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This thesis describes experiments aimed at a mole-

cular characterization of antigen receptors.

1. Low-molecular-weight antibody in rabbit urine

It was considered that antigen receptors released
from lymphocytes might be filtered in the kidneys and
detected more readily in urine than in serum. Urine
from immunized rabbits was hence examined for the oc-
currence of antigen-binding material.

Anti-hapten activity in concentrated urine from
rabbits immunized with DNP-govine gamma globulin (BGG)
or NIP-BGG was detected by incubating urine with the
corresponding radio-labelled hapten before chromato-~
graphy. On gel chromatography in neutral buffer two
peaks of hapten-binding activity was observed. 10-20%
of the bound hapten was eluted at the elution positioi.
of ITgG, the remainder at the elution position of Fab.
When the gel chromatography was conducted in 1 M pro-
pionic acid the low-molecular-weight peak was found to
be more retarded than Fab.

The hapten-binding material was not specifically
purified but used as a marker during the purification
of the pool of proteins'which contained the anti-hapten
activity. The pﬁrification was accomplished by stan-
dard protein fractionation procedures. The purified
material, containing the anti-hapten activi.y, was in-
distinguishable from the Fab ffagment produced by papain
digestion of purified IgG, as analysed by gel chromato-

graphy in neutral and acid medium, analytical ultra-
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centrifugation, polyacrylamide disc electropnoresis,
amino acid analysis and Ouchterlony immunodiffuslioi.
The concentration of Fab in urine was estimated
as about 5 mg/liter from the purification result.
Evidence was obtained, that the urinary Fab was
produced by degradation in vivoj; most o. Toe binding
activity recovered from urine after passive immuniza-
tion with 7S antibody was associated witn Fab and only
a minor part with 7S IgG. Fab was not seen in toe
serum. IgG was not degraded by incubation with urine.
The detection of Fab in urine, but not in serum,
snowed that urine may serve as a source of Llow-molecular-
weight blood~derived proteins. This was supported
wien the ﬁz—microglobuiin, Tirst found in urine, was

recently demonstrated to be a .ymphocyte membrane pro-

tein (30, 87).

2. Lvmohocyte-associated napten-binding molecules

The following exvperiments were aimed atv examining
the feasibility oif direct lavelling ol lympanocyte re-
ceptors ULy the introduction oi an alfinity label invo
the combining sice. Tie binding oI napten to lympno-

125

cytes was studied wita N IP~cap belore a suitable

radioiodinated NAP? aflfinily Iabel cou.d be synthesized.
Condivions were estabiisned where lymphocytes from

rats immunized with NIP-CGG bound significantly more

125 - - :

N IP-cap than normal rat lymphocytes. The binding

was specific, since it could be inhibited by N127

IP-capn.
Extracts, prepared by Ireezing and thawing of TDL

from immunized rats, were found to contain lesIP-cap
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binding activity. On. Sephacex G-200 chromatograpay t.ae
binding material was eluted between the excliusion volume
and the elution position of 7S Ig. It reacted with
eanti-L chain antiserum, but not with antisera specific
Fal

or IgG
* %02 &

igG

21 19 IgA or IgM. Reaction was aiso

observed with an antiserum with specificity for ratv IgE.
it was argued that this antiserum might also contain
anti-IgD antibody. The activity eluted from spleen,
lymph nodes or thymus cells was largely confined ©to 7S
IgG.

In subsequent experiments an unexplained decrease
in anti-NIP activity vwios encounterec. It was found
that the elution o mainly Igi-like anti-NIP activity
was dependent on the age oI tThce rats at TiL time of
immunizavion. TDL from rats immunizea at the age of
L-6 weeks yieided iargely Igli-like anti-NIP, while ex-
tracts of TOL from rats immunized at 8-10 weeks of age
contained sufficient 7S anti-NI>? to obscure the IgE-like

activity.

3. Immunoglobulins of rat lvmohocvtes

Experitments designed at guantitating cell surface
Ig and total cellular Ig were undertaken in order to
achlieve quantitative information on t.ae receptor mole-
cules available from lympahnccytes, and tTo assess the
suitability of TDL for receptor studies.

Lymphocyte surface immunoglobulin was studied by
the binding to live <cells ol antibodies, purified by
affinity chromatography and radioiodinated. Anomalous

binding curves were found when whole antibody molecules



were used, initial saturation giving way to a linear
increase in binding at antibody concentrations above
50 /ug/ml. However, when the pepsin fragments of the
purified antibodies were employed it was possible to
establish saturating conditions, and it was found that
rat thoracic duct lymphocytes would bind 42,000 mole-
cules of anti-Fab, 1,100 molecules of anti—IgGZa &% 2b
and 10,900 molecules of anti-IgM per cell.

In model experiments using SRBC coated with rat
anti-SR3BC antibody, it was found that at saturating
conditions 0.7 molecules of anti-rat Fab and 0.75 mole-

cules of anti-rat IgG was bound per molecule of

2a & 2b
suriace IgG.

Autoradiography showed that the surface immuno-
globulin was largely located on 40-50% of the TDL,
which bound 20,000-150,000 molecules of anti-Fab or
8,000-60,000 molecules of anti-IgM. Only 2.5% of the
TDL bound more than 8,000 molecules of anti—Inga PP

Of thymocytes, 2.5% bound more than 8,000 molecules
of anti-Fab; 0.9% and 0.7% bound more than 8,000 mole-
cules of anti-—IgG2a & 2b and anti-IgM respectively.

The heavily labelled cells were removed by affinity
chromatograpny to render feasiblie the study of the sIg
on the rest of the cells. These cellis were then found
to bind 200-3,000 molecules of anti-Fab per cell. The
binding could be inhibited by excess rat IgG.

In later experiments Hunt & Williams (144 ) nave

shown that most of the sIg on these lightly labelled

cells, probably T cells, is passively adsorbed, whereas
tiie sIg on the heavily labelled cells, B cells, is

actively syrnthesized. The sIg on the T cells was also

mainly of the IgM dlass.



Total cellular Ig was estimated by radioimmuno-
assays on Triton X-100 extracts oi the cells. The
amount of extractable IgM in TDL, 10,500 molecules of
mononicric units per ceil, corresponded closely to the
amount of sIgM estimated by labelling, suggesting the

presence of oniy a minimal number of celis synthesizing

and IgG were more vari-

IgM for secretion. The IgG 2b

2a
able than the IgM, but also simiiar to the SIgGZa % 20"
There was, however, vastly more excractable Ig (218,000
molecules per cell) than had been found on the cell
suriace. This excess Ig was mainly IgA, and was

located to the laxrge lymphocytes by cell fractionation

at 1 g.

It was establisned by affinity chromatography that
the extractable IgM and IgA originated from the cells
with a highn density ol sIg.

9 M urea in 1.5 M acetic acid was Tar less efficient
than Triton X-100 in extracting lymphocyte Ig, and couid
not reveal any "nidden" IgM in the lympiiocytes with a
low density of sIg.

On gel chromatography in 1% Triton X-100 the igM
extracted from TDL was eiuted at a position between
19SS IgM and 7S I;G.

Thymocytes contained much larger amounts of Ig taan
expected from surface labelling. The extracted Ig was

mainly IgA, IgG ana IgG

2a 2b°

The concentration of the immunoglobulins in lymph
and serum was also measured by the radioimmunoassay.

The serum concentrations in mg/ml were for tota. I,

TgG,_» TG, , IgM and IgA: 11.5, 3.8, 4.6, 0.41 anc
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0.05 respectively; and the concentrations in lymph were:

4.1, 1.4, 1.0, 0.05 and 0.41 respectively.
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1. The specific immune response

The characteristic feature of the immune system 1is
its capability of mounting a specific response against
the large variety of antigens the individual encounters
under natural or experimental conditions. An explana-
tion of the mechanism behind this diversity of response
has long been sought. More than 70 vyears ago Paul
Fhrlich (78) proposed the concept that antibody produc-
tion was regulated through the binding of antigen to
specific receptors on the surface of the immunocompetent
cells. The cells would somehow be induced to produce
and secrete large amounts of receptors with combining
sites identical with those to which the antigen was
bound. The theory thus postulates identity between
the receptors and the humoral antibodies.

In the 1930s and 1940s the instructive theory of
antibody formation gained support (43, 241). It pro-
posed that the antigen, acting as a template, was direct-
ing the cell to produce antibody with a surface con-
figuration complementary to the configuration of the
antigen. However, the demonstration, by denaturation
and renaturation, that the tertiary structure of anti-
bodies, as of other proteins, 1is a reflection of the
primary structure (118; 331) coded for in the DNA, made
this theory untenable.

The selective theory was taken up again by Jerne in
the natural selection theory (151), and by Burnet in the

clonal selection theory of antibody production (50).

According to the now universally accepted clonal selection



theory the diversity of the antibody response is based
on diversity on the cellular level. Fach immunocom-
petent cell has surface antigen receptors of homogeneous
specificity. The cell will somehow be triggered into
proliferation and differentiation (or become paralysed)
upon interaction with an antigen possessing a determi-
nant complementary to that of the combining site of the
receptor. This may result in the generation of a) a
clone of antigen-reactive cells (memory cells) with
identical receptor specificity, and b) cells producing
antibody with combining sites of the same specificity
as the receptor of the triggered cell. The diversity
of the antibody response is then based on diversity at
the level of the immunocompetent cell.

Evidence supporting the theory of the cellular
selection has come from the direct demonstration of
restriction at the level of antibody-secreting cells,
which have generally been found to secrete Ig of a
single heavy chain class, light chain type, allotype
and specificity(reviewed in ref. 189. However, restric-
tion could have arisen after differentiation of the
antigen-sensitive cell. The more crucial question of
resfriction of these cells will be discussed in greater
detail later. Here it suffices to mention that sur-~
face Ig has been found on the antibody~forming cell
precursor (AFCP); and that restricted specificity has
been demonstrated by removing or inactivating AFCP of
a certain specificity without affecting the response to

other antigens.



Affinity studies have also yielded results sup-
porting the selection theory by indicating that secreted
antibodies reflect the binding characteristics of the
cellular receptors. Cells with high affinity receptors
should have a relative high capacity for binding the
antigen (and for being stimulated) under conditions
where antigen is limiting, which should result in an
increase in the affinity of the serum antibodies. This
prediction has been substantiated by the results of a
number of experiments (reviewed in ref. 294). Simi-
larly, by use of cell affinity chromatography on hapten-
coated beads, a correlation has been found between the
affinity of the receptors on the AFCP and the antibody

produced after stimulation with antigen (7).

2. The immunocompetent cell

The concept of the immunocompetent cell was proposed
by Medawar (196) and this cell type was later shown to
be a circulating, long-lived, small lymphocyte (105).

It has now become evident that this cell population is
comprised of two main classes, the thymus-derived (T)
lymphocytes and the bursa-derived or bursa-equivalent
derived (B) lymphocytes, both classes originating from
the hematopoietic stem cells (reviewed in ref. 260).

The development of cell-mediated immunity is thymus-
dependent. This was initially shown in the mouse (205)
and shortly afterwards also in other animals (100, 150);
while the development of the capacity for antibody and
immunoglobulin production in the bird was found depen-
dent of the bursa of Fabricius (59, 325). A bursa-

equivalent organ in mammals has not been as clearly



identified; possibly the Peyer's patches and/or the

appendix serve a similar function (58).

3. Co-operation in the antibodv resnonse

After thymectomy, not only is the cell-mediated
immune response affected, but also the antibody response
to certain antigens (142). The requirement of both T
and B lymphocytes for a maximal antibody response to
moderate doses of sheep red blood cells (SRBC) has been
demonstrated in the mouse (54), and by the use of anti-
H-2 antisera and chromosome markers it was found that
the antibody-~forming cells were derived from B cells
(207).

The function of the T lymphocyte as well as of the
B lymphocyte is antigen-specific (19, 165, 206, 210, 214),
and through the use of haptens coupled to proteins it
was shown on the molecular level that co-operation takes
place between T and B cells directed towards different
determinants on the same antigen (213, 214, 261, 263).

Whether or not the T lymphocyte co-operating with
B cells in antibody formation and the cell active in
cell-mediated immunity belongs to the same or to two
different T cell populations, is an unsettled question

(283, 351).

L, The immunoglobulins

i Structure

The immunoelectrophoretic technique (106) revealed
a substantial heterogeneity of the antibodies, and the
term "immunoglobulin" (Ig) was proposed by Heremans (130)

to include all globulin classes associated with antibody



The four chain structure of the basic unit was pro-
posed by Porter in 1962 (251). Two Fab subunits, com-
posed of a L chain and the N-terminal half of the H
chain, are joined to the Fc part through a flexible
portion of the H chain, the hinge region (224, 279, 330),
which is particularly susceptible to enzyme attack (250).
Each of the Fab subunits again appears to be composed
of two smaller globular units (2&6) corresponding to
the homology regions (or domains) of the chains (77),
and the N-terminal half of a Fab fragment, obtained by
pepsin digestion, has been shown to contain the combin-
ing site (146). The technique of affinity labelling
(345) has also located the combining site as being at
the N-terminal half of the Fab (293), which from sequence
studies is known to contain the variable part of the H
and the L chain (reviewed in ref. 252).

The structures affecting the biological activities,
that are not a result of simple covering of antigenic
determinants, are located in the Fc portion. Activi-
ties mediated via Fc¢ include the fixation of complement
(147), the transmission across the placental membrane
(128), opsonic activity (29), fixation to cell membranes
thereby mediating immediate hypersensitivity reactions
(300) and passive cutaneous anaphylaxis (319). The
binding of immunoglobulins to leucocytes also appears
to be through the Fc portion of the molecule (21, 200,
238), and Fc seems to have a function in regulating the
IgG catabolism (85) and retain;ng the molecule in the

circulation (298).



ii. Tmmunoglobulin classes

There are three categories of antigenic markers
on the immunoglobulins:
a) markers which are present in all individuals

of a species, called isotypes. They define the light

chain groups and the classes and subclasses of the heavy
chains. Antisera are produced by cross-species immuni-
zation. Anti-class antisera do not normally show cross
reaction whereas the subclasses within one class share
antigenic determinants, which means that the antisera
must usually be absorbed to become specific (113, 312);

b) allotyvypes which are genetically determined

intraspecies antigenic differences (isoantigens), first
described in the rabbit (234) and human (117); and

c) idiotypes which are markers associated with a

particular antibody population and probably closely con-

nected with the variable region (44, 235).

Five i1mmunoglobulin classes have been defined on
the basis of antigenic and physicochemical analysis.
All (except IgAZ) contain the basic structure proposed
by Porter. The difference between the classes are
located in the H chains, while the two L chain types,
«and A are found in all classes.

IgG is the major serum Ig with a concentration of
around 12 mg/ml of human serum (84). Different num-
bers of inter-H-chain disulphide bridges are found in
human IgG subclasses which also have different biologi-~
cal characteristics with respect to complement fixation

(148), mediation of PCA (311) and binding to leucocytes

(1, 140, 200).



In the rat (as in the mouse) three subclasses,

IgG IgG,.. and IgG, (in order of increasing electro-

2a’ 2b 1
phoretic mobility) have been described (17, 39, 158,
222, 230). The concentration of IgG in normal rat
serum has seemingly not been determined; but in a

study on infected rats about 3 mg of IgG, and 2 mg of

2

per ml of serum was found (160). IgG, shows

IgG 5

1
binding to homologous cells, thereby mediating an

anaphylactic reaction (158, 217); in the mouse this
reaction is mediated by IgGy (282). Complement is

fixed both by rat IgG, and by IgG, (158).

