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SUMMARY OF THRSIS ON BIQCHEMICAL ASPECTS OF ANTIBODY

FORMATION PRESENTED FCR TEE DEORER OF Ph,D,
UNIVERSITY OF GLASGOW & APRIL 1968

The work presented in this thesis was directed towards
developing & olearer understanding of some of the bilochemloeal
aspecte of antibody pooduction. The systems employed wers
rabbit-anti-bovine serum albumin (BSA) for studies on the
specific activity of DNA polymerase, and rat-anti-sheep rad
blood cells (SRBC's) for polyribosome siudies,

Some rabbits were rendered tolerant to BSA by the
intraperitoneal injection of this protein at birth, The
entablishment of tolerance was confirmed by antigen
elimination tests in the mature animal, Comparative studies
were made on the specific activity of DNA polymerase from the
espleens and appendices of normal untreated rabbits, rabbits
undergoing & pﬁimary or secondsry response to BSA and rabbits

praviously rendered tolerant to BHA,

The results chtained indicated that in the case of the
splenic polymerase aoctivity was inoreased by the immunigzation
procedures. Inoreased activity was observed on days &, 3, 4,
6 and 8 of the primary response and on days 2, 3, 4, 6 and 8

of the secondary response, In the case of the animals
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rendered tolearant to BSA anzyme activity was depressad 3, 4
and 6 days after one injection of this protein into the
adult animal and 1, 4 and 6 days after 2 sacond injeotion.
The significance of theme results end their possibdble
relationship to lack of macrophage proliferation in the

secondary response and in tolerant animals was discussed.

Results from comparable studles in the appendix showed
no consistent pattern but thera appeared to be a decrease in
the specific activity of the enzyme at various times after
antigen injection., A poseible role of the appendix in the

immune response was considersd on the basis of these results,

In view of this antigen stimulated cellular response in
the spleen, atudies were made on the polyriboscme patterns
or the spleens of control and immunized animala., A
procedure was developed whereby polyribosomes could be
sxtracted and analymsed from rat spleens, No consistent
differences hetween the polyribosomes of control and
immunirzed rats were observed. TPossible reasons for this

inconsistency were discusmsed.

GEORCE E. MOFFAT
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We now come to the important question of the signifiicance
of the toxophile groups in organs. That these are in
function speecially designed to seize on toxines cannot be
for one moment entertained, It would not be reasonable to
suppose that there wera present in the organism many
hundreds of atanic groups destined to wnidve with toxines,
when the latter appeared, but in function really playing no
port in the processes of normal 1life, and only arbitrarily
brought into relation with them by the will of ths
investigator. It would indeed be highly superfluous, for
example, for-all our native animals tg possess in their
tiesues atomic groups deliberately adapbed to wnite with
abrin, ricin, and orotin, substances coming from the far

dlotent tropics.

Paul Bhrlich, 1900.
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HISTORICAL

The concept of immunity properly began with the
introduotion of vaccination against cow=pox in the late 18th
contury (Jenner, 1798) but the first attempt to place
immunology on & more secure scientific basis must be
attributed to Louis Pasteur, Almost 100 years after Jenner,
he showed that attenuated micoro~organisms could be used for
the preparation of vacoines against chicken cholera (Pasteur,
1880a) and other diseases of bacterial origin (Pasteur,
Chamberland and Roux, 1881). At the same time he suggested
(1880b) that in the first attack of a micro-organism on an
animal some nutrient substance was consumed by the organism.
On the occasion of a further attack on the same animal, the
game organism would be unable to thrive and immunity would
result, Thin was termed the "exhaustion theory." In
contrast, Chauveau (1880) postulsted a "retention theory"
which suggested thet the microworganiem left hehind some
substance which prevented & further attack from being

successful,

However, with the elucidation of a bactericidal
material in plasma, Buchner (1894) presented his hypothesis

that toxine were modified and incorporated into antitoxins

2.



3.

in the body. This was probably the first attempt to explain
the specificity of the immune response but the downfall of
this theory came with the retlisation that the amount of
antitoxin formed was very much greater than the amount of
toxin administered to the animal, Another process by whioch
some specialised cells could attack and destroy infecting
agents was being investigated by Metchnikoff (1901). This
was a ¢ellular defence mechanism termed “phagocytosis" and
involved the actual ingesation of the infecting agent by the
gell. This concept howaver failed to gain popularity until

many years later.

In 1900, Ehrlich elaborated in some detail his
"side~chain' theory of antibody formation. He considerad
that cells were fitted with "mide~chains,” the normal
function of which was to take up foodmtuffs but each of which
“incidentally and by pure chance" also had the capacity to
combine with a particular toxin. When this combination
happened, the normal function of the "mide~chain" was
impaired and regeneration of the particular cells and
"gide~chaina” involved then took place., However, according
to Ehrlich, an over-cmpensation resulted in the production
of an excess of "mide~ochains' which were consequently

digoarded into the blood thus acoounting for serum antibody.



4.

This theory explained many of the known aspects of immunity

inceluding =

(a) The specificity of antitoxins

(b) The duration of immmity (even in the absence
of toxin)

(c) The excess production of antitoxin in comparisen
with the smount of toxin administered

(4) Failure to respond to a given toxin.

Bhrlioh suggested that this last point eimply implied the
abeence of a suitable "sidew~chain." He further suggésted
that some antibodies, particularly those directed against
erythrocytes and bacteria, had 2 specificities. One of
these allowed the antibodies te combine with the specific
antigen and the other permitited combination with the heat
labile serum factor (complement) and led to lysis of the cell
involved.

