibodies from each strain were com-
posed of antibodies bearing binding-site idiotypic determinants indistinguish-
able from two different BALB/c myeloma proteins, T15 and M511. Idiotypic
determinants of two other PC-binding proteins, M167 and M603, were not
detected. Isoelectric focusing of the light (L) chains verified the presence of
antibodies similarto T15 and M511 in each strain and indicated the presence
of two additional antibodies, one of which has an L chain which cofocuses
with M603. Fractionation of anti-PC antibody with anti-idiotypic antibody
showed that immunoglobulins bearing T15 and M511 idiotypic determinants
are separate and contain L chains that are uniform and resemble those of T15
and M511, respectively.

Thus, these mice which differ genetically at multiple loci including the heavy
chain allotype complex locus each possess, at least in part, an equivalent set

of clonotypes specific for PC. This indicates that the genes encoding these
antibodies must be contained in the germ line.

1. Introduction

Previous work from this laboratory has demonstrated that
mouse strains, regardless of their genetic background, pro-
duce an antibody to phosphorylcholine (PC) which possesses
a specificity [1] and binding-site idiotype (ID), T154[2], in-
distinguishable from those of TEPC 15, a PC-binding mye-
loma protein originating in BALB/c. This suggests [1] a con-
servation of at least one clonotype throughout mouse strains
even though genetic variants of this clonotype exist, such as
the T15 ID [2, 3]. The finding of a PC-binding myeloma pro-
tein in CB 20 mice, BALB/c. B6 (IgGy), supports this con-
tention [4]. This myeloma protein carries the allotypic and
T15 idiotypic determinant (IDD) like C57BL/6 antibody,
but has a combining specificity, binding-region antigenic de-
terminant, T15;, and certain structural features which are
remarkably similar to TEPC 15.

The present study confirms our earlier finding of the regular
expression of T154 ID in different strains of mice. They ex-
tend those studies by showing that the T154 ID is present
only on immunoglobulins which also resemble T15 in struc-
ture. In addition we will show that another anti-PC antibody,
prototyped by MOPC 511, a different PC-binding myeloma
protein, is also preserved throughout inbred mice.
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2. Materials and methods

2.1. Purification of myeloma protein and anti-PC antibodies

The origin and maintenance of the PC-binding plasmacytomas
TEPC 15, MOPC 167, HOPC 8, MOPC 511, McPC 603, and
the 2,4-dinitrophenyl (DNP)-binding MOPC 460 have been
described in detail elsewhere {4]. All mouse strains were ob-
tained from Jackson Laboratories, Bar Harbor, Maine. Anti-
sera were pooled from 10—20 mice given multiple intravenous
(i.v.) injections of 108 heat-killed (56 °C, 30 min) Streptococ-
cus pneumoniae strain R36A [5]. Antibodies and myeloma
proteins with specificity for PC were isolated from a PC-
Sepharose column by affinity chromatography [2]. The stand-
ard procedure [2] was modified in order to include a wash
with 0.05 M N-carbobenzoxyglycine prior to elution of the
specific protein with 10=2 M PC. This step, which removes

a large quantity of nonspecifically adhering serum protein,

pl 5.7 £ 0.5 [4], was found necessary whenever the serum
concentration of specific antibody was less than 1--2 mg/ml.
Isolated mouse anti-PC antibodies were shown to be of the
IgM class by immunoelectrophoresis and by immunodiffusion
with class-specific antisera. Antibodies in some instances were
radiolabeled with 1251 [6].

2.2. Isoelectric focusing (IEF) of light chains

Purified myeloma proteins and anti-PC antibodies were first
completely reduced with 0.2 M 2-mercaptoethanol in 7M
guanidine in Tris-HCI buffer, pH 8.2 (1 h, 23 °C) and alky-
lated with 0.4 M iodoacetamide (45 min, 4 °C) [7]. Heavy
(H) and light (L) chains, separated on Sephadex G-100 in

1 M propionic acid—4.5 M urea, were analyzed by IEF in
polyacrylamide gel slabs [4] or 0.3 x 12 cm tubes [8]. After
focusing, slabs or tube gels were fixed and stained with
Coomassie brilliant blue as described by Williamson [9].

