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@1y is certain that all bodies whatsocver

though they have no sense yet they have

o
Q

perception for when one body is applied
another therve is a kind of election 6
oinbrace bhat which is agreeable and ‘1o
exclude or expel thabt which is ingrate:
and vhether the bhody he allerant or -
alieved, evermorae a perception precedeth
operation for eloe all bodies would be
Like one another,?

.

Francis Bacen, 1620,

quoted by Monod, Uymen, and Ghangeux (L965)
in the context ¢of allosteric transitlon

of enzymic proteins (J.wol.Blol,, 12,

[#]
8

8).



Porewonrd

The immune response has been increasingly studied
in the last decade. This interest has largely sltemmed from
the understanding provided by the work of Medawar, Burnot
and their colleagues concerning the boundariem of the immune
reaponse, The momentum of resecaorch has bheen mailntalned for
several reasons. Firstly the surglcal practice of organ
transplantation has cmphaslsed the lmportance of immunological
toleronce and suggests that a greater physioclogical and
immunochenlcal knowledge might bring therapeutic rewards,
Secondly work has been stimnlated by the concept that
malignant growth may not be Yan inevitable genetic vice" but
rather may somehow be related to fallure of immunological
survelllance (Burnet 1967). If the failure of the lmmune
mechaniem were fully understood and could be made good by
appropriate stimulation there ls agaln a chance of clinical
benefit. Lostly the lmnunoleglcal model has been thought of
as belng potentislly useful in the study of cell differentiation
brought about by a specific stimulus although this model has
proved perhaps an unexpectedly complex one (Watson 1966).

The work presented here is submitted as a
contribution to the understanding of the physiology of the
immune response. Lt is primarily concerned with the inltiation

of the reaction to the stimulus of antlgon, The first study

provides a reexamination in the chicken of the imsune response

L.



valng labelled techniques whereby the point of recognition of
the antigen is related to cellular and humoral changes. The
second study hlnges also on the point of recognition of an
antigen, this time in an experimental model in mice. In this
model a potential antlgen not able by itself to stimulate an
lamune response 1s recognised and acted agalnst as an antigen
by virtue of the action of an lmpunological stimulant or
adjuvant? (L. adluvare: to help). By further exanmination of
the action of substance minmlcking the putative actlons of
clossical adjuvants, the mechanism of adjuvanlt actlon and ln
turn the switchinge-on of differentiation to antibody production

are to some extent clucldated.



Chapter One

Introduction

*

An antlgen is a macromolecular substance, most
commonliy protein in aature, which is able to gtimulate an
immune response when introduced into an animal host, Thias
response takes the form of the production of specifically
directed molecules or cells which can be demonsirated to
react spocifleally in some lwmunological mode elther ipn viva
or in vitro with the antlgen concerned. This specificity lis
known from the work of Landsbtelner to be directly related %o
the shape in space of part of the surifsce of the antigen
molecule, such a speclfic stereochemlcal zone equivalent in
sise to a pentapeptlde (Kabat, 1965) belng termed a "determinant!,
The antibody molecule oy the rescting cellular surface is
comnplemnentory to these determinants o & greater or leasn
degree of spotial exactitude, The aystery of the immune
regsponse lies In the abllity of the apimal host to produce such
complenentary protein surfaces against a gamut of forelgn
molecular shapes not before experienced. There ism the
Purther mystery that 1t does not do so against its own
constituent macromolecules, The antibody molecules or
immunoglobuling are known to be produced by plasma cells of

A

the lymphoid tissues (Fagraecus, 1943) but the potentialities

of eny one eunch cell and the exact mechanlsm deciding its

difforentiation remaln o be defined.



A logical course iln attempts to elucidate this
differentlatlion has been to follow the fate of antlgen molecules.
This has been extenslively roviewed by Campbell and Garvey (1963).
Humphrey (1956, 1960) however has emphasised that only a tiny
minority of the total number of anbtigen molecules injected aro
likely to end in potentlally responding immunclogical cells.

Most would be katabollzed non-specifically and so it would be
dirfficult to devise an experdment to debermine the gcrucial
difference in handling which ends in antibody production.

This he exempliflied by observing in the rabbit the fate of
X«gl&%mlim complexed with goat anti-rebblt-globulin antibody,

the globuling being labelled with different iodine radic-isotopes.
Wo distincition could be made in the katabolism im the rabbit

of the forelgn (goat) or of self {rabbit)'xmglobaliﬂ.

Richter, Larose and Rose (1964) were unable to
detect antigen fragments by verious immunologleal techniques
in the bleoed or spleen of rabbits injected with hunan ganna-
globulin, human serum albumin, and bovine gemma~globulin.

The in-vivo and in-vitro studies of Levine and Benacerrat
(1963) did not detect any difference in the katebolism of
naptan-~polylysine conjugates beitween the blesues of guinea plgs
gonetically able end those guinea pigs genetlcolly unable
(Levine, Penecerraf, and Ojeda, 1963a and 1963b) to respond

smmunologlically to these anptlgens,



These obmervations point the lesson that gross
obsérvaticn& of handling of antigen may not detect and
consequently need not relate to differencesin the declisive
handling of those antlgen wmolecules dirvectly concerned in
antibody production. Deductlons may have Lo bhe made
tentatively from indirect effects rather than from direct
observations of the fate of partieunler molecules which might
lie beyond the Jfinesse of present techniques. Nevertheless
direct morphological evidence ls avallable on the fate of
particular antigen molecules. The problem has been to declde
how significant thelr presence is in certein sites for
aﬂtibmdy productlon. Sobin (1939) for example, nobticing that
dye=-labelled antigen collected in retlculowendothelial cells
of various organs after lntravenous injecition in rabblits,
attributed to these celles a direct sntibody-forming function
which would not be accepted today. Yiere vecently antigen
(hunan serun albumin) has been seen by the luorescent
antibody technigue to assoclabte with dendritle macrophages
of gorminal. centres in the chicken spleen (White, 1963).
Nossal and his colleagues (1964) observed similar phenomnena
in rat lymph nodes using suteradiography with an antigen,

flagellin, derived from Salmonella adedaide, heavily lobelled

with dodine-~125, These findings were of interest in view of
the clome juxtapositlon in theme centres of macyrophages,

antigen, and lymphold cells.
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Macrophage Functlion and the Imnuae RHesponse.

Other evidence had been gathering of direct
participation by macrophages in steps before antibody production,
In experlnents with macrophages exposed to bacteriophage
Mehman and Adler (1963) showed that ribonuclele acid (RWA)
extracted from these macropheges when transferred to tlseue
culture or transplantation chambers counld initlate the
production of phage neutralizing antibody. Amkonns and
Rhodes (1965) working with haemocysanin in vats had brought
evidence that a processing step took place in the macrophage.
A product of this step, RNA-assoclalted antigen, was passed on
to a second (lymphold) cell, this product belng twenty times
more efflicient welght for welght than the orlgiaal antigen
in stinvlating a secondary response.

Marther evidence has come from Gallily and
Feldman (1967) who observed the responses to antigen
processed by irradiated and non-irradlated macrophagesin

an experimental model in mice using Shigelle paradysenteriae

as antigen. The anbligen associated with the irradiated
macrophages was less effective and the authors postulated
an important role foy these cellsm. Frei (1964) and Frel,
Benacerraf, and Thorbecke (1969) had earlier shown that

neat-ageregated bovine serum albumin (BSA) in the rabbit

loses 1ts inmunising eblility after the aggregates have been

&



\phagacyto&ed hy passage through a screening animal, This
biologleally filtered material was able to paralyse a second
hozt againet subseguent stlmulation by the same antigen
even when associated wlth a poweriul adjuvaant, This had led
to the idea that processed antigen, i.e. anbigen readlly
engulfed by macrophages will give rise (o an inmune response
whereas unprocessed antigen unassociated with macrophages leads
to paralysis of the antibody response, Dresser (1961) had
been able Lo remove immunizlng ability from bovine gomma-
globulin solutions by uliracentrifugation thereby removing
any ageregates present beforve dnjection into nmlce. Also
Gomble (1966) has shown that aggregated human gammawglobulin
is highly antigenic in mice and that aggregate~ILree
preperations ave poorly s0.

The active pariticlpation of mature macrophages
has been demonsirated by Martin (1966) in another immunologilcal
experiment. fle showed that newborn rabblis need mature adult
macrophages to be able to resmpond to bovine serum albumin as
an antigenic stinulus. fnanve and Askonas (L968) have alpo

shown in experiments in irradiated mice with lMalo sgulinado

haemocyanin as antigen that macrophage-assoclated antlgen
requires normal lymphoid immunccompetent cells before 1t can
prime mice for a secondary response. Pinchuck, Fishman,

Adler, and Maurer (1968) have taken this further by showlng



that an inmune response can be broughit about in aninmals
genetleally not able Lo respond 0 a specific artificial
polypeptldyl antigen by preasenting the antigen to them in
company with macrophages of one of several othor respondlng
specles. There must therefore have been a latent anbibodyw
forming potential In the lymphoid cells which only found
expression with the help of donated mecrophages. An additional
feature of the responding population of lymphoid cells has been
suggested by Cohen (L967) from his experiments with
macrophage-RNA extracts from mice injected with sheep red

blood cells. He found Lthat the effect of extracts active in
initiating antibody formation in spleen cells could be Dblocked
by partially degraded RNA from immunized mice. From this he
postulated that there are present specific receptors or
recognition sites on the few cells competent to rospond
apeclfically.

The immunizing property of the mecrophages is
sensitive to ribonuclease (Askonas and Rhodes, 1965; Cohen,l967):
any regidual antigen, 1f present at all, In the transferable
RUA must be very small indeed. Hevertheless it 1s not yet
generally accepted that antigen iz completely absent Irom these
preparations, The macrophage system taking part may then be
regarded as a catchment-and-transfer systen for immunelogically
active molecules of the stimulating antigen, these meoleculesn

veing trancferred to lymphoid cells along with RNA.
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The Digestibility of Potential Antigens.

The idea of antigen processing denands conslderation
of the katabolism of antigen molecules., In 1928 Wells provided
evidence of the divect connection of antigenicity with
protenlysis when by racemization of certain proteins he destroyed
digestibllity and antigeniciity although the macromolecules
concerned vetained other proteln characteristics, A different
emphasis was placed by Humphrey (1956) when he discussed the
posslibly crucial relationship between dlgestion of protelns and
the outcome of antigen adminigtration. Protein digestion,
he suggested, may be a posmsible wmeans of recognition of foreign
determinants on o proteln surface whereby foreign grouplhgs ave
less efficiently digested and by their roelative persistence are
antlgenic, Similar ideas were put forward by Campbell (1957)
in a speculative paper where he drew attentdion to the
probability that antigeniclty is often and perhaps always
aspoclated wlth incomplete intracellular fragmentation of
material, These speculations relate antlgenlcity of a
molecule to the particular host stimulated. The more closely
related phylogenetically the donor and host mspeclem, the less
likely 1t ils that a proteln derived from one will bhe a good
antigen in the other because the aeppropriate digestive
enzymes wlll be already avallable which wonld accurately it

the closely similar forelgn substrate. This idea has been



extended (Medawar, 1960) so that the abllity to be tolerant or
noneresponding might be thought of as bedng the ability to allow
induction of appropriate katabollic enzymes, These would leave
no undlgested fragments to stimulabte antlibody formation.
Certvaln macromolecules are lndigestible in
nanmalian tissues in which they couseguently tend to persist.
Ixamples ave pueunccoccal polysaccharlde (Felton, 194935 Felton,
Prescott, Kouffman, and Otitinger, 1955; Stark, 1955) and
artificial polypeptide antigens composed of Desmlnoacids
(G111, Carpenter, aund Mann, 19673 Janeway and Hela, 1967).
Such antlgens readily produce paralysis of the antibody-
forming mechanism when glven in highsr doses or in repeated
injectlons (Janeway and Humphrey, 1968; Felton and Ottinger,

19423 PFelton, Kauffuan, Prescott, and Ottinger, 1955).

fmmune Haralysls.

Billinghem, Brent and Medawar (1953, 1956) and
Hasek (1956) demonstrated how the lmmature immune apporatus
of the mouse or chicken embryo mlght be specliflcally
paralysed so that 1t might tolerate without reaction forelgn
tissue antigens, The intreduction of forolgn cells in
embryanic iife by injection(in the mouse) or by a parablotlc
eirculation (in the chicken) allowed sufficlent exposure o
bring about this specific paralysis (which had indeed been

predicted by Burnet snd Penner (1949) 1n their theory of

10



antibody formation current at that time), The susceptibility
of adult enimals to a similar process emorged more elowly from
studies with soluble protein antigens not assoclated with tissues
or cells,

It was known that repeated large doses of proteln
anvigen could depress the response. Glenny and Hopkins (1l924)
with horse gamma globulin (as diphtheria anti~toxoid) in the
robbit and Dixon and Maurer (1955) had had similar findings with
repeated large infusions of heterologous plasma proteins, also
1n the rabbit, Dresser (L962a) using ethanol«fractionated
bovine gemma globulin (BGG) demonstrated a proiteln overloading
paralyels using doses in the 10-L00 wmg range. He was also able
(Dremsser 1962b) to show a depression of the response with tiny
amounts (50-200 ug), the paralysed state resisting challenge by
sntigen with complete Freundts adjuvant, Sinilarly Battisto
and Miller (L962) were able to depress the response iln the
puinea pig to BEG and a pleryl chloride hapten by two Antravenous
injections into mesenterdc veins of amounts varylng Ifrom 10-1000 ug.
The paralysis affected both cell-mediated delayed hypersenslilvity
and humoral antibody production when the animal was challenged
with antigen in couwpleie Freundis adjuvant.

Agailnst this background Mitchiacn‘11964) set out
to determine the response of mature CBA mice to a puvrliled

antigen, bovine serum albumin {(BSA) known to be poorly

1l



antigenic in this specles. Doses of BSA were glven thrice
weekly for periods of up to 16 weeks. From his findings
Mitchison postulated two separate zones of induction of tolerance
or dmmune paralysis, & "high' and a "low" gone of induction.
A low zone of inductlon of apeciflc tolerance was subseguently
detected with flagellin in the rat (Shellam, 19663 Shellanm
and Nossal, 1968). It is not however detectable with all
antigens in the normal animal. Tor example it is not present
with Aiphtheria toxin or ribommclease (Mitchison, 31968a) in tho
nouse,

Mitchison's BSA data gave rise t0 a concept
which with Dresser (Dresser and Mitchison, 1968) he has
subsequently developed, The two separate yet superimposed
phenomena of dmmunization and (highwzone) tolerance induction
are shown to have dissoclated thresholds, The hlgh-zone
bolervance threshold they belleve to be renmarkably constant in
torms of numbers of determinant unlis from observailions with

various antigeus {axlol? to 5xl618

anits). The immunizing
shreshold varies wldely depending on whether a good (low
immunlzing threshold) or peor (high lmmunizing threshold)
antigen is belng considered.

Although parelysis might be explained by silow

accumplation of antigen, Dreasser and Mitchison find it difficult

to accept that aimple phyeslcal occupatlion orx blocklng of a

=t
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gite is sufficient to dunactivate the immunocompetent cell because
af the relatively low forces of adheslon of such a blocking

agent and the likelihood of dissociation. Death of the cell

had been suggented as an explanation by Burnet in 19359, The
celdl nmay be killed by a process Ln which an antibody~like receptor
on the surface of the immunocompetent cell reacts with auntigen
in the presence of complenent (Nogsal, 1966), There is sone
indlrect evidence of this in that depression of complement in
mlce, elther genetically determined or brought about by cobrae
venom inhibitor (Azer, Yunls, Plckering, and Good, 1968),
Ilohibits the development of immunologleal tolerance to human

gamma=~globulin,

Theorles of Antibody Production.