Bhrlich's theaories so adequately explained the known
phenomena of immunity that they formed a working hypothesis
for research over the ensuing 3 decades. As will be
mentioned later, some modern theories of antibody formation
adopt many of the principles of Bhrlioh's "sidewchain'
theory. However, some immunologistes of the early 1930's

considered that tho number of antibodies whioh an amimal
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could synthesize was go great as to excesd the number that
would be aveilable according to Ehrlich's "side-chain

theory, and so new hypotheses began to appear,

In the direct template theoriss of Breinl and Haurowitsz
(1930), Alexander (1931) and Mudd (1932), 1t was suggested
that the antigenic material directed incorporation of amino
aclds into antibody moleculas at the site of synthesis and
thus éensured complementarity of configuratibn. These
theories dictated that antibody specificity was a function
of the amino acld sequence of the antibody molecule, On
the other hand, Paunling (1940) suggested that the antigenic
determinant sexrved only to dirveet the folding of the
protein chain and that the various antibody molecules differed
from each other only in this respect, and not in amino acid
sequence.

Burnet (1V41) considered these direct teunlate
theories in detall and his criticisms of their insdequacies
were as follows, The failed to account for the fact thats

1+ A second or subsequent contact with au

antigen causes increased antibody
production (the secondary responss)

2. Antibody produetion continues long after
the antigen responsible has disappeared
from the body



3. Antibody production oontihues in the
progeny of the cells originally
stimulated

4. The typse of antibody produced varies with
age, with the mode of administration of
the antigen and from one spacies to
another.

To overcome some of the difficulties, Burnet and Fenner

(1949) proposed an indirect template theory whereby antigen
modified a globulinesynthesizing snzyme resulting in the
formation of an engyme that was not originally a cell
constituent. Such & proteinase would then be responsidble
for synthesizging the antibody globulin. These authors
further suggested that 2 similar mechanism wag involved in
the destruction of the body's own aged cells but with the
difference that such cells would carry distingulshing
components ("self-markers®) permitting their cataboliem
without concomitant antibody profuction. An important
corollary to this was the prediction that exposure of
foetuses to a "marker" would result in abmence of an immune
response to such 8 "marker" in adult life, This concept
of "tolerance" was later confirmed experimentally

(Bi1linghem, Brent and Medawar, 1953).

In 1955, Jerme propounded some ideas that were

reminiscent of those of Ehrlich of 50 years earlier, The

6o



essentinl concept here was that of "natural antibodies."
That igy, the gamma globulin fraction of serum was
considerad to he heterogeneous and for every antigen there
weuld be & gamma globulin of most closely matched
complementary configuration. After combination of the
antigon with the selected globulin followed by phagooytosis,
synthesis of this particular globulin would then be enhanced
(the "Natural Selection Theory" of antibody formation).
Another theory whioh placed the emphasis on selection rather
than instruction was the "Cilonal Selection Theory" of
Burnet (1959). According to this theory, extensive
mutation in the velevant areas of the genes coding for gamma
globulin takes place during smbryonic 1ife. This would
result in & population of potential antibody forming cells
gach with the ocapacity to form a specific antibody. Also,
during embryonic life, olones which had the potential to
react with "self" antigenic determinants would be eliminated.
In this way, self-recognition and the induction of tolerance
by the adminisiration of antigens to the neonate were
explained. In the primary response where the antigen or
soma material derived from it encountered the appropriate
clone of cells it would trigger off & sequence of events
resulting in cellular proliferation, the formation of

antibodyw~producing cells and also the formation of an

T



inereased number of conditioned cells whioh do nof
immediately synthesize antibody but which on a further
antigenic stimulus would be able to do so. This would
result in tho more rapid and greater production of specific

antibody which i& characteristic of the secondary response,

Variants af masﬁ of these theories are still in vogﬁe
end will be consldered below under "Some Current Theories

of Antidbody Formation."

TLESUES  INVOL
The first uwnequivocal evidenoe that the splesn was a

site of antibody synthesis was supplied by Fagraeus (1948)‘

who showed that plasma cells in the red pulp of this {tissue

were actively involved. On the basis of fluorescent

antibody studies, Leduc, Coons and Connolly (1955) concluded

that the lymph nofes of hyperimmunized animals were also
involved, Asckonas and Humpbrey (1958) investigated the
abllity of tissue slices to produce antibedy in vitro and
concluded that, depending on the nature of the antigen and
the mode of administration, tissues a&s diverse as spleen,
lung, bone marrow and to a lesser extent liver, wore

implicated in production of antibody,.

More recently & conslderable amount of evidence has

8,
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been amansed which implicates other lympheold tissue in the
immune response. . Miller (1961) showed that thymectomy in
neonatal mice resulbed in depletion of the number of
lymphocytes and in impairment of the immune response in the
mature animal. He suggested dhat the thymus may be
involved in producing cells to populaie obther lymphoid
organs and alse in secreting & factor which promotes
lymphopolesis in stich organss An independent buit similar
vole Has been suggested for the appendix (this is considered
in some detail in the DNA polymerase section of this thesis)
and for other lymphold areas such as Peyer's patches in the
intestine. In reviewing this field recently, Cooper,
Gabrielsen and Good (1967) suggest that there ig & thymus
dependant system which i3 involved in cellunlar immunity and
e saoond system which in hirds is dependent on the Bursz of
Fabricive and in mammals on the Peyerts pateh type of
lymphoid tissue and which is concerned with serum antibody
produetion. Sites of antibody preduction (such as spleen
and lymph nodes) are termed pevipheral Iymphoid btissues and
sites of origin of the funotlomally diverse lywmphoid cells

(for example thymus, appendix) are central lymphold organs.



THR _OELLS INVOLVED

The cellulax agpect of the imnune response will be
conpidered firstly with regpect to plasma cells and
1ymphovytes, and secondly with respect to the role of the
ma.crophage .

In reviewing the large amount of literature on the
plasma cell, Thorbecke and Benacervaf (1962) concluded that
thore was no doubt that plasma cells and in particular
immature plasma cells were the cells actively invelved in

the synthesis of antibody, They further suggested that

these cells arose by

rationlar s5y  lmmature and mature
o611 (1), haencoytoblass (31, plasma cells

whore (i) cccurred in the lympbold tissue (haemocytoblast
end lerge lymphooyte possidly being synonyme) and (ii) in
the red pulp of the spleen. It was oongidered that both

lymphocytes and plasma colls developed from undifferentiated

reticular cells.