2.3. Quantitation of IDD

Rabbit antibodies with specificity for the binding site of T15,
anti-T15, have been described [ 10]. Guinea pig antibodies
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having specificity for the binding site of M603, M511 and
M167, (i.e. anti-M603¢, M511, M167;) were prepared in a
similar fashion [10]. Each ID antibody was completely speci-
fic for the respective myeloma protein; in both direct and in-
direct radioimmunoassays (see below) no cross-reactions were
observed. Moreover, the reaction between each anti-ID anti-
body and its corresponding myeloma protein was greater
than 90 %, inhibited by PC and was dependent on an H-L
chain interaction [10].

Quantitation of IDD in anti-PC antibodies was examined by
solid-phase radiocimmunoassay (tube binding assay, TBA) as
previously described [2]. The amount of any ID in an anti-
PC antibody preparation was determined by comparing its
inhibition to that of a standard titration of myeloma protein
for each of the 4 ID anti-ID assay systems. The sensitivities
of the assays ranged from 0.01 to 0.05 ug/ml.

2.4. Fractionation of individual ID (Scheme 1)

Purified 125]-labeled antibody (2 x 105~ 2 x 108 cpm) in

2.5 ml of 0.15 M NaCl, 0.005 M phosphate buffered saline
(PBS), pH 7.0, containing 1 % bovine serum albumin (BSA)
was added to 10 x 75 mm glass tubes previously coated with
anti-ID antibody (anti-ID), e.g. anti-T15¢ After 18 h incuba-
tion at 22 °C, the solution containing unreacted anti-PC anti-
bodies was removed and the tube washed 3 times with PBS.
The anti-ID-coated tube containing a bound antibody (ID)
was completely reduced and alkylated as described above.

A sample of 125-]abeled anti-PC antibody taken prior to the
adsorption experiments was completely reduced and alkylated
and served as a reference. After focusing the L chains of each
preparation (10 000 to 50 000 cpm) in tubes of polyacryl-
amide gel, each gel was sliced and each 2-mm piece was
counted in a Packard gamma counter. Purified L chains of
T15, M511 and M603 were added as markers, but their pre-
sence did not affect the results.

3. Results

3.1. IEF patterns of anti-PC L chains

Initial attempts to separate the IgM anti-PC antibodies by
IEF in liquid columns [11] failed to resolve differences that
might exist. Anti-PC antibodies from BALB/c, C57BL/6 and
C58 each focused between pH 4.2 and 5.5 with a broad peak
at pH 4.9 to 5.0. However, no fraction within this range was
significantly enriched for a particular ID even though dif-
ferent ones were present (see below). Analysis of purified
F(ab'), [12] and 7 S IgM; subunits [13] by disc gel electro-
phoresis and IEF revealed heterogeneity, but the majority

of this could be accounted for by sialic acid residues, ie.
altered by treatment with neuraminidase. A first assessment
of the degree of heterogeneity in anti-PC antibodies from dif-
ferent strains was therefore determined after IEF of isolated
L chains, a procedure which we have shown readily reveals
compositional differences as well as similarities in L chains
of the PC-binding myeloma proteins [4]. Fig. 1 shows the
stained L chain banding patterns of anti-PC antibodies from
8 representative strains and compares them to the L chains
of three PC-binding and one DNP-binding myeloma proteins.
The L chains of M167 and H8 are not shown since they focus
in positions identical to those of M511 and T15, respectively
[4]. The L chains of each of the myeloma proteins appear in
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Scheme 1. Scheme for isolation of specific ID from a heterogeneous
mixture of ID.
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a set of closely grouped bands which is indicative of a homo-
geneous polypeptide [4, 14]. By contrast the L chain banding
patterns of most of the mouse anti-PC antibodies were com-
plex and ranged from pH 4.7 to 8.2. However, it is evident
that bands corresponding in position to those of T15, M511
(M167), and M603 are present in all strains except BALB/c.
In this antibody preparation, and in that taken at different
times after immunization, BALB/c primarily expressed anti-
body with this T15 set of bands. C58 and CE L chains pos-
sess additional bands at pH 5.9, 6.4, 6.8 and 7.2, none of
which cofocus with any bands from M511, M603. or T15.