Provided that antigen is npot administered in a
tolevizing dose an immune yresponse is finally acted out by the
differentiation and proliferaticn off a fracltion of the total
pogulation of lymphoid cells, This response has beon thought
of in several ways since the beginning of the ceniury.

Thelich (1900) in his side~chain hypothesis
drew in the ldea of specific conplementary units or receptors
which would combine with the surface of the antigenic (toxin)
molecule, Ho suggested that by overcompensation, in keeping
with 1deas of the time in connection with healing, an excess
of such slde=chains would be produced. These would be nipped

off and passed to the blood as gatitoxin molecules, More

13



recent theordes have retained the idea of interaction with
receptors, elther sepavately from cells as natural antibody
(Jerne, 1955) or as part of the surface of a cell (Burnet 1939),

According to Jerne the natural antibody
concentratlion of a particuler speclficity is reduced by the
presence of the specific antigen and this leads to proliferation
of the cells producing that antibody. Burnet modified this,
bellieving that there was stimulation of specific clones
directly by antigen Tfinding 1lits specific receptor on the surface
of a lympholid cell, This, like Jerne's theory implles a
baffling number of preadapted c¢lones. Later  Duraet (1964)
conmidered that the potentielitiles of the lymphoid population
adght be widened if Lederberg's assumpbions (1959) on the
hyperrmutability of the glebulin gene were accepbed.

The single potential of each cell, inhevent in
the originel theory, has been questlioned, Results Buch as
thoze of Schechier (1965, 1968) have contributed to this,
Members of 2 species mey normally be able to respond to (Rl
similer antigens provided the antigens arve given separately.

T# they arve glven together the potential response to one may
be suppressed almost completely, indlcating successiul
competition by one of the antigens. This favours the ldea. .
that entibodies to various determinaats could be formed by the

one cell, and that one deberminant may achleve a preference in

v et )

directing the response of that cell.

1



Bisen and Karush (L964) have alzo related
immunologleal events to antlgen interaction wlth natural
bivalent antibody. They suggest thabt the represgive role of
excess antlgen in producing tolerance would be explained
LE AgpAb complexes (wlth saturated bivelent antibody) were
non-lmnunogenic but AgAb complezes (with unsaturated bivalent
antibody) were lmmunogenlc. The excess of anvigen haviug
thue saturated the free comblning sites of the antibody
mnelecules would prevent thelr interaction with and "switching
on® of the immunocompetent cells,

& quite different theory of antibody
formation, usually referred to as the dlrect template theory
had been put fOrward by Brelnl and Haurowitz (1930), Alexander
(1931), and Mudd (L932). They held that the entry of the
antigen molecule into the cell modified directly the structure

not

i

of the antibody molecule as it was forned. This 1
compatible with modern ildeas 0f yproteln synthesis and

structure (Watson, 1966). Burnet and Feaner (1949) also had

put forward aan Yindirect vemplate® th@@?y. This explained

the lack of reactivity to self sntigens by assuming that self
markers were corried by all the potvential entigens of the host,
It predicted thalt experlence of an antligen embryonic life would
prevent an antibody response iater. It also noted that antibody

production did not end with the elimlnation of detectable

15



antigen and regerded this as evidence that information had been
stored genetlcally as an "indirect templaten, This

Lemarckian view Burnet abandoned in favour of his clonal
pelection hypothesis with ite Davwinien ideas of chance selection
and proliferatlon,

Some stereospecific interaction between antigen
ar antigen derivative and some cellular structure is necessary
at some point to stimulate the ilmmune process, This may take
place on the cell surface if selectlon of an unipolential cell
is envisaged, If the cell is pluripotent, selectlon and
dereprossion of a repressed process may btake place or there may
be direct physigal modiflcatlion of the translation phase of
antibody molecule synthesls (Hourowits, 1967). smithles (1066)
in a meore complex hypothesis based on the interaction of nuclelc
acilds with functionally incomplete genes agaln needs to assume

such stereospecific interaciion within the cell,

Antigenicity and Immunogeniedty.

The increased knowledge of tolerance and iis
induction as paralysise lan the adult apimal where protein Yantigensh
manifestly do not generafe an antagonistic remponse has led to
gome devaluation of the term “antigenh, This has come about
by its proleptic use when the writer has logically meant
tpotential antigen” not knowlng the response vo be expected in

individuale of the species stimulated by the means used or in

16



the dosage unmed. The terms “immunogoen" and immunogenicity®
have emerged in this situation (Dresser and Hitchison, 1968),
these belng related to subatances Jaducing a positive lmmune
respouse wlthout the help of adjuvant. Substances needing
adjuvant te produce such a response NOSLEns "antlgoniclity®

but lack “dlmmunogenlicltyh, However even good “immunogensh

nay sometimes prove unsuccessful in producing a positlive iwmune
response, desighedly oo for example in the injection regimes
used by Nossal (1966) Lo »roduce immune toleraunce in vats
towards the powerfully antigenic flagellin. Iz this substance
in this glituvation then to be regerded am an immunogen ov antigen?
It is din fact a good antigen presented in a non-inmunogenic
manner and Lt seens belter to reserve "immunogenic” and the

gognate torma for description of the mede of stimulation.

The COutconeo of Adjuvant Actlon.

Immunological adjuvantvs are substances or

H

mixtures ol @ubrtanrer which when aduinistered with an antigen
enhance the roesponse, Thelr mode of action will be discussed
n detail later but at this point we need only recogunlze that
the ouvtcome of their getivity may not only be guantitatlvely
but also guali itatively . different from the response without
theiyr presence, The simplest adjuvants which form depots of
antigen may alter the response quantitatively, greatly

increasing an already antlclpated response, It is wnderstandable

17
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that 1f antigen continues to diffuse from & depot over a

protracted period this could allow a greater and more prolonged
but not necemsarily qualitatively different resuly. An
additlonal and theoretically more fascinating foature of the

action of some adjuvants, probably not related to depot effecis,

an alteration in the mode of expression of the immune

5-'-
&n

PeSponse. More fundamentally still they may bring sabout an
lmaune response against substances such as Yself antipgens”

(the host¥s own antlgens) which do not normally provolke any
positive response. The mode of exprossion might be altered by
productlion of o different antibody (Benacerraf, Ovary, Bloch,
and Fronklin, 1963%; White, Jenkins, and Wilkingon, 1963) or
the production of cell-mediated delayed hypersensitivity
(Freund aund McDermott, 19423 Ireund, Thomson, Heugh, and
Pileanl, 1948; Raffel, Arnaud, Dukes, and Huang, 1949).
Illustrations of the ilmmune vespouse Lo self-antigens are to be
seen ln the production of ewperimental auvto-immune disease in
animels, e.z. thyroiditis, (Rose and Witebsly, 19506):
asperinatogenesis (Freund, Lipton, and Thompson, 1953); and
adjuvant arthritis (Pcoarson, 1956).

The qualitative dlffercncesin these adjuvanbe

medinted responses pose many questions against the several

thooretical inbterpretations of the imwune response set out

above. Primarily how do adjuvonts alter elther a selectlve
or an inastructive process zo that the mode of the response

]
(9]



is changed? How are they able to stimulate a responme in
individuals thought to be dispossescsed of responding clones?

e differentiation

c-;-

However qualitative the appropria
of a lymphoid cell, its origin will lie guantitatively in some
alteration of cruclal reagents in tlwme, place, and

concentration,

Thin outline is set out brilefly as a background
to the subsequent experiments oand discussione, For
extended discusasidon of these toplces refereunce may be made to
the reviews of Medawar (1960) and Leskowlitz (L967) on
tolerances Cempbell and Garvey, (1963) on fate of antlgeny
Mitchison (1966) on antlgen iecognltion; Nomsal (1967) on
antibody production; and Dresser and Mitchison, (1L968) on

lumune paralysis.
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Chaplter Two

Ihe response in the cliicken to a

Soduble Protein Antigen

Antigens had been found to localize ln association
with dendritic macrophages of the germinal centresz of lymphoid
tigssues by White (1963: human serum albumln in the chicken
spleen) and Nossal, Ada, and Austin (L964: flogellin in rat Lynph
nodes}, The velatlonship of these cells to the developmeng of
germinal centrem aud to the production of antibody had to be more
clomely defined. Accordingly a study was underteken (White,
French, and Stark, 1967) in the chicken with human serum albumin
(HISA) given lutravenously as antigen. The kinetics of antigen
dimappearance from the clreulation and antigen localization iy
germinal centres were examilnoed together with the appesrance of
antlgen~producing cells in the spleen. The materdel subnlitted
here extends the Joluh study previously reported with
autoradiographle evidence of antigen locallzation, and gives
alzo the detall of that port of the study where radio-isotope

labelled HSA was used.

(Appendix B, "Germinal center formavlion and
antigon Localizmation in Malplghian bodics of the chicken
spleent, White, Freunch, ond stark, 1967, contains the assoclated
iafornation derived by the fluoresmcent antlbody technique by my
colleopues and has been appended 1n order that some of the

deductions from the joelntly obiained data nay be discussed),

5
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Matorials and Methods

Chickens: White Leghorn cockerels, aged &»l4 wecks were used.

Mtipen: Crystalline human serﬁm albumin, "relnstY Fabverkee
Hoechst, was injected in 0.15 M saline withoutb
adjuvants,

Isotope labellings lSA was trace labelled with radiolodine by

the direct ozidation technlque of Hunter and Greenwood (1962)
using Chloramine T end thiosulphate~free isotope (IBS.3% Lodlne-13L
oy IMS.3 dlodine-l25 from the Radlochewmical Centre, Amershanm,

England).

Different levels of activity werce reguired for
the Farr test (about 0.5 uCfug) and aunteradiography (up to 2%
uc/ug). Previous experience had shown that 35-40% of the
avallable activity could be attached to the protein. When
high activities were required for autoradlography, the technlque
was modified in the mauner of Ada, Nossal, and Pye (19064).
For lower activities the proteln was dissolved din o volume
between 0.5 nl and 2 ml 0.1M sodium phosphate buffer at pH 7.5
and added simulteneously with 250 ug chloramine T in 0,25 il
buffer to the isotope. After addition of metablsulphite
and iodide, as descyribed by Hunter and Grecnwood, the Ifree
‘odlde was separated from the labelled protein by pessage
through a 50 ci. G.25 Sephadex columpn, 1 om., in diameter,

equilibrated with 0,15M saline.



Antlgon binding capacity - Estimetion of sorum antibody levels

by means of the Farr Test

Quantlitative estimebtion of antibody as antlgen
binding capacity was carried out by a modification of Foarrts
method (L958), The trace-~labelled HSA wos used at a concentration
of 0.4 ug/ml, Dilutions of & serum unde? best were made in
normal chicken serunm, Dilution amounits of these in 0.1 ml.
voluaes, neabt, L/%, 1/25, 1/12%, were placed in each of two tubes.
Subsequently, 0.5 nl. of the btrace-labellod antigen solution was
added to each tube, After 18 houve at 4°, 0,4 ml. ammonium
sulphate solution (saturated at 49) was added to each tube.

After allowing precipitation to teke place for 2 hours at 4° the
deposits were spun (15 min., at 2,500 ».p.m., in o model PR=2
International CGentrifuge) and washed in 40 percent saturated
amnoniun sulphate, This washling procedure was repeated once
more, the final precipitate being dissolved in 1 ml, normal
saline. Four tubes containing 6.1 ml, normal chicken serum were
included in the test. Two were treated as were the other sera
under test to dotermine the minlmel precipltation in the absence
of onkibody. To the other tubes 0.6 ml 10 percent trichloracetic
poid (TCA) was added. The resulilng precipltate was gentrifuged

A

e
ot

E"‘

and washed in 1 ml of TCA and resush ended for counting I

saline, The washed precipltates  from all tubes and tho

sunernates from the normal. chicken serunm and TCA tubes were
pex

cdunt@é in a welletype sodium iodide crysbal secintillation

counter,



The radiocasctive counts of tho precipitate were
blotted against the serum dilution on senllog paper and the
dilution of 0.1 ml serum equivalent to 30 per cent preclipitation
determined (where 100 per cent total (TCA) preeclpitable proteln
counte minus the normal serum precipitate counts),  From this

was caloulated the antigen binding capecity (48C30) in vg/ml.

Rebinabion of antipen (F24I-HSA) in the serum present as

antigen~antibody complexes

Antigen (1311NHSA) in combination with homologous
antibody cen be precipiiated from chicken serum by 40 pey cent
savaration with ammonium sulphate. This dirferentiates such
complexes from lﬁllmﬂgﬁ which is not precipltated by the same
concentration ol ammonium sulphete. Blrds were injected
intravenocusly with 10 mg HSA which had been previously labelled
with 0.3 nC ilodine-l131. To 0.1 ml duplicate samples of serum,
0.5 ml saline and O.4 Bl saturated ommonium sulphate were added
at 40, The precilipitate formed after preseprvation of the mimture
for 18 hours at 4° was spun davn in a refrigerated centrifuge
(15 min. at 2500 vr.p.w. in a Model PR«2 Internatlonsl centrifuge),
washed twice in 40 per cent salursted ammonium sulphate and made
up to 1 nml, To untreated 0.1 mil serum sauples,0,9mlsaline vas
added, The samples were counted in a scintillatlon countor and
the precipitable HSA counts per 0.1 wl merum were expressed as a

porcentage of the total HSA counts per 0,1 nl serum in each

dally sample.



Determinavion of halfwlife of chicken 7.7$ dmnunoglobulin

The globulin uwsed for these deberminations was
prepavad from a pool of human chicken sera which was
precipitated at 22.5 per cent aaturation wlth ammonium sulphate.
The serum was dialysed agalnst 0.15M NaCl, 0,011 PO i1 7.2 and
trace-labelled with dodlne~1l3Ll by the method of Hunter &
Greenwood (1962). A L0-wechk old bird was injected with lmg
of this radioclabelled protein. Serun sanples were collected
at the 2nd, hLth, ¥Yth, 9th, and l2th days alter injection,

The radioactlvity of allquote was estimated in a woll-itype
(modium idodide crystal) seintillation counter, The bivd was
provided during the period of ohservatlon with 0.0l per ceunt
potassiun Lodlde in hali-strength physiological saline in place
of drinking waber,

Separation of antibedy actdvliity idnte macrogilobulin and 7,78

components by sucrose-sradient uliracentrifugation.
Sera were collacted from a bird every day from the

fourth to the eighth day after dinjection with 1 mg of HSA. The
sera were examined by ulitrscentrifugation in a manner similer to
that described by stanworth, Jomes, and Squires (1961), After

the sera had first been clarified by being spun for 30 min., at
10,000 r.p.m., sanples of 0,25 ml were diluted in an equal volume of
0.15 ml saline and were placed on a sucrose deusliy gradient

(L0 - 4O per cent sucrose in 0,1 . M phosphate buffer at pl 6.8).
Seporations were performed on-a M.8.L. Super Speed 50 Centrifuge

using a 3 x 10 nl swing-out head. The temperature, inltlolly 00,

ah



rose to 10=11° during the 16 hour runs at 30,000 r,p.i., with
an average centrifugal force of 98,000g.

Froctions of O.4 ml werc obtained by plercing the
bottom of the plastiv centrifuge tube and their content of
speclfilc antl-HSA antibody was estimated by means of a modified
Farr best, To aliquots of 0.1 ml of the resultant fractions,
0.5 ml of = A SR ITTY (G.2 ug protein) was added and allowed to stand
atb 40 overnight. Saturated ammonium sulphate at 4° (0.4 nl)
was added. The mizture was left abt 4% for 2 hours. Aften
centrifugation at 40 the precipitate was washed once with 1.0 ml
of LU per cent satureated ammonium sulphate, The washed
precipitates were counted in a welle~type scintlllation counter
and the resultant counts of radloactlivity plotted as shown in
Pl 2.5, The optical denslty of cach fracitlon was estimated

in a spectrophotomneter, veadings belng taken at a wavelength of

280 mua.