Nossal and Wakels (1962s) reached similar conclusions
with some significant additions. Thus Shey suggented -

() +that the antigen responsive cells may be
large lymphocytoss

10.



(b) 4that, after multiplication of theme cells,
some differsntiate to plasma cells and
some to rasting or memory cells which they
ponslderad may Appear morphologically as
small lymphocytess

(¢) that antigen could aleo stimulate the
memory ¢ells which could then re~snter the
cycle ag primitive competent ocells -
possibly large lymphocytes.

In a veview article on the lymphooyte, Yoffey (1964) pointed
out that a certain proportion of lymphocytes have a very
long life span and suggested that these cells were
developmentally static because they had bheen conditioned on
primary antigenlc stimulation., He considerad that in
response to a sacond encounter with antigen these cells
enlarged and were transformed into the large basophilic
cells which appear 24 hours after antigenic challenge. Both
Yoffay (1964) and Nisonoff and Thorbecke (1964) present a
considerable volume of svidence that such a transformation

can take place.

Mitchell and Calabresi (1964) extended this concept of
"oonditioned lymphooytes" and postulated that some small
lymphocytes formed in a rabbit lymph node in response to a
localized primary injection funotion as "immunologlical

messengers,” By means of these cells remote nodes receive

1.
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information which origirated in the node sensitiged by
diract oontact with antigen. Thue, if antigen was injected
near a nodg remote to a firat injection, a typical secondary
response was cbtained even though no antigen leskage could
ba datectad.at the helght of the cellular responsge to the
fivret injection.

Conpiderable evidence has accumulated that recirculating
small lymphocytes are involved in tha'priﬁary response to
homografts (reviewad by Wilson and Billingham, 1967). It is
coneldered that, when certain committed lymphocytes are
stimulated, they become established in the regional lymph
node, enlarge to the large pyroninophilic blast cells which
ave charagteristic of the early part of an immune response,
and that these mubsequently divide to produce more committed
small lymphooytes. Furthermore, Hummler ot a1, (1966) have
showm that circulating cells producing haemolytic antibody
directed sgainet sheep Ted blood cells (SRBCs) showed the
typioal structure of small lymphocytes when oxamined by
electron mioroscopy. In this connection, MeGregor,
Melullagh and Gowans {(1967) have shown that, when rats are
pravented from producing a haemolysin response to SRBCs by
Xeirradiation, thisg inability could be overoome by the

administration of normal small lymphooytes. It was also

suggested (Pord and Gowans, 1967) that the maznitudo



of the haemolysin response depended on the concentration of
lymphocytes entering the splesn at the time of administration
off the antigen and that these cells which "homed" to the
pariarteriolar lympholid sheath of the splenic white pulp
within 3 hours of their administration to the perfusing blood,
ware the important cells in the ensuing immune response.
Noseal (1967) has similarly emphasized the importancs of
lymphoeyte "compartments"” in the splaen and states that
antigens localize in the 1ymphoid follieles of the white pulp
within 2~4 hours of thelr administration, |

Thus, while plasma cells are considered to he the main
affector cells in antibody production (Attardi, Cobn,
Horibats and lennox, 1964), increasing importance is being
attributed to the ciroulating small lymphooyte both as a
potential precursor of such cells (via transformation to a
blast cell and subeeguent division) but also as an antibody
producing cell in its own might.

A further potentiality of the smsldl lymphosyte was noted
by Holub (1942) who recorded that, when pure cuspensions of
these cells were transferred from an immunigzed donor and kept
in Millipore diffusion chambers in the peritoneal cavity of
a recipient rabbit, there was a graduwal transformation of

these emall lymphooytes inbto macrophages. - Thers have bean

13.



considerable differences of opinion in this conneoction but
the recent report of Boak, Christie, Ford and Gowans (1968)
strongly favours this concept of transformation of
lynphocyte to macrophage under certain oconditions. These
authors initiated a grafi~versus~host reaction in mice by
the intravenous injection of thoracio duct small
lymphoeytes (98.5% pure). FBleven to 12 days after this
injeotion, liver macrophages were lsolated from the host
and by use of appropriate chromosome marker techuiques it
wan observed that 95% of those macrophages whioh ware
engagsd in mitosis were of donor origin = this is, were
derived f£rom the inocoulum of thoracic duot cells. However,
in ancther set of experiments a different stimulus for
maorophage proliferatian was used and differgnt results
ensued., Mice were Xeirradiated and then rawpopulated with
either (1) lymph node cells and bonee-marrow calls or (2)
thoracic duct cells and bone-marrow calls. Host cells,
lymph node cells, thoracioc duct cells and bone-marrow celis
all bore distinet ohromosome markers for identification.
Bleven to 19 days later, partial hepatectomy was uged ‘o
stimulate proliferation of liver macrophages and these
colls woere isolated and identified, In the former case

(Oeso 1), the majority of the dividing macrophages were

14.
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of bone-marrow origin and in the latter case (Came 2) the
watio of honee-marrow : thovacic duct ¢ host cells as origin
of the macrophages wag around 8,5 ¢ 3 ¢ 1, TIn these
latter experimems, however, the inoculum of Jymphooytes
(1ymph nede or thoracic duct) was very much graatﬁr then
that of bonewmarrow cells, Thus it wae concluded that
depending on ths nature of the stimulus re-circulating
iymphocyten and boneemarrow cells (which may hawve the
morphology of small lymphocytes) can transform into

proliferating macerophages.

Intorest in the macrophoge as & call essentially
involved in the mediation of the immune response was
revived by the experiments of Fishman (1961). These
gxpeoriments topether with other evidence in favour of and
 against o crucial role for macrophage RVA will be considered
below bub chservations on the cellular aspects will be

introduced here.