Figure 1. IEF patterns of L chains of anti-PC antibodies and of PC-
binding myeloma proteins. IEF was carried out in a thin-layer poly-
acrylamide gel slab in pH 5 to 9.5 ampholytes. M603 was focused
in a different portion of the gel, then placed adjacent to the other
patterns with the proper alignment retained. Bands in the BALB/c
pattern focusing in the range pH 6 to 6.8 were found in separate
assays to result from contamination by M460.

In Fig. 2 the L chain patterns of C58 and DBA/2 depicted
in Fig. 1 are analyzed. The L chains of these two mouse
strains contain between them all the bands observed in any
other strain of mice. In C58, for example, a mark for every
band seen in the gel is placed adjacent to the slice. Subtrac-
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tion of those representative of T15 (L;) and M511 (Ly)
leaves a single set of closely spaced bands (L. Similarly,
after subtraction of T15- and M511-like bands from DBA/2,
a single set of closely spaced bands is left (L) which, in this
case, cofocus with M603. Though we cannot be certain, the
symmetrical displacement and identical disposition of Ljj;

in both C58 and CE suggest that it represents a single L chain
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body in DBA/2 and as much as 100 % in BALB/c. M511
ID were readily detected in all strains with the surprising
exception of BALB/c. Negligible amounts of ID with M603
and M167 characteristics were observed in every strain even
though the assays were capable of measuring these ID at a
concentration of 10—50 ng/ml. Separate assays performed
with additional guinea pig and rabbit antibody preparations

to binding-site as well as nonbinding-site regions [10] of M603
(3 antisera) and M167 (4 antisera) failed to reveal Ig bearing
variable region similarities to M603 and M167. Furthermore,

type.

. - - .- = - attempts to detect immunoglobulins which shared cross-re-
active determinants [15, 16] with M167 or M603 (anti-M167
.._' - - — -— - or anti-M603 vs. 125]-labeled A/J anti-PC antibody) were un-

- - successful. However, though the sum of T15¢-and 511-
bearing immunoglobulins accounted for the majority of the
anti-PC antibody present, in no instance except BALB/c did
it account for all the ID in the sample. Thus, antibodies bear-
ing binding-site structural features of two different BALB/c
- myeloma proteins are regularly expressed in inbred strains
of mice and comprised the majority of the response to PC.

= 3.3. ID fractionation of anti-PC antibodies

To test the heterogeneity of antibodies having a particular
ID and to determine the structural relation of this ID to the
relevant myeloma protein, anti-PC ID were fractionated with
anti-ID antibodies and examined for their L chain type as
outlined in Scheme 1. The results obtained from fractionation
of C57BL/6, AKR and CE anti-PC antibodies with anti-M35114
and anti-T15¢ are shown as examples (Fig. 3). The positions
in the gel occupied by M511 and T1S carrier L chains are de-
picted at the top of each panel. L chains of 125I-labeled anti-
PC antibodies, shown in the upper one-third of each panel,
exhibit the multiple-banding pattern indicative of a hetero-
geneous population of L chains (Fig. 1). However, antibody
specifically bound on anti-M511 ¢-coated tubes (middle por-
tion of panel) contain L chains that migrate in a limited pH
range, and the position of each peak of radioactivity corre-
sponds precisely with those of the marker MS11 L chains.
Similarly, that anti-PC antibody reactive with anti-T154con-
tains four peaks of activity in its L chains which cofocus
with those of the T15 L chains. Identical results, not shown

Figure 2. Analysis of L chain patterns in C58 and DBA/2 anti-PC
antibodies shown in Fig. 1 by comparison with L chains of T15, M603
and MS11.