Preparvation of Autoradiographs.

Mve white Leghorn chickens 10 weeks old were
injected lntravenously wlth 40 ug of 1851»HSA, vhich had been
heavily lobelled to a level of 25 ul per ug. At intervals
(1.6 by, 4O hr, 88 hr, 6, and 7 days) after the injection of
antigen , opleens were obtalned frowm the birds killed by an
intravenous dose of peantobarbitone sodlum, Sectlons wers Cub
in a cryostat at -20° at a thickness of L u.,  After alr-drylag

s 3 = n eyl « i n T 4-
and Pixation for 15 win, in ebsolute methanol at room temperature



they were dipped lantoe Ilford Nuclear Research Rmulsion K5 and
exposed for 60 to 120 days. The slides wevre then developed by
Microdold developer and stalned with Leishman's stain or by the

Unna~Papponhein method of methyl-green pyronine,

Resulis

The primary response in the serum of chickens to an

intravenous injection of huwan serum albumin

*

Slx to edght weck old birds, The antlbody levels

in the serum which follow an intravenous injection of 10 ng of
HSA avre expressed in Ilg.2.) as antigen bindlng capacities.
Detectable antibody firset mede its appesrance in the serum at
four days after injection and increased to a naximum at 8 to 12
days. The peak was followed by a sharp drop Lo low levels of
serum antibody at 16 days. No evidence was found of any later
rizo in the levels of antvibody in sera which were estimated up
to 42 dayes after injection,

In two birds glven lmg HSA, the maximuvn titre was

two further birds trace amounts, of about 0.03 ug/ml, wvere
detectable between the elighth and fenth day.

1O %o 1k week old birds., With a dose of 1 ng,

» N » ] ~ Lol i L - he f"\ 4 2
antigen binding capacities of 39.3, 25.2; 1£,0, 9.9, and 0.7 ug/ml

were obtained on the 4th, 5th, 6th, 7th, and 8th days respectlively.

Thin series was subnitted to ultracentrifugation.
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. Antibody Production to Human Serum Albumin
. in the chicken

50
1O mg HSA

40 F

w
O

Ag binding in/ug/ml
A
@)
]

s
i

Figure 2.1 Serum antibody concentrations of individual chickens at
varying time intervals after a single intravenous
injection of 10 mg of human serum albumin (HSA).

Antibody measured as antigen binding capacity in
ug / ml.



Lo four birds, after iunjection of 40 ug 0S4,
ABC30 of 3.06 + 0,51 ug/ml and 0,82 X 0.1L ug/ml were obtained

on the 1l0th and 18th days respectively.

Blimdnation of an intravenous injection of 10 me of J‘?’:!'I.E‘Is.(-k

The counts of radicactivity in blood sauples

obtained durlng the perdiod of elimination of a 10 mg dose of

fumd

311, HSA 8re shown in Fige2ed, After an initial period 6f two

daye when the antigen was eliminated with a unilform half-life

of 1.25 days, the rate of elimination rapidly incressed, the

hal £~11fe shortening to 0.5 day. Almost all of the injected
antigen was ellmlnated from the clreulation by the 6th day

after injection.

Mtigen-antibody complexes in the clrceulation of chickens

injected with 1311.HSA

Antilgen (1511.KSA) which was present in the blood
of chickens in the fovm of soluble complexes wlth homologous
antibody was estimated as a percentoge of the total antlgen
present, Complexes first appeared durlng the fourth day
(Fig.2.2). The percentage of antigen complexed rosme rapidly
shereafter to 67 per cent on the slxth day. Mo more antigen
complexed or free could be detected in the next serum sample
taken. Free antibody could be detkcted towards the end of

whe fifth doy wheh a swall amounlt of antigen was atill present.
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Antibody Production to Human Serum Albumin
in the chicken

Antigen-antibody complexes. 110°
X\
12(
. E
ot 3
10} 100 2
£
X Q
ABC T 3
Lug/ml oo T o
6 |eo T;
% q10* £
- [ ppte 3
QO
4+ 40
2 ( - 20
X, —X - \X
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Days

Figure 2.2 Curve of disappearance (Ag) of 131I,HSA from the blood
of a chicken. Curve of antibody to HSA (ABC) in the
serum. The antigen which is complexed with antibody is
plotted by the broken line Ag/Ab as & percentage of the
total detectable circulating antligen.
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from a ten weck old chiclken injected

The eantibody activity of the 4th, 5th, and 6th day
sera could be divided into rapldly sedimentlng and slowly
sedinenting moletles (Fig.2.3). The rapidly sedimenting antibody
lay in the macroglobulin peak: the slowly sedimenting antibody
wvas regarded as belng comparable with the 7.78 antibody described
by Tencenhouse and Deutsch, (L966), The 7th and 8th day sera
contained only slowly sedlmenting antibody.

The percentages of the two types of antibody in all

seprs exawmined weroes

i Percentaga Percentage Total
Day rapldly slowly ABCz0
o pedinenting sedimenting mg/h?

b 0.1 69.9 393

3 De3 o7 25,2

6 2ol 7.6 12.0

7 ni.d 100 9.9

3 nll 100 87

Half«life of =rlobulin in 10 weck old chicken

;_':;C><

he half=life of the gamna globulin was found %o

be 2.25 days.

Mtoradliography of Chiclken Spleen Sections after injecitlon o

10 up e3¢ usa

Antigen localization was denoted by expomed
photogrephic grains derived from the disintegration of the
1odine~125 attached to antigen molecules oy to large frogmonts
of these molecules (Humphrey, Askonas, Auzins, Schechter, and
Sela, 1967). Large clustebs of such grains were seen in
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SUCROSE-GRADIENT ULTRACENTRIFUGATION OF
CHICKEN ANTISERA,

6000 -
NN
S @

5000 [ [ S

4000

3000

2000

1000

COUNTS/60sec. of FARR TEST Ppte.

1 5 10 15 20
FRACTION AS BLED FROM THE BOTTOM OF TUBE

O===0 Serum 4 days after Img.HSA |,V
XeeeeX Serum S days after Img. HSA [,V
@®——8® Serum 6 days after Img.HSA |,V,

P S, Y S,

=¥ Optical Density of 5 day serum fractions

ARSI

Figure 2.3 Antibody content of ultracentrifuged serum fractions

The counts in the specific precipitate produced by eacg fraction
in a modified Farr test (antigen concentration = 0.4 ug / ml) are
graphed for three days of the response. The optical density of
the fractions of one serum (5-day serum) at 280mu are also

shown.
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sections talten at 40 hours after the intravenous injectlon of
antigen but not at 16 hours afterwards when only a uniformly
heavy background could be seen,

At 4O hours antigen wam assoclated in the white
pulp with sparse cells (Flg.2.4) which were interproted as being
~ macrophages. It was wouenal to find any greal number of these
cells forming a pattern at this tlme althousgh in places
(Fig.2.5) more numerous macrophages could be found arcund the
smaller arteriocles,

At 88 nours the numbers of antigeon-laden cells
had greatly increased, these being diztributed along the
branches of the central arteriole of the white pulp (penicillay
or penicillery arterioles) and extending from the periphery of
the ellipsoid to the poiat of bilfurcation of the central
arterlole (Flgs. 2.6, 2.7). Annulor deposlition of antigen in
the white pulp around the ellipsoids was a feature of the
localization at 88 hours after antigen injection (Fige. 2.8a and D).
A mone of diffusely incroased radioactivity extended round the
periphery of the ellipmold within which were several densep
foci., This ving of inecreased anbtigen deposition was separated
from the ellipsoid it@élf by at least one cellular layer.

Collectlons of antlgen-laden nacrophages, 1lh o
16 in nunmber, were to be found at This time at the bifurcation
of the central arteriocles (Fips. 2.9a and b). There was no

displacement of the surrounding cells. This contrasted with
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Autoradiograpna of the Chicken Spleen

Figure 2.4 Spleen 40 hours after I.V. injection of 40 ug AAAT _HSA
A very few scattered grain foci are present in the white pulp
on the left- None is present in the germinal centre
(Bottom right).
Unna Pappenheim X 600

Figure 2.3 Spleen 40 hours alter I.V. injection of 40 ug *~*~I.HSA
Several grain clusters are present in this low-power field
but only in the white pulp surrounding one arteriole.

Unna Pappenheim X 130



Autoradiograph of the Chicken Spleen

Figure 2. 6 Spleen 88 hours after the I.V. injection of
(with diagram) 40 ug HSA

Dense grain foci attributed to antigen-bearing macrophages are
distributed along the length of the penicillar arteriole from its
point of origin at the bifurcation of the central arteriole. No
HSA-bearing cells extend along the central arteriole itself.
Several such cells are present at the periphery of some ellipsoids

Leishman X 170

Central arteriole

Red Pulp
White pulp
Antigen-laden
El lipsoids Macrophages
Penicillar

arterioles



Autoradiograph of the Chicken Spleen

Figure 2.7 Spleen 88 hours after I.V. injection of 40 ug
Antigen-bearing cells are again present along the
distal penicillary arterioles. These cells do not

surround the more proximal central arteriole.

Unna Pappenheim X 150



Autoradiographs of the Chicken Spleen

Spleen 38 hours after injection of 40 ug **~I.HSA.
The periphery of an ellipsoid in the white pulp is outlined
by a zone of increased grain density which includes a few

Figure 2.8a

denser foci.
Leishman X 800

Figure 2.3b Spleen 88 hours after I.V. injection of 40 ug *7**I.HSA
Two other ellipsoids showing the same features as Fig.2.da

Leishman X 600



Autoradiographs of the Chicken Spleen

Figure 2.9» Leishman X 300

t” Aft *—«#
Figure 2.9 Spleen 88 hours after I.V. injection of 40 ug ANAT.HSA
Unna Pappenheim X 600

Figures 2.9a and 2.9%. Two examples of collections of grain foci
(14-16 in number) denoting antigen-bearing macrophages clustering in
the angle between two penicillary vessels.



the more fully developed germinal centres: around these the
pattern of cells of the pulp could be interpreted as showlng o
displacement which might be attributed to an expanslon of the
nacrophage-lymphoid mase, The coentres present at this tine
were all closely assocloted with an arvteriole (Figs. 2.10a and b).
The larger centres ofiten showed antipgenw-bearing cells limited to
thelr more centrol aveas (Fig.2.10b):s the lymphoid cells on
thelyr outer fringes often did not have graing lying over them,
Many of the cells of these centres had a more basophilic
cytoplasm than the average cell of the white pulp when stained
by Leishmanls stain. Intensely bamophilic cells weve also seen
at the periphery of centres (e.g. in Fig.2,11b avound the centre
not showing antigen localization).

Every centre did not show antigen localization
at 88 hours, Table 1 below records the number of antlgen-bearing
cells and the number of lymphold cells present in the centros of
a typical section of spleen at this time and elso at 6 days after
HS8A injectlion. Many cenbres of all sizes showed no antigen
localization, Theze were less commen in the sectlon from the

t=day splcen,

fable 1 ’
88 hour swleen. 6 day_spleen
Cell grain Total cells Cell grain Total cells
clusters, in canire, glusters, in_centre
0 50 Q ?.
O 60 ) aly
0 80 7 7z
0 130 7 2
0 oz 7 95
0 17h 8 64
& 15 15 2a9
9 60 18 185
15 220 2l 21.0
17 2 32 210
20 136

b3

(30)



Autoradiographs of the Chicken Spleen

Figure 2.10a Spleen 86 hours after I.V. injection of 40 ug ~I.HSA
A small germinal centre (diam.40u) containing 9 grain
clusters developing close to the arteriolar adventitia.

Unna Pappenheim X 600

Figure 2.10b Spleen 68 hours after I.V. injection of 40 ug *#“I.HSA
A larger centre (diam.y”u) containing about 16 grain clusters

again closely related to an arteriole. Note that the outer
layers of part of the centre are devoid of grain foci.

L eishman X 600



Autoradiographs of the Chicken Spleen

Figure 2.1la Spleen 88 hours after I.V.injection of 40 ug AAAT.HSA
A small centre not showing grain foci at this time. Antigen-
laden cells are present in the white pulp.
Leishman X 600

Figure 2.11b gpleen at 6 days after I.V. injection of 40 ug A~51.HSA
Two centres, one without antigen localization, are
present. Note also antigen-label in the vessel wall.

Leishman X 600



AL Tthe later times, six to seven days after entigen injection,

the picture of antlgen localization had alteroed, The periarvteriolar
pattern of antigen~laden macrophages had Largely disavppeared
although some such cells could =sti1ll be found in the white

pulp (Fig.1l4b shows some avound a small venule). Most of Lhe
remaining antigen wag to be found within germinal conftres although
the centres voried very much in appearance, Thua some (Ig.»2.12)
showed a depositilon Jimited to the more central aveas of the coutre
(IM.g.2.12) sinllar ipn slting to, but less dintense than that found
in some centres at 88 houwrs, Others showed heavy deposition with
only slight expension of the cenitre beyond the entlgen-bearlng

colls (Fig.2.13, snall ceotre). Sone of the cells of these centres
showed evidence of a high RWA content in thelr increased
pyroninephllia with Unna Pappenheln stainlng. Other cenbres

showed very slight deposition of antlgen hut also the increas

pyromwlnophillia (Fig.2.15, large centre).
Antigen was also meen at this time commonly within
the endothellium of arterdoles and venules, somethling not seen at

earlier stages (FMigs. 2.340 ond b, 2.12).

Discussion

The Antibody Response.

The findings here are simllar toe those of
Hektoen (1918) using humnan serum as antigen in chlckens wiih
the corly rise in anblbody titre and the peak usually betwueen

the 8th and l2th day after injecticn of the antigen. The



Autoradiographs of the Chicken Spleen

Figure 2.12 Spleen 6 days after I.V. injection of 40 ug ANAT . HSA
Germinal centre related to arterioles after their bifurcation.

Note antigen localization mainly in central area of the centre

and also in the walls of two arterioles.
Leishman X 300

A~51.HSA
part of

Intense grain

Figure 2.1j Spleen 6 days after I.V. injection of 40 ug
Small centre with cells heavily laden with antigen;

larger centre with two faint foci of localization.
clusters are not present along the arteriole.

Unna Pappenheim X 600



Aigboradiographs of the Chicken Spleen

Spleen at 88 hours after I.V. injection of 40 ug AAAT _HSA
Length of venule in white pulp. Localization of antigen in
a few cells of the pulp but not in endothelial cells of the

Figure 2.14a

vessel.
Leishman X 600

Figure 2.14b Spleen at 6 days after I.V. injection of 40 ug AAAT . HSA

Length of venule in white pulp showing localization of
antigen in endothelial cells of the vessel.

Leishman X 300



roplidlty of the response of the chiclken to this antigen 18 noye
akin in ite time relatlonships to the secondary responses of other
species, e.g. antibody production in the guineca plg, rabbit, and
horse to diphtheria toxeid (Glenny and Sudmersen, 1921) or in
the rabbit to staphylococcal toxin (Burnot, 1941). The rapid
fall in the titre of antibody after the peak is in keeplng with
the half=life of Z.25 days found with the globulin preparation
although some birds show evidence of shorter halfwlife of their
antibody globulin.