In the experiments of Perking and leonard (1963),
nouse periitonesl macrophages were incubated in witrp with
RBCs from wvarions apacies or with RBOa coated with serum
faotors to enhance phagocytosis. On mioroscoplc
examination of the meRorophages 1t was observed that

phagoeytosis of the various antigens was highly selective
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and could be modified by the presence of spacific
erythrocyte antibodies., It was ooncludea from these
experiments that individual maorophages had the ability to
rocognige and ingest spacific foreign maferial, thus fitting
them for some p#rticulur role in antibody biosynthesis.
Schoenberg, Mumaw, Moore and Wbisbargef (1964) summarized
the existing evidence implicating wacrophages surrounded by
lmphoid cells in the imnuneg response aund racorded that in
studying sestions of spleen and lymph node from immuniged
and none-lmmunized rabbitss "isleis" of macrophages
surroundsd by either plasma vells or lymphooylies were found
in all cases - though in greater nusbers with immunized
aninvals. Blectron mioroscopy ravecled some areas of direod
communication betwaen the cytoplasm of maorophages and that
of lymphocytic ealls. Particles the size of riboscmes
wore seen in the oytoplasm comeeting tha 2 cell types
though antigen could not ha demonsirated in antibody

prodncing oells.

Thig phenomenon was further esuggested by the experiments
of Nossal, Ada and Austin (1964). Twenty~four hours after
the injection of labelled flagellar antigen the label was
Pound in discrete cells in the responding iymph node and

each heavily labelled ocgntre appearad to have extensions
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bearing labelled materdial branching out from it.e It was
inferred from these observations that. the label was presant
in macrophages which possessed dendritic processes
containing antvigen~ierived material and that when primitive
colls encounteved these prosessss thoy wore oaused to
proliferate, These investigations were later developed

and the oonclusions confirmed by Mller aud Nossal (1964).

Bartfeld and Juliar (1964) deseribed exporiments in
which peripheral leukocytes from patients with rheumatoid
arthritis wore grown in oulbure for 4 days. Such patients
are thought to produce macroglobulin in response to
antigenic stimulation fron denatured gamma globulin.

Stained slides were prepared at intsrvals from both
rhounatoid and nonerhemmatold culbures. By 2-4 deys the
numtber of small lymphooytes had decreased and there was an
increase in the mumber of Iymphoblaat cells and macrophages.
diso, in 6 out of 8 rhourateld cultures dut in no normal
cultures organized “iglets" had appesred. In some of these
islets, exchenge of information ("peripolosis®) appeared to
he taking plsoe. Similar obzorvations were made by
MoFarlend and Heilman (196%) who observed that in 4tiseue
culture of peripherazl leucocytes clumps of 10 or more

lymphonytes were atiached in radiel faghion to macrophages.
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They suggestod that this contacot may represent an salternstive
to cell division ag & means of developing c¢lones of antiboedy
Torming vells in lymphoid tissue after primery antigenic

stinulation.

Gohen (1967) has presented evidence which Ffurther
suggests that there are specific binding sites on the surface
of lymphooytes receiving infomation from other cells. Thus,
when BNA ves extracted fron the spleens of mice impunized
againgt SRBUe, the RNVA could confer antibody-~forming capacity
to normal moune spleen cells. If thie RNA wae ninimally
digested with ribonuclease and administered to normal cells
immediately before undigested "immune" RVA was given, then
the conversion to antibody-producing cells wasg inhibited,

The inhibition was specific eince incubation of spleen cells
with RNA {digewvted or non-digdsied) from spleens of animals
inmuni zad againsﬁ ono antigen &i¢ not Inhibit the conversion
to antibody-producing cells when RNA from animals immunigzed
with enother sntigon was useds Thus it was oonsidersed thatl
whether the aotive BNA was pure or an RNA-antigen complex

thave wara spacific rocognition sites on the surface of the

roacipient lymphooytes.

Gallily and Peldman (1967) have inforrved from their

observations that provessing of antigen by macrophages is a



nacessary step in antibody production. Mouse peritoneal
macrophages rendered 987 purs by culturing for A8 hours were
inoubated in vitre with Shigella antigen and were then
transferred intraperitoneally to X-irradiated recipient mice.
Agglutinin production was demonstrated in vecipieénts 5 and 8
days after inoculation., However, if macrophages from an
X-irradiated mouse were used, then these failed to elicit
antibody production in the Xeirradiated recipient, It wae
thus suggested that in the immune respomse maocrophages must
"process™ the antigen, and that immunologleal unresponsivew
ness due to X-irradiation is a result of some effect on

macrophages and not on lymphooytes.

In sunmary, the soheme pressented in Fig. 1 is postulated
as a working hypothesis regarding the cells involved in the

immuna Yesponse.

MOLEQULAR _ASPROTS

1. Antigens
As wall as proteins and cellular structurss, many other

classes of compound eéxhibit antigenioity. Polyssocharides,
nucleic acids, synthetic polypeptides can 8ll eliocit
formation of mpecific antibody. In addition, haptenes,
organic compounds of low moleocular weight, can also act as

antigens if complaxed Yo carriers of one of the above classes.

19.
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Hauvowitz (196%) oconsiderad that the shape rather than
the charge or polarity or aay other property of the
antiganic datorminant was tho impordtant factor in conferring
antigeniolty on a csmpmmd; This conclusion was based on
reports that antibodies can differentiate hotween ow, mw and
pelocmars, hetween I and Dedsomers and between cise and
trang-dorivatives of otherwise identical antigenioc
dotaminants. Algo, antibody directed against the
positively charged haptene proup azophenyleNetrinetbyle
ammonivm (N ““362{4 - M (033)3) can also combine with th
uncharged azophenyl-trimethyimethane group
() NaCpll, = C wﬁ:&).‘s)* The shapo in ef&och case is
identical.

The experiments of Xoshland and Engleberger (1963)
indicated that not only did ¢thé amino acid content of
different antibodies vary but, when the antibody was
dirveoted againet a positively charged haptene, the difference
in amino acid content in the specific antibedy favoured amino
acids bearing a negative charge and vice versa. Thus, while
foreignnase of shape may be the oriterion of antigenicity, it
also appears that a charged antigen can scmehow direct
formation of an antibody bearing an opposite charge. It was
not, of cowrse, established that the charge on the antibody



moleculae is associated with the antibody combining site.