2

IgA is the major Ig in sero-mucous secretions where
it is found as a dimer containing an additional secre-
tory piece and a J-chain (121, 314). It is also a
ma jor serum 1g in mouse and man occurring at concen-
trations of arouhd 1 and 3 mg/ml respectively (18, 84),
whereas in the rat (as in other mammals (131» it is a
trace Ig and was only recently identified through cross-
reaction with antiserum against mouse IgA (222).

IgM occurs in serum mianly as a pentamer with ten
combining sites (9, 20&), but low concentrations of
momonoric IgM are also found in serum (169, 295).

About 1 mg of IgM is found per ml of human serum (84);
in the rat a somewhat lower concentration (0.3 to 0.4
mg/mD has been reported (317).

IgD occurs iﬂ normal human serum in concentrations
of from 3 to 400 /ug/ml, mean 30 /ug/ml (273). No
biological activity has yet been assigned to it (297),
but it has recently been found on the surface of a
significant proportion of human lymphocytes (316).

It has so far been described only in humans.



IgE (reagenic antibody) is a trace Ig with concen-
trations in normal human serum of 100 to 700 ng/ml (153>-
Rat homocytotropic antibody or reagin (3&, 218) was
recently designated IgE on the basis of physicochemical

similarities with human IgE (302).

5. Cell surface immunoglobulin

According to the simples concept the cell-bound
receptor, postulated in the clonal selection hypothesis,
is similar or identical to the subsequently secreted
humoral antibody, and has therefore been predicted to
be an immunoglobulin (152). With regard to the T cells,
from which detectable amounts of antibody are not sec-
reted, this argument for immunoglobulin as the receptor
is weaker, although for reasons of economy, one might
find unattractive the idea of two different specific
recognition systems. The argument for immunoglobulin
receptors on the basis of biological economy might be
especially weak with regard to the T cell mediated re-
actions against allogeneic cells, since this recognition
system seems to require less diversity than is the case

for other immune reactions (62).

i. Methods of detection

The first indicatign of the presence of immuno-
globulin on the surface of lymphocytes (sIg) was achieved
through the induction of rabbit peripheral blood lympho-
cytes (PBL) into blast transformation and increased DNA

synthesis by in vitro incubation with anti-Ig antisera.

Transformation was induced with antisera against Fab

and Fc as well as against L and H chain (98, 284, 285)



Table I-1. Average percentage of surface-

immunogiobulin-positive lymphocytes in different

iyaphold organs.

Spccieszhymus lTDL ‘PBL !SpleeniLymph iMethod of ! Ref.
! | l 'node | Detection |
. | ‘ ! ! |
| | | : |
Rabbit ; . 55 | i Blast trans- | 286
| | f | i formation ;
| | | : !
<1 5 L 42 % 20 Mixed anti- j
! ; i ' globulin | 56
o § | 46 42 ; Fluorescent j
: | | ; : Anti-Ig i 243
; 85 | : 125 anti-1g 154
: i 3 ; | .
| | 53 | ; i " . 69
Mouse § o} ? % 30 i 38 E 20 ' Reverse immune
3 g | | ; ' cytoadherence 236
: i : : |
; o i | t 35 19 !Fluorescent
g : ! § |  anti-Ig . 261
0,7 ’ ; | 35 15 " 114
} ; ' ;
. <o,1 P14 g 49 i 7 ? " + 255
oL : 35 1 27 " 172
! ? i 1125 :
! 0,22 14 ¢ 41 1 17 1 I-anti-Ig 261
! s = *
! 4 ! | 34 i 29 18 ; " 156
3.7 31 § 33| f " |14
! i ! ‘ |
i 0.2 | 15 | .46 [ 22 " 1) | 228
; z f : | i
90 j i g " 2) 1 228
14 19 | | | " 3) | 16
; <lo § 44 |, 55 | 4o écytotoxicity ' 309
a o | |
Guinea % o ; A 6 | 9 | Reverse immune |
pig § ; : ; ; ' cytoadherence | 237
; z ? : i ‘ *
: 0.1 - f g8 28 | 23 EFluorescent |
; : ! § }Anti—Ig | 66
| ; ! i | |
Juman ; &5 : 'Blast transfor-
| i i | mation L4
' ! {
5 | ‘Mixed anti- |
3 } , globulin | 55
5 - i1l §Reverse immune
: | ; icytoadherence 236
I P ;
i 15 | % i Fluorescent
g | ! 'Anti-Ig | 244
| | lo ' 25 | ‘ " |
; j ’ | 26

1) sandwich technique 2) sandwich technique, T-cell-conditions

3) long exposure



Evidence was produced that the sIg was the active product

of the transforming cells (288), but the mechanism be-
hind the stimulation remains obscure (290).

More direct demonstration of sIg was obtained by
means of the mixed anti-globulin reaction where indica-
tor erythrocytes, coated with Ig, are brought to form
rosettes with Ig-bearing lymphocytes by the addition of
anti-Ig antiserum (55, 56). Another technique using
rosette formation for the demonstration of sIg is the
reverse immune cytoadherence test (236) where rosettes
are formed between Ig-carrying lymphocytes and erythro-
cytes coated with a protein (e.g. ovalbumin) through

the action of hybrid antibody ({the (Fab') fragment)

2
with one anti-Ig combining site and one anti-ovalbumin
combining site. The results obtained by the rosette
techniques are in overall agreement with those obtained
with human and rabbit PBL by the blast transformation
assay (Table I-1).

Rosette formation techniques are potentially very
sensitive but are seriously limited in not allowing for
quantitation. Both techniques demonstrate a substan-
tial number of lymphocytes carrying sIg of more than one
allotype (347) or Ig class (177). This finding, which
was also obtained with the blast transformation tech-
nique (289), can most likely be explained as the result
of adsorbtion of possibly only small amounts of Ig pro-
duced by other cells (see below).

More satisfactory methods of demonstrating sIg
have been developed through the adoption, for use on
living cells, of the fluorescent antibody technique

which was earlier used for the demonstration of intra-



Tible I-2. Classes of lymphocyte surface immunoglobulin.

!

I f !
S»hocies Cells %Ig4%Ing%IgM oIgA'°IgD! Method Reference

3 ] T
Rabbit PBL 42 31 23 ~ i{Mixed anti- | 56
‘ 2 | z !globulin |

f46 -3 40 | . Fluorescent .

‘ : . j 1 §anti-Ig | 243
Spleen 42 5 |36 L " 243

Mouse Thymus 4 % 6 4 { 4 E leSI -anti- Ig‘ 156

a 3,7(1,0 [0,3 11,5 ] " 14
: 14 0,5 0,5 0,5 | | " 1) | 1s
T™L 31 20 (24 21 f " 14
‘ 19 L 17 L 16
PEL 34 25 14 8 o 156
spleeni29 ilo |18 @ 4 % " 156
| 46 121 46 29 | " 2) | 228

33 .21 36 |23 i o 14

;35 119 527 E 3 i iFluorescent f

é % % % f ganti—Ig ; 172
‘ 35 14 16 a4 5 114
Lymph-: : ; ! § 2125

node 18 ;4 {l6e : 5 | f I-anti- Ig 156
9

‘Hybrid antl—f
‘body 122
‘Mixed anti-

|
|
Human ‘PBL |
§ 'globulin | 55
é
:

; ; :
§ ilo 5 6 ? 1 %Fluorescent E
: ! z f , Anti-Ig | 96
} 15 | 2 7 ‘o,5 ! i " 244
g 22 2,7 |9 o6 1 1w 292
3) 123 08 (15 4 ‘14 1w . 170
O s s 9 1 7 b 170
§ 3) | | 13 0,8 ‘15 5 " ; 275
| 4) 16 | g 2,7 g " 316
§ 4) ; 5,6 5,3 e i 274
. : | | s '
Spleen 25 | 7 |15 . 3 | B . 96
Sh Lymph. 20 18 23 | 12
eep ymph. 20 18 (23 - I- antl-Ig 82

1! long exposure. 2) sandwich technique. 3) neonatal PBL.
4) adult PBL.
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cellular antibody or Ig (57, 233). Cell suspensions
are incubated with fluorescein- or rhodamine-labelled
anti-Ig, washed and examined by fluorescence microscopy
(261). This method is semiquantitative but rather
insensitive, requiring a high density of sIg for label-
ling. It was estimated to be several orders of magni-
tude less sensitive than the autoradiographic technique,
where cells are labelled by incubation with radioiodi-
nated anti-Ig (261). Nevertheless the same number of
sIg positive cells were found by the two techniques in
mouse spleen and lymph node cell suspensions, 33-44%
and 15-23% respectively. Among thymocytes, positive
cells (less than 1%) were found only by the autoradio-
graphic technique (261). Controls with metabolic in-
hibitors to exclude active uptake of labelled Ig produced
no change in the frequency of positive cells; only the
redistribution of bound anti~Ig into a polar "cap"

and the following pinocytosis was infliverced (310).

Many groups of workers have used Jiucoirescent or
radioiodinated anti-Ig for labelling sIg (Table I-1 & 2).
The sensitivity of both methods may be increased through
the addition of labelled anti-anti-Ig (228, 262).

Other methods used to detect the presence of slIg
include: the hybrid antibody technique, where antibody
with one anti-Ig site and one aﬁti—virus combining site
allows for the subsequent localization of bound virus-
antibody complex by electron microscopy (122); ferri-
tin or haemooyanin labelled anti-Ig which may also be
located by electron microscopy (72, 164); complement-

mediated cytotoxocity (309); and the inhibition of
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immunoglobulin synthesis observed as a result of treat-

ing cells in vitro with anti-Ig before injection into

an irradiated host (132) or treatment of a whole animal
with injections of anti-Ig (134, 176, 183, 189). The
suppression of Ig synthesis which may be observed after
treatment with anti-Ig is not necessarily a result of
the direct interaction of anti-Ig with immunoglobulin
bearing cells, but may be due to active, specific
suppression of B cells by T cells (135). The method
is obviously non-quantitative.

A more direct approach to the demonstration of
sIg on AFCP has been adopted by Wigzell et al. (335).
They were able to show,in a transfer system, that AFCP
of a certain class (IgGZa)’ but not of other classes
(IgGl and IgM), are retained upon passage of SRBC-
primed mouse spleen cells through a column of plastic

beads coated with IgG + excess anti-IgG

2a 2a°

Results obtained by the different methods are com-
piled in Table I-1 & 2. It appears that species dif-
ferences are consistently observed, most notably in the
percentage of sIg positive cells in PBL and spleen,
where the values in the rabbit are higher than in any
other sper’ s ~xamined. When the cells are examined
by cliass-s5,.ucisic reagents there is general agreement
that IgM is the most prominent sIg, but IgA and IgG
have also been found on a large proportion of cells.
There is now also evidence of surface IgD on a signi-
ficant number of human PBL. With fluoféécent anti-IgE
most human PBL samples (cord blood) do not show any

positive lymphocytes (170).
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Only few attempts of quantitating the sIg have been
carried out but the number of anti-Ig molecules bound
per positive cell has been estimated as 40,000 to
160,000 from binding of radioiodinated (80, 228) or
ferritin iabelled anti-Ig (72).

It is obviously of crucial importance to demonstrate
that the sIg is the active product of the cell on which
it is being detected. The sum of the cells found posi-
tive with the different anti-class reagents in some
cases agree with the number of positive cells detected
with anti-Fab or anti-L chain reagents, as the clonal
selection theory predicts, in other cases the sum is
much higher,ithe so-called phenomenon of superaddition
(Table I-2). In one study (228) where superaddition
was seen it was indicated that this might be caused by
passively adsorbed Ig since one class (IgM) was present
in significantly larger amounts than other classes.
Passive adsorbtion was also indicated by the retention

of sIgM, but loss of sIgG on in vitro incubation of

sheep lymphocytes (83).

A further’ooﬁplication is that one cell apparently
may switch from the production of one Ig class to the
production of another class (167, 227, 244, 304). It
has also been shown by fluorescence double labelling
that‘sIgD is present concomitantly with sIgM on human
lymphocytes (170, 274). In this case evidence was
obtained that the Ig of both classes is actively pro-
duced by the cell. Cells were incubated with anti-IgD
or anti-IgM under conditions brining about the endocy-

tosis of the slg. Upon prolonged incubation in vitro

sIg of both classes were re-expressed on the membrane (274)
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A clear demonstration that the Ig detected on the
surface of individual cells is the product of the cell
that carries it have been obtained from studies of
allotypical restriction of sIg on lymphocytes from
heterozygous rabbits (2&3). The allotypic restriction
was demonstrated for a- and b-locus determinants through
double labelling with fluorescein and rhodamine labelled
reagents. The a-locus determinant is located in the
variable region of the H chain and shared by H chains
of different classes, and the b-locus determinant is
located on the L chain. Restriction with regard to
the b-locus determinant was confirmed by Davie et al.
(69), and Freland & Natvig (95) have found allelic ex-

clusion of IgG, on human lymphocytes. These studies

1
have demonstrated, that the bulk of the sIg present on
a lymphocyte is of one type, but have not excluded the
presence of a minor proportion of passively adsorbed Ig
of the other allotype. Similarly, restriction with
regard to the IgG, IgA and IgM has been found by double
labelling of human lymphocytes with fluorescent reagents
(95).

Recently Jones et al. (157) published results con-
tradictory to those described above although obtained
by similar techniques. They found up to 63% of hetero-
zygous rabbit PBL double stained with anti-b allotype
antisera. While the reason for the discrepancy remains
to be established, Jones et al. also demonstrated that
the observed double staining was most likely due to Ig

passively adsorbed onto cells restricted to synthesizing

sIg of only one allotype: the proportion of cells bearing



two allotypes was greatly reduced if the cells were en-
zymatically stripped of their membrane Ig and then

allowed to regenerate in vitro. The superaddition

with regard to rabbit allotypes, which have been found
by the blast transformation technique (289) and the
mixed anti-globulin reaction (347), may be explained
by the presence of passively adsorbed serum Ig.

A completely different approach to the study of
sIg was made possible through the development of the
peroxidase-catalysed iodination of proteins (190). It
was found that molecules of the surface membrane of
cells could be labelled by lactoperoxidase-catalysed
incorporation of 12T (22, 191, 245). Radioiodinated
mouse spleen cells were solubilized and anti-Ig was
used to precipitate labelled immunoglobulin, which
could subsequently be identified on acid urea or SDS
polyacrylamide electrophoresis as belonging mainly (192)
or virtually entirely (321) to the IgM class. Pos-~
sible reasons for the discrepancy between this result
and the results obtained with labelled anti-Ig will be
discussed in Chapter VIIT.

The presence of sIg on lymphocytes has also been
deduced from the inhibition of antigen binding or of
immune reactions by treating the cells with anti-Ig.
Results obtained by this approach will be dealt with in

section 7.

idi. Cells carrving surface Ig

The majority of the cells carrying slIg have been

identified as small or medium-sized lymphocytes (69,
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243, 258). Immature plasma cells also appear to have
sIg whereas it is not generally found on mature plasma
cells (122, 193, 225, 244),. Nor do macrophages have
easily detectable amounts of sIg (255).