The bird which received the 1 mg dose of HSA shoved
a peak titre at an earlier time, the levels of antibody falling
from the fourth day onwards. This may represent the lesser
delay reported by Cerny, Ivanyl, Madar, and Hraba (1965) in the
response of the chicken o smaller doses of a protein antigen.
The e of the chicken also influences the response, the younger
birds reoponding less well to the sumaller domes.  In older,
10 to 12 weck old birds, O ug HSA brought about an inmmune
response whereas 100 ug was unable to do so in younger bivds,

Prom hiz experiments on the primary aad secondary
responses of robbits to Majs plasma as entigen, von Dungern
{1903)deduced a direct relationship between the ratve of
disappearance of aatigen from the bloodstream, and antlbody
production, Weigle (1960) velated the disappearance of anbtigen
(bovine merum albumin) from the bloodstream of rabblis to the

{ pibody ¢ YHEE 3 sonplewing 4ld
production of antlgen~antibody conmploxes, Such complexing ¢

B
:
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not necessarily result imsediatoly ia the removal of complemed
antigen from the bloodsiream but only took place when the
complex reached a certain size, The rosults obtained here
In the chicken showed a Ffastor sequence which did not allow the
detection of such an intermediate stage. Acceleration of antigen
elimination was already btoking plece when the complexes were
first detected,

The small amounts of macroglobulin antibody
present on the hih, 5th and Gth days after the injection of 1 mg
of antigen may have an important £ ion dn the logalimation
of antigen at these {lnes, The findings of Levenson and
Braude (1L967) in the guinea plg are of interest for they showed
that antigen (5&1&0&@315 y Lyohl Vi onbtigen attached to sheep red
cells) captured by macrophages in the presence of ecaprly,
macroglobulin antibody was wnot ingested into ilnternal vacuoles
of the cell but rvemained on the surface wheoreas antigen captured
im the presence of late Y5 antibody was ingested into internal
vacuoles of the cell. This counld have a declsive slgnlflcance
in the reactions of cell surfaces at this time. Rosengulst
and Gilden (1963) did not find macroglobulin (193) antibody by
the Foarr techunique on ultracentrifugation of chicken antisera
to hovine serun albumin given in large (40 mg) doses, LIvanyl,
Valentova, and Cerny (1966) on the other hand found
macroglobulin antibody in chicken responses to 1 to 5 mg HSA
per kilogram body weilghts the peak titre fell awey after the

fifth day of the respounse.



The Fary smmonium sulphate preclpitation test was
useful in the testing for chicken antibodies agalnst this
albuninous antigen: it detected macroglobulin antlibody in the
concentratlons of reagents used (Pinckard, McBride, and Weilr, 1967)
andd 1t obviated co-precipitation phenomena vhich vary the
apparent performance of chilckens with tine and solt concentration

(Hektoen, 1918: Goodman, Wolfe, and Norton, 1951),
7 3 ? ¥

Integration of Fvenls.

The antibody results may anow be integrated with
the antoradiograpnic findlngs and also with the associabted findings
previously made by the fluoremcent antibody technigue (White,
FMrench, and Stark, 19673 Appendix B). The fluorescent antibody
technique (FADE) had shown that (a) antlbody-produclng cells
appeared in increéessing nunmbers in the red pulp from 24 hours
after antligen injection; (b) antibody globulin was associated
wlth the antigen~bearing macrophages in germinal centres;

(¢) the production of immune tolerance by injectlons of HSA from
hatching prevented antibody production and entigen locallzatiocn.
The sequence stoerts with the appearance of
antibody-producing cells in the rod pulp comparable with those
found by the FART in tho red pulp of the rabbit spleen (Coons,
Leduc, and Connolly, 19495) after primary lnocwletion. At
LO hours a few scabttered macrophages in the vhite pulp can be
seen by autoradiography to have token up anbigen (Figs. 2.4

and 2.5) while, by the third day, antigen-antibody complexes

L
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begin to make thely appourance in tho bloodstroom, The nacrophoges
docalising entigen corly are nobt scasborod ovenly throughout

o

the pulp (IMe. 2.5). Bhio i

o

s monevhot dnconelstent with the
view that losoliged antigen i entlrely endtigon thet has been
complexed proviously 1n the bloodstresn for this vould be expooied

A

o produce o vnlforn dlstribution, Leoal dnfluences may oporate

Tade

o increase the chances of localiszation abt a poarilenlor sise,

(In thic respeot Balfour and Bunphrey (A967) have found proformed
antibody to an arvtlificial ontilzpen dn the covtlceos of nouse aspilc
Iyaph nodes whieh olded antigen localizoation there). At 80 hours

however a ouch groater degree of loceilsetion hos tolien ploce at

a time when the complening of loprge amounts of antigen Lo couslng
a preciplitous £all dn the antlgen conbent of the blood, The
oboolube omount of anbigen locellising in the chicken apleon is
aot lavge: Ivanyd, and Jopny (L068) found thak ot tho tine of

o~y

gomplex formation, the splonic upleke of labelled H8A wos only
9.5 ugde  of tipsue vhen domes of Q.5 mg HSA por Kllogren body
woleht hod been glwven,

Yhoro Lo somo selectdvity An the localispatlon,
for bhe macrophages have a procedence in bine over the endobhellal
colls within bDleod veosels (Figs. 1he oand D). Thiso precodence
mey ba rolated to the specific recoguitlon myuben for

i

tomunsglobdin which Pabterson and Suenhko {149066) have demonatrated

. gy PR s 3 e - s T 73wy e PP ety S
in the macropheges of several specles includling svian mpecloen,
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The localization of antigon around the ellipsoid
suggests that antligen has emerged from the sheath and has been
picked up by a net of macrophages vhich with thely nrocossos
surround the ellipsoid, Solnitvzky from dye siuvdles in the
dog (L937) however interpreted his findings as showing that coells
of the ellipsoidal sheath phagocytoge the dye and thenselves
subseqguently mlgrate outslde the ellipsoldal sheath. Nossal,
Austin, Pye, and Mitchell (L966) noted that after intravenous
injectlon of imotopo-labelled flagellin into the wvat, the
antigen entered the white pulp of the Malpighiean corpuscle of
the epleen from the red pulp and showed a pallisading effect ab
the junction of the twe zones. This was not obhserved at the
Juaction of the red and white pulp in the chlcken spleen at
the times exemined, The dlifference may be due in part to the
fact that MNossal's observations were obmervatlons of the oarly
arrival of uncomplexed antigen, not as here of the late
arrival of antigen thought to be couplexed to antibody. It dm
interesting that Nossal aund his colleoagues found localization
of cavrbon particles in the analogouws sites to those of HEA in

the chicken spleen, namely in the periarteriolar macrophages of
the rat spleen,

The appeavances in the autoradiographe at 30
hours could be interpreted as suggesting that the antigen-

bearing macrophages migrate prozlmally along the aprteriole.

The apparent Fforming-up of clusters of macrophages at the



arteriolar junctions (Figs. 2.9a and b) might then be taken as
the firet stageo of the mized agplutinetion veaction mooted as
responsible for the formation of the germinal centres by White,
French, and Stark (1967).  The olemenie taking part in Lhis
reaction would he macrophages, antigen-antibody complexes, and
also lymphoecyies with some apeclal affinity for the antigen.
Antibody globulin is also present on the surface of these
dendritic macrophages (Figure 10 of Appendix B) and it is known
from other studies that the selectiviiy of these cells in
locelizming antlgens depends on the presence of antibody.
Humphrey and Frank, for example, examined the performance of the
analogous dendritlc cells of mammalilan lyuph nodes. Rabblts
wore uveed which had been rendered tolerant to the antigen ©to be
injected and which conseguently did not produce antibody. In
these animals the dendritic macrophages ¢f the coriex did not
localizne antigen whercas macrophages of the lymph node medulla
did show & nonmapécific locallzation without subsequeni germlnal
centre formation around thewm,

Phis requirvement for antibody in order to localize
antigen to dendritilc cells ia abt variance with the findings of
Hozsal and Ada (1964) who found that dendritic localization
took place in rats thought to have beon made tolerant to
flogellin by injectilon from birth. This confliciing result
would only be explained 1f the tolervance had not been completle
against this phylogenetically fax removed substance, a suggestion

subpequently put forward by Ada, Nossal, and Pye (1965).
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Dendritic cells can phagocytose carbon particles
(Miller and Nossal, 1964). However the funcilon required of
the web, 4f there is to be mixed agglutination, is attachment
and malntenance of the anbigen at the cell surface. The
evidence of eleciron mlcroscopy supports to some xbtent this
external siting of antigen. Avguing from the negative evidence
of the lack of ulitrestructural featuren of active pinccyitosis
and ingestion inbto the elongated processes of the macrophages,
Milanesi (1965) suggested that there is an architecture which
allows the macrophage to present a large external surface with
adherent unprocessed antigen to lymph pathways and consequently
to lymphocytes within the cenitre. Mossal, Abbot, Mitchell,
and Tunmus (1968) with hilgh regolution autoradlography also
found evidence that the association of antigen with the cell
menbrane Lo mainly extracellular although there was sonme
evidence of true entry of antligen into the nuclel of lymphocyles.

The lymphocytes taking part in the mlged

agglutination reaction would be those with some Surface'
complenentary to the trapped anvigen, There would bhe in this
way a selectlon of cells: those with the greater closeness
of £it, being more firmly adherent, would be more likely to be
arrested in thelr passage through the area. If the sequence
were repeated in now crops of germinal centres on restimnlation

]
=

with the same antigen, cells being trapped would bocone

inereasingly selected and sccurate in thelr complementery fit.
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White has suggested (1968) that the lymphoid cells
accunulating in this way on the macrophage net might be
stinulated to blast celi transformation by a mechanism simllar
to that by which antiserum against allotypic determinants can
transform lymphocytes (Gell and Sell, 1965). In the forming
germinal ceantre the Lfittling of the complementary surface of
antigen against a receptor site on the Llymphoid cell surface
would in the analogy cause the transformatilon. Subsequent
division of such cells would result in an expansion of the
germinal cenitre. This agrees wilth the findings in fligures
2.,10b and 2,12 where the actively proliferabting mass of
lynphoid cells has expanded beyond the zone of antigen~besrying
macrophages which themselves do not divide. Fach centre would
thon include collections of lymphoid cells of similor i notb
the sake mpecificlty, being directed against the determinanis
of the oune species of antigen molecule attached to the
dendritlic web.,

The intimote assoclatlon beitween macrophage
and lymphoid cell envissoged here, whereby tho one presents
antigen to the other, is consistent wilth some in-vitro
obmervations of their behaviour towards one another. Ilelarland,
Heilman, and Moovhead (1966) for oxample have described
special cytoplasmic projections by which lymphocytes can
become attached to nacrophages among other colls (and through

which, they vostulate, stimulating meterlal may be acquired).



Sharp and Burwell (1960) have alwso described an interreaction,
iporipelesis?, by which macrophages wight supply material to
lynphoeyves.,

The data 1n Table 1 show that there are fow cenires

at slx days which do not show some antligen lecalization. It is

not possible to be certeln that this olways represents localizatlon

wlth a view to speciiic selectlon of lymphocytes as described
above. The fact however that many centres do not show
localization at 88 hours when there is mpch clreulating complexed
antigen must nmean that the dendritic suriace of thelr contained
macrophages must elther be already saturated oy that the
surfaces have not been accemzible to such aggregates,

The studies reported here receord the formatlon
of a germinal centre as an event secondary in time to the
eroducitlon of antibody Ln the primary response. This is
consistent with the findings of Leduc, Coons, and Connolly (1955)
and White (1960) who only on secondary stimulation of rabbits
found antibody-producing cells (as distinct from antibody-
bearing macrophages) in the germinal centres of lymph nodes.

2l

The function of the centre is therefore likely to be that of
an ‘immunlsing organ' (Osterlind, 1938) in the sehse of
veeruitment of cells for a subsequent response rather then as
a furnisher of antibody for the immedlate response (as
Osterlind thought from his studies in the guinea pig with
diphtheria voxln).
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The dynamic formatlon of germinal centres
(Gonway, 1957) has been demonsirated in this study. The
suggested ianterpretation of the findings would combine ildees
of lymphold proliferation (Flemming, 1885) and resction
to the presence of forelgn material (Hellmsn and White, 1930).
The reactantis have now been demonstrated by modern technigues
to dnelude antibody and antlgen.

What has not been established ls any obvious
localizatlon of antlgen in the red pulp in which the
antibody-producing plosma cells are lyiang (Flgure 3 of
Appendix B). The iultiatlion of thelr antibody production
cleayly dees not require the presence of gross amounts ofF
antilgen and conseqguently from this study Lt is nol possible
to answer whoebher any macrophage cell has pleayed ony declsive

part in the leltiation of the response by these cells,



Chapter Threeo

Tomunologlcal Adjuvants and their Hodes

-

Or Actio

P s R Po

Ajuvants complicate antigenic stinulation in a
manner which subpequently enhances the response, ¢ have seen
in the last chapter the framework oif an immune response and it is
tinely to consider how lamunologlceal adjuvanis might be able to
alter this process,

Past work has shown that thelr contribution way
be purely physical alterinpg the behaviour of the aantigen in the
timing of its ﬂiﬁtrihuﬁiﬁn; alternatively the adjuvant may
have pharmacologlcal effecis which alter the behaviour oi the
reaponding cellss commonly these activities ave comblned in
the one adjuvant preparation, They will be conzidered here
in turn,

Phyeical EBffectn

that antigen escapes slowly Lo reach immunocompetent cells
has been found to be a ugeiful nmeans of stimulating a response.
Thus diphtherla toxold was co-precipitated with alum (Glenny

ol man Smd

and Barr, 193L) sad this resnlted in an '"increased antigenic

efficlency” as shown by the heightened and extended respoanse.

The slow release and absorpitlon from the slite of inject

e

on
(Glenny, Buttle, and Stevens, 1931l) was regarded as providing

Lis own secondary avinulus,
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Slow release is also the mechanlsm of wetion of
water-in-oil emulsions. IFreund (1947) records that 100 MLD
of tetanus toxin in such a presentation was non-toxic for the
nouse, clear evidence that only e tiny amount was escaping in
unit time.  Herbert (1966) has mimicked the slow escape
asgociated with such adjuvents by giving repeated tiny doses of
antigen (ovalbumin). He found that an lmproved response ig
get up and maintalned just as with the adjuvant and inferred
therefrom that the presence of formed antibody did not prevent
further stimulation of antibody-producing cella., (It is worth
commenting also that neither this reglne nor the antigen in
vater-Lla-oil adjuvant produced a “low-zone® tolerance
(Mitchison, 1964), at least a theoretical possibillty with the
proloaged antigenic stimulation produced by this type of
adjuvant). The same author (1968) has elso shown that the
depot formed can gradually become functilonally walled off although
the immured material is stlll active 1f removed to another site,

Dale (1961) has demonstralbed that there is a
direct effect on the lymphatics of the ears of mice lnjected
with water-in-oil emulsions, an appearance which she interpretvs
as o Y"proliferation® of lymphold vessels. Certain water=in-oldl
emulatons found by Freund to be less efflcient adjuvanis were
also less able to bring about this proliferation.

Farr and Dizon (1L960) made o telling ohservatlon
regerding water-in-oll enuleions containing bovine serum albumin

as anvigen, The full effcct in rabbits they found to be



dependent not on the total dome but on the concentration of
antigen ia the injection volune, the response increasing with
concentravion, This offers a clue to the local conditions
which must prevall for the dmmune process to be initiated.

The physical combination of some component of the
adJuvant material with the antipgen may make Lt more resilstant
;o digestion and expretion. Torriglanl and Roitt (L965) with
the antigen, human thyroglobulin, attached to mcrylic resin
particles have demonstrated a gualltative change in the response
in rabbits in that the 198 antibody response was selectively
gfeatly increased. The anthors suggest that there has bhoen
elther prolonged persistense of antlgen in macrophages or an
increased initlal uptake, Amnies (1962) has also enhanced the

response to pariticulalte viral bhodies by placing them in
solutions of polyvinylpyrrolidone. This layers the particles
with polymer which euncourages the formation of aggregales.
The enhanced response is thon thought to be due to delayed
sheorption from the injection site (but increased phagocytosis
mleht equally well he responsible).