2. Antibodies

Progent knowledge on the subject of immumogliobulins
has been the subject of & recent essay by Porter (1967) and

of an extensive review by Cohen and MWilstein (1967).

The 3 main classes of immunoglobulin ave Igh
(75 antibody), Tl (195 antibody) and Igh, all of which
exhibit antibody activity, Molecular weights are 150,000,
900,000 and 400,000 respeactivelys All of the immunoe
globulins are assoclated with carbohydrates The structure
of each is based onh & Jecomponent vnit of 2 heavy and 2
1ight cheins held together by disulphide bonds (Fig. 2).
The IgG molecule is a single unit, IgW is poasibly formed
from % unite held together by disulphide bonds and Igh from
2 uwnite which appear to dismociate readily. From electron
microscopy studies it wae inferred that this unit structure
in Yeshaped and that the angle between the 2 arms may vary
from 0° to 180°,

Hydrolyelis with papain yilelds 2 identical fragments
(Fab) and 2 third fragment (Fe). Peptic hydrolysis yields
a fraguent (T2Y¥)2 and emall peptides from the Fo part of
the molecule. The Neterminal helf of the heavy chain (Fd)

can he prepared from the Fab fragments.
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Pie, 2 s DIACRAMMARIC REPRESENTATION OF THE A-GHATN UNIT
SIRUCTURE OF IMMUNOGLOBULINES

Chaing ere linked by disulphide bridges. DBroken lines
indicate wheare variation in amino acid soquence may ogcur
within o given chain typo. Dot-dagh linos indicate whers
proteolytic digestion takes plece giving vise to the

fragmonts indicated. | ~
From Cohen and Milstein (1967).
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Studies of theme variowns fragments have revealed that -

()

(14)

(411)

(iv)

()

(vi)

(vii)

The antibody combining site vesides in the Padb
fragnents

Veriation in amino aclid sequence is common in the
Netorminal portions of heavy and light cheiuns and

may deotermine the threeedimenslopal structure of

the immunoglobulin and honco antibody specificity.
The amino acid sequence in the Ceterminal portion
is virtually constant.

7a fragments isolated from speeiflc antibody will
bind to cireulading antigen in vive bul isolated
light chaing do not normally possess this ability

Antibody binding capacity is enhanced when light
chainsg from the orviginal antibody are recuabined
with gpecific heavy chains, suggesting that the
ligh?t ohain does have some role in the andibody
binding site

Within & single class of immunoglobulin {Igl,
TaM or Tgh) 2 or more types of light chain bave
been found which differ antigenically from cach
other - ipobtypic varianta

Agsociated with any of these types of light chein
there can be & variety of heavy chain types cach
bearing distinct antigenic properties. These
type=specific detorminants can be located on the
Te or P4 parte of the heavy chains

Allotypic variante (antigenic differences between
individuals of the same species) somebimes ooccur
in both light and heavy chains (on Fo and Pd

fragments) of a numbser of species



(viii) Idiotypic variants (antigeonic specificity
asgocinted with individuval antibodies) have
been demongtrated in o few capes and appeaw
to be located iun the variable region of the
Fab froanent.

Cohen and Milstein (1967) emphasize that isobypic and
allotypic specificitios alone determine the anino acid
soquence of the C=ferminal sections of light chains {(and
probably also of heavy chains) while the amino acid sequence

of the N-terminal sectlons appears to be specific for their

clone of origin and wvary from one immunoglobulin to anothewr,

The role of the various clagses of immunoglobulin is
not completely clear as yet. Bauer, Mathies and Stavitsky
{1963) and Uhe (1964) showed that Tor most of the entigens
studled (partioulate and protein) the primery rosponse was
chanacterized by early production of ITg¥l antibedy. This
was arrested and was followed by production of Tgl antibody
beginning about T days after the antigen injection. In
the secondary response, Lgl was produced earlier and in
greater quantlity than in the primery response and small
amounts of TeMl antibody could also bho produced, It was
suggested that the Igl mechanisnm did not develop
immunological memory whereas the Iglh system does. IBauver

ot al. (1963) postulate that the different clasmes of
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imnunoglobulin are formed in different cell btypes.

In this connection the experimente of Adler, Fishman
and Dray (1966) ave of considerable interest. The details
of the experimental techniques are considered below but, in
ponmary, Tabbit peritoneal exudate cells were incubated in
yitro with antigen, RNVA was extracted and transferred to
cultured fragnente of non-inmunme rabbit lymph node tissue
and antibody production ensued. VWhen the peritonsal exudate
ecalls and lynmph node cells ceme from animels of different
allotypes, the IgM antibody ?ormea first in the culture
contained antigenic markers characteristic of the donor of
the periteneal exudate cells, while the Tgh entibody fLormed
later had the allotypic specificity of the donor of the

iymph node cells.

The immunological role of Igh is not elear. It i
presents in various seromucous secretions (Uchen and Milstein,
1967) in rolatively high concentration. Txocrine TgA shows

certain differences from serum IgA

(2) Creatier molecular wolght

{(p) It is associated with an antigenically
distinet fragment (trensport or T picce)

(¢) Tt hes a greator stability in the presence
of mild reducing agenis.,
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3. Ribonucleic Acid

As alveady stated, tho oxperiments of Pishman (1961)
implied that macvophage derived RNA hed a crucial role in
the biosynthesis of antibody. Thege exporiments together
with other evidence whioch suggests that RVA extracited Lfrom
lymphoid tissue or fron prepavations of macrophages is
involved in mediaiting the iwmune response will bs intreoduced
hers.