Most methods used for the detection of sIg show a
proportion of lymphocytes that do not give a positive
reaction for sIg, and Raff (258) found in the different
lymphoid organs of the mouse an inverse relationship
between the number of sIg-bearing lymphocytes and the
number showing the theta alloantigen, an antigen which
seems characteristic for the thymus-dependent lympho-
cytes.

Since then there has been general agreement about
the presence of easily detectable amounts of sIg on B
cells, whereas there continues to be much controversy
about the existence or otherwise of sIg on T cells.

The majority of groups searching for sIg on T cells
have failed to detect any by direct labelling using
anti-Ig marked with fluorescent probes (168, 172, 256,
259, 315), radioiodine (242, 261) or ferritin (72).

Analysis by cytotoxic and lymphocyte transformation
methods has also failed to detect sIg on T cells (5, 149,
309).

In those instances where T cell sIg was detected
with anti-Ig reagents, By the use of radioiodinated
anti-JTg in a sandwich technique or by prolonged exposure
of the autoradiograph, it was found in much smaller
quantities than on B cells‘(l6, 228). The problem of
passively adsorbed Ig then becémes critical, and it has

been shown that T cells may adsorb Ig. This was demon-

strated for chicken T cells and T cell lymphomas (115,
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327); and antigen stimulated mouse T cells have been
found to bind antibody complexed with antigen (232, 350).
A direct way of assessing whether or not the T cell sIg
is the active product of the T cells would be through
the demonstration of allotypic restriction or otherwise
of T cell sIg as has been done with regard to B cell
slg. This approach was recently employed by Hunt &
Williams (144) in a study of rat T cell sIg. Their
experiments clearly showed that most xat T cell slIg is
passively acquired. The method used for the deter-
mination of sIg was as that worked out in some of the
experiments described in this thesis (Chapter V), and
the results will be further discussed in Chapter VII.
One group, Marchalonis and co-workers (192) has
reported the finding of similar amounts of sIg on mouse
T and B cells as analysed by the lactoperoxidase-cata-
lysed iodination technique. By the same technique
Vitetta et al. (322) failed to demonstrate any T cell
sIg. As discussed in Chapter VII it is most likely
that the results obtained by Marchalonis and co-workers

are wrong.

6. Binding of antigen to cell surfaces

i. Methods of detection

The specific bindihg of antigen to cell surfaces
was first demonstfated with the use of particulate
antigens, such as bacteria in the bacterial adherence
test (127, 18M) or erythrocytes by the "immunocyto-
adherenceﬁ or "rosette forming'cell" (RFC) technique
(229, 352). The specificity of this type of binding

was indicated by the selective increase in the number



of cells binding an antigen upon immunization with this
antigen without increase in the number of cells binding
non cross-reacting antigens (36, 338). The use of
particles coated with soluble antigen also made it
possible to demonstrate specificity through the inhi-
bition of the rosette formation by the relevant soluble
antigen (13, 338). Rosettes were found also when pre-
cautions were taken to exclude binding to macrophages
(36, 338); and no, or very few mixed rosettes were
formed by macrophage-depleted cells from normal mice or
mice immunized with two different types of erythrocytes
(12, 108, 173), indicating that the rosette formation
is not caused simply by cytophilic antibody. Examined
by electron microscopyy, the majority of the rosette-
forming cells showed the characteristics of lymphocytes
(308), which has also been found to be the case when
other techniques of detecting antigen-binding cells
(ABC) were used (188, 221). At some stages in the
immune response blast-like cells or plasma cells may
also be found to bind antigen, whereas mature plasma
cells seem to have lost the antigen-binding capacity
(195, 339, 340) as they have also lost their sIg (sec-
tion 5—ii).

The binding of soluble antigen has also been exa-
mined by the incubation of cell suspensions with radio-
iodinated antigen followed by autoradiography. When
live cells were labelled at 0° C negligible non-specific
binding was seen compared with the selective labelling
of a minor part of the cells (52, 141, 221), in contrast
to the high background earlier found after incubating

o]
at 37° C (24). That the labelled antigen was bound to
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the cell surface was supported by the binding at 0° C
in the presence of metabolic inhibitors, and was
directly demonstrated by electron microscopy (188).

As with the RFC technique the specificity of the bind-
ing could be demonstrated by inhibition with unlabelled
antigen (52, 221), and by the specific increase in the
number of ABC upon immunization (141, 221). A major
advantage with the immuno-autoradiographic technique
compared with the rosette technique is that it allows
for the quantitation not only of the ABC number, but
also of the amount of antigen bound per cell.

The frequency of normal mouse spleen cells forming
rosettes with SRBC has been estimated at around 0.5 to
1 per 1000 cells, with a 10-fold increase following
immunization (110, 111). About 10 times fewer spleen
cells were found to bind pneumococcal polysaccharide (139)
or chicken gamma globulin (15) coated SRBC. The auto-
radiographic technique has yielded estimates of the
frequency of antigen binding cells similar to those
obtained by the rosette technique: 0.1 to 0.9 cells
per 1000 normal mouse (52, 220) rat (52), or guilnea-—
Pig (66) spleen cells were found to bind significant
amounts of radioiodinated BSA (220), flagelling (52),
haemocyanin (52), or DNP-guinea-pig albumin (66).
Techniques requiring the binding of a rather high num-
ber of antigen molecules for the detection of ABC, the
fluorescent sandwich technique (262) and the =:-galac-
tosidase technique (216, 272), have yielded somewhat
lower estimates of the frequency of cells binding pro-

tein antigens (0.0l to 0.07 per 1000 normal spleen cells).
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In general these results are compatible with the
selection theory in as much as they demonstrate a fairly
low frequency of virgin ABC. Of grcater significance
is, however, the demonstration of an immunological
function of the antigen binding cells. This has been
achieved through the selective depletion of the immune
capacity of a cell population by the removal of the
antigen-binding cells by treatment of the cells with
immunoadsorbents (66, 129, 333, 334), by selective
sedimentation of RFC (12, 239) or by radiation-induced
inactivation of cells binding a highly radioactive anti-
gen (2, 19, 141, 267).

Direct indication of the restricted specificity of
the antigen-binding cells was obtained from the experi-
ments of Raff et al. (262), which showed that capping
of sIg by incubation with an antigen was accompanied by
almost complete disappearance of sIg on the rest of the
cell surface as judged by immunof luorescence with label-
led anti-Ig. On the basis of independent capping of
separate membrane molecules (170, 310) this seems to
show that B cells display only one type of receptor.

The restriction of the receptor specificity of the
individual cell is also supported by the results of the
ma jority of experimenfs where cells from animals
immunized with two non-cross~reacting antigens have
been examined for the occurrence of double-binding cells
(10, 163). Double-binding cells have been detected,
but it seems most likely that these resulted from
passively adsorbed antibody (61, 163, 215, 327); es-
pecially antibody produced early in the immune response

has been found to be cytophilic (163).
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ii. Antigen-binding B and T lymphocytes

The occurrence of antigen-binding by B cells has
been clearly established in experiments where differen-
tiation of the ABC into T and B cells were performed,
both when antigen binding was studied directly (66,

174, 262, 309) and when functional assays were employed
(19, 267, 332).

The demonstration of antigen-binding T cells has
proved more difficult. This may be due to a lower
density of receptors on T cells than on B cells (266).
Attenipts to remove helper-activity through the deple-
tion of RFC (46, 101, 341) or adsorbtion of antigen-
binding T cells onto antigen coated columns (276, 332)
have thus failed. However, through selective, radia-
tion-mediated elimination of helper cells, as well as
of AFCP, 1t was demonstrated that T cells as well as
B cells have antigen-specific receptors (19, 267).

T cells active in delayed hypersensitivity reaction
against a protein antigen have also been found to be
susceptible to such treatment (72), and T cells have
been selectively adsorbed on monolayers of cells dif-
fering with regard to strong histocompatibility antigens
(45, 99).

The morphological demonstration of antigen-binding
T cells rests mainly on.the use of alloantisera specific
for the mouse T cell associated theta antigen, or hetero-
logous anti-thymus antisera. Conflicting results have
been obtained when depletion of mouse antigen-binding
cells through the cytotoxic action of such antisera

were studied (112, 174, 266, 309). With fluorescence-

labelled anti-theta reagents it was however possible
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more directly to demonstrate antigen-binding by T cells
through the use of this reagent in combination with

the rosette technique (lO) or the autoradiographic tech-
nique (268). It was noted that theta-positive RFC
stained significantly less with the anti-theta reagent
than the non-rosette-forming theta-positive lymphocytes
(lO). This low density of the theta antigen on antigen-
binding T cells, which was also noted with an indirect
fluorescence technique (278), could be another reason
(the low density of T cell receptors has already been
mentioned) for the negative results on antigen-binding
by T cells obtained both with cytotoxic analysis (174,
309) and with fluorescent labelling of T cells (172,

277) . It also suggests that these cells belong to a

T cell subpopulation.

7. Evidence of an immunoglobulin nature of the lvmpho-

cyte receptor for antigen

The principle behind the experiments performed in
order to investigate the putative immunoglobulin nature
of the antigen receptor is the use of anti-Ig antisera
to block antigen binding. Inhibition of attachment of
antigen by pretreatment of the lymphocytes in the cold
with such antisera would seem ﬁo suggest an antigenic
similarity between the receptor and immunoglobulin.

In this manner it was possible to inhibit the rosette
formation with SRBL by normal and by immune mouse spleen
lymphocytes through incubation with anti-Fab, anti-L
chain or anti-whole-IgG (35, 111, 194). When class-

specific antisera were used it was revealed that anti-
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IgM could inhibit most of the rosettes formed by normal
mouse or rabbit cells, while anti-IgG had less effect.
The effect of anti-IgG became more prominent after
immunization (llO). It was, however, also found that
rosettes formed shortly after immunization could be in-
hibited by more than one anti-class antiserum, 1.e.

the inhibition showed superaddition (37, 108, 110).
Superaddition was also observed by inhibition with anti-
allotype antisera (109). These results cannot be ex-
plained by the lack of specificity of the used reagents,
since later in the immunization the observed results
were compatible with class or allotypic restriction
(108, 109). The superaddition results, whether caused
by passively adsorbed antibody or not, show that the
inhibition of antigen binding by anti-Ig does not re-
gquire direct interaction of the anti-ITg antibody with
the antigen-binding molecule, since, for example, IgG
specific antibody can interfere with antigen-binding
molecules both of the IgG class and of the IgM class.
What can safely be concluded is then presumably only
that Ig and antigen receptors are present on the same
cell.

Analogously with the inhibition of rosette forma-
tion, it was also possible to use anti-Ig antisera to
inhibit the B cell binding of radioiodinated antigen
as analysed by autoradiography. Of the anti-class
antisera anti-IgM was the most efficient in inhibiting
the antigen binding by normal mouse and human cells
(76, 326), while antigen binding by guinea-pig cells was

mainly inhibited by anti-IgG, antiserum (66).

2
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A more direct demonstration of an Ig nature of the
B cell receptor was achieved by Raff et al. (262) in
the experiments already mentioned. By a fluorescent
double labelling technique they found that capping of
antigen (polymerized flagellin) on spleen cells from
normal or immune mice was usually accompanied by the
capping of more than 95% of the surface Ig. The cap-
ping phenomenon was also exploited by Roelants et al.
(268) who demonstrated redistribution of receptors for
radioiodinated haemocyanin and synthetic polypeptide
(TIGAL) after treatment with anti-Ig antisera at a con-
centration insufficient to inhibit antigen binding.
Such redistribution was observed with T cells (fluores-
cent anti-theta positive cells) as well as with B cells
(fluorescent anti~Ig positive cells) from immunized mice.
So far this is the clearest morphological demonstration
of the presence of antigen-binding immunoglobulin mole-
cules on T cells. No functional assays were included
in these studies.

Results obtained by functional approaches to the
study of the nature of the receptor have repeatedly in-
dicated an inhibitory effect of anti-Ig treatment on

antibody production in wvitro or in vivo. Most of the

experimental systems do not, as some authors also point
out, demonstrate that the effect of the reagents is on
the level of the cell-bound receptor (66, 97, 132, 180,
212, 326). Nearest to demonstrating this are the ex-
periments by Walters and Wigzell (324) who showed a
significant inhibition of the adherence of AFCP by pre-
treafing cells with anti-H chain antisera before sub-

jecting them to affinity chromatography on antigen-coated
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plastic beads. Memory cells for the production of
antibody of one, but not of another, IgG subclass
would selectively sneak past the beads when coated with
the relevant antiserum. This kind of inhibition sug-
gests a steric association between the receptor and
the sIg but, as stressed before, does not prove iden-
tity. The same holds for the experiments demonstrating
the inhibition by anti-L chain antisera of radiation-
induced elimination of T cells (19, 60). These papers
moreover contain insufficient data to enable an evalua-
tion of the specificity of the antisera used. Another
group (lh3) who studied suppression of antibody formation
by treatment of mouse spleen cells with radioiodinated
antigens, without differentiating into T and B cell
functions, obtained in one experiment positive evidence
of inhibition of the suppression with anti-Ig antisera,
but were later unable to repeat this result. Thus far,
radiation-induced "killing" of B cells has not been re-
ported to be inhibited by anti-Ig antisera.

It has also proved difficult to inhibit T cell

functions, assayed in vitro or in vivo, by treatment with

anti~-Ig antisera which do interfere with the B cell
function. Conflicting reports on this subject have
been discussed by Crone et al. (62) who emphasized

the crucial importance-of adequate specificity controls
of the antisera employed and of reproducibility. They
also proposed an explanation of how the finding by
several groups of specific antigen binding by a small
proportion of T cells through i1mmunoglobulin molecules
could be compatible with a T cell receptor of non-Ig

nature: antigen gently held by T cell receptors could



become covered by IgM antibody to which antigen in vitro

may be specifically attached by free binding sites. No
experiments have yet demonstrated by genetic markers
that the antigen binding Ig detected on T cells is of

T cell origin.

8. The present investigations

It is evident from the literature discussed in
the preceding sections that much indirect and non-
quantitative investigation of the antigen receptors has
been carried out. Clearly, a true identification of
the antigen receptors can only be achieved through the
isolation of these molecules in order to allow for
physicochemical characterization. The present work
was initiated in search of an approach that could lead

towards the isolation of antigen receptors.

i. Urine as a source of antigen binding molecules

The first approach was to examine the possibility
of using urine as a source of lymphocyte derived antigen-
binding molecules. The possibility was being considered
that cell bound receptors might be of low molecular weight,
since, unlike serum proteins, they need not have a con-
siderable size to provide them with a low filtration rate
in the kidneys; or, if of a special immunoglobulin class,
they might fragment easily in the blood. If detached
from the lymphocyte surface such receptors might be
more concentrated, relative to normal antibodies and other
proteins, in the urine than in the plasma.