The experiments of Adler and Fishman (1962)

with dlffusion chambers (filters of 0.1 v pore size) in the

nerdtoneal cavities of rats and mice showed that their physical

)

{=»

presence produced some adjuvant effect in the response agalnst

haenocyanin and ferritin as antigend, Since there was still

an effect when the antigen was lnjected elsewhere in tho

L



peritoneal cavity, the authors could not be certain whether
the effect was due ©o the chamber actlng as a physical depot

(<]

or was the result of the cellular response on and around it.

Bffects causing Altered Cellular Behaviour

Mycobacteridlal Infectlons An early and important observation

was the increased abllity of tuberculous guinea plgs compared
wlth normal animals to produce antlbody against sheep red

1is (Lewis and Toowis, 1924), Mycobacterial infections
were also shown to increase greatly the performance of the
reticuloendothelial systen (RES). In a carefully standardized
carbon clearance test in mice (Halpern, Benacerrarf, and
Bilogzi, 199533 Rilozel, Benacerraf, and Halpern, 1053) injectio
of live attenuated tubercle bacilli in the form of BCG brought
about the more rapld removal of cavbon pariticles {(diam, 25mu)
by a stimulated RES (Blomzi, RBenacerraf, CGrumbach, Hodpern,
Lovaditi, and Rist, 1954). This stimulatlion was at its
height 17-18 days after the injection of BCG and was

1 -

apcociated with an increase in the weight of the liver and

molecn thought to be due to hyperplasia of phagocytosing cells.
Andmals with BEG infections were also shown to produce

antibody greatly in excess of normal against the 'H' and 'OV

antigens of Salmonella byphi (Halpern, Blozazl, Stiffel, and

Mouton, 1958).
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The influence of endotoxin on phagoeytosis and
antibody productlon was investigated in a parallel fashion,
Johnson, Gaines and Landy (1956) reported the enhanced
responge to Lntravenous ovalbumin ln vabbits when endotoxin

(the lipopolysaccharide of Salmonella typhl) had also been

givén intravenously at the ssme time. They believed that

host susceptibility to the tomic property of the substance was

a prerequisite for gdjuvant acﬁivity and showed that a dose
sufficient only to produce a pyrexia in prabbite way be
insuificilent to produce an adjuvant effect. Blozzi, Benacerraf,
and Halpern had previously (195%) demonstirated increased
phagoeytosls in mice injected with killed g, typhi or iis
endotoxin, The adjuvant effect of endotomin (malnly from

Bordetella perinssls) on antibody production againat

diphtheria toxoid has siunce been shown by Farthing and Holt
(1962) in wlce, yabbits and gulnea pigs They found that bthe
lnoculation of antigen and adjuvant together in time was
important (together or within 24 hours of antigen) although
the substances did not need to be given into the same slie

cilation

Q

They bellieved that the action was not a physical ass
of the twe substances but a direct one on the host cells.
Phis was olso the view of Coandie, Zalk, and Good (1955) after
work with meningococcal endotoxin, Some support for this
lay in the findings of Ward, Jdohnson, and Abell (1L959) who

found a great increase in modified reticular cells in lymphoid

tissue,
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The stimalus to proliferation of cells in the
haemopoietic tlssues by endotoxin, well known in the context of
radiation protection has been related mainly to the granular
serles and to a lesser degree,lf at all, to the lymphold elements
(Smith, 1964; Smith, Aldermen, and Glillesple, 1957, 19
Smith, Marston, and Cornfield, 1959).

Another observation on the ectlon of an adjuvant
has been made by Munoz (1961) with pertussls endotoxin. e
has shown that 1t can produce an luncreased tlssue permeabllity
which may allow a slightly dlifferent tissue dlstribution of
antlgen,; possibly of lmportance in adjuvant action.  Johuson
(1967) has also proposed that nuclear debris can act as an
adjuvant being released as DNA or RNA from dead cells after
the toxic action of endotomin. He has brought circumsiantial
evidence that these substances have such an effect.

The ilanterrvelationships wiith dinfection by other
organlens gre interesting and complex: the toxic action of
endotoxln camnot be neglected. Thus infection of mice with
BCG, mo that the RES is stlimulated after l2-1l4 days,
seneltizes them to eandotoxin (Halpern, Blozzi, Howard,

Stiffel, and Mouton, 1959; Suter and Kirsanow, 196l; Berry,
Smyth, and Kolbye 1962).  Stimulation of the RES by simple
lipids algo sensitizes mice to endotoxin (Cooper and Stuart,1961).
On the other hend endotoxin has protected mice agoinst lnfection

% o 31 ¥e ¢ y iy f.:‘O
with, for example Mycobacterium forbulium (Boehue and Dubos,l358),
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Salmnonella enterdtidis (Howard et al,1959), and Tcetromella

(Gledhildl, 1959), Jjust as BCG (live or killed) has protected
pgainst acute staphylococcal death (Dubos and Schaedler, 1957).
The protective actlon may lie in the lncreased phagocytosis
possibly eided by dncreased production 0f noanw-speclfic serum
opponing (Jenkin and Palmer, 1960; Michael, Whitby, and

Landy, 1961).

Exotoxine

Ixotoxin was noted at an carly atage to promote
the auntibody response (Glenny, Pope, Waddlngton, and Wallace,
1925), Wlth diphtheria toxoid it was found that the more
toxin (as opposed to toxold) activity there was in an alum
proparatlon the greater was the immune response obialned.

Toxins of Clostridiuvn welchil and Siaphylococcus aurecus could

be substltuted, This suggeste that the effect 1z not due o

the provislon of iuportant anbigenlc groups which mlight have

been lost in the toxoliding process bul o an unrelabed

phehnonenon, The intimate nature of the cellular damage

relevant to the adjuvant actlon of toxlns has not heen detormined.

Simple Lidpids

Lipids as well as making a physical contributlion
to adjuvant emulsions may alter cellular perforimance. Some
lipids can greatly change the rates of phagoeytosls (Cooper
and West, 19623 Cooper and Houston, 19643 Couning and

Heppleston., 1966), Trioleln for example can biing about a

59
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striklng change in the surface appearance of peritoneal
macrophages as shown by the eleoctron mleroscope (Carr, 1967).
There is greatly increased formation and leangth of pseudopodial
processes and more phagosomal vacuoles due to elther greater

abzsolute numbers or greater persistence of formed vacuoles.

Surface=-actlive Agents,

Gall (1966) has drawn attention to the surface-
active nature of many of the components of adjuvani mixtures
and has abtiributed thls qualily to the colloldsal metallic
hydroxides (Glemny et al.,l925), lanolin (Fround and MeDermott,
1942), saponin (Richou, Jensen, and Belin, 1963) and %o
'proteins themselves. He has queétioneé whether more auntligen
can enter the dmmunocompeitont celd through alteratioaa‘in cell
nembrane permeability and using diphtheria toxold as antigen
in pguinea pigs has pursuved this in an lnvestigation with a
series of aliphatic nitrogenous bases. These are strongly
polar molecules whieh cause targe local granulomata. He
found that the length of carbon chaln and also the basiciiy

of the molecules was related o thely success as adjuvants,

Agents causing Inflammnatlon,

Infloanmation and abscezs formatlon at the site
of antigen lnoculation increased antibody production to
diphtheria toxoid in horses.(Ramon, 1925).

Inflammation implies release of chemotactic

agents, atiraction of vaxydnp cell types, cellular damgge of

.
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greator or less degree, increased phagocytosin, altered
metaboliem and vate of enzyme action due to change in local
temperature, opening up of Lymphatic dralnage aystems,
alteration in tissue pormeabilliy, and formation of an acute
abscens oy chronle graaulona. Inflammation thus not only
affords an opporiunlity for increased numbers of cells to take
part 1ln dlsposal of injected material but also necessarily
means that many of these cells may be in a stimulated stabte
(even if only in thermodynamic terms on account of the
increased temperature).

In their adjuvant mixture Freund and MceDermoiit
(19h2) brought togebther an inflammatory agent (killed tubercle
baellli) and an antigen depot (a water-in=-oll emulsion, liquid
paraffin emulsificd with lanolin), the antigen used beolng
horse serunm, They thus hoped to obtaln something of the effect
of tubercle bacilli on antlibody production (Lewis and Loomis,
1924) without the complications of infectlon. With this
minture, subsequently referred to as 'complete Freund's
adjuvans? (CPA) they produced a profound stlmulation of the
imnmne response in guinea pige. Not only were increased
antilbody levels achieved but in additlon a stabte of
soneitization alin to tuberculin sensliivily, so-called
delayed hypersensitivity,(Zinsser, 1921), resulted towards the
horse proteln.

The activity of this type of adjuvant has heen

analysed in great detall. Much can be attributed to certaln
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wax fractions of the tubercle bacllll (Freund, Thouson, Hough,
Somner, and Pisani, 1948; Raffel, Arnaud, Dukes, and Huang,
19493 White, Coons, and Connolly, 1955 Whitey, Bernstock,
Jdohns, and Lederer, 19583  White, Jolles, Samour, aud Lederer,
1964} both in producing lncreased amounts of antibody and in
luducing delayed hyyewaeusitivity to pure provein anblgens.
Wax fractions can lnduce a widespread response in the plasma
cells of spleen and lymph nodes as well as greatly stimuvlating
the macrophages iun the local granulonatous mass, Anbibody~-
producing cells are however present iun the granuloma (Askonas
and Humphrey, 1955).

The framework produced by the mycobacterial
adjuvant granuloma may be necessary to the setiting up of
delayed hypersensitivity which mey require large numbers of
partlcipating cells. What must be Judged is how essential is
the grenuloma for the inductlon of delayed hypersenslitivity
or of increased adjuvant activity. It de dnterestving that
a similay histologlcal picture has been produced when
boryllium has replaced tubercle bacilli in CFA (Salvaggio,
Flax, end Leskowltz, 1965). The reaction is less florid
with fewer epitheliocid cells: increased anbibody to DBSA was
produced but not delayed hypersensitlivity.

The apparent addibional quality of ithe delayed-
type hypersensitivily response may only represent an alteration
in the proportion of cells commijted to a particular course.

Such cells may ordinarily respond in a minor way. From the
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irst Dienes (1930)regarded this hypersensitivity as a part,

&

ibeit minor, of the normal response preceding the humoral

anvibody response,. This sector of the response has been

encouraged by the adjuvant, An assoclated phenomenon has heen

the finding of specifle slow or }ﬁ~nantibody by immunocelectrophoresis
of the pera of guluea pigs showing delayed hypersensitivity.

(WVhite, Jenkins, and Wilkinson, 1963; DBenacerraf, Ovary, Bloch

and Franklin, 1963).

In practical terms adjuvants have their
usefulness in iaproving the respounse to poor antipgens. There
are ilunstances however where adjuvants allow a resvponse to be: sét
up when otherwlse there would not only be no response but
where a state of iwmnune paralysis would be established.

This will be discussed along with the experiments of the
next chapter,

The subjects of bacterial adjuvantis aund
adjuvant activity in the productlon of delayed hypersensitlvity
have been fully reviewed by Munoz (LOG4) and Whlte (1967D)

respectively.
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Chapter Four

Observation of Adjuvaent Activity

The early experinents were first undertaken to
examine the usefulness 0f an antlgen eliminetion model

(Dresser, 1960) in the examination for adjuvant activity of wax

froctions derived from strains of Myecbaclerium tuberculosis.
In this model a trace-labelled purilfied

protein aatigen, bovine gamma-globulin (BGG) is glven

lontravenously Yo mlce wvho initielly katabollze the foreign

protein as they do thelr own native protein (Dizon, DBukantz,

Dammin, and Talnage, 19533 Freeman, Gordoa, and Humphrey, 1958).

Detectable amounts of this antlgen are stlll in the bloodstrean

when antibody is first released from the lymphoid tissues.

When this hoppens there is an acceleratlon of elimination

uaunally on the seventh dey or later after the admianisitration

of antigen (FMig.h.lc). If precautions have been taken o

remove aggregatos from the BGG (Dresser, 1961b), antibody

formation is not initiated unless another stimulus in the

form of an immunological adjuvant is given, The various

substances to be examined for adjuvant activity can be tested

for their ablility to glve thig Lanunogenic stimulus after

injection into subcutaneous esilies, Those mice not showling

the immune~type elimination on the primary exposure to

antigen may have become latently dmmunized and will show an

obviously dmmune-type elimination 1f the test ls roepeated

-
i
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elimination of a 1 mg I.V. dose of BGG.

Control group.

Each mouse received 300 ug Wax D in 0,2 ml

Bayol 55 subdivided for injection into four sites.
Each mouse received 300 ug Wax D and 100 ug BGG
in 0.2 ml emulsion (saline, Bayol 55, and

Arlacel A) similarly subdivided.



after an interval, Mice not responding on the first expesure
nay however have boen immunologically paralysed specifically
to the antigen and will not give an iumune roesponse on a second
exposure even Lf atitempts to encourage antibody formation are
made by presenting the antlgen in a highly immunogenic maunner
in complete Freund=type adjuvant (Dresser, 1962a and b).

After the inltial observations, the dluntercst come
to lie not mo much ln the comparative activities of potential
adjuvants as in how they achleved thelr effects and how host

factors altered thely performance.

Hoterials and Metbhods

Mice Ior most experlments CBA-straln male mice were used, 35
monthe old, 22«25 g in weilght. In Bxperiment 8, 4«5 month old
CBA female mlce were used, one group heing in the first week of
lactation at the time of injectlon of antigen.

Antisen Dovine gamma globulin,.ethanol fractionated (Cohn
fraction II), batches nos. HLRO70 and LB 1071.
Radiolebelling of Aptigen The direct oxidation method of Hunter
and Greenwood (L962) was used with dlodine~131l as described

in Chapter Two (p.2l). Amounts of 100 mg BGE were labelled

30 that about 7Yul of radiocactivity were attached to each lumg
dose of antigein.

Preparatlion of Antigen to be injected. After radiolodination

the antigen was spun for 30 min, at 30,0008 in a 3 x 10
swing~out head of a MSE Bupcr Speed 50 ultracentrifuge in
ovder Lo remove aggregates. The contents of the upper two~thirds
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of the tubes were removed, the 0.D. estimated in a U.V.
spectrophotometer at 280mn and the protein content derived from

a standard graph. A final solution was then nmade up to

contaln ~mg antigen per Iml of 0.15 ml saline.

Timunologlcal Adjuvants
Adjuvant mixtures were prepared from the followlng reagents:

(a) Mineral 0L, (Bayol 55)

(b) Arlacel A, (as ecaulsifylng agent)

(¢) Antigen solution, (2.5 mg BEG per ml)

(4) Mycobacteriuwn tuberculosis var. homluls, Weybrldge
strain G, heat-killed, o

(e) Wax D, WL 52, from M,tuberculosis, straln Canetti.

Tuo types of adjuvant mlgture were useds

1. a. Suspension in oil of M.tuberculosmis, 1.5mg per ml.
Bayol 55

b. Solution in oil of Wax D, 1.5 mg per nml. Bayol 55.

2. Water-in-oll emulelions with antigens Couplete Ireunde
type adjuvanis (CFA).

These were prepared by suspending the mycobacteria in
the oll (2.5mg per ml) or dlessolving the Wax D in oil
(2,5mg per ml). The oil wes mixed with the Arlacel A
and antigen solution in the proporilons of Hrl:l
respectively:s the nixturve was emulsifled by frequenily
repeatved withdrawal and expression of the mixdure
through a fine needle unill a unlform white emulsion of
thick consistency was produced.

In Dxperimant 4, heat-killed Corynebactierium pubrum or

Mycobacterivm phlei substituted for M, tuberculosig in the
two types of adJuvant.

Conditions of expevinenis.