In Tighman's experiments, preparations of rat lymph
node cells containing not more than 5% macrophages were
cultured in vitro and poritonsal macrophage preparations
wore objained from the same animsls. T2 bacteriophege was
used ags antigon. Bither (i) 2 phage alone or (ii)
macrophage alone or (iii) o washed homogonized preveraiion
of macrophage cells pre-~incubated with T2 phege wae added to
the lymph node cells in +digsue culture. After incubation,
gomma, globulin wes isolated from the ouliure medimm (by
salbing out) and was concentrated ten-fold. Anti-09
activity wag aseayed by besting the ability of T2 phage
after mixing with tho culture medium concentratey to form
plaques when spread over the surface of a wniform Eech. coli
susponsion in agar in Peotri dishes. Tho greater tho
neutralising activity of the culture £luid the lower the

number of plaques.
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Wo neutralizing activity was found when culiure f£luid
from case (1) or (ii) was used. In cage (iii) there was
gignificant neutralization but only in 1 out of every %
attemptss The antibody was specific for T2 phage. Other
obseorvations include 2

() Apparently only 10 - 20% of macrophages will

veact with antigen.

(b) Optimal Hime of incubation of macrople go
with T2 phage was 30 min., More than a
pimple absorption or ingestion appeared
$0 be invelved,

(¢} Tho macrophages and lymph node cells musd
come from the same species - for example,
no activity was found using rabbitb
macrophages and rat lymph node cells.

(a) Study of the phage-nacrophaga filtrates
which were successful in stimulating antibody
formation revealed that ridbonuclease
agompletely inhibited antibody synthesis.
Control experiments showed that this was not
due to any action on lymph node cells.

M.etman's tentative conclusion from those experiments
was bthat lymph node colls in tissue cultuvre nsed ribonuclease

sonsitive material derived from macrophages ag a btemplate

for antibody productlon.
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Monnick end DBgdahl (1962), using the principle thalb
iymph node cells of rabbits redeiving & skin homograft hove
the potential to react against the gkin of the donor rabblt,
showed that o tuberculinelike skin reaction was obtained
then immune lymph node colls from & reciplient rabbit were
injected intradermally into the donor, When non-imaune
iymph node cells from obhor rabbits were injected into tho
donor at o diffevent site a skin reaction was obtained but

in o fewer nunber of coses.

In an attampt to find +the active prineiple, the RNA of
the immune lymph node suspension was extracied and incubated
An vitro with nouwimmune lymph nede cslls from a control
rabblit. As conbtroly, non-immune lymph node cells luncubated

with out' RNA> were used,

The suspenslong, test and control, wore injoctod introe
dermally into opposite sides of the back of the donor rabbit.
A gignificant reaction was obtoined in 17 out of 20 cases
with the test suspension and in only 2 oul of 20 with the
control, Other conirolss neutral lywph node cells
incubated with RVA from obther neutral rabbits, and the
reactive RNA without the lymph node cells, both failed to
péoduce 2 reaction. Turther, the reaction produced by

neutral cells incubated with reactive RNA was conpletely

29
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specific for the donor of the skin homograft.

Fishman and Adler (1963) in the mecond paper of their
series record experiments in which they inserbted into the
peritoneal cavity of rats (irrvadiated or non-irradisted)
diffusion ehaﬁbers containing variocus permutations of (1)
RVA extracted from macrophages pre-incubated with T2 phagoe
- RVA (M-%2), (ii) RWA from untreated macrophages = RWA (i),
(ii1) lymph node cells from neutral rats - IV, (iv)
ribonucleass = RNase, (v) 2 phage. Their most pertinent

rosults are summarized in Table 1.

Studies on the reactive RNA showed it to be of low
molecular weight. Attempbs fo find antibedy bDinding
naterial in the RNA failed, though the possibility was not
oxcluded that the RNA contained fragments of T2 phage

conploxed with it.

Priedman (1964) has similarly shown that RWA exbracted
Trom the splesns of immune mico can confer the capaclty to
produce specific haemolytic antibody to normal mouse spleen
cells. Ribonucleawo troeatment of the immune donor RNA
prior to incoubation with normel cells, suppressed subsequent

antibody formation.

One mo jor gquecstion raised by these exporiments was
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TABLE 1 s From Fighmen snd Adler (1963)
Enbibody Response in Ratghh

Srgup Yaterial in Ohambex® Kwizradintod  Nonelrradisted
1 REA {(MT2)4+1N 8/12 10/12
2, RWA (MT2) o/12 /9
3 RNA (UeT2)+Li+Rlso o/11 0/11
4 RENA (M)+IN+T2 o/11 o/11

#  Bee text for detnils of abbreviations

#t Wuneratorenumber of rats producing antibody
Dononinator - number tested
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whether or not antigen war present in the RNA oxtracts used.
Aglconas and Rhodes (1965) injectad.P31IJhaemccyanin Antrom-
peritoneally into mice and after 2% hours collected and
pooled the peritoneal cells from 20 mice. RNVA was extracted
by phonol end by sucrose gradient analyels tho presence of

131

macronolecular T wag confirned.

Bome of these RWA preparations wore Tound to be
gignificantly lwaunogenic in primed recipient mice., A
further important obsmervation was that, if hacmocyenin was
added b0 the macrophage preparation immediately before REA
oxtraction (in amounts sufficient to give the seme vatio of
haemooyanin to RVA am before), then this RNA was also
immunogenic in 3 out of 5 mice. From these experiments it
wvas concluded that antigenic material was present in the
reactive RVA and that the weactive RNA was not informetional
RUA newly formed by macrophapgos in response to conbtact with
anbigen. Thay suggested that the RNA wpimply permitied

onhanced antigen upteke by the effector cells.

Gerughty, Rosenau and Moon (1966) have shown that
antibody production can be induced in suspensions of neutral
mouge spleen cells by the addition of ribosomes extracted
from tho spleens of immunized mice. The anltigen used in
those experiments was a suspension of cultured cells of

mouge orvigin. The transferring capacity of {the ribosomal



preparetion was inhibited by ribonuclease. The experiments
of Gohen (1967), smome espects of which have alrveady besn
considerved, also indicated that RNA from inmune mouse spleen
could confer antibody forming capacity on neudtral spleen
ecella,  Cohen vecorded however that 8~1285 RNA was the
active fomm which is in contrast to the observations of
Gerughty et gl. that the reacbive BNA was associated with

the vibosonal fraction.