These ideas were'supported by: a) the reports on

the occurrence of low molecular weight antibody in normal
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human urine (124, 198, 199, 264). These antibodies have
not been fully characterized but they may have a molecular
weight of less than 20,000; b) the occurrence in normal
urine of immunoglobulin fragments (L chains, Fc, and Fc')
and intact immunoglobulin in similar quantities (26,

51, 94, 107, 306, 328) although intact immunoglobulin
seems stable towards degradation by urinary enzymes (32);
c) the immunological demonstration by Halbert et al.
(119) of tissue-derived antigens in significantly higher
concentration in urine than in plasma. Antisera raised
against homogenized human tissue were absorbed with plasma
until no precipitation could be seen in Ouchterlony
assays against plasma. With urine concentrate in the
Ouchterlony assay such absorbed antisera detected tissue
antigens presumably not derived from the kidney.

It can, of course, now be added that recent infor-
mation on thelgz—microglobulin (87) has amply demonstrated
that a small, lymphocyte membrane protein may indeed be
recovered from normal urine.

The rabbit was chosen as the experimental animal
for the study of urinary antibodies because it is easy
to obtain relative large quantities of urine from this
animal, and its humoral antibodies are well described.
Rabbits were immunized with DNP- or NIP-bovine gamma
globulin, and the urinafy pProteins binding radioactive
DNP or NIP haptens were used as markers in the purifi-
cation of all the proteins with similar physicochemical
characteristics. The high affinity of the binding of
hapten by antibody or antibody'fragments (202) made it

possible to follow the activity during the chromatographic



procedures simply by adding radioactive hapten to the
samples.

By this technique low-molecular-weight antigen-
binding material was found in the urine buﬁ proved to
be Fab, presumably derived from serum IgG. No other
low-molecular-weight hapten-binding molecules were de-
tected, and another approach to the receptor problem

was examined.

ii. Labelling of lymphocyte receptors

A direct approach to an identification of cell
receptors is the introduction of a radioactive affinity
label into the active site thereby enabling an easy
tracing of the receptor molecules during elution from
the cells and subsequent purification steps. It also
allows for direct analysis of labelled, solubilized
molecules by immunological and physicochemical methods.

When studying antigen receptors one has the advan-
tage of being able to design the affinity label first,
and then, by immunization, raise a population of memory
lymphocytes directed specifically against the chosen
label. On the other hand one has to cope with the
problem that only a small fraction of the total pool
of receptors will have specificity towards the reagent.
If the diversity among ;eceptor molecules is assumed

to be of a similar degree to that in humoral antibodies

27 .

’

it should however be possible to use the label introduced

in the specific receptor molecules as marker for the
total pool of receptors, thus making a purification
more feasible. Alternatively one would have to find

a way of increasing the proportion of hapten specific
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cells. In any case it is essential to use a reagent
labelled with an isotope of high specific activity since
the amount of protein one may be dealin with is very

low (section 6). Radioiodine is, with a half 1life of

lBlI), the isotope of

60 days for 1251 (or 7 days for
choice.

The obvious reagent to use for the affinity label-
ling is the NAP (nitro-azido-phenyl) compound developed
by Fleet et al. (91). This reagent has the tremendous
advantage of being non-reactive in the dark, allowing
for specific binding to the receptors on the live cells
before the coupling reaction is triggered by photo-
activation of the azide group to nitrene. With this
hapten it may hence be possible to obtain significant
labelling of the receptors even when present in small
amounts relative to other membrane proteins.

A suitable reagent would have to be a haptenic
compound rather than an easily synthesized radioiodinated
NAP-protein which could cross-link receptors and would
be too complex for subsequent analysis. Before con-
structing such a radioiodinated NAP reagent it was ex-
pedient to carry out model experiments in order to test
the feasibility of, and optimal conditions for, demon-
strating specific binding to lymphocytes of a haptenic
molecule. NIP-cap (48) was thé hapten chosen for this
purpose.

Some initial experiments were performed with spleen
and lymph node cells, but the principal cell source
was thoracic duct cells, which appeared to be the most
ideal cells for the study of antigen receptors. Tho -

racic duct cells consist almost entirely of small lym-
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phocytes which are known to include virgin immunoreactive
cells as well as memory cells (137, 145). Apart from
small lymphocytes the thoracic duct lymph also contains

a few percent of large lymphocytes, but only very few
plasma cells or macrophages (103). The rat is a con-
venient experimental animal since a relatively large
number of TDL can readily be obtained.

25IP—cap binding to rat lym-

The experiments on Nl
phocytes clarified the feasibility of the use of a hap-
ten for labelling lymphocytes, and furthermore it appeared
that, even with this non-covalently attached label, a
substantial amount of information could be obtained on
the nature of the receptor. The work with this hapten
was hence continued, while the synthesis of a NAP label-
ling reagent was commenced by Dr. J. Knott of this
laboratory.

In the initial series of experiments on TDL-de-
rived Nl251P-cap binding molecules the anti-NIP activity
was found to be associated mainly with an unusual immuno-
globulin molecule. During the course of the experiments,
however, a sharp decrease in the recovery of this anti-
NIP material occurred and it became apparent that fur-
ther progress required the use of the affinity labelling
reagent. Another line of investigation was adopted at
this time as the producfion of.a suitable reagent proved

difficult.

iii. ITmmunoglobulins of rat lyvmphocytes

As evidence by the reports discussed in the pre-
vious sections many groups have detected Ig on the sur-

face of B lymphocytes and obtained some evidence that
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antigen receptor. Little quanti-
however, been attempted. Quan-~
important in evaluating the fea-
studies. For the reasons men-

the main cell source examined for

surface immunoglobulin and also for internal immuno-

globulin in order to assess whether or not these cells

indeed consitute a good source for the study of antigen

receptors. Evidently quantitative comparison of sur-

face and total lymphocyte Ig may also yield information

on the existence of membrane Ig, hidden for detection

with surface reagents.
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1. Chemicals

Chemical reagents and solvents were generally of analytical
grade and were obtained chiefly from British Drug Houses Ltd.,
Poole, Dorset (BDH), and Sigma Chemical Company, St. Louis,
Mo., USA.

The ionic detergent, sodium dodecyl sulphate, SDS, (sodium
lanryl sulphate, specially pure, min 99%) was obtained from
BDH. The non-ionic detergent, Triton x=-100 (octylphenoxypoly-
ethoxyethanol; M.W. 600~1000 daltons) was from Rohm and Haas
Co., Philadelphia, Pa., USA.

Sources of less frequently used non-standard chemicals are
given in the text where appropriate.

NIP-cap and related haptens. The compounds 4-hydroxy-3-nitro-

phenacetyl-£—amino-N-caproic acid (NP-cap); 4L-hydroxy-3-iodo-
5-nitrophenacetyl azide (NIP-azide), and 4-hydroxy-3-iodo-5-
nitrophenacetyl-s-amino—n-caproic acid (NIP-cap), were pre-

pared according to Brownstone et al. ( 48).

2. Buffers and Media

Tris-buffered saline (TBSl was normal saline buffered with tris

(trishydroxymethylaminomethan; Trisma base, Sigma): O0.14M
NaCl, 0.0lM tris + HC1 to pH 7.4, 0.02% (w/v) NaNj.

Tris buffer used in chromatography was 0.025M tris + HC1 to

pH 7.4, 0.02% (w/v) NaNg.

Buffered Balanced Salt Solution (BBSS) was prepared according

to Shortman (291).

Dulbecco's A + B (DAB) was purchased as a salt mixture ready

for dilution with water from Oxoid Ltd., London. DAB-1 con-
tained in addition 1 unit of heparin/ml, and DAB-20 20 units

of heparin/ml (Heparin B.P., Evans Medical Co., Liverpool).

It was sterilized by autoclaving.
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Bovine serum albumin (BSA) solution was prepared according to

Legge & Shortmann (178) using Cohn fraction V, Sigma.

Foetal Bovine Serum (FCS), "Rehatuin F.S.", Reheis Chemical

Company, Chicago, Ill., USA, was diluted to 5% CW/V) with
BRBSS, and filtered through a 0.22 /u Millipore filter before
use.

Antigen diluent. The antigen diluent used in inhibition

assays was 0.05M tris + HC1l to pH 7.6, with O.l% NaN and 3%

31
(w/v) BSA (Cohn fraction V, Sigma) .

Antiserum diluent (S-diluent) was antigen diluent with addi-

tional normal rabbit serum (10 to 15%) to provide rabbit im-

munoglobulin for co-precipitation with horse anti-rabbit IgG.

3. Animals

Inbred PVG/C Carshalton strain female rats aged 8-12 weeks

were used in all experiments on the binding of labelled anti-
body and measurements of total cellular immunoglobulin. Out-
bred female Wistar rats were used in hapten-binding experiments.
In a few of these expériments inbred PVG/C rats were also used.
Outbred Wistar rats were used as source of serum and milk for
the preparation of immunoglobulins.

Antisera were raised in young adult New Zealand White rabbits,
and Hartley guinea pigs.

Mouse phymus cells were obtained from BALB/C mice. Some of
the PVG/C rats were a gift from the Sir William Dunn School of
Pathology, Oxford; the other animals were bought from Oxford-

shire Laboratory Animal Colony.

L, Protein estimation

Protein concentrations were estimated from E L cm A
280 nm*

value of E i%cm’ 280 nm = 13.5 was taken as standard for the
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calculation of immunoglobulin concentrations ( 63).

5. Chromatography

i. Conventional chromatography

DEAE-and CM-Sephadex, and Sephadex G-100 and G-200
were manufactured by Pharmacia Fine Chemicals, Uppsala,
Sweden; DEAE-cellulose was from Whatman Biochemicals Ltd.,
Maidstone, Kent. All chromatography was performed at L.
Equilibration with buffer and packing of columns were
carried out according to standard methods following the
manufacturers' directions. Adequate equilibration with
ion exchange media was ensured by measuring the conducti-
vity and pH. In gel chromatography experiments the flow
of buffer was maintained by gravity feed under constant
pressure produced by means of Mariotte flasks for buffer
reservoirs. During ion exchange chromatography constant
flow rates were produced with peristaltic pumps from LKB
Produkter AB, Stockholm, Sweden. Fractions were collected
with fraction changers equipped with syphons delivering
constant volumes or, in some ion exchange experiments, with
fraction changers triggered by drop counters (LKB).

ii. Affinity chromatography

Lodrlinay

In‘éffihity chromatography the protein to be purified
is passed through a column containing an insoluble gel to
which a ligand has been covalently attached. Proteins
not exhibiting appreciable affinity for the ligand are
washed off with saline, leaving the protein with higher
affinity adsorbed to the column. By changing the condi-
tions it may then be possible to lower the affinity suffi-

ciently to elute the adsorbed protein.
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Proteins can be coupled to cross-linked dextrans or
agarose after cyanogen bromide activation of sugar moities
on the gel to imido-carbonates ( 11, 24§. We used the
modified procedure described by Cuatrecasas ( 6h) for coup-
ling of antibodies to Sepharose 4B (Pharmacia Fine Chemi-
cals, Uppsala, Sweden). The coupling efficiency, estima-

ted from E of the supernatant, was greater than 95%

280 nm
for coupling of 0.2 mg to 10 mg of protein per ml of beads.
The protein-coated beads were washed extensively with
Tris buffer + 0.5M NaCl, and with 1M propionic acid before
use as an adsorbent. In order to minimize non-specific
adsorption the protein solution to be purified was passed
through a column of non-coupled Sepharose before going on
to the affinity column. Usually two 10 ml plastic syringes
in series were used. Application was at a rate of about

10 ml per hour. The upper column containing Sepharose

only was removed and unbound protein washed off with Tris

l cm
280 nm

less than 0.01. Adsorbed protein was then eluted with 1M

buffer + 0.5M NaCl until the E of the effluent was
propionic acid, which was immediately neutralized with 2M
NaOH or 2M tris to pH 7.5. Sera were heated to 56°C for
30 min., for complement inactivation before application.
All operations were at L°¢. The method was similar to

that described by Boegmann & Crumpton ( 40).

6. Concentration of protein solutions

Dilute protein solutions were concentrated by ultra-
filtration on Amicon units with UM 10 membranes (Amicon,
Oosterhout, Holland) or by filtration through Visking dia-
lysis membranes (8/32) at the vacuum generated by a water

pump.



35.

7. SDS polyacrylamide gel electrophoresis

The electrophoresis was carried out as described by
Fairbanks et al. (86 ), with some minor modifications, on
Shandon electrophoresis equipment (Shandon Scientific Co.
Ltd., London) with 5 mm i.d. running tubes. Concentra-
tions of acrylamide and N,N'-methylene-bisacrylamide in the
gel solution were 5.6% and 0.21% respectively. Samples
were incubated for 1 hour at 45°C in 4 M urea containing
l% (w/v) SDS and ° ‘! iodoacetamide (unreduced sample) or
1% (w/v) dithiothreitol -~ ~Juced sample) after which
1/10 volume of 1.5 M iodoacetamide and 1/4 volume of 0.U5%
bromophenol blue were added to the sample (about 50 /ul
containing 20-50 /ug protein) before it was loaded onto the
gel beneath the electrophoresis buffer. The gel contained
1% (w/v) SDS, the buffer 0.2% (w/v) SDS; both contained
0.04 M tris + 0.02 M acetate, adjusted to pH 7.4 with ace-
tic acid, and 2 mM EDTA. Electrophoresis was at 8'mAmp/
tube for about 2 1/2 hours until the dye had reached a
position close to the end of the tubes. The protein bands
were stained with Coomassie brilliant blue as described by
Weber & Osbo#ne (329) and destained electrophoretically in
7.5% (v/v) acetic acid, 5% (v/v) methanol, on a Canalco
destainer (Canal Industrial Corporation, Rockville, Md.,
USA). Densitometer tracing was performed on a Joyce-
Loebl densitometer (Joyce, Loebl & Co. Ltd., Gateshead,
Durham) . An estimate of the relative amounts of material
in the stained bands.was obtained from the weight of the

graph paper under the peaks.
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8. Immunodiffusion and immunoelectrophoresis

Antigens and antisera were assayed by micro-Ouchterlony
immunodiffusion. One per cent agar (Special Agar-Noble,
D;fco Laboratories, Detroit, Michigan, USA) in 0.05 M bar-
bital buffer, pH 8.6, was poured onto microscope slides to
form a 1 mm deep layer. Holes for protein solution (1 mm
diameter) were made with a pasteur pipette. Serial dilu-
tions of antigen and/or antiserum were always performed.
Relative concentratiohs in fractions were estimated from
the dilutions producing lines of equivalence.

Immunoelectrophoresis was carried out on slides as
above according to the micro-modification by Scheidegger
(280) on a Shandon cooled-plate electrophoresis apparatus
(Shandon Scientific Company Ltd., London).

After diffusion for 24-48 hours at room temperature
the plates were washed in saline and stained with Coomassie

brilliant blue prepared as for polyacrylamide gels.

9. Estimation of rat immunoglobulins

The rat immunoglobulins were obtained in insufficient
amounts for optical density measurements and were therefore

determined by radioimmunoassay, using 1251-—IgG anti L

2a’

chain antiserum, and an IgGZa&?a)preparation of more than

95% purity (see section 12). This preparation, centrifuged

1 cm 1l cm .
260 mm / 280 mm ratio of

0.53. It was diluted in antigen diluent and snap frozen

at 105 g for one hour, had an E

in small aliquots for use in individual inhibition assays.