The animals wore kept in boxes of £ive or sl
each experimental group being kept in the one box, Holes

were punched in ithe ears according o a code of recognition.
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The animals were put on a balanced diet (Diet 41, supplied by
Vin, Pearson Lid., Glasgow). There was no altorabion of supply
of feed during the period covered by the experiments. For
drinking water 0.075 M saline was given to which O, 0L pey c¢ent
potegsium lodide had been added.to promote lodine-131 excretion.
Injections of antigen were glven intravenmu&l&

through the tall velin in mico previously wormed. The adjuvants
were given mubcutaneoualy 18%0 the foot~pads of the hind limbs
and into the anterior surfaces of the fore limbs, the total
dose of Q.2ml being subdivided for this purpose. This meant
that in the case of the 0FA each anlmal recelved 300 ug of
bacterla or Wax D and 100 ug of antigen. The same guantities
of bacteria or waxr were in O.2ml volumes of the oll suspenslons
or s&lutionm.

Experiments 1, 2, and 3 werc pepformed during
the early svmmer wmonthe of 1966, The mouse room had a
southern exposure and o large, completely sealed window area:
at tines desplie alr conditionlng the mouse room became very
warii, ‘The later experiments were carried out at ambient

o, o
temperatures of 187 to 207,

Counting of Radioactivlty
The radloactivity in each avimal was determined
every sccond day from the second to the fourteenth day by

placing the moume in a cenired container within s large Nuclear
Interprises plagtle well sclanvillation counter. The time of
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counting varded from 10 seconds to one mlaute, Counts of a
gtandard source (about 1luf) were also talen ot cach counting
BeBSLON. AL counts were corrected for pradiocactive decay and |
variatlon ln performance of the apparatvs, by mulitiplying oach

by the ratic of (the count of the standard on the first day)
o . (the count of the standard on day of count). The counts were
then plotted on semilog paper and the rates of eclimination

(as half lives in days) obtained graphically from the plots.

Thyrold Diebs

Thyroxine (Eltroxin, Glaxo) was dncorporated in

the followlng amounltss

Thyrold diet Ar O.2ng Elitroxin in 600 g dlet

Thyrold diet B  Q.b0mg Blitroxin 4in 300 g diot

Phyroid diet €3 3.0mg Wlitroxin in 300 g diet
For convenience and thoroughness of niwing the Bltrowin tablets
were first ground down with 20 g of sucrose and this mixzed
with pulverized diot, Mounts of the minture were made up
into o wet magh which was placed in a dish in each cage.
The dishes were refilled dally, Mlce were placed on these
dlets (Experiments 6 and 7) for one wook before and two weeks
after the primary injectlon of antlgen.

Ralsing of Ambient Temperaturp

In Experiment 9 the mice wore kept in cages
under infra-red lamps so that at the top of the cages the
Lemperature was ﬁﬂg. Mice were kept under these conditions

for three days before ianjection of antigen.
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Hish Carbohydrvate diet.

In Bxperiment 10 the mice were glven brown hread
(approximately 85 por cent carbohydrate) in place of Diet Al
in the fortnights before and afier the admlaistration of the

antigen,

Ernorinental Secition

L

Dresser (1960) had shown that the antigen (BGGR)
need not be presented with the killed wycobacteris at the local
gite of injectlon for the organisms to exert theler adjuvant
effectk. The followlag experimentbs were set up Lirstly in
Porvon whlte mice, then in CBA mice to see 1f this could be
reproduced as & basew~line for further investigetions. (In these
experiments 1t is dmportent to be e¢lear about the two possible
cousen of lucreased elimwination., TFhere nay be a generaliged
inerosse due Lo an ilancreased rate of protein kotabolicn.
Whethey this takes place or not there may be acceleyration of
elimlnation usually after the mpeventh ory eighth day due to
she formation of imnune complexes and their rapld phagocytosis
and breakdown),

Lxpordment 1

Porbon White Mlce dn three groups of five were
injected subcutancously with 0. 2ml mycobacteria~in-oil, ten
days before, four days before, and on day of I1.V. injection
of BAG respectively. These mico as well ais a contrel group

131

of flive mice were injocted with 1 mg T, 36¢ intravenously
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and elimination observed by whole hody counting evory second day.

The eliminabion rates (in torms of the bilological
half-life in days) of the antigen are shown on Table L.l for
the first elght days of elimination. There was a significant
difference hetween each mycobacterial group (p< 0.01 by Student's
Y fept) and the control group in thelr rates of eliminabion.
Socause of the exbremely rapid disappeerance of the aantigen
it was not possible to detect any supecrimposed acceloration
of dts removal by anbibody,

The anlmals were therefore after a further itwo
months rednjected intravenously with antigen to rowveal any
secondary responses, knovm o be more accentuated in thelir
speed of antlgen eliminatlon (von Dungern, 190%; Dresser,l960).
The results are recorded in the tables several of the anlmals
in the control group (3 out of 5) as well as many test wmice
showed a secondary regponse.

This strain of wouse was regarded as unsatisfactovy
for several reasons. Mratly with the rapid eliminatlion theXe
was little auntigen left to show a response heginning only on
the soventh day. Almo slight chenges of rate of eliminstlon
were not easily detectable at this speed, In addition too
neny of the control mlee were producing a primary responsc
without the ald of adjuvant. Subsequent experiments were
carricd out in CBA mice shown by Dresser to katabolize this

antigen more slowly.



Table 4,1

N 0 s 5 131
ates of Blimination of ~77I,BGG and Tmmune Responsesn
Lu two strains of mice after varlous treatments.

Mean
o s 3 1 Half=1ife of Blimlnatlon Primary  Secondary
Treathent up o Dny Immune Inmune
(in days + 8, D ) Responses Resnonses
Porton White Mice

N1 1.98 & 0,163 - 3/5
M, Tuberculogis in oil
10 days bhefore, 8.C. Le5hL + 0,05 - 2/5
M. Tuberculosis in oll
4 days before, $8.C. .34 + 0,314 - 3/5
M. Tuberculosis in oil
On day of I.V.BGG,S.C. l.0 0,1 - L/%

G}mugﬁge

Nl 4,38 + 0,66 0/5 0/5%
M, fuberculosis in oil y ) »
50 days beiore, S.C. Loll # 0.456 /5 Q/5%
M, Tuherculoslis in oll )
4 days before, 85.C. L,O5 & 0.17 0/5 Q /5%
i, Tuberculosis in oil
On doy of L.V. DG, S.C. 2.83 x 0.14 o/L 0/5%
M. Taberculosis in CFA
with BGE, 5.C. i )
on day of I.V. EGG 2,96 * 0,252 5/9 oU

CBA Migo

ML
Wax D in oll

on day of L.V. BGOG s .0 & 0,154 0/5 W
l

Wer D in oil with

Dayol 55, Arlacel A ted2 + 0.2Y7 0/5 NP

and BGG

On day of I,V, GG, \\\\‘!.lo & 0.392 5/5 N
NT: Mot tested, 3 gtimulated with complete

Troundts adjuvaent contalning
BGG,



Experiunent 2

The above ouperiment was repeated in CBA mices
in addition a further group of five mlce wero given CF4
suboutaneously. After two months all except the last group
were agaln btested by reinjection of L mg lﬁlI.EGG and also
given CPA subcutaneously.

The vesults are shown in Table h,1. The mice in
the two groups giventhe mycobacteria on the day of injection
showed a slgnificantly fester eliminavion (mean half-lives,
2.83 pnd 2.96 deye; p<0.,01 by Studentts ®L" test) than the
control group {mean halfwlife, 4,30 deya). Only those mice
roceiving CFA showed a primory imaune elimination., The others

showved an innune paralysie when subseguently tested with CFA

on a further elimluation experiument twe monthe later.

Groups of flve mice were given subcutaneous
injections of Wax D in oll and in another group, CFA wiih
Wax D in the oil phase. The elimination rates of antigen
glven on the some day to these animale and alse to control
animals arve shown ln Table L.1 and Flg.h.l. The elimination
rates in both groups receiving Wex D ave significantly
gaster (L.22 and 4.18 days, mean half Lives) than the
control group (5.0 days wmean half life, p<0.0L by Student?s
ngR Lest). Only that proup recelving the CFA showed a

primary lnoune elimination. These rosults in the CDA mice
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differed from those of Drescer in that nellher the mycobacteria

nor dndeed the wax had been able to stimulate an imnune response

nuless placed in the tilssues with the antlpgen Ln o wabor-ineoil

enulalon.

There was an interval of olx mouths before the next

X

oxperlaents

of this Lype were caryrlied out.

Experdment L

[

Two other basterdal species in addition to M, tubeveulosis,

G.rubrunm and M, phlel were used sepearately in adjuvent mixtures.

]

Groups of £ive mice were given elther a suspension in oil of
one of the specles or were given the CIFA type of preparstion.
Along with a conbrol group, these wmice were injmcte@ intravenously
with img 351 L BEG,
Table 4.2 records the resulis., ALl groups showed

an obvious primary lmmune elimlnation. (Fig.4.2 for the example

the M, tuberculogis 1n oil EPOUD) . In addition all eliminatlon
rates ln the preimmune phase were accelerated significantly over

the control group {p<0.01 in all cases except the M. ituberculosis

group when p< 0,05 by Studentts LW sest).

Dxperiment 2
Farther groups were set up with M, tuberculosls

ond Wax D in the two types of adjuvant preparation., Primary
inmune responses vo I,V, BGG were obtained in all cascs (Table L.2
second part). Control groups showed an elimination rate in

the fivsf cight deoys of 2,96 days as agalnot 2,72 days for

the Wax D in oil group, nob pigniflcantly different on this

3 v A ., § o fe gt e myende
occasion (p< 0.1 by Studentls MU penst).
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Elimination of  1311.BaG in CBA mice

Control _group Test group
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Pigure 4.2 Influence of a subcutaneous adjuvant (without local
antigen) on the elimination of a 1 mg I.V. dose

of BGG.

The mice in the test group received 300 ug of killed
M. tuberculosis ver. hominig in 0.2 ml Bayol 55
subdivided for subcoutaneous injection into four
sites.,




PTable L.2

- - s_ 8 nl?.
Rates of Blimination of JJI.BGG and Immune

Remponses in CBA mlce after verious treatmeabs.

Treatmnont Elimination Rate Primary
(by subcutancous (Half-life in days) Inmune
injection). up to Day 8. Responses.
Wil 3.82 + 0.178 0/5
CrA with M, tuberculogis 2,58 + 0.16 5/5
M. tuberculosls in Bayol 55 3,16 + 0.L434 5/%
CFA with ¢, rubrum 2.3 4 QU155 5/5
C. rubrum in Bayol 55 2e5 2 0,15 5/5
CFA with M.phledl 2.+ 0,29 3/3
M. phlel in Bayol 55 2,58 + 0,37 L/l
Nil 2.96 + 0.09 0/5
Cra with M. tuberculosins 2,54 + 0,167 5/5
M. tuberculoglis in Bayol 55 2.26 % 0,27 5/5
CFA with Wax D 2.38 4 0,13 5/5
Wax D in Bayol 55 2.72 % 0.23 5/5



Asseassment of Experdimonts 1 Lo 5

It was difficult to omplaln the appavent contradiction
between the early (Lxperiments 2 and 3) and the late results
'(Experimenta L and 5) 1n the CBA mice which in the one case
had nob produced auntlbody unless CFA was used and in the other
produced antibody when mycobacteria {or one of the subsiitutes)
in 0ll hed been used as adjuvani. The animals were of the mone
strelin, ago, and sex, The antigen was undoubiedly older on
the second occasion: 1% had been kept under dry conditions
hut agelng conld have caumed some denaturation,. Any denatured
molecules would have been oxpected to be eliminated quickly
however and would have beean unlikely to affect the eliminabion
rate much after the first 48 hours (Freeman, 1965,1966). The
only difference in conditlons which could be thought of
(and this vetrospectively) was the warnth of the early summer
wvhich might have affected the metabolic rates of the mice,
Interest was focussed on the rate of katabollism for other
TEABONSG. Mretly there was some suggestlon ifrom the experlments
with the Porton White mice that very rapld katabolisn of antigen
predisposed o an lmnune response, (Fhis of course could have
a quite dlfferent genetlc basis). Secondly in Ixperlments
L and 5 the ellmination timea. were faster in the contrel groups
than in Experdments 2 and 3. Lastly the adjuvants thenselves
secelerated katabolimm of antigen in the pre~immune phase,

The questlon posed was whoebther fasher eliminatlon contrdbuted
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to the adjuvent action. Attempts were therefore made to ineresse
katabolism with thyroild hormone and observe L7 this alone could
inztlgate lununewiype eliminabion.

Lreveriment 6

Two groups of five mlce were maintained on thyrold
diets A ond B as described above in the Materials and Hethods
secilon, durdng the seven days hofore and fourteen days after
prinary injection. Thelr eliminatlon rates of 1311.3&@ wers
obaerved on two occasions abt an interval of two months.

Table L.3 vrecords the resulis of the two
expopures to autligon. In the primary exposure bhe rates of
elinination of the thyroid groups had not beoh significantly
increased over thalt of the control pgroup (p >0.10 in the
group with the lower mean halfwlife). There was no evidence
of any superinposed lmmune-type acceleraition after the seventh
aay.

The secondary exposure Lo antigen resulied in
acceleration of elimination by the sizth day in all nlce in
the thyroid groups over the rate prevalling in the period
day 2 to day 4, the final mean half-lives belng not more than
2.2 daye, In the control group only one mouse showed
ncceleration (fo a half-life of 0.8 day on day 4).

This was suggestive evidence that the mice
had been immunlzed during the primary exposure to antigen
vhile on the thyroid diet. As the amount of thyrold hormonc

in the diet had not produced a slgnificently increased katabollce



Table 4.3

4 L] ?l

Rotes of Elimination of Lo°I.Rae in mlce
recelving oral thyroxine during Primary
cxposure to antipen.

Blimination Rate No. of mice showing

Group (half«life in Alteration of Blimination
days) Rate* on
N , Dgﬁ =1 Eml& Da N b mpgx 6 Daﬁg a
Contreol (5 mice) |
Primary exposure 3.586 & 0.15 - - -
Secondary exposure 3.7 + 0.36 1 - -
(0.84)

Thyrold diet A
{5 mice)

Primary exposure, 3.5 &£ 0.25 - - -
Secondary exposure 3.2k & 0.4 1 4, -

(1.0d) (2.25 + 0,34d)

Thyreld dlet B

(5 mice
Primary oxXposure Bo7h + Q.15 - - -
Secondary exposure B.2 4 Q.23 1 4 -

(1.54) (2.42 % 0.19d4)

( * The altered hali-lives are shown
in brackets below the no. of mice).



rate detectable in the preimmune period, it was decidod to give
a higher dosage of thyroid in the dilet and observe the PesSpoONBe
o auntigen.,

Tenerinent 7

A group of wmice was malntained on thyroid diet ¢
during the seven days before and fourteen daye after the
prinary injection of antigen. Antlgen eliminetion tests were
performed also ten weeks later, and again six months after
the secondary exposure,

The results avre shown in Pigure 4.3.

Pigure 4.3, During the primery exposure to

antigen the nean half-life of the trace-~labelled nrotelin in
the control group was 5.7 dayss in the bthyroxine~treated
group the mean half-life was 2,70 doys with ao evidence of
dumune elimination on or after the slxth day. Ten weeks
later however on the slxth day after a sccond dose of antigen
there was significant acceleration in the thyroxine~treated
group, Ghe mean half=life decreasing from 2,72 days to 2,00
daya at that time. A third exposure six monthe after the
second showed a further accenbuabted immune reaction in thi
group (Figure hL.3). Control mice gave no response on the
secondary exposure to antigen (one mouse dled in this group
bhefore secondary exposure). On the tertiary euposure, one
control mouse geve a mild response (half-life acceleraitling

from 3.8 to 3.3 days alter the sixth dayds

N



éFif*u:r'e L.5 . Legend

Blimlnation of 3 11 DG in CBA mice

\
]Tho mice in the test groun were fed on a diet contoining 3 ng
Tltroxin! (Glaxo) per 300 g for moven days before and 1k

|
it
|
ﬂay 5 after The prinery exposgure to antipgen, '

fon (&) Primary exposure to antigen in control and test groups

i . L -
IHiddle (D) Secondary ocxposure to antlgen ten weeks later

; : . :

i

tom (o) Tertlary exposure to antigen a further six months late

— f,%‘;__k e
o
< .

dhc nmmbers quoted in the éﬁagram represent tﬁm mean blological

L

hn?fnlivos + 8.0, da days of the 3J1I BGC obtaluoﬂ graphi calty

owor the periods indicated.
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The thyrozinewtreated wlce have thus formed
antibody on the second exposure to BGG although none was
detectoble in the primary response which lacked any immune
elimination after the sixth day. The accelerated katabolisn
noy have beean cruelal in establishing this response but it
cannet alone produce as greab an adjuvant effect as the
mycobacteria after which the prinary lmaune yesponse ls well
deflned,

It was counsidered worthuhlle examining the
roesponses in female mice in the physiologlcal hypermetabolic
state of lactation.