In conoluding this introduction to the vole of RNA in
+he immuae response, some veference will he made to RNA

motabolism in lymphoid cells.

tchell (1954@3 1964@) has carried out an extensive
purvey by auboradiography on nucleic acid and protein
matabolisn in lymphoid cells. She observed that the »atio
of uxidiﬁa uptake to leucine ivncorporated in 3 cell types,
immunobiasts, small lymphocytes, mature plesme cells, was
in the proportion 93 ¢ 8 3 1, and concluded that in mature
plagna cells protein pynthesis did not depend on concomitant
RUA gynthesis. In studying the effeot of actinomyein, it
was found, using concentrations which were sufficiently high
to give almost complete cessation of 3H~uri&in@ uptoke, that
this caused wvirbtually no reduction in the protein synthesis

ocouring in ploasma cells or lymphooytes = that ig, provein
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gynthesis appeared to be ocourring in these cells withoud

accompanying synthesis of mRNA,

A similar conclusion was reached by Miller (1964).
At various time intervals after receiving a secondary
stimulus of antigen, rats were injected with tritiated
nucleosiden. At varying times thereafter, the animals
wore pacyificed and asutoradiographs of lymph node smears
wore taken. Iabelled cytoplasmic RWA was detected in
plasma cells 10 and 30 days after the last dose of tritiated
nicleoside. Miller concluded that a astable form of
cytoplasmic RNA existed in plamma cells. He sugpested that
this was mRVA and that by repentedly serving as a template
for antibody synthesisz a single molecule of mBNA could
result in preduction of a large number of molecules of

antid Qa}?' .

These resulis appear %o conflict with those of Uhy
(1963) who found that the in vitro production of antibody
was inhibited by actinomycin, and of Svehag (1964) who also
observad that the in viiro synthesis of IgM antibody wasn
suppresged by the addition of actinemycin .and was therefore

contingent upon DNA-dependent mRNA synthesis,



S0y CURRENT THEORTEWS OF ANEPIBODY . PRODUCTION

Although controversy still exists concerning the
mechanism of antibody production,; it appears to be no
longer a matbter of ingtructive versus seleotive theorles.
As Jerne (1966) recently pointed oub, the gquestion now
being oxamined is - at what level doag selection take place?
For exempls, is it at the level of pre~oxisting antibody,
at the collular level or at the level of genes coding for
antibody? However, this is disputed by Haurowitz who is
the protagonist of the minority who still favour an

instructive theory.

Afbor congidering the varlious stages in the biosynthesis
of protein, Hauwrowitz {1965) postulated that the antigenic
determinant complexed either with the mRNA or with the
rihosomes involved in gamma globulin synthesis. The code
world be translated normally along most of the length of the
mRVA but, during formation of the antibody binding site, the
ghape of the antigenic determinant weould resuli in rejection
o’ the "correct" amino aclids and incorporation of amino acids
which would pemmit complementary folding of the nascent
peptide chain, Houvrowity considered that the antligenice
doterminants pereisted for many months in antibody forming

tissuos so the question of antibody formation in the absence
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of antigan d1ld not avise. According to his theory, the
eariior and greater production of antibody in the secondary
rogponse vesulted from the fact that antigen complexed %o
oxigting antibody and was more readily trapped in
phagooytic celle. Thus a greater response was elicited.
The gquestion of self-recognition was considered invalid,.
This phenanenon, plue that of immune paralysis invoked by
the injection of massive amounits of foreign protein into
the mature animal, was abttributed to bthe continuing

praesence of the "welf! or foreign proteins in the sorum.

It was paradoxically & consideration of tolerance and
golfwracommition that led Smithies o develop his
hypothesis on the machanism of antibody production
(Smithies, 1965, 1966). He veasecned that for the ovganism
t0 eliminate genes coding for undesirable antibody and to
activate genes coding for desived antibody, the
informational mucleic acid and the corresponding antibody
product would be associated as in a virus. If the antibody
coat protein of such & virus svncounteraed the specific
"antigen” in an unsuiteble enviromment (for example, in
plasma), the nucleic acid would be released and destroyed
but if the contact was intracellular, veplication of the

virus and excess coat protein (antibody) would ensus.



3.

Smithies' hypothosis, which involves both selective and
ingtructive stages, can he summarized: variability in
antibody sbructure arises by intragenic orogsing over in

the gonos coding for immunoglobulin in one get of cells.
This process would initially occur during development in
early 1life and may occur in the thymus, but it could also
ceour in adult life if Tor any reason regeameration of the
lymphoid system was roquired. Such genes possibly in
association with gones coding for other proteins such as
nueleic acid polymerase, become esscciated with gpecific
antibody as the coat protein of the "antibody virus." Thene
viruses would leave the cell where they are formed and would
olither resido in macrophages or in the eventual offector
cell. Any viruses encountering sgacifio Yantigen" during
thig transfor would be eliminated and thus telerance and
salf—mecogniﬁion are explained. Antigen would then meet
the approprigte virus either in macrophages, in which case
the released nucleic acid would be passed to the effector
cells, or in the effector cells themselves, and virus
proliferation and antibody production wonld foliow. IDuring
the primary response it is postulated that viral nucleic
acid coding for the antibody combining site is inserted into
incomplete receptor genes in the host cell. Dofore this

atage these gones would be incapable of producing antibody



but would code only for the constant parts of the peptide
6hain$ of the antibody molecule., In the secondary response
there {transduced cells would be stimulated to divide and
produce antibedy with the seme combining specificity asg in
the primary responge but of a different clgss. Thues the
thaory algo #ttempts %0 explain production ef-IgM'antibody
{charactaristic of the primary response) and igﬁ antibody

(characteristic of the secondary responss).

The constancy of the CGeterminal half of the immunoe
globulin light chains (Dence~Jones proteins in this casa)
and the great variability of the Neterminal half were the
main aspects considered in the theory of Dreyer and Bennet
(1965). ‘These authors examined and rejocted the
poesibility that light chaing were formed in 2 halves under
the control of essparate genes. They suggested that a
large numbey of rings of nucleic acid, each coding for one
particular variahle portion of light chain, were stacked
along the length of the chromosome. During differentiation
of the immunoglobulin producing cell the common gene coding
for the constant part of the light chain would paiy with one
of the mings. Thus a range of light chaing, each having &
congtant Cwterminal portion could be formed. This theory

made no attempt to oxplain primary and secondary responses,
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tolerance, seli-recognition and Igll and IglG antibody

production.