1

coc the TgG2a and IgGZb pPreparations, an accurate es-

timate of concentrations could be made from the E 1 cm
280 mm

and this agreed with the value from the inhibition assay
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when the purity of the preparations as determined on SDS
polyacrylamide gel electrophoresis was allowed for. For

IgM the concentration estimated by inhibition assay was L46%

1l cm

580 mm’ and for IgA prior to

6f that calculated from the E
purification on anti-Fab-Sepharose this value was 29%:
Estimation of immunoglobulin from inhibition assay is
in terms of ng of basic 4 chain monomer. To obtain true
values for IgM a correction for the extra homology region
was required. This was done only for the serum and lymph
concentration results, since the other results were conver-

ted directly to units of mblecules of monomer immunoglobu-

lin per cell.

10. Radioactivity measurements

125

I is a low energy X-ray emitter with a half-life
of 60 days. The activity’was measured by counting in a
NE 8312 spectrometer (Nuclear Enterprises Ltd., Edinburgh)
equipped with a well-type NaI crystal ¥-detector. The
energy spectrum for 251, showing a major and a minor peak,
was taken and the energy level was set to include both.
Counting efficiency was estimated from the activity in-

formation supplied with the 125

I from the Radiochemical
Centre, Amersham. The efficiency was Q2% when the sample
was contained in a glass counting vial and 1.3 times this
value when in a polyethylene vial. The counting efficiency
was also found to depend on the geometry of the sample.

All samples within an experiment were therefore coun-
ted under strictly identical conditions. Cells or preci-

pitates were solubilized in O.5 or 1 ml of 0.5 N NaOH, and

the tube with contents were placed in a polyethylene vial

for counting.



Corrections for coincidence were carried out when the
activity of the sample was between 106 and 107 C.p.m.
The graph used for correction was constructed by counting
samples of increasing activity and showed 98% relative

efficiency at 2 x 106 c.p.m. recorded, 65% at 107 c.p.m.

11. Farr assay of anti-NIP antibody

The anti-NIP titer was measured by the Farr test (89 )
as simplified by Mitchison (211) and the calculation of
hapten-binding capacity was done according to Brownstone
et al. (49 ). The results were then converted to mola-
rity of NIP combining sites in the antiserum. The assay
was performed in duplicate and the mean value calculated.

A standard consisting of pooled anti-NIP antiserum was al-
ways included. The estimated antibody concentration ex-
pPressed as molarity of combining sites in this standard
was (3.1 + 0.3) x 10-6 M (mean + standard deviation from

25 assays).

12. Rat immunoglobulins

i, IgG The protein precipitated from rat serum

2a & 2b.

by 1.75 M ammonium sulphate was dialysed against tris buf-
fer + 0.05 M NaCl, and applied to a column of DEAE-Sephadex
A-50 equilibrated with the same buffer. Columns of 400 ml
bed vol. were used for 1 g of protein. The material
eluted with the starting buffer was pPredominantly Inga % 2b
and was further purified by chromatography on Sephadex
G-200 in tris buffer + 0.5 M NaCl. The 7 S peak was 95%

pure as judged by electrophoresis on SDS polyacrylamide

gels run with reduced or unreduced material.

ii. Fab and Fc fragments were prepared from pooled IgG2 & 2b
a &
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by papain digestion according to the method described
for rat Ig by Armerding ( 8 ). Separation of the frag-
ments after papain digestion at 3700 for 18 hours was done
by DEAE-cellulose chromatography. The fraction eluted
with the starting buffer (0.01 M phosphate, pH 8.1) was
Fab as judged from its antigen-binding capacity (some
anti-NIP antiserum was included in the preparation, and
the activity in the fractions was measured by the Férr
assay). It was devoid of Fc as judged by the absence of
precipitin lines with anti-Fc¢ antiserum in Ouchterlony
double diffusion experiments.
The Fc was eluted in 3 peaks with a phosphate gradient
( 8 ). All fractions also contained some Fab as judged
by Ouchterlony analysis; this was removed by passing the
fractions through Sepharose 4B coated with rabbit anti-
rat Fab. After this Fab could no longer be detected.
Analysis of the Fc fractions by immunoelectrophoresis
and Ouchterlony double diffusion against anti-IgG antiserum

(and subsequently with specific anti-IgG a and anti-~I1gG

2

antisera) showed that the first Fc peak was mainly derived

2b

from IgG while the two peaks emerging later contained

2a
predominantly Fc from IgGZb’ This would be expected from

their isoelectric points (,39), IgG being the more basic

2a

protein.

iii. IgG and IgG Rat IgG was eluted from the DEAE-

2a 2b.

Sephadex column by the starting buffer as described above
in 3 separate peaks emerging at 300 ml, 760 ml and 1350 ml.
A fourth IgG peak was eluled immediately after the appli-
cation of a linear salt gradient to 0.4 M NaCl (peak Iv).
Peaks I and IV were examined by Oychterlony analysis using
monospecific ‘anti-IgG

5a and anti-IgGZb, obtained by immuni-

zation with Fc fragments. Pool I gave equivalence at
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dilutions of 1 in 12 and 1 in 3 while pool IV gave equi-
valence at dilutions of 1 in 3 and 1 in 16 with anti—IgG2a

and anti-IgG respectively. The minor contaminants were

2b
then removed by passage through Sepharose 4B beads coated

with anti Fc with the relative concentration of anti-IgGZb >

anti-IgG for fraction I, and conversely with anti—IgG2a >

2a

anti—IgG2b for fraction 1IV. The fractions from the beads
which were antigenically pure IgG2a and Ingb as judged by
Ouchterlony double diffusion against the relevant antisera,
were pooled and used in the radioimmunoassay. The purity
judged from SDS polyacrylamide gel electrophoresis in the
reduced and unreduced state was 91% for the Inga and 75%

for the IgG Further purification was not attempted

125

2b°

since after labelling with I the material gave satisfac-
tory results in the radioimmunoassay.

iv. . IgM. We were unsuccessful in purifying rat IgM by
conventional methods of ion exchange and gel chromatography.
The only satisfactory results were obtained through the puri-
fication by affinity chromatography of anti-lactoside anti-
body. The method used was that described by Koshland et

al. ( 171) and Dr. M.E. Koshland (private communication) for
the preparation of rabbit IgM.

Adult Wistar rats were immunized by intraperitoneal
injection of 1.25 mg of .alum-precipitated Lac-BGG (bovine
gamma globulin coupled to p-azophenyl—B-D—iactoside) and
bled out by cardiac puncture 8-9 days later. BGG was modi-
fied with iodoacetic acid to improve solubility: 4 g of

BGG (Cohn fraction II, Sigma) were incubated with 16 g of

iodoacetic . acid at pH 11, 37°C for 15 min. 360 mg of



L.

p-aminophenyl-B-D-lactoside (Cyclo Chemical Co, Los Angeles,
Cal., USA), which had been previously activated by diazo-
tization (equimolar amount of sodium nitrite in water added
under cooling and stirring to the aminophenyl-lactoside in

1 N HC1l) was coupled to 1 g of iodoacetic acid-treated BGG
at pH 9.

The Lac~-BGG was dialyzed against 0.2 M NHMHCOB’ and alum
pPrecipitated. Sepharose-lactoside beads were prepared by
coupling 10 mg of p-aminophenyl-B-D-lactoside per ml of
Sepharose 4-B beads activated with cyanogen bromide, as des-
cribed for protein coupling (section 5-ii). After washing
the column with saline the antibody was eluted with 1 M lac-

)

tose, 0.02 M NaNB. The yield was about 60 /ug/ml of serum.
On SDS polyacrylamide gel electrophoresis bands corresponding
to IgM and IgG were seen.

The IgG was removed by passage through anti-IgG2a & 2b"
Sepharose L4-B beads. The unadsorbed protein was concentra-
ted by ultrafiltration and finally purified on a Sephadex
G-200 Superfine column. The material eluted in the front
peak was examined by SDS polyacrylamide gel electrophoresis.
In 4% gels the unreduced protein showed one main band at the
top of the gel, while the reduced protein in 5.6% gels gave
two main bands with molecular weights estimated at 76,000
and 20,000. The later coincided with L chain. Quanti-
tation from densitometry_showed-68% IgM in a typical pre-
paration.

V. IgA was purified by a modification of the method of
Stechschulte and Austen (301). Mammary glands from lac-

tating rats and stomach contents from the suckling young,

obtained two days and one day after delivery respectively,



were minced and stirred for 5 hours at 4°c after dilution
with 4 to 5 volumes of TBS. The clear fluid above the
sediment and below the fatty layer was removed after cen-
trifugation at 3 x lOu g for 30 min., and precipitated by
adding ammonium sulphate to a concentration of 1.75 M.
The sediment was dissolved in TBS and the precipitation
repeated twice. The final precipitate was dissolved in
tris buffer + 0.05 M NaCl, and dialysed against the same
buffer. It was then chromatographed on DEAE-Sephadex

A-50 as described above for rat serum proteins. The IgA

L2,

content of the fractions was estimated on Ouchterlony plates

using rabbit anti-rat IgA antiserum (section 15—ii). Most
of the IgA was eluted at a NaCl concentration of 0.15 M to
0.22 M. It was concentrated and chromatographed on Sepha-
dex G=-200. All the IgA was eluted at the front. The
small amounts of IgG

and IgG., present was retarded

2a & 2Db 1

by the gel. No IgM could be detected in any fractions.

Chromatography was repeated on DEAE-cellulose (DE 52,
Whatmann Biochemicals Ltd., Maidstone, Kent). The same
buffer as before was used and the main IgA-containing frac-
tions were taken and analysed by SDS polyacrylamide gel
electrophoresis. With unreduced protein two main bands
were seen, both considerably larger than IgG. After re-
duction three bands were seen, two of which had the mobi-
lity of H and L chains of IgG, the third at a position
corresponding to a molecular weight of about 90,000, pos-
sibly the S piece.

For immunization, the material from this preparation
that was adsorbed onto anti-Fab-Sepharose 4B and eluted

with 1 M propionic acid was used.
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l25I—IgA used in the radioimmunoassay was purified

The
similarly. Before purification about 20% of the counts
were precipitable with anti-L chain and anti-IgA respec-

tively; the figures after affinity chromatography were

about 60% (section 13-ii).

13. Radiojiodination

i. Procedure

~

Carrier~free 1251 (The Radiochemical Centre, Amersham)
was coupled to the proteins by the chloramine-~T method as
described by Byrt & Ada (52 ). 10 /ul KI (0.1 M) and
100/p1 FCS or 100 /ul S-diluent (when iodinating antibody
or rat Ig respectively) was then added. The labelled
material was immediately separated from reagents by passage
through a Sephadex G-~50 fine grade column (5 to 8 ml in a
disposable 10 ml plastic pipette) in BBSS or tris buffer.
Coupling efficiency was 70% to 90%.

A modification of the method was also used for the

labelling of (Fab') fragmeﬁts of antibodies. In this

2
modification the metabisulphite was omitted and instead
unreacted 1251 was removed by adding tyrosine (20 /ul at
O.L mg/ml in phosphate buffer). Cold KI was not added as

it led to exchange of 1251.

After addition of FCS sepa-
ration on Sephadex G-50 was performed. The omission of
metabisulphite was introduced in order to obtain a uniform
product, since its addition resulted in the reduction of
about 50% of (Fab')2 to Fab', as judged from analysis by
SDS polyacrylamide gel electrophoresis.

Antibodies were labelled at 10-50 /uCi//g;correspond-

ing to 0.6 to 3 atoms of 1251 coupled per molecule of



protein. Immunoglobulins for inhibition assays were
labelled at approximately 50 /uCi//ug.

ii. Radioiodinated immunoglobulins

Purified rat immunoglobulins were after labelling
with 122T diluted to 0.1 mCi/ml with antigen-diluent and
stored at 4°C. They were used within a few weeks of
labelling. Before use in the assay they were ..urther
diluted in antigen-~diluent until the volume used in the
assay (50 /ul) contained about 5 x th counts/min. The
percentage of labelled protein precipitable with the anti-
serum in question was calculated from the radioactivity in
the material precipitable with 10% TCA; and was constant
during the period of use.

Precipitation of the radioiodinated Tg was performed
by incubation with the appropriate antiserum diluted in
S-diluent followed by precipitation with horse anti-rabbit
IgG as described for the radioimmunoassay (section 29).

A large percentage of the activity was in all cases pre-
cipitated by the appropriaté antiserum, as can be seen
from Fig. IT-3, where dilution curves for the antisera

used are plotted.

Ly,

The purity of the immunoglobulins with regard to theéeir

class was checked by comparing the percentage of isotope
precipitated by anti-L chain, anti-class, and anti-L chain

+ anti-class antisera respectively. For 125I-IgG2a the

figures were: anti-L, 83%; anti-Inga, 85%; anti-L +

12 .
5I-IgG2b: anti-L, 70%; anti-IgG

61%; anti-L + anti-TgG, , 70%. For - I-IgA: anti-L, 6
125

anti-Inga, 85%. For

anti-IgA, 58%; anti-L + anti IgA, 68%. For I-IgM:

anti-L, 53%; anti-IgM, 53%; anti-L + anti-IgM, 52%. Thi

2b’

0%;

S
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shows that in all cases virtually all the immunoglobulin
estimated by precipitation with anti-L antiserum was iden-
tified as belonging to the class in question. The speci-
ficity of the inhibition assay will be discussed in sec-
tion 29.

iii. leSIP—cap was prepared by iodination of NP-cap by
125I

the chloramine-T method. To 1 mCi of carrier-free
in 10 /ul, equimolar amounts of NP-cap (10 /ul of a 6 x

10"5 M solution) and 10 /ul of chloramine-T at 2 mg/ml in
0.3 M phosphate, pH 7.3, were added. After 5 min. at rooﬁ
temperature the reaction was terminated by reduction with
50 /ul of sodium metabisulphite (2.4 mg/ml in phosphate).
The reaction mixture was then applied to a 0.5 ml column of
the ion-exchange resin Dowex AG 1 x 2 (Bio-Rad Laboratories,
Richmond, Calif., USA). The Dowex had been prewashed with
60°C water, 0.5 N NaOH, water, 0.5 N, ‘HCl and water (281),
and finally equilibrated with 0.05 M phosphate, pH 7.3.

The column was washed with phosphate buffer and water, and
the N1251P-cap subsequently eluted with about 2 ml of 50%
acetic acid. The yield was 70% to 90%. The acetic acid
was evaporated under reduced pressure, the Nl2SIP-cap dis-

2

solved in 4 ml BBSS, 10 ° M NaN and the pH adjusted to

3’
7.4 with 0.147 N NaOH. After centrifugation at 10° g for
1 hour and filtration through a Millipore filter (0.22 /u)

the N125

IP-cap was ready for use in the binding assay.
Initial erratic high background (binding to normal lympho-
cytes) was eliminated'by this procedure. It was kept at
4°C and could be used in cell binding assay for about 2
months after which the background showed a tendency to rise.

No high molecular weight material could be observed on gel

chromatography. When tested in the Farr assay around 95%



of the radioactivity was specifically precipitated with
anti-NIP antiserum. The activity of the carrier-free pre-
pared N'29IP-cap was about 1.7 Ci/ ,u mole. With 4o%
counting efficiency this corresponded to 1 counts/min./h.Z
X lO5 molecules. Unlabelled NP-cap does not interfere
with the binding of N125IP-cap, since the affinity of anti-
NIP antibodies for NIP-cap is 3 to 4 orders of magnitude

higher than for NP-cap as measured by inhibition with cold

hapten ( 48).