Teoeriment &

A group of sily lactating female mice in the first
week of lactavlon and control groups ¢f five male and @iz
female wmice were submitted to the entigen elimination test

n 33 pea.

wi.t
The regults of primnary exposuvre, and secondary
exposure two monthe loter, arve shown in Table 4.5, The mean
half-life of eliminaltion of antigen in the non~lactabing
fomeles dild not diffor significantly from that of the male
group (» > 0.10 by sStudent's " test). The lactating
feonales elimlnaved the antigen signlflcantly faster
(p < 0.01 in both cases).
On secondary exposure, the male controls showed
smoune elimination in four mice out of five, ns also dAld five

A,

of the six non~loctating females., Four out of the six
lactating females also showoed such lumune elimlnatlon, hut

o AL not do mo. Fat>



Table 4.4

Comparative Rates of Elilmination of

131

T.0B6G in Fomale CBA Mico.

Group

Male (5 mlce)
Primayry

Secondary

Female (6 mice)
Peilnary

Secondary

Pemale (Lactabting,
6 nlce)

Prinary

Secondary

Elimination Rate No. of mice showling
(halfelife in Alteration of Ilimination
daye) Rate®
on
Days 2wl Day 4 Day 6 Day 8
3.08 ;‘; O.f}m bl - Ld
3,06 & 0.75 2 2 -
(0. 64) (2.3d)
2—.?6 ;s: 0-2-!% bl - A
(0.,‘3@) (lolbd)
1.96 + 0,27 - - -
2,23 & 0.l 2 1 1
(1.34) (1.63) (1.8)

The altered half-llives are shown in
hrackets below the no., of mice).



Although the antigen in this experiment in some
unexplained way was more likely to induce an immune response,
the fact that two lactating mice did no% becono immunized
suggests all the more strongly that rapidity of elimination
of the antigen by itself is not sufficient to bring about the
induciion of the lmmune response.

Exporiment 9

Mice were kept under worm conditions (at 300) as

describved in the Material and HMethods sectilon, In this way

it wae hoped to slow dowp bhéelr metabolic rate (Pennicullk, 1967)
and pomalbly alter the ablllty of M, Iiuborculosis in oll to

induce an inmune response. A group of wmice at 18° and a group

at 3@“ were injected with adjuvents a seconé group at each
teﬁper&tnre acted as controle.

Table 4.5 records the resulis. Control mice show
a slgnificantly faster rate of elimination of the antlgen
(nmean halfwlifec 3.48 days) than do the warm mice (mean hali-life
3.8k days, p<0.0L)., Both groups recelving adjuvants show
evidence of a primapry lmmuve response but the pate of Jumune
elimination in the wavi mice is slgnificently slover (mean
holf-life 1.7 dayas) than the control group (1,175 daymss

p <0.05).
The ratio of the protein katabolic rates (309, 1§3)

15 .85 1 35.48 in the control groups, *.©. 1.1:1.0. The

ratio 0f the proteln katabolic rates in the preimimune phase

of the adjuvant groups s 3,1 & 2.67, L,e. 1.17 ¢ 1.0,
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Pable L5

Effect of Ralsed Amblent Temperature
on Elimination Rates of +9LI, nee
in CGBA milce.

Elimination Rates
(half-life in days) at
Amblent Temperatures

- Other - of
N oy 5 Ay
?rcaumenu 120 noo
NIL 348 & 0.08 3.84 + 0,173

(5 mice)

™

M. tubereulosig Days 2=8 2,67 & 0.264 3.1+ 0,56
in Bayol 55

(5 fﬂiaﬁ}) ])Et}"fs 8""11{‘ 1.‘ 175 - Oo 32-} 10 ?

0.31

i+

Table 4,6

Effect of High Ggrbahydrate Diet on
Blimination of +31I,.BEG in CBA mice.

Elimdlnation Rates of Iice

On on
Other Treatment Normal Carbohydrate
JDiet ..  Diei
(5 mice)
Wax D « in oil 8.C.(4 mice)
Daye Z-7 272 * 047 5,27 & 0.09

Days 7Ll 1.58 + 0.38 2.2 x 0.52



The ratio of the immune rates of eliminatlion in the adjuvang
groups is L.7 ¢ 1,17, d.e. 1.45 ¢ 1.0. That is to say that the
Immune elimination dn the mice at 18° io faster, coumpered to
the groun at 50”, than might be expected from their metabolic
rates alone.

This would be in keeplng with a greater degree of
antibody productlon even allowing that the quicker immune
elimination in the 18° mice might be partially due to a
generally Tesmter metabollic rate.

rnardiment 10

By ellnlnating the specific dynanlec action of
protein in the diet Lt was hoped that a significant slowing
would be effected Zn the metabolic¢ rabte which again might
affect the performance of an adjuvant. The test groups were
given a high cavbohydrate diet as described in the Materials
and Methods asection.

One group of mice on normal and one on high
carbohydrate dlet were glven Wax D in oll as adjuvant. A second
group on each diet acted as controls.

The rvesults are recorded in Table 4.6. The
catabolic rates were slowed in the mice receiving the
corbohydrate dlet. (Mean haki-life of 3,98 to B.22 days,
p£-0,01): the rates of lumane elimlnation were also

significantly slower in these mlce, (2.2 as compared with

1.58 days).
The ratio of the ketabolic rates is 3,98 1 3,28,

i.e, L.25 3 1.0. The ratio of the preimmune rates of
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elimination in the adjuvant group ls 3.27 to 2.72 days,
i.e. lo2 3 1.0, The ratlo of the lmnune rates of elimination
in the adjuvant groups is 2.2 1 1.59, i.e., 1.41 ¢ 1.0,
That is Lo say the rate of immune elimination
is Foster in the group rvecelving normal diet than vwould be

expected from the dilfferent rates of metabollsn alone.

Discusslon

In these experiments in adultl mice, the induction
of bolerance to a purdfled proteln antigen, BGG, is belng
observed:s after Lhe dnltial exposure the later prescntation
of the antigen in CFA doos not resuli in sn inuune response,
The antigen haz been shown to include both a major and o winor
component (Dresser, 1963). The latter cowprises aboubs 10
per c¢ent of the total »roteiun present and can induce antibody
formation specific to Ltwelf without the aid of adjuvant.
Although this may cause an apparent prolongetion of the
elimination rates on secondary and subzDequent exposure, it does
not alter the main duplications of the imeuae-type eliminatlon

geen when antibody agalnet the major conponent iz formed,

The Presence of Antipgen at Lhe Sitg of Adjuvant Injection.

The later experiments agreed wlth those of
Presaer (1960) which showed that mycohacterial adjuvants
without local antigen were able to produce a demonstrable

ipmone elimination of the tutravenously injected antigen.
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Hevertheless if circumstances are unfavourable to the
establishnent of the response as they oppear to have been in

the earlieor experimenis (Bxpmbs, 2 ond 3), the increased local
concentratlon of antigen clearly made it easler For antibody
fovmation to be met up. The adjuvant mixtures Lacking
emulelfled antigen wmusit therefore be regarded as wesher adjuvants.
Thic would be in accordance with the findings of Fary and Dixon
(1960) who demonmbrabed the importance of local concenbtration

of antigen as opposed Lo total amount of antigen in

stlmalating an antibody vesponse,

Substitutes for M.tuberculosls.

Vax DyWL 52, a peptidoglycolipld derived from

M, tubereulosis, strain Canetil (White, Jolles, Sawmour, and

Ledereor, 1964), G,rubrum, and M,phlel satisfactorily substituted

for M,buberculosis in these expoeriments. These agenbs have

previounsly been shown to have adjuvant effects in other
antigen systens such as the induction of acute encephalitis
(White ot al., 1964: Shaw, Alvord, Fahlberg, and Kies, 1964).

In the present expoeriments they produced an
antibody response to BGG when they were themselves injected
in ag olly mediuvn without local antlpgen. They also produced
vhe sccelerated katabolism of protein dn the prelmmune

phase noted in the experdments with M, tubeveulosisg.

Acoelevation of Antigen Katabollion

The increased rate of protein katabolism in the

later euxperiments (mean half-lives in the control grouns of
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5.82, £.96; 3.58, 3.48, and 3.22 deys ar compared with ha 38 and
and 5,0 doys) may bave been dmportent in creating the chenglng
experience with the edjuvants lacking emulsified antigen. ‘The
observations were difficult Lo explalun in other terms as hos been
discuszed above unless some change lu the room temperature was
accepted as a vallid reason for the differenco. This had some
support from the experiment in whilch the ambient tempervabuve
was ralsed o 500 for in this situatlion {the katabolic rabe fell,
However the weaker type of adjuvant was stlill able o induce an
immune vesponse allthough less antlbody was produced i€ the rate
of dmmune elimination le teken as quantitaitlve indicatlion of
antibody production (Dresser, 1965).

Thyroid hormone The thyroxine in the dlet dnduced an Immune

response in Dxpeviments ¢ and 7 which wos detectable at the time
of the secondary response, in Experiment & tho mice had not
shown a katabollc rate during the primary oezposure signlficantly
increased over the controld milce,

Phyrold hormone has been known for a long time %o
have an influence on the performance of the non-speclfic body
defonces (Marbé, 1909) and can indeed stlmulate antibody
production in seoveral species including man (Long and Shewell,
19555  Long, 1957). It has aleo produced hyperplasia of
lyuphoid tissue ln gwineca plgs (Brastrom and Gyllensten, 19593
Gyllensten, 1962) and in the fowl (Hobm, 1959).  The nature
of the actlon in the current experimenits is a matter for

speculation but two negative points con be made. TFlrstly the
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ability of thyroxine to induce en immune respouse to DAG is not
dependant on accelerabing the ketabolie rate during the first
exposure as shown by the experience of Eﬁperiment 6. Secondly,
acceleration of the katabollic rate by iLtoelf as shown in
Experiment ¥.(mean half-llfe of 2.76 days compared with 3.7
doys 1in thoe control group) does not bring about the definite
brimary respouse achleved by the injected adjuvanta,

)

Lactating mlee The euperience in these mice confivms the last

polnt made with the thyreold mlce; nemely that hyperkabtobollc
rates need net of themselves brdung about an lumune responsso.
This was the finding in two mlce of this group.

Slovlng of Antigen Kataboli@m

The two procedures which brought abount a slowing
of antlgen hkatabollisn, namely the warn envivounment and the
carbohydrate dilet, were intkeresting in that they almo reduced
the smount of antibody yroduced ageinst the antlgen on the
evidence of the immune elimination raves, even when allowance
has been nade for albered rabes of phogoeytosis in the
different metabolic condliiona.

Mthough the dogree of alteratlon of adjuvant
action 35 minor, the experiments perhaps suggest how the
process of keoeping concentrations of profteln aatigens
temporarily above tolerance~inducing thresholds might be
aided, If the findings could be extrapolated to the humon
speciles, they would suggest that the following proposltion

pight be examinod, nanely that a high protein diet as oppoesed
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to a high carbohydrate dlet would countrlbute to a different
Likellhood of diseases assoclated with lmmune seneltimation,
especially s0 in a cold climate.

Postulated Increases in Temperature.

o rocordiangs of body temperature were made
during the emxperiments, Nevertheless the hypermetabolic
state produced for ecuample by the thyrold hormone is likely
to result 1n an increased production of heabt which might not
be compensated for by cooling mechanlsma. Thore wonld then
be as in clinical hyperthyroidism in man a ralsed ﬁaﬂy
tenperature, The {ootpad granulomata produced by the
injection of the mycobacterlal adjuvants may also produce local
and general vises in temperature. It is intervesting to
spoeculatd on the possible effect of such a rilge in {emporabure
on the katabolisn of protein molecules within a digestive
veglele of a cell.

Fipgure h.l.shows a hypothetical c¢ase where an
array of ldentlcal molecules of a proteln with a repeating
structure 1s belng attacked by two endopepildasos A and B,
each assuned Lo have a preference for speciflic parts of
the repeating structure (Dizon and Webb, 1964) and not to
interfere with each other spatially. At T° the number of
peptlde bonds being broken by each enzyme in unilt time is
the sane and fraguentas of a pavtlculer type are produced.

If the temperature is raised to (T + n)° the rate of action

of each ensymne will not be affected equally 1f one has a
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FRAGMENTATION of a PROTEIN MOLECULE (with repeating
structure) at DIFFERENT TEMPERATURES,

T7° (T+n)

S

mT — ——
TTe—

‘-- L.l r Fr ¥ ¥ 1 ¥y ¥ T
4-—&---—--
(- b X T X v T Y v

Pih—

Pl reomecommonoo e e o wee
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‘ Endopeptidase A
é Endopeptidase B

Figure 4.4

Proteolysis of a hypothetical protein with a repeating
polypeptide structure by two endopeptidases at two
temperatures, To and (T+n)o. The descending arrows
show the number of peptide bonds split as time
elapses. The diagram demonstrates a possible outcome
if the rates of action of the two enzymes are not

equally accelerated by the increase in temperature,.



groaver tomperature coefficlent than the other, The digestive
process will then produce at certaln polnts of time fragments of
a bype nol produced at . the lower teuperature.

The real sltuation in the breakdown of protein
molecules may be gquite differenﬁ:v the enzymes for &#ample will
2ot break down sall bonds of one molecule before attacking those
of ancther, The principle will however hold that a population
0f different sub-specles of molecules will be present in the
digestive vesicles of cells carrylng out tho digestion at
difforeat tomperabures. If the time allowed for digestion
is long, both wllil achleve breakdoyn to the some degree, I
there is some intermediabe event, different populations of
nolecnles will take part in the reaclions.

From the work of Lapresle (1955) it seems Lhat

&

hidden determinanhts of an antipgen uncovered by proteolysis
in vivo may etimulate anvlbody production: this implies thab
fragmentation of antlgen ordinavlly takes place and helps to
dilrect antibody speclflelty. The hypothesis presented here
suggests that different anbtibodien may be stlmulated at
dLiferent temperatures. Such yises In temperature wight roesult
in antibodies belng produced agalnst fragments which did not
oxist in the courme of digestion at lower temperatures. In
this way antibody mlght be Tormed against an antigen incapable
of stimulnting aptibody formation at lower Lemperatures.
Kovovkov (1964) does record changes in rabbit
antibody in animals exposed for short times to hypo- and
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hyper-thormia, In both, weduced titves of antihody of lower
avidity were produced ageinst a bécﬁariél mpeaies,

iIn poikilotherms tenporature has unusual effects
on anbibody production. (Bisset, 1943; Rees, Perkins, and Elek,
1963). Teads immunized i the cold do not nroduce antibody
but arve latontly dmmunized and on belng warmed to 27° after
long intervals produce antibody spontancously.  The
phenomenon s avalogous to that of the actlion of tetanus towin
in frogs. The toxin is lnactive uniil the frogs ave
warined, The setive materdal in both cases may have been
stored in a cruclel silte Lo becone active under dlfferent
condltions, These effects with temperature in polkilotherms
do not offer any insight lnto lmwmnclogleal effects of

hyperpyrexia in maonualo,

Adduvants and the Tolerant Stabe

Vardious influences will prevent the induction
of the tolerant state to IKG, In additlon to myccbacteriai
adjuvants, Dresser (196l) has shown thal 1ipid and lipidophilic
mabstances can prevent the inductlon of tolerance., Using Cthe
gamne wodel Clsmon (1963) has shown that endotoxin will also
induce antibody formation. Gleman and Bronsky (1965) also
showed that antibody productlon would also be initlated by
actinouycin D, an agent koown to lnhiblt the synthesis o
DiA-denondent RNA.