3.2. Quantitation of ID

A portion of the pools of anti-PC antibodies from BALB/c,
C58, C57BL/6, DBA/2, A and CE mice characterized in

Fig. 1 were quantitated for IDD characteristic of the com-
bining regions of the available PC-binding myeloma proteins.
As shown in Table 1, each anti-ID antibody was specific for
its corresponding myeloma protein and was capable of ac-
curately recognizing that immunoglobulin in a pool of ID.
Binding-site determinants of T15, T1541D, were found in
all strains tested but comprised as little as 12 % of total anti-

Table 1. Concentrations of immunoglobulins having different determinants in anti-PC antibodies

IDDb)

' Ig2) T15, M511, M167, M603,
Strain (ug/mD) (ug/mbh (%) (ug/mh (%) (Ug/m) (%) @g/m) (%)
BALBJc 55 62¢)  112¢) 5 9 <0.01 0 <005 0
Cs8 600 218 35 162 27 <0.01 0 <005 0
C57BL/6 55 16 29 21 38  <0.01 0 <0.05 0
DBA/2 580 70 12 244 42 <0.01 0 <0.05 ]
A 36 11 30 14 38 <0.01 0 <005 0
AKR 65 55 84 7 11 <0.01 0 <005 0
CE 250 69 28 75 30 <0.01 0 <005 0
Myeloma
T15,M511,M603 33, each 34 34 29 29 <0.01 0 30 30
T15, M167 50, each 44 44 <001 0 48 48 <005 0

a) Ig cgncentration of purified antibody.
b) Antlbodies.directed tf) binding site of H8 (H8,), M511 (M511), M603 (M603y), M167 (M167) were used.
¢) Concentration of anti-PC antibody (% of Ig) giving 50 % inhibition of binding of 125I-labeled myeloma protein to the corresponding

anti-ID antibody was compared to a standard curve obtained with the appropriate myeloma protein. Error for each determination is
%20 % of calculated concentration.
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Figure 3. IEF patterns of L chains from

C57BL/6, AKR, and CE 1251 1abeled anti-PC
antibodies adsorbed with either anti-MS11¢
or anti-T154. IEF of a portion of each
sample was carried out in 0.3 x 12 c¢cm poly-
acrylamide gel tubes in pH 5 to 9.5 ampho-
lytes (see Scheme 1).
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here, were obtained with the anti-PC antibodies from C58,
CE and A mice. In BALB/c, fractionation with anti-M511
yielded little activity. These data indicate that immunoglo-
bulins bearing T15 and M511 IDD contain L chains that are
uniform and resemble those of T15 and M511, respectively.

4, Discussion

The present study presents a dissection of the anatomy of
the B lymphocyte response to PC by examination of the
composition of antibodies comprising the response. Nine
different strains of mice were examined that differed at
multiple genetic loci, especially the immunoglobulin H chain
complex (allotype) locus. Quite surprisingly we find that not
only is the response limited to relatively few species in each
mouse strain, but it appears that each strain of mice contains
an equivalent set of antibodies, and thus clonotypes, specific
for PC. This strongly implies a conservation in mice (in Mus
musculus 7) of genes encoding for antibodies to PC.

The basis for this interpretation is provided by analytical

IEF of L chains separated from purified anti-PC antibodies
and quantitation of immunoglobulins bearing certain ID
determinants. The results themselves thus depend upon the
discriminatory power of these two procedures. IEF has proven
to be a powerful tool which clearly has the ability to distin-
guish between two nearly identical myeloma proteins of the
same class [4, 17] and to identify and follow the progress of
individual ID or clonotypes in a heterogeneous response even
when the responding clones number in the hundreds to
thousands [18—24]. The assay becomes limiting when com-
paring two polypeptides that cofocus yet differ in the kinds
and distribution of charged, as well as uncharged, amino
acids. However, in instances where this is known to occur,
e.g& M511 and M167 L chains [4], the two polypeptides differ
only slightly from one another, in this case by one amino
acid in the first 21 {25]. In the present instance IEF was used
as a first approximation of similarity of antibodies to PC and
PC-binding myeloma proteins. Indeed, anti-PC antibodies in
different strains contain L chains which have the same pl as

T15 and M511/M167 L chains. Taken alone these results
would at best be suggestive, but in conjunction with the ID
fractionation studies they provide strong evidence that 511-
and T15-like L chains of anti-PC antibodies are structurally
quite similar to those of M511 and T15, respectively.