14. TImmunization

i. Antigen in Freund's ad juvant. Equal volumes of anti-

gen in normal saline and complete Freund's adjuvant (Difco
Laboratories, Detroit, Mich., USA) were emulsified by
thorough mixing on a Whirlimixer (Fisonfs Scientific Appa-
ratus Ltd., Loughborough, Leicestershire). The stability
of the emulsion was checked by floating a drop of it onto
water; a satisfactory emulsion did not spread across the
surface. Rabbits were given primary and secondary injec-
tions intramuscularly in alternate thigh muscles. Boost-
ing by subcutaneous injections was sometimes performed.

ii Alum-precipitated antigen. Aluminium hydroxide-bound

hapten-protein conjugates were prepared by alum-preéipita—
tion. One gram of potassium aluminium sulphate in 10 ml

of water was added with stirring to 200 mg of conjugate

in 10 ml of saline. The pH was brought to 7 with 3 N NaOH,
. and the sediment was separated by centrifugation, washed 3
times with 20 ml saline, resuspended in saline and stored
at 4°C with 0.01% merthiolate. The precipitated antigen

was injected intraperitoneally.
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iii Immunization of rats against NIP

In most experiments, female Wistar rats were used. In-
bred PVG/C rats from the Department of Pathology were used
in a few experiments. The rats were immunized by a single
intraperitoneal injection of 0.2 ml of saline containing
0.5 mg of alum-precipitated NIP-chicken gamma globulin (NIP-

9

CGG) mixed with 2 x 10 chemically killed Bordetella per-

tussis organisms, (Per/Vac, The Wellcome Research Laborato-
ries, Beckenham). 0.1 mg and 1.0 mg of the antigen gave
"an antibody response of the same magnitude.

NIP~-CGG was prepared by coupling NIP-azide to chicken
gamma globulin ( QS) prepared by ammonium sulphate frac-
tionation ( 79). The coupling ratio was 23 mole of NIP
per mole of CGG as determined spectrophotometrically ( 48).

The immunization procedure produced a rather persistent
anti-NIP response. The following titers (means of results

" from 4 rats) are typical of rats immunized at the age of 5

weeks: 1 week post immunization, 0.2 x 10“6 M anti~-NIP;
2 weeks, 1.8 x 10-'6 M; 4 weeks, 1.6 x 10_6 M; 8 weeks,
6 6

1.0 x 10°° M; 15 weeks, 0.5 x 10°° M.. Rats immunized with
precipitated NIP-cap + pertussis organisms at 8 to 10 weeks
of age produced anti-NIP titers about twice as high as the
younger rats.

Other immunization procedures were tried in attempts to
produce a low antibody response while maintaining high bind-
ing activity of the lymphocytes. The procedures tried in-
cluded i.p. injection'of alum-precipitated NIP-CGG as above
but without pertussis organisms, injection of alum-precipi-
tated NIP-rat IgG + pertussis organisms, injection of NIP-

cap adsorbed onto charcoal, and also intradermal injection
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of NIP-azide. While all of these methods did result in
lower antibody levels a corresponding decrease in binding

of NlZSIP-cap to lymphocytes was also found.

15. Antisera

i. Horse anti-rabbit IgG antiserum. This antiserum was

raised in 1961 by the Burroughs Wellcome Laboratories (Ex
3810) by immunization with purified alum-precipitated rab-
bit IgG. The antiserum contained 6 mg/ml antibody and
reacted strongly with both Fab and Fc fragments. It was
a gift from the Wellcome Foundation Ltd.

ii. Rabbit anti-rat immunoglobulins. Antisera against IgGl,

TgA, IgM and IgE were kindly donated by Dr. V.E. Jones (158,159,
160). They were used in the analysis of immunoglobulin
fractions, and in the analysis by gel chromatography of
material eluted from immune lymphocytes. Anti-IgM was

also used in the production of anti-IgM antiserum (section
vii).

iii. Rabbit anti~-rat Fab antiserum. The antiserum was

raised by immunizing rabbits intramuscularly once in the
left and once in the right thigh muscle at an interval of
one week, with a total of 200 /ug of rat Fab emulsified

in complete Freund's adjuvant. Weekly bleedings were
commenced 3 weeks after the second injection and continued
for 2 months. The antisera obtained were specific for
gamma globulins in immunoelectrophoresis against rat serum
and reacted with Fab and L chain. No reaction with Fc
could be detected in immunoelectrophoresis or in immuno-
diffusion at dilutions of the antiserum of 1/1 to 1/32
against Fc at 1 mg/ml or at dilutions of Fc¢ from 1 mg/ml to

1/128 mg/ml against undiluted antiserum.
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iv. Rabbit anti-rat L chain antiserum. Rabbits were im-

munized as described for Fab with 200 /ug of rat L chain.
Boosting by subcutaneous injection of 100 /ug L chain in
Freund's complete adjuvant was required to obtain strong
antisera. In Ouchterlony assay the antisera obtained re-
acted with Fab but not with Fc.

Ve Rabbit anti-rat IgG antiserum. The antiserum was

raised by immunizing with rat IgG2a & 2p 2° described for

anti-Fab. The antiserum had antibodies against Fc¢ and Fab.

vi. Rabbit anti-rat IgG a and anti-rat IgG antisera.

2 2b

Rabbits were immunized as for anti-Fab with 200 /ug of Fc
with Fe( Xza) > Fef Yzb) or with Fc( Xzb) S Fc(yza), ob-
tained as described above. In order to obtain strong
antisera boosting with a further subcutaneous injection
of 100 /ug of antigen in Freund's adjuvant was required.
The antisera obtained showed reaction only against IgG

2a

and IgG in immunoelectrophoresis. Those raised with

2b
Fe ( X2a0 > Fc ( X/Zb) were mainly against Inga (early
bleeds were monospecific), while with the Fc( g 2b)-> Fc

( XIZa) immunization the opposite was the case. Anti-Fab
activity was not detected in any of the antisera used, as
judged from Ouchterlony tests at dilutions of antiserum and

of Fab as described for anti-Fab against Fc.

vii. Rabbit anti-rat IgM antiserum. The antiserum was

raised by immunizing wifh IgM precipitin arcs from Ouch-
terlony diffusion plates as described by Stechschulte &
Austen (BOD. The antiserum used in the diffusion (pre-
pared by Dr. V.E. Jones) was absorbed with serum pseudo-
globulin so that only IgM arcs'were formed on immunoelec-
trophoresis (160), After diffusion against rat serum the

plates were washed extensively with saline before the pre-
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cipitin lines were cut out and emulsified with complete
Freund's adjuvant. The antisera obtained gave reactions

with IgM and IgG on immunoelectrophoresis with rat

2a & 2b
serum. The latter activity was removed by passing the

antiserum through rat IgG - Sepharose 4B beads.

viii Rabbit anti-rat IgA antiserum. Immunization with

purified IgA in complete Freund's adjuvant was carried out
as described above for anti-~Fab. After passage of the
antiserum through rat IgG-Sepharose 4B only one line was
seen in immunoelectrophoresis with either rat colostrum or
serum, the former being more basic than the latter in ac-
cordance with the results of Stechschulte & Austen (301).
The antiserum initially used in purification of IgA was
raised with the immunoglobulins from colostrum (purified
by affinity chromatography with anti-Fab-Sepharose 4B beads),
and rendered monospecific by passage through rat serum-
Sepharose 4B beads.

ix. Rabbit anti-mouse IgA antiserum was a gift from Dr. G.

B. Rébinson of this Department. It was produced against
purified IgA heavy chain obtained from serum of mice bear-
ing the plasmacytoma MPC 1 (35“). In Ouchterlony tests it
showed'a line of identity against mouse and rat serum.

Only that one line was seen; there was no reaction with
IgG or L chain.

X Rabbit anti-mouse Fab antiserum was a gift from Dr.

H.R. Anderson of this laboratory. It was raised against
the Fab. fragment from normal serum 7S immunoglobulin and
showed no cross-reaction with Fc ( 3&9. The antiserum

as weéll as the Fab were used in. inhibition experiments.
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xi. Antiserum against low M.W. urinary antibody. This anti-

serum was raised by immunizing guinea pigs with purified low-

molecular-weight antibody emulsified with complete Freund's

ad juvant. 4 guinea-pigs each received 0.1 mg of protein in
multiple intracutaneous injections. The injections were
repeated (subcutaneously) twice at monthly intervals. Only

one animal gave a response detectable by immunodiffusion.

Xxii. Antisera against rabbit immunoglobulin fragments were

identical to those described earlier ( 92).

16. Anti-Fab IgG and normal rabbit IgG.

Normal rabbit IgG and IgG from rabbit anti-rat Fab anti-
serum was prepared by sodium sulphate precipitation followed
by chromatography on DEAE-Sephadex A-50 and Sephadex G-200
(25&). The strongest rabbit anti-rat Fab antiserum obtained

(11 mg antibody per ml) was used.

17. Purification of antibodies.

i. Anti-rat Fab antibody. Anti-Fab antiserum (100 ml)

was passed through a column containing 10 ml rat IgG-Sepha-
rose LUB (5 mg IgG/ml). 230 mg of protein was eluted with
the propionic acid. Of this 190 mg was recovered after
dialysis against tris buffer with 0.5 M NaCl, and centri-
fugation at 4 x th g for 1 hour.

The antibody was fractionated by Sephadex G-200 chroma-
tography. Two peaks of protein were eluted, one at the
exclusion volume of the column (40% of the protein) called
aggregated acid eluted antibody, the other at the 7S posi-

tion called acid eluted antibody.
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antibody. The anti-IgG and

ii. Anti-rat IgG 2a

2a & 2b

anti-IgG antisera previously described were pooled to

2b

give a serum with approximately equal activity against

IgG and IgG as measured by Ouchterlony tests against

2a 2b’?

the Fc fragments. 130 ml of antiserum were heated for
complement inactivation, reacted with 3 mg of Fab and centri-
fuged at 4 x lOu g for 1 hour to remove any undetected
anti-Fab activity. After adsorption to 10 ml of IgG-
Sepharose 4B beads, elution, neutralization and dialysis,
165 mg of antibody was recovered. 30% of this material

was eluted at the exclusion volume on Sephadex G-200. The

purified anti-IgG antibody had approximately equal

2a &2b
activity to each sub-class as Jjudged by Ouchterlony analy-

sis.

iii. Anti-rat IgM antibody. The monospecific anti~-IgM

serum described above (240 ml) was passed through 20 ml of
Sepharose 4B beads to which a semi-purified rat IgM frac-
tion ( 1 mg/ml beads) had been coupled. The IgM frac-
tion was obtained from serum after chromatography on Sepha-
dex G~-200, DEAE-Sephadex A-~50, and purification by adsorb-
tion and elution from anti-Fab-Sepharose 4B beads. 20 mg
of protein was recovered after dialysis and centrifugation.
30% of this was found in the exclusion volume after chroma-
tography on Sephadex G-200.

iv. Horse anti-rabbit IgG antibody was purified by adsorb-

tion onto and elution from rabbit IgG-Sepharose 4B beads as

described for anti-Fab antibody.

18. Pepsin fragments of antibodies and of normal IgG.

Purified antibody and normal IgG from the above pre-

parations were degraded to (Fab')2 fragments by incubation
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with pepsin as described by Nisonoff et al. (223), with 3%
(w/w with respect to immunoglobulin) of twice crystallized
and lyophilized pepsin (2250 units/mg, Sigma). After
separation of the precipitate by centriguation the super-
natant was chromatographed on Sephadex G-200 in 0.025 M
tris HC1l, pH 7.4, + 0.5 M NaCl. About 50% of the protein
was recovered in a symmetrical peak with a molecular weight
of 106,000, estimated by comparison with the elution of al-
bumin and IgG after the method of Laurent & Killander (175).
Two additional low molecular weight peaks were also seen,
one with M.W. about 30.000, the other at V_.

t

19, Purity of antibodies and immunoglobulins,

All of the above preparations were analysed by SDS poly-
acrylamide gel electrophoresis in reduced and unreduced state.
In all cases the major bands corresponded to IgG or (Fab')2
or the free polypeptide chains. None of the aggregate

material obtained with the purified antibodies was IgM.

20. Analysis of iodinated antibodies.

Antibody activity after iodination was estimated by
determining the percentage of counts that coprecipitated in
c s 125 . . 5

a precipitin assay: 10 /ul of I-antibody with 10
counts/min + 50 /uI rat serum diluted from 1/4 to 1/64 in

antigen diluent.+ 25 /ul.rabbit anti-rat IgG was in-

2a & 2Db
cubated at 37°C for 4 hours and overnight at 4°C, and then
washed twice with 2 ml of cold TBS. By this assay anti-.
Fab antibodies labelled by the normal chloramine-T method
were 35—65% active. If the metabisulphite step was omit-
ted more active preparations were obtained with 70% of

anti-Fab, 60% of anti-TgG, . 54 s 27% of anti-IgM, all as

(Fab')2 fragments, precipitated in the assay. 1-2% of
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iodinated normal rabbit immunoglobulin was precipitated in
the assay.

Estimates of activity were also obtained from binding
assays with cells. Binding was measured with 125I-anti—
body alone, or with a constant amount of labelled antibody
and added cold antibody. In the latter case the binding
values calculated were 60% of the former. This could be
caused by a decreased affinity of the treated antibody, and
labelled and unlabelled antibodies were not mixed in ex-

periments where accurate quamntitative values were desired.

21. Cell counting

Cell suspensions were counted with a Coulter Counter
Model Fn, at a dilution in Isoton (Coulter Electronics Ltd.,
Dunstable, Bedfordshire) corresponding to lOu to 8 x lOa
particles per 0.5 ml, the volume counted. 3 drops of
Zaponin (Coulter Electronics) were mixed into 10 ml of
suspension immediately before counting to eliminate red
blood cells. Threshold, attenuation, and aperture set-
tings were 16, 1 and 4 respectively. Values of cell con-
centration at these settings agreed with values for nuc-
leated cells obtained by counting in haemocytometer.