Adduvants can also prevent the laduction of the
especlfic tolerant state by other protelu entipgens. Paraf,
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Fougereaun, and Metzger (1963) have shown this with bovine serun
albumin (BSA) in adult mice using Freund's counplebe adjuvant
{even when the labter was glven L0 days after the antigen).
Pinckord, Welr, and McDride (1967) have shown the sanme effect
in rabblts, uslng DBSA as antlgen and forynebactopium parvum
as adjuvant. A viral infection has alao been shown
(Mergenhagen, Notkins, and Dougherty, 1967) to prevent the
inductlon of tolerance to human gamta globulin in mice,

Many of these {indings ave in keepling with the
ldea that 1f a non=-specific cellular stimulus is added to
the specific anbigenic stimnlus, cells are stlnulated Lo
produce antlibody whore otherwise telerance wovnld ensue.
{Dresaer, 19603 Claman, 19633 Talmage and Pearlaan, 1963).

Adjuvents can somnetinmes terminate established
tolerance: for exemple in studies of humoral antvibody
formatlon aud cellular localizmation of antigen (1968a and b),
Tdnd was able to demonstrate in rats termination of toleprance
to flagellin by complete Freund's adjuvant. Using the same
adjuvant however Weigle (1962) was uaable to termlnate
tolersnce to a purified mammelian anbligen in rabbiivs,

Humphrey (1964a and b) has shown wlth several
porificd mammalian proteins that tolerance in rabblis does
not end abruptly nor does epontancous antlbody production
inﬁariably follow, TMolerance can perslst desplte removal
of free antigen by entibody passively aduinistered or by
vime. Thus the antibody productlon in sone

7

the lapse of
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of the experiments detected at the time of secondary exposure
to antigen may reproesent a tirue stimulation of antibody
producing cells by the adjuvant procedurve (at the time of first
exposure) rather than the early release from tolerance by more

ropld elimination of antigen.

In the prement experiments the adjuvant
procedures have interfered with the decleive process which
resulis in toleraunce, The handling of potential antigen
molecules and the pga&ibl@ outcome of theiyr arrival at ceritain
sites dn the celld abt that time will be discumsed morve fully

in the noext chapter,
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Chapter Mve

The Hendling of Injected Matorlals

Glearance, Katabolimm, and Elimination

At thio point what is Lnown of the kinetice of the
handling of injected materials mlght appropriately be considered,
Az has alresdy been empheslzed, digestibility is an Llmportant
atitribute of an antigen: gomething of value might btherefore be
deduced from the contrasting hkilnetle features of the disposal

- 0f digestible and indigestible entitles.

Indigestible Colloidal Particles

The kiaetles of carbon paviticle disposal or other
slnllapy inert colloldal suspenslons are hkoown pardicularly Lrom
the work of Helpern, Blozzl, and Benacerraf and thelr colleagues
In studies in various speeles (Halpern et al., 1954) where the
removal from the bloodsireann of these materials ils obsepved,
the graph of elimination obeys the followlng kinetlc eguation:

Log Cq = log Gy

By o= B

whore Cq and Gy = concentration at timed tl and %2 respectively.
This equation repyrosents exponential elimlaation

of such forelgn pariticles as they are removed by the retlculo-

endotholial syotem (RES). The value " varles inversoly

with the amount initially injected and therefore differs in

thie particular from a true Ffirset ovder reaction where i
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would be independent of inmltlal dose. Saturation of some
purface L5 pr%hably taklng place es in suggested by repeated
ORPOBULOS. The clearance rate deeroases with each succomsive
dose although it Ls observed that iﬁ ig probably impossible

to saturate the systen ccmplét@ly. Asehoff (L924) who had
dofined the porformance of the RUS by quite different
morphologleal means alpo believed thal it could not be
saturated,

The data from Eguation l ave derdved from
observations nade over a very short time (minvtes in the
ingstance of carbon) and relate only to removal from Lhe
bloodstirean, Thoy tell Llittle of the fate of the material
therealter, The ecrucinl "surfaces® ave gradually replaced
although materlals such 29 carbon ney remain in BES cells
for gquite long periods,

Janeway and Humphrey (1968) have also
demoanstrated the proloanged retention in the tissues of the
rolatively indigestible polypeptlde substances composed of

-

unnabural Deaminoacids.

Dhpestible Proteian

Digestible protein substances are not only
ronoved from the circulation but are subseguently katabolilzed
and the basis of the kinetles of thelr removal ils conseguently

the more complicated.



A hypotheslis has been elaborated by Brambell (1966)
to explaln the flndings with dlmmunoglobulins, He dexived his
hypothesis from firast observing transmlesion of x ~globulin
wolecules scross celluler barriers such as the placenta (dn
tha rebbit) and the intestinal wall (in the rat). Vhen
observations nade in these systems vere taken with the findings
of bthe sensitvization of timsue cells with “Kuglﬁbulin. the
inportance became evident of selective competition with other
X wglobulin molecules oy with certeln frapgments (Fe vleces)
of other ‘X «glohulin molecules., These molecules were thought
to be competing for 'vecepbors! on the external surface of c¢ells,
Other E'«glcbuliﬂ fragnents (Fob pleces) and other protein
mnolecules did not take part In the conpetition. An area of the
cell surface bearing such a receptor might subsoguently become
dinvaginated and form the wall of a pilnocybotle vesicle. This
veglele wourld traverse the cell, boe sssimllated into the cell
surface of the opposlie mide and there release the attached
molecule OF ‘& ~lobuliin, Consldering how this night affect
orotein breakdown Brambell pointed out that ensyme action wea
much more likely o be upon moleecules unattached to membrane but free
vo meet enzymes withln the digestive wvesicle. It follows from
this thaot the rate of katabolisn verdes with the councentration.
A high concentration will mean a rolatively high rate of
kataboliom, the amount attoched to receptors belng lluited and
a grest excess being free. A low concentration will mean

that a proportionately high amount will bhe attached to the
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recoptors  and that very much less proporiionately will be
free Lo be digested,

The exprossion governing the half-life (%) is

iy

1

&

-

clne
T al-b A BTN EDERRA
% alcwb) (Bguation 2)

where ¢ = the concentration of ¥ - globulin.
b = Rinimun concentrabion of wglobulin which
saturates the recepltorse,
a = the proporiion of glohulin vinocytosed yerdﬂ@,
This gragh&fgé a rectangular hyperbola and has been shown to fit
the data of Fahey and Sell (1L963) in the wmouse (Brambell,
Hemmings, and Morris, 1964).

The conbrast with the kinetice of carbon clearance
is great. In the one case saturation of a recolving surface
leads to blockage of removal: //ﬁﬁ the other lncreasing
saturation of a recelving surface leads to a more rapld breakdovn
and removal of molecules.

in the guinsa plg therce is no evidence of such
gequestration of ‘% wglobulin molecules on receptors as the
rate of katabollism ls appavently independent of concenlration
(Bell, 1964). It iz not known whether slmilar recepltors ave
iwmportant in the breskdown of other native protelns. Heovertheless
it im worth considering whether this concent of receptors,
intravesicular digestion, and specilfic competitlon, evolved
by RBrambell in the context of lumunoglobulin transmleslon )
pensltization, and katabolism, might be transferred to the
pitustion vhere forelgn proteln molecules have been introduced
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into the system and to which there is a subsequont immune
renponse,

Burface recepbors are scceptable in the ilmnune
context. The competition for receptors might he elther
between almilar self molecules of the host and the foreign

proteln wolecules or between partially dlgested gragmente and

lntact molecules of the foreign protein.

Katabolion of a Potential Antigen

and RNelated Ivents

A Hynothesis

In view of the facts met out in Chapter One on
the digestlbility of potenbtial antlgens, it is not uvureasonable
to assume that a digested fLragment of the antlgen molecule is
able to take part in an lmuunclogleally daportant process in
o way in which the intact molecule cannot. I the furthor
asgumption is made that a menbrane-assocliated phenomenon s
inportant in the reactlon, a possible deduction night be that
snaller fregments penetrate the membrane whereas the larger
do not do so, Penetration is assumed here to provide the
inmunogenie stimulus and ias further assumed o follow directly
reception of the smaller fragments on the apecilic receptor,
Thus the end-~result of the arrival of forelgn molecules in
the digestive vealcle will depend on successiul coupetitlon
by the smaller fragments for the receptor.

The probability of such an event will be

51



influenced by extracellular and intrecelluniar feabtures.
Frtracellular features oi luportance would be the number of
appropriate receplors, the avidity with which they combine with
the forelgn proteln, the external concentration of the foreipgn
protedn, the lengih of time of exposure before invapglaation

as & plupeytotic vesicle, and competition with natlve molecules
with some affinily for the same recepiowp. Intracellular
features would be the rate of endocytouis, ithe rate of digestion,
and the relative dlgestibility of different parts of the antigen
nolegule.

These events taking place in an immunologically
compoevent cell are porirayed in the accomponying series of
diagrans in several lmmunological siitnations, One cell here
represents the total surface avea of these cells carypying the
entire complement of specifle receptorss slailarly the membrane
of the plnocytotic vesicle represents the total veszicular surface
which has invaglnated from the external surface. Small
aninow~acld fragrnents which are non-lmnunogenic are assumed o

penetrate the veslceular wmembraune without ALLficuliy,

Recention of Antigen Molecules and thelr derlved Fragnents

1. 8eld Proteln Molecules, in this situvation the number of

3

self molecules is 80 high that the beceptors of the diffsrent
speelfities ave fully blocked before any invagination of the
menbrane Ltakes place, There is thus a very low probablility

of an tmmunogenic fragment penotrating the membrane as the
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RECEPTION of ANTIGEN MOLECULES and THEIR DERIVED FRAGMENTS
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receptors which will allow them to do so are preempiively
occupied by intact molecules. There would therefore be no
immune response against sell antlgens.

An alternative explanation is of course that the
populatlon of cells Which might have responded has been
climinated at an early stage of development (Burnet, 1959) or
has become exhausted by terminal differentiation (Sterzl, 1966).

(Figure 1)

2. Foreipgn Proteln Moleenlos, Here there ave fewer antigen

molecules in the environwment and there ls therefore a low chance
of occupation of receptors with intact moleculoes before
invagination. There is consegquently a higher probabilliy of

a fragnont reaching a specifle receptor, penetrating the
membrane and coauvslug the necessary differentliation Lo bring
about an immune response.

(Figure 2)

3. Poor antigen, simllar to hosy protein, In this example

the immune respouse 1s poor or theve is lmmune paralysis
because there ave elther very meny self molecules competing
for Lhe same receptors oy there are very few cells which
could rempond, If it is asccepted that the potentially
responding cells arve not ellminated in the process that
produces tolerance (Dowden and Sercarz, 1967) the tolerant
state would persist as long as the molecules remain on the

raceptor.
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RECEPTION of ANTIGEN MOLECULES and THEIR DERIVED FRAGMENTS
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The findilags of Drosser and CGowland (LS6L) who used
leporine K ~globulin in the rabbit and found a convinclng
degree of paralysis opr these of Phillipe (1966) in chickens
with turkey & wglobulin are examples of this sibuation.

(Figure 3)

4. Poop antigen, relatively dndipestible, in low dosago.

Although the anvlgen ls not dligested rapldly the fow moleculos
introduced into the system do not preempt all the receptors
as lntact molecules,

(Figure &)

5. Poor antigen, relabively indigestible, in high dosage.

The slovw breokdown of the antigen means that Lt dis very unlikely
that an immunogenic fragment will veach o recepbtor before all
are occupied by intact molocules. Tolerance im thefelfore

a likely outcome,
{(IMgure 5)

6. Adjuvant getivity: accelerabted ingestion and digestlon.

The accelerated ingestion and more rapid breakdovn would mean
the early premence of fragments within the veslcles hefore
the surface was saturatod. Antibody production would
therefore be encouraged.

Bome of the oxperiments with the classlcal
adjuvants c¢ited in Chapter Four provide evidence of this
accalorated katabolism of the antigen. Although It wmay be
sold that such katabolism does not necesserlly reflect the

nehaviour of the immunologically competent cell (ICC) it
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RECEPTION of ANTIGEN MOLECULES and THEIR DERIVED FRAGMENTS
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doos wofleét accurately the time relatlonships in the changing
concentratvions of externally presenl antigen. This of itself
could have the postulated effect on the time relatlonships of

the saturation of the surface recopbors of the I10¢,
(Figure 6)

7. Adjuvant activitys hiegh dose of antigen beforehand.

This would be exemplified by the paralysls observed by Dressor
(1962a) in nmice glven the poorly anblgenic BGG, Subseguent
stimdlation by antligen in CFA wes unable to stimunlate antibody
productlon becouse 0f the postulated blockage by large lntact

molecules, (Figure 7)

8. Rostulated Adjuvent Activity.

The hypothemis herse outlined is one 0f speclliilc permeabllity of
a veslcular membrane by neans of a speclilc receptor. ir
howover the permeanbllity of the membrane is altered by
non-speclilc means enhanced penetration by lununogenlc frapgments
wourld be expected and The lenmane response dmproved, This

poasibllity is explored in the next chapter.
(Figure 8)
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Chanter Six

the Relatlonshiv of Hembrane Permeability

Lo Antigeniec Stimunlation

In the hypothesis elaborated 1u the last chapter,
interest had been placed on the avvival of antlgen=derived
fragmnents on to receptors of the lysosomal vesicles. Sueh
recepiilon was suggested as effecting the passage of the
fragment across the veslcular membrane, regarded here as a
docimpive immunogenic event. Any apeat non-gpecifically
altering the permeabllity of such membranes would be expected
to alter the immune response. Such an agent was vitamin 4
(Dingle, Luecy, and Fell, 1961; ILuey, bingle, and Fell, 1961
Dingle, 106L; Pell, Dingle, and Webb, 1962), known to release
proteolytic ensymes from the vesicles withlw cells and to
allow the enmyne to spread throughout the cell and also into
wilssue flulds,

It wos consequently decided to use vitemin A in
the antigen eliminetion model, the vitomin belng given by the
oral route to obwviate c¢ffects due to tlssue reamction Lo the

suspending oil (Shaw, Alvord, and Kies, 1964). The vitamin
had been previously used in another lmmunological model in

she guinea plg (White, 1963) in which unsuccessful attempis

had beoen made to stlmulate delayed-type hypersensltivity

with vitanin 4 present in a water-in-oll emulsion incorporating
anvigen, Thyrold was therefore again uwsed Lo simulate

she increased katobolism noted as belung produced by the
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clagglecal adjuvonts (Chapter 4, Expats 1, 2, aud 3) because it

=

was thought 1t might change the kinetics of arrival of antige
into pinocyiotic vesicles in favour of an ilmmune response.

The formal epperiments are seb out below.

> i

Haterials and Methods

Antipgen Bliwmination Model. Thizs was as descrlbed in Chapier

1324, . . \
jliaﬂﬁ@ a8 anbigen in CBA male mice. Whole body

Pour with
counting determined the excretion of lodine~l3l after
intracellular katebolliem of the labelled antigen in mice
saturated with iodide from thelr drinking wabter,

Vibamin A "Avoleun® (British Deug Houses) was used, containlng

20,000 i.u. Vitamia A