ID analyses were performed with antibodies specific for the
binding regions of the myeloma proteins [10]. Binding-site
regions were chosen primarily because the selective pressures
exerted on binding (complementarity) regions and nonbinding
site (framework) regions are surely different', and studies with
antisera to such regions provide conflicting conclusions on
antibody diversity [16, 26]. The anti-ID antibodies used here,
in addition to being directed to the combining region, recog-
nize a particular H-L combination. They are also noncross-
reactive. Such antibodies should provide the most useful
probes for defining structurally related antibodies. In fact,
the antisera were able to readily distinguish between M511-
and M167-like antibody in the anti-PC pools. Similarly, im-
munoglobulin(s) having an L chain like M603 was readily
differentiated from M603.

Using a combination of these two procedures, ID and IEF
analyses, two major species of antibodies were detected in
each of nine different strains of mice. One of these corre-
sponded to T15 and the other to M511. If further studies
now in progress demonstrate that the M603-like L chain (L;j),
and the fourth L chain type, Ljj;, are associated with immuno-
globulins having single binding-site ID, then two additional
antibody species are identified. Thus, the response to PC in
each strain appears to be essentially equivalent. Structural
studies of anti-PC antibody from A mice support these as-
sertions. By ID and IEF analysis this antibody preparation
consists of T15, M511, and M603-like antibodies. When the
sequence of the A/J H chain was compared to the H chains

of T15, M511 and M603, we found that both the framework
and first complementarity region are identical in all of the
proteins. Sequence analysis of the L chains through the first
complimentarity region revealed three L chains, one similar
to each of the three myeloma proteins, T15, M511 and M603.
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Minor differences with the BALB/c myeloma proteins were
evident but occurred primarily in framework regions.* Thus
A/J and BALB/c, which differ genetically as much as any
other two strains having different allotypes, express antibod-
ies which are essentially identical.

This conservation of antibodies to PC is an unusual though
not entirely unique finding for a set of immunoglobulins
having a similar specificity. In the response to Group A strep-
tococcal carbohydrate [27] and to p-azophenylarsonate [28],
for example, strain-specific rather than species-specific idio-
typy was observed. Similar findings have been reported by
others for a variety of immune responses [26, 29, 30] sug-
gesting that strain-specific idiotypy is the rule rather than

the exception. However, interstrain ID cross-reactions have
been demonstrated in both mice [31, 32] and rats [33] and,

in some instances the anti-ID antisera recognized site-asso-
ciated determinants. Structural correlates are unfortunately
lacking. The data, nevertheless, raise the question of whether
IDD that are confined to a strain (or a group of related strains)
signify strain-specific antibody molecules or actually represent
genetic differences for otherwise identical antibodies. Resolu-
tion of this latter point is particularly crucial since it argues
for extensive conservation of antibodies throughout mouse
strains but allows for some polymorphism within a common
or equivalent set of genes. Such polymorphism may be minor
(though giving rise to significant antigenic differences) and
may be more likely to occur in framework residues. T15-like
antibodies in mice are probably a specific example of this
phenomenon. Preservation of the antibody throughout mouse
strains has apparently occurred while allowing for the existence
of minor structural differences between strains, e.g. the T15 ID
{3} and K-PC8 L chain marker [34]. Whether this represents a
unique observation cannot be determined at present. A closer
examination of the anti-arsonate and anti-streptococcal re-
sponses as well as other antibody responses should be quite
revealing.

The finding of an equivalent set of antibodies for PC in gene-
tically dissimilar mice implies that genes encoding for these anti-
bodies are likewise quite similar or, in some cases, identical.
The most logical genetic explanation for these results is that
the information for these sets of antibodies is contained in
the germ line. A somatic mutational process would require
simultaneous parallel mutations in each strain, presumably
through very strong selective pressures of antigen. This seems
unlikely. The gene insertion model proposed by some [35, 36]
seems equally untenable. In the present system one would be
forced to argue for parallel evolution of genes coding for both
framework and complementarity regions. It seems more rea-
sonable that a single germ line gene codes for each entire VL
and Vg and that these are preserved relatively unchanged in
each strain of mice. The need for maintenance of these genes
can readily be argued for since PC is a ubiquitous cell wall
component in a variety of micro-organisms, e.g. Streptococcus
sp., Proteus sp., Aspergillus, Ascaris [37], some of which are
potential pathogens.