The cell viability was assessed by the trypan blue
exclusion test. Cell suspensions were mixed with an equal
volume of 0.5% trypan blue (1 vol 2.5% trypan blue (w/v) in
water, mixed with 4 volumes of 4.5% sodium chloride imme-
diately before use) and run into a haemocytometer. The

proportion of nucleated cells taking up dye was recorded

when the cells had settled.
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22. Cells

i. Thoracic duct lymphocytes (TDL). Lymph was drained

from the thoracic duct by means of a polyethylene cannula
inserted as described by Bollman et al. ( 42). Subse-
quently the rats were kept unanaesthetized in restraining
cages built according to Bollman ( 41 ) with free access to
food and water. From cannulation and throughout collec-
tion they were given intravenous infusion of DAB-1 at a
rate of 2 ml/h. The lymph was collected over 12 hours
during the first day after cannulation into sterile glass
bottles containing 5 ml DAB-20, and kept refrigerated to
between 5 and 10°c. The lymph was filtered through a plug
of loosely packed cotton wool to remove any clots and the
lymphocytes sedimented by centrifugation at 500 g for 10
min. The cells were resuspended in 5% FCS and washed.
Experiments were also done with cells collected over
a 2-4 hour period. The results obtained using fresh cells
were identical to those obtained with cells collected over
the longer period.

ii. Thymocytes. In preparing suspensions of thymocytes it

is of particular importance to ascertain that none of the
lymph nodes adhering to the capsule are inadvertedly inclu-
ded in the preparation. These nodes can be made easily
visible by intraperitoneal injection of colloidal carbon

( 38). Rats, 7 to 9 weeks of age, were hence injected with
1 ml of an India Ink suspension (Gﬁnther-Wagner, Pelikan
Werke, Hannover, Germany) diluted 1 in 100 with normal sa-
line. 24 hours later they were ether-anaesthetized, and
the thywmus dissected free of surrounding tissue, particular

care being taken in removing the stained parathymic 1lymph



nodes. On an ice bath the thymus was freed from residual
surrounding tissue, washed with 5% FCS and teased gently
with fine forceps in 5% FCS. Clumps of cells and tissue
were removed by filtration through a small plug of cotton
wool.

iii. Spleen and lymph node cells. Cell suspensions from

these orr"ns were prepared in the same manner as the thymo-
cytes. Only the cervical lymph nodes were used in experi-
ments on lymphocyte-associated Ig. For experiments on
hapten binding the mesenteric lymph nodes were included.

iv. Washing of cells. All handling of cells after collec-

tion was done on melting ice or at 2-4°C, The cells, sus-
pended in 10 ml of 5% FCS, were layered on 1.5 ml of 5% BSA
in pointed, disposable polycarbonate centrifuge tubes (N
12/C, Sterilin, *Richmond, Surrey) and sedimented by centri-
fugation at 500 g for 5 min. The 5% FCS was removed, the
sides of the tube washed with BBSS, this and the BSA removed
and the cells resuspended in 10 ml 5% FCS by gentle aspira-
tion with a Pasteur pipette. This whole procedure was re-

9

peated 4 times with no more than 10° cells per tube.
After the 4th sedimentation the cells were resuspended in
the incubation medium, 5% FCS made lO-'2 M in sodium azide
by adding the appropriate amount of an isotonic sodium azide
solution. The cells were counted and the concentration
adjusted to 108 cells/m}. Viability was checked by the
trypan blue exclusion test. |

The viability of thoracic duct lymphocytes averaged

95% while the viability of thymus cells was around 85%, as

was also the case for spleen and lymph node cells.
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23. Cell fractionation on anti-Ig columns

Thoracic duct lymphocytes were depleted of cells with
large amounts of surface immunoglobulin by passage through
columns of plastic beads coated with anti-immunoglobulin
antibody by the method of Wigzell & Anderson (333) as used
by others with purified antibodies (62 ’ 353). Purified
rabbit anti-rat IgG or horse anti-rabbit IgG was added to
a final concentration of 2 mg/ml of washed polymethylmeth-
acrylic plastic beads with average diameter of 250 /u
(Degalan V26, Degussa Wolfgang AG., Hanau am Main, Germany).
After incubation for 1 hour at 47°C and overnight at L°c,
columns were poured in glass tubes and extensively washed
with BBSS + 10% FCS. Fractionations were performed at MOC.

In the surface-labelling experiments columns containing
1.5 ml of beads (15 cm x 0.4 cm) were used. In some ex-
periments unlabelled cells were passed through rabbit anti-
rat IgG columns, in other experiments cells heavily labelled
with 125I—antibody were removed by passage through horse
anti-rabbit IgG columns. 107 cells were added per column
in 0.5 ml of BBSS + 5% FCS and immediately eluted with 5 ml
of medium. Controls were in the first case cells passed
through identical columns which in addition had been washed
with 5 mg of rat IgG per column; in the latter case control
cells had been incubated with antibody and excess rat immuno-
globulin before passage.

In experiments on total lymphocyte immunoglobulin,
columns of 7 ml (25 cm x 0.6 cm) of rabbit anti-rat IgG
beads were loaded with 1.0 - 1.5 x 108 cells at 2 x lO7 per
ml in BBSS + 10% FCS. Control columns were prewashed with

5 mg of rat IgG per column.
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24, Cell fractionation on the basis of size

Fractionation of'cells; primarily on the basis of dif-
ferences in size and to some extent on differences in den-
sity, can be carried out by velocity sedimentation. Large
cells will sediment faster than small cells when placed on
a shallow density gradient since the terminal velocity of
sedimentation varies with (cell radius)2 ( 209). Separa-
tion of thoracic duct lymphocytes at unit gravity was kindly
carried out by Dr. S.V. Hunt (MRC Immunobiology Unit, Oxford)
as described by Hunt et al. ( 145).

10 ml fractions were collected from the top and samples

were counted in a Coulter Counter at the threshold settings

3

-

24 and 58 corresponding to particle sizes of 120 and 290 /um
respectively. A threshold of 120 /um3 included lymphocytes

but excluded erythrocytes; 290 /um3

was an arbitrary volume
providing an index of the proportion of large lymphocytes.
The ratio 58/2h was used to express the relative proportion
of large lymphocytes. After counting, the fractions were

pooled, the cells concentrated by centrifugation and resus-

pended for detergent solubilization.

25, Anti-immunoglobulin binding assay

Cells were incubated in 2.5 ml round bottomed poly-

carbonate centrifuge tubes (LP-B), Luckham Ltd., Burgess

7

Hill, Sussex) at a concentration of 2 x 10 cells/ml to-

gether with iodinated and non-iodinated proteins, as des-

cribed under results, in a total volume of 0.1 to 0.5 ml of

BBSS, 10™° M NaN, + 5% FCS. The incubation was initiated

by the addition of 1 volume of cells (108/m1) to 4 volumes

of test material. The mixture was kept on ice for 1 hour
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during which time the cells were maintained in suspension
by gentle mixing at 10 min. intervals. 1.5 ml of 5% FCS
was then added, the suspension layered on 1 ml of 5% BSA
in polycarbonate centrifuge tubes, and centrifﬁged at
500 g for 10 minutes. The 5% FCS was removed, the sides
of the tube washed twice with 1 ml of BBSS, and, after
removal of the BSA, the cells were resuspended in 5 ml 5%
FCS. They were resedimented and, after removal of the
supernatant, resuspended in 5% FCS; samples were taken
for determination of cell concentration, X—counting and
autoradiography. Cell viability was at this stage only
a few per cent (2-5%) lower than in untreated samples.
The cell recovery after incubation and washing was about 90%.
It was found that a further wash did not change the
proportion between 1251 bound to cells incubated with
iodinated antibody and control cells.
The binding of antibody at different concentrations
was in most of the preliminary experiments measured by
incubation of the cells with a constant amount of 1251-
labelled antibody and increasing amounts of cold antibody.
This method was found to give results indistinguishable
from those obtained by using the alternative approach of
keeping the proportion between cold antibody and 1251—
labelled antibody constant at the various levels. However,
as mentioned in sectiop 20, labelled and unlabelled anti-
body was not mixed for accurate quantitative data.
Controls for nonspecific binding were included in
all experiments. These controls consisted of cells incu-

bated with radioiodinated normal rabbit immunoglobulin or

the pepsin fragment when binding of (FaU)2 fragments of anti-
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body was measured.

The average number of antibody molecules bound per cell
was calculated from the per cent of the antibody present in
the incubation that was bound to the cells. This was de-

1251 that remained bound

rived from the part of the total

after incubation and washing: molecules antibody bound/cell
- -1

= molecules antibody/ml x % bound x 10 2 X (cells/ml) .

For (Fab') fragment the molecules/ml = /ug/ml X 106,000-l

2

x 1070 x 6.023 x 102> = /ug/ml x 5.7 x 10%%, For whole Ig
= /ug/ml x 4 x 1012,

The antibddy concentration was always raised to satura-
tion level and the non-specific binding was subtracted.
The computations are then valid though specific activity,
as measured by coprecipitation, was less than 1, and also
varied between preparations, since the terms, molecules
antibody/ml and per cent antibody bound are equally influen-
ced, but in opposite direction, by the specific activity
factor. Only the antibody concentration at which satura-

tion is obtained will be overestimated in inverse propor-

tion to the activity factor.

26. Binding of NIP-cap to lymphocvtes

The binding of NIP-cap to lymphocytes was evaluated by

25

the incubation of washed lymphocytes with Nl IP~cap on ice

in the presence of azide, followed by removal of excess hap-

ten by washing. Incubation in 5% FCS + 1072 M NaN3 was

with 2 x lO8 cells and 2.5 /mCi leSIP-cap per ml. This

9 M, or 4 x 10°

gives a hapten concentration of 1.3 x 10~
molecules per cell.

After the incubation the cells were washed at least 3
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times through a 1.5 ml 5% BSA step. y -counting of about

7

2 x 10’ cells and cell counting was performed after each

wash. The results will be presented as counts per min.

7

bound per 10" cells.

27 . Autoradiography

For grain-density autoradiography cells were suspended
in BBSS + 5% BSA, and smeared onto slides prepared as des-
cribed by Rogers (269). The cell smears were dried in a
stream of hot air, and subsequently fixed in absolute met-
hanol for 30 minutes and washed in distilled water for 5
minutes. The slides were coated by dipping into G 5 emul-
sion (Ilford Ltd., Ilford, Essex) which had been diluted
1:1 with 1% (v/v) glycerol and equilibrated at 43°C for 30
minutes. After dipping and draining (3 sec. each) the
slides were placed on an ice cooled plate for one min. in
order to gel the emulsion before drying it at room tempera-
ture. The exposure was in taped plastic boxes with silica
gel at L. The development of the latent image was done
in D 19 (Eastman Kodak, Rochester, N.Y. USA) for 2 1/2 min.
at 250C. After washing 1/2 min. in 1% acetic acid, fixing
for 5 min. in 20% Fixol (Johnson's of Hendon), rinsing in
water and drying, the slides were finally stained with Har-
ris' haemotoxylin stain. This stain was essential for low
background in the subseéuent automatized grain estimation.

Grain density was estimated by the method of Rogers
(270). In this method’the silvergrains are seen as bright
specks on a black background by vertical incident illumina-

tion. The light reflected is measured by a photometer

giving readings directly proportional to the number of grains.



The use of polarized light, oil-immersion objective, and a
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narrow illuminating beam (the field was set at 30 /u x 30 /u)

ensured a background reading onunlabelled cells (0.40 units)
equivalent of no more than 2 grains per cell. The same
m;ter reading was obtained in cell free fields. Lysed
cells could be rejected since with the stain used they
glowed brightly under the incident light. Each single

cell appearing in the field as the slide was scanned back-

wards and forwards, was measured. In many cases an adjacent

background area of the slide was also read for each measured

cell. 180 cells were examined on each smear. Cells were
rejected if they were clumped, lysed or obviously covered
by artefactual grains, for instance a streak of grains.
Readings were obtained in photometer units. 1 unit
was approximately equal to one grain with the light inten-
sity used. The correlation of photometer units with dis-
integrations was done with 125I anti-Fab labelled TDL by
comparing the sum of photometer readings from 200 cells
with the number of disintegrations during the exposure time
calculated from the gamma counting result. In 4 different
experiments involving different exposure times, values of '
0.18, 0.28, 0.20 and 0.25 were obtained for the yield of
photometer units per disintegration. 0.2 units/disinte-
gration was routinely used in calculations. Using the
known specific activity of the labelled antibody all data

has been converted to molecules per cell.

28. Solubilization of cells

Lymphocytes, washed as described earlier and once fur-

ther with BBSS only, were resuspended and solubilized by



addition of one vol detergent to two vol of cells in BBSS,
usually at 108 cells/ml.

SDS, 1% in TBS (w/v), was added at room temperature
because of the low solubility of SDS at lower temperature.
The amount of SDS added was sufficient for an apparently
complete and immediate solubilization of the cells. The
nucleic acid gel was sheared by passing it through a No.
18 syringe, after which the solution was easily pipettable.
The nucleic acid precipitated out upon dilution in antigen
diluent, probably due to binding of SDS by the BSA. The
precipitate caused an increase in the background in the
radioimmunoassay. Corrections for this were made by in-
cludiqg controls containing solubilized rabbit thymocytes.
Alternatively the nucleic acid was precipitated out before
carrying out the assay by dilution in antigen diluent.

The results obtained by the two methods were identical.
Solubilization with Triton X-100 was performed by
adding 3% Triton X-100 in TBS (v/v) at 4°C and keeping the
mixture on ice with occasional mixing for 2 hours prior to
to centrifugation as above. Judged from the low viscosity

of the solution no nucleic acid had been liberated. In
some experiments cells were solubilized at a final concen-
tration of 5 x 108 cells/ml with no observed decrease in
the amount of recovered immunoglobulin or IgM. Other ex-
periments, however, indicated some decrease in recovery of
IgM when the cell concentration was above 108 cells/ml.

Extraction by freezing and thawing was performed by
snap freezing in dry-ice ethanol followed by thawing at
room temperature. This was repeated twice with 108 cells/

ml of BBSS.
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Solubilization by the method of Marchalonis et al.
(191) was also carried out. Cells were suspended in
9 M urea + 1.5 M acetic acid and kept at 3700 or on ice for
2 hours, then overnight at L. Insoluble material was
removed by centrifugation and the supernatant dialysed
against BBSS. The precipitate formed during dialysis was
removed by centrifugation.

In all cases the solutions were centriuged for 1/2

hour at 105 g at 4°c and snap frozen for subsequent analy-

sis.

29. Chromatography of cell extracts

The extracts from thoracic duct lymphocytes, solubi-
lized at 5 x 108 cells/ml in l% Triton X-100, were chroma-
tographed on a Sephadex G-200 upward flowing column (2.5
cm x 95 cm, Pharmacia). The column was poured and run in
tris buffer with 0.5 M NaCl and 1% Triton X-100. 5 ml
fractions were collected, and the immunoglobulin contents

of each determined by the inhibition assay.

30. Radioimmunoassay

The amounts of immunoglobulins in cell extracts were
estimated by a radioinhibitionassay modified from that
described by Herzenberg & Warner (133) by adding an immuno-
precipitation step secondary to the actual binding part of
the assay. Through this the sensitivity was increased
about 3 orders of magnitude. Grey et al. (114) have used
a similar assy to estimate mouse lymphocyte associated im-
munoglobulins.

Radioiodinated rat Ig was incubated with rabbit anti-
rat Ig at a dilution capable of binding 50 to 80% of the

labelled Ig. Added cold rat Ig decreases the specific



activity of the Ig present. With the Ig in excess of
antibody, a proportional decrease in the amount of label-
led Ig bound to antibody will be the result. The com-
pPlexes of rat Ig and rabbit anti-rat Ig together with
carrier normal rabbit IgG (present in the S-diluent) was
next precipitated with horse anti-rabbit IgG, and the
precipitate washed and counted. The Ig contents of un-
known samples were estimated from standard curves con-
structed by using purified rat Ig.

It was possible, as noted by Herzenberg & Warner (133),

to construct a linear standard curve using the formula:

Ab

where P is the fraction of the iodinated immunoglobulin

bound to antibody; Ab the amount of antibody, and Ig the

amount of cold Ig (inhibitor) present. However, it was
found as accurate, and more convenient, to plot the results
on semilogarithmic paper, and estimate the unknown directly

from this graph (see Fig. II-4).