A different explanation for the ocbservation that
variation in amino acid sequence is confined to the N
terminal parts of the lmmunoglobulin chaine wag afforded
by the theory of Brenner and Milstein (1966). It was
assuned that a hydrolytic enzyme recognises & base sequence
near tho centre of the original gene coding for $he chain
in question and that hydrolysis takes place. [Exonuclease
action would then oceur producing a gap in one of the
phrands of the DFVA. It was postulated that during repair
off this gap misbtakes, either of base-pairing or of deletion
or addition may be introduced. On division of the cell,
ona daughter would be of the original type while the other
would contain a mutant sequence. This process could then
be repeated. Eventually, on destruction of the hydrolysing
or repair engymes uniform stable clones would be produced.
Agailn, this theory made no attempt to explain other aspects

of the immune response.

fne of the major difficulties inherent in forming any
hypothesis on the origin of antibody diversity ig that so
many apprarently paradoxical features have to he explained.

Tidelmen and Gally (1967) have listed some of these 3
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{a) oxtensive variation in one half of the chain
and invariance in the other half

(b) most amino acid alternatives are consistent
with gingle hame changes in the genetic code

(¢) in different light chains the variable and
invariable reglons are of almont constant
length

(4) within the variable vegion some invariant
segments ococour

() allotypic specificities associated with the
Invariant region do not randonly associate
with allotypic specificlities in the variable
rogion - that is, the recombination frequency
among allotypes is low

(£) most plasna colls can produce only one type
of light and heavy chain.

These authors developed a theory which they considered met
these vequirements, In evolubion, & number (50 wonld
suffice) of gones coding for the immunoglobulin chains
arose by tandem duplication. Different point mutations
arose in the region of these gonas corresponding to the
variable section of the immunoglobulin chain. buch genes
would bo present in duplicated arrays such that noneidentical
gones lay sideo~by-gide and during nmaturation of the lymphocyte
somatic oroseing over would ccour resulting in the formation

of & new geno whih would appear to have arisen by point
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mutation. It was postulated that mutation in the region
gorrepponding to the invarient region would be prevented

bocause of selection pressure during ovolution.

Thie theory, like that of Dreyer and Bemnet (1965)
diffors from those of Smithies (1965) and Prenner and
Milstein (1966) in that antibedy diversity is considered
t0 be 2 result of somatic recombination of a relatively
small number of genes that have arisen during evolution by
mutation and natural selection., The other theories

postulate only somatic variation,

For the enzyme studies reported in this thesis the
choice of immune system was governed by the requirements
that the antigen should be available in a pure form, that
the response to thée antigen should be well characterized
and that induction of tolerance should be readily carried
ount. A gystem that meets those reguirements inm the
rabbiteanti-bovine serun albumin (BSA) system. In 1954,
Dixon, Maurer and Deichmiller presented quantitative
chgervations on the primary and secondary responses of
rabbits to purified BSA using immunization procedures
gimilar to those employed here., In the primary response
immune elimination of antigen began around 7 days after

injection., Tree antibody was detected in the serum on



the 9th day and was present in opbtimal concentration on the
12th day. In the secondary response immune elimination
began 2 days after the injection of antigen (given
approximately 9 weeks after the first). Free serum
antibody was detected on the 4th day of the response and
wag optimal on the Tth«8th day. Dixon and Maurer (1955)
reported immunological unresponsiveness in rabbits injected
regularly from birth with BSA, or infused with sultably
large quantities of ‘the proftein in adult life. Since
these initial studies, the induction of tolerance to BSA
in rebbits has been well documented (see Smith 1961 for a
review). 1In Section 1 of this thesis, details are given
with regard to injection schedules employed in initiating
a primary or secondary response and in inducing tolerance.
¥vidence is presented that the characteristic primary and
gacondary responses were given and that tolerance had been

produced by the methods employed.

The two most apparent sequels to the administration
of an antigen to an animal are the feirly extensive
cellular reaction in the responding lymphoid tissue and
the production of circulating antibody. If the former
phenomenon invelves synthesis of DNA as most reports

indicate (see Section 2), then in this connection some
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other effects of antigen injection might he expected.
Cortainly, if 3t is a valid concept that antigen stimunlates
the proliferation of primitive conditioned cells (e.g.
lymphoeytes) to form a clone of antibody-forming cells
(Burnet, 1959), then it would be expected that in the
responding tissue there would be an increass in the

specific activity of DNA nusleotidyliransferane ~ B0 2.7.7.7
(DNA polymerase). This is one of the enzymas involved in
the biosynthesis of DNA.

In this thesis, results are presented from comparative
studies on the specific activity of this ensyme in the
sploon and appendices of control unimmunized animals, and of
rabbits killed during the primary ov secondary immune
response. As a further control, sdme rabbits wers
renderad tolerant to the antigen and when mature they were
challenged with 1 or 2 injections of the samo protein. The
activity of the enzyme in the spleen and appendices of such
rabbits was determined. These results are presented and
discussed in Section 2.

T2 the production of circulating antibedy is analogous
to the biosynthesis of other proteins then in this context
alao antigen injection would have many direct and indirect

consequences.  Thus, 1t might be predicted that in the



responding tissue the specific activity of DNA-dependent
RNA nucleotidyltransferase would increase; that more mRNA
would be formed than in the non=antibody forming tissuey
that GTP synthesis and breakdown would be enhanceds +that
there would ba an inerease in the propovtion of heavy
polyribosomes and so on. The last of these predictions
was chosen for detailed investigation and in Section 3 the
results of the investigations are presented and discussed.
In these studies the rat-antiesheep red blood cell system

wag employed.

Some of the points raised in this General Introduction
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