The report by Kluskens et al. [38] that BALB/c antibodies
to PC (R36A) possess the single ID, T15, but are oligoclonal

* Rudikoff, 8. and Claflin, J.L., Expression of equivalent clonotypes
in BALB/c and A/J mice following immunization with phosphoryl-
choline. J. Exp. Med. 1976, in press.
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is perplexing. The oligoclonality of the response is based
primarily on their finding that peptide maps, amino acid
composition, and disc-electrophoretic patterns in urea gel

of BALB/c L chains demonstrated heterogeneity. Although
Kluskens et al. [38] may actually have induced a heterogene-
ous response entirely of the T15 idiotype, it seems more
likely that their preparation was contaminated by the low
molecular weight component, pl 5.7 £ 0.5 [4], which we
find adheres nonspecifically to Sepharose columns and that
we remove selectively with Cbz-glycine. No mention of re-
moving this component was made by Kluskens and much

of the heterogeneity in their L chain preparation could be
accounted for by material focusing in the pH range 5.5 to 6.0.

However, in keeping with their findings [39] and those from
other laboratories [11, 39], we find a low leve] of antibodies
bearing other ID in BALB/c. Whether this reflects clonal
dominance of the T15 clonotype in BALB/c or specific nega-
tive regulation has not been determined. Similar reasons may
account for the poor representation of antibodies bearing
M167 or M603 IDD. Alternatively, these clonotypes may be
represented at very low frequencies in the B cell pooi. Indeed,
the ability to make isologous anti-ID antibody to the PC-
binding myeloma proteins (M1 67 >M603 > MS511 > T15)
[40] is inversely related to the ability to produce anti-PC anti-
body possessing these ID, suggesting the presence of T15 and
MS511 clonotypes (and therefore tolerance to theny and the
absence of M167 and M603 clonotypes (and susceptibility to
immunization by them).

In conclusion, it must be kept in mind that we are examining
the products of clonotypes predominating in the immune re-
sponse and not the potential for a response that exists in the
precursor B cell pool. The latter may contain additional clono-
types [11], determined by the germ line or generated anew,
which are not stimulated by our immunization procedure
with R36A. Other PC-containing antigens may stimulate
these clones. Irregardless, a distinction must be made between
the repertoire of precursor clonotypes and the actual respond-
ing clonotypes, This is especially important for those pre-
cursor B cells which are shown to develop somatically.

I am indebted to Margaret Kopchick for her excellent technical
assistance and diligence in performing the IEF analyses.

Received June 29, 1976.
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Regulation of the immune response

I. Suppression of delayed-type hypersensitivity by T cells

Department of Microbiology, John Curtin
School of Medical Research, Australian
National University, Canberra

from mice expressing humoral immunity

The ability of horse red blood cell (HRBC)-specific T cells from mice

expressing humoral immunity to suppress the induction of HRBC-specific
delayed-type hypersensitivity (DTH) was investigated. The transfer of Ig-
negative spleen cells, from mice injected 4 days previously with HRBC,

completely suppressed the development of DTH in mice treated with cyclo-
phosphamide and sensitized with HRBC. The suppressor cell was found to
be lysed by treatment with anti-theta serum and complement. Furthermore,
hemocyanin-specific immune T cells were able to suppress the DTH induced
to HRBC, provided these two antigens were coupled together.

These studies suggest that T cells present under conditions where humoral
immunity is induced can suppress DTH and that such cells play an important

role in the regulation of the immune response.

1. Introduction

In many instances humoral and cell-mediated immunity (CMI)

are mutually antagonistic [1}. For example, animals with humoral

immunity are usually refractory to the establishment of de-
[11411]
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layed-type hypersensitivity (DTH) [2]. Two possible explana
tions for this refractory state are either that antibody or anti
gen-antibody complexes block the activated T cells which
mediate DTH [3] or that T cells present in animals with hu-
moral immunity actively suppress the induction of cell-me-
diated immunity. Recent reports [4, 5] have shown that T
cells, induced under certain conditions, can actively suppress
the development and expression of DTH.

A theoretical scheme, which has been recently devised [ 6],
suggests that precursor cells for different types of immunity
require different amounts of help to be induced. Thus, CMI
requires the least, IgM an intermediate amount, and IgG
the most. It is also postulated that T cells can inhibit
the induction of other classes of immunity; in particular,
larger amounts of T cell help thah required for inductior