The assays were performed as follows in 2.5 ml dispos-
able plastic tubes (LP-2 from Luckham Ltd., Burgess Hill,
Sussex):

a) 50 /ul l25I-rat ITg (20,000 - 50,000 counts/min, about
1 ng was mixed with 50 /ul of unknown solution or
dilution of purified Ig. All dilutions were done in
antigen diluent. The BSA in this proved important
for the reproducibility and for obtaining a low back-
ground.

b) 50 /ul antiserum, appropriately diluted in S~diluent

was added, and the tube immediately mixed on a Whirly
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Fig. ITI-1. Determination of the optimal amount of normal

rabbit serum for co-precipitation. 1251-IgM + anti-IgM/lo,ooo
(preincubated 4 hours at 37°C and overnight at 4°C) was’

incubated_with 50 ul rabbit serum diluton and 20 ul horse
anti-rabbit IgG for 4 hours at 37°C.
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Fig. IT-2. Precipitation of %2§I-rat Fab + rabbit anti- rat .

Fab ( preincubated for 4 hours at 37?0 and overnight at 400)

as function of the period of incubation with horse anti-rabe-
bit IzG antiserum (CJ). Also shown is the background: the
counts precipitated with no anti-Fab, but only S-diluent,

present in the first incubation{x).
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Fiz. IT-3. Titration of antisera. Titration curves are shown
‘for: anti-~L chain with 5I-Ingal(O ) ; anti-IgG with

- 125 2a
1291_IgG2a.(o ); anti-IgG,, with I-IgG,, (m) ; anti-
TgM with —2°I-IgM (4 ) ; and anti-IgA with “29T-Tga (4 ).
The points to the right show Background values. The dilu-

tions used in the radioimmunoassays are indicated with arrows.



Mixer (Fisons Scientific Apparatus Ltd., Longborough,

Leicestershire).

c) The mixture was incubated at 37°C for 4 hours and over-
night at 4°C.

d) The next morning 20 /ul horse anti-rabbit IgG was added
and mixing repeated.

e) After incubation for 4 hours at 37°C the tubes were
cooled in an ice bath and sediment washed twice by
mixing with 1.5 ml cold TBS and sedimenting at 2,500 g
for 20 min.

f) The sediment was finally dissolved in 0.5 ml Na OH
(0.2 M) and the radioactivity measured.

In every assay each point was determined in triplicate.
The amount of horse anti-rabbit IgG antiserum used was suf-
ficient for the production of a small but clearly visible
precipitate. The corresponding optimal amount of normal
rabbit serum in the S-diluent to provide Ig for co-precipi-
tation with the antibody (the antisera were at 1/10,000 or
higher dilution) was determined experimentally (Fig. II-1).
The concentration used was 10—15%, varying somewhat from
batch to batch of normal rabbit serum.

The incubation time in the precipitation step was ap-
proaching the optimal as seen in Fig. II-2. The actual
amount of protein precipitated was 0.25 mg after 4 hours
of incubation.

The appropriate dilution of rabbit anti-rat Ig to be
added was estimatéd by determining the dilution curve for
each antiserum. Dilution curves for the antisera used in
these experiments are shown in Eig. IT-3, with the dilu-

tions chosen for the inhibition assays indicated.
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Fig. II-4. Standard curves for radioinhibitionassays.

(0): assay for total Ig, inhibition of the binding of

125 . .
I—IgG2a to anti-L chain antiserum by adding of

Ingé&Zb' (Aa): aSsay fo: IgM, inhibition of the binding
of 125I—IgM to anti-IgM antiserum by adding of IgM. |
The points td the left show values obtained without

inhibitor, and those to the right the background values

in the assay. Each point the mean of triplicate assays

The s.d. range is indicated in all cases where it is

not encompassea by the point.



Table II-1.

- IgM
Assay I9G, . I9G,y Iga g

. N.D. N.D.

IgG,, loo <.5
| N.D. N.D.

Ingb <.1l loo
Iga ' <.5 <.5 loo 6
| | |
IgM .15 <.1l5 -5 loo

‘The "values shown are the relative inhibitions produced
by the different‘immunoglobulins‘in the assays for the
va ious classes. For‘example 206 ng of Inga gave the
same inhibition as 0.3 ng of IgM in the IgM assay. N.D.:

not done.
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Typical standard inhibition curves are shown in Fig.
II-4. Controls without inhibitor, and background con-
trols without antiserum (S-diluent only) were included.
For unknown reasons the background counts with iodinated
IgA or IgM were always higher than for iodinated IgG.

Anti-L chain antiserum was used to estimate total
immunoglobulin. Judged from the parallel inhibition
curves obtained with the different rat immunoglobulins,
the anti-L chain antiserum reacted equally well with all
classes of rat Ig. Anti-Fab showed only partial cross-
reaction with immunoglobulin-classes other than IgG2a & 2b’
which was used for the preparation of Fab.

From the inhibition curves it can be seen that 1 ng,
representing 4 x 109 molecules of Ig, could be quite
easily assayed.

The specificity of the assays were tested by adding
the purified immunoglobulin preparations to the various
binding systems. The results are shown in Table II-1
and it is clear that each assay was detecting the class of
immunoglobulin suggested. The data in this table taken
together with those in the section dealing with iodinated

immunoglobulins establish the antigenic purity of the im-

munoglobulins and the specificity of the assays.

31. Radioimmunoassay in detergents

Assays were carried out on material solubilized in
conventional buffer and also in buffer containing l% Tri-
ton X-100 and 0.33% SDS. The final concentration of de-
tergent in the first incubation of the assay was one third

of this. Extensive tests showed that these concentrations
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of the detergents were without any effect on the assay.
Standard curves were nevertheless always done in the de-
tergent contained in the unknown sample. High concen-
tration of SDS (0.33%) in the incubation mixture did affect

the assay.

32. Antibody activity in urine fractions

Anti-hapten activity in urine and in purified fractions
was measured by incubating a sample made up to a total
volume of 2 ml with TBS with excess radioactive hapten for
1/2 hour at 4°C. Tritiated DNP-lysine (’H-DNP-lysine) was
prepared by Dr. George Fleet, Dyson Perrins Lab., Oxford.
The protein-bound hapten was separated from excess hapten
by exclusion chromatography on a Sephadex G-25 column (2 cm
x 30 cm) in TBS at a flow rate of about 50 ml per hour.
Activity in the eluate was measured by liquid scintillation
counting (BH) or by X—counting (125I).

The specificity is illustrated by the binding of 1.1
x lO3 counts/min. of 3H—DNP—lysine by 1 ml of anti-DNP urine

3

compared with the binding of 0.1 x 10 counts/min. by 1 ml

of anti-NIP urine. Binding of N125IP-cap was correspon-
dingly 0.5 x lO2 counts/min. and 3.5 x 102 counts/min.
Specific activity is expressed as counts/min. of hapten

bound by one u.v. unit of material; u.v. units = wvol.

1l cm

(in ml) x E 280 nm.

33, Collection and fractionation of rabbit urine

Urine was obtained from rabbits immunized with DNP-
bovine gamma globulin (88 ), or NIP-bovine gamma globulin

(ug ) in complete Freund's adjuvant. The rabbits were
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kept in stainless steel metabolic cages. The urine was
drained through glass wool into flasks containing solid
thymol and kept at L°C after daily collections. All fur-
ther handling and fractionation was performed at L°c.

The sediment produced during standing in the cold 2 to
4 days was discarded after centrifugation. To the super-

natant, with a pH of around 9.2, was added solid ammonium

sulphate to 85% saturation ('BOQ. The final pH was around
8.4, The material salted out was separated, dissolved in
distilled water and kept frozen. Pooled material was re-

precipitated from one tenth of original volume with ammo-
nium sulphate, dissolved and dialysed against TBS. Con-
centrate from normal rabbit urine was usually pooled with
material from immune rabbit urine (2:1) to increase the
amount of protein processed.

-Standard procedures of gel and ion exchange chromato-
graphy were used to fractionate the material. Radioactive
hapten was added before chromatography and relative antibody
activity estimated by counting a sample of each fraction
collected.

Molecular weight was estimated on gel chromatography
by comparing the elution position of urinary antibody with
that of rabbit IgG, Fab and L chain prepared by standard
me thods (92,250), and by comparison with the elution of 3h-

DNP-lysine bound to the Fab fragment of anti~DNP antibody.

34. Analytical procedures used on low M.W. urinary antibody

Analytical disc electrophoresis was performed as des-
cribed by Davis ( 71 ) with the modification that the sample

gel was omitted, and the sample was applied in 10% sucrose.



Analytical ultracentrifugation was performed on a
Spinco model E ultracentrifuge with schlieren optics at
59,780 rpm, 20°cC. The proteins were in TBS.

Amino acid analysis was carried out on a Beckman/
Spinco amino acid analyser. For acid hydrolysis a mix-
ture of 1.2 mg of protein + 0.5 ml constant boiling HC1 +
25 /ul of 0.1 M phenol in a hard glass tube was frozen in
dry ice-ethanol, evacuated, sealed and incubated at ll5OC
for 24 hours.

Immunodiffusion was carried out in plastic Petri
dishes (8.8 cm i.d.) containing 10 ml of 1% agar in 0.05 M
barbital buffer pH 8.6. After diffusion for 2 to 5 days
at room temperature the plates were washed in several changeg
of saline, dried, and stained with Coomassie brilliant blue.

Protein concentrations were estimated by optical den-

1l cm / 1l cm
260 nm 280 nm

the urine. After DEAE-Sephadex chromatography, which

sity measurements. The E ratio was > 1 in
cleared out the urinary pigments, this ratio was reduced
to approximately 0.6 and the protein concentration in puri-

fied material was calculated using the conversion factor

for Fab:

1% -
E 1 em 280 nm ~ 15.0 (224).



Icin
280 nin

E

oG Fab L- chain

i
|
osr 3
|
| o
] o
| x
=
0.4+ 2>m
R
L 8 €
<5
& C
1 & 3
0.2~ 8

Vol. of eluate {m!.)

Tig.II7-1. Ammonium sulphate precipitate from 50 ml of anti-DNP

urine was dialysed against 0.75 M NaCl, 0.1l M Tris/HCl, pH 7.4;

incubated with 3H-DNP-lysine and chromatographed on a Sephadex

G-loo column (3.5 x 85 cm) in the same buffer, running at 20-

25 ml per hour. Elution positions from separate runs of L chain,
3

anéd TH-DNP-lysine bound to anti-DNP IgG and Fab are shown.

(o), 3280; (o), coun+ts/min.



Urine from rabbits immunized with DNP-BGG or NIP-BGG
was examined for the occurrence of low molecular weight
hapten-binding material. Specific purification of the
hapten~-binding proteins was not attempted. Contrary,
radiolabelled haptens were used to mark (non—covalently)
the hapten-binding proteins, and these labelled pro-
teins were then in turn used as markers for the pool of
proteins with similar characteristics. This approach
was used in order to make possible the purification of

enough material to allow for chemical characterization.

1. Purification of urinary hapten-binding protein

Urinary proteins were initially concentrated by
treatment with dry Se; acaex G-25 or by ultrafiltration,
but a higher recovery of activity was obtained (around
95%, against 60-80%) by salting out with ammonium sul-
phate. A varying amount of the material salted out
was floating and was collected with a sieve; the pre-
cipitate was collected by centrifugation. The elution
profile of the antibody activity on gel chromatography
(Fig. IITI-1) was independent of the method of concentra-
tion. The relative distribution between high and low
molecular weight activity varied from preparation to
preparation, one tenth to one third of the activity being
located near the front, the rest at the elution position
of Fab.

The activity bound to protein after passage through

Sephadex G-100 in saline was about 75% of that bound by
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the same amount of material on the fast G-25 test column.

After passage through G-100 in 1 M propionic acid about
25% remained bound as compared with passage through G-25
in saline.

The activity was precipitated a second time with
ammonium sulphate and then dialysed against saline.

The protein solution in a final volume of about 1/30 of
the original was made 1 M in propionic acid. This pro-
duced a heavy precipitate, which was separated out by
centrifugation for 1 hour at 105 g.

The propionic acid treatment gave a 2-4 fold en-
richment in specific activity; the activity left in the
supernatant was mainly low molecular weight (85 to 98%),
whereas in the precipitate up to 80% of the activity
was high molecular weight. Because of the precipita-
tion of most of the mucous material it was possible to
concentrate the supernatant further by ultrafiltration
and to chromatograph larger amounts of material (con—
centrate from about 10 litre of urine) on the prepara-
tive G-100 column (5 cm x 84 cm) in 1 M propionic acid.

On chromatography of supernatant concentrate on
G-100 in saline the low-molecular-weight activity was
eluted at the same position as Fabj however, on gel
chromatography in 1 M propionic acid it emerged between
Fab and L chain, corresponding to an apparent molecular
weight of 35,000. On both columns normal Fab and
3H—DNP—lysine bound to anti-DNP Fab were eluted at al-

most the same position, the radiocactivity emerging only

slightly later than the protein peak (see Fig. ITI-4).
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rig, 171-2. Ion-exchange chromatography of low-molecular-weight

urinary hapten-obinding proteins (G-loo Ifraction) on DEAE-Sephadex
£-25 (column vol. 120 nl) in ©0.005 M potassium phosphate, pH 6.5,
followed by a linear grad.ent (2 x 200 ml) to 0.1 M phosphate,

-3 6.5, (&), E28o; (¢), counts/min.
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Fig.IT7-3. Gel chromatography of fraction DEAE—I on Sephadex

G-loo in 1 M propionic acid. The co.umn was 2 x 145 cm,

running at 6 ml per hour. 5 ml fractions were collected.

; (o) counts/min.

(8) E280

~he elution positions of L chain and 3H-DNP—lysine bound to

anti-DNP Fab are indicated. IgG was eluted at 125 ml. The
second radioactive peak represents free haptén. Fractions

pooled Zor futher purification are indicated.

Radioactivity
(counts/min./50 pl)x10‘3



Recovery of activity after acidification was around
70% when the ammonium sulphate precipitate was dialysed
against saline before the addition of propionic acid,
compared with a recovery of 30-40% when acidification
was not preceded by dialysis.

The active low-molecular~-weight fractions from the
preparative Sephadex G-100 propionic acid column were
pooled, concentrated and dialysed against the ion ex-

change buffer. 3

H-DNP-lysine was added before dialysis.
Jon exchange chromatography on DEAE-Sephadex A-25 (Fig.
IITI-2) resulted in 3 active fractions, the bulk of the
activity, about 90%, being eluted with the starting
buffer (fraction DEAE—I), and at the beginning of the
gradient (fraction DEAE-II). Only a few per cent more
were eluted with 0.3 M phosphate (fraction DEAE-III).
The antibody activity, calculated from the binding of
hapten (BH-DNP—lysine) on ion exchange chromatography,
was the same as that of the pooled fractions measured

by the standard method (Sephadex G~25 exclusion chroma-
tography). When anti-NIP activity was purified on
anion exchange chromatography, around 50% of the binding
activity was expressed despite the negative charge of
the hapten.

The material eluted with the starting buffer (frac-
tion DEAE-I) was further purified by chromatography on
Sephadex G-100 in propionic acid (Fig. III-3). Activity
was eluted at a position between Fab and L chain, where-
as the activity of DEAE~IT and DEAE-III was found at
the same position as Fab. Fractions DEAE-TII and ITT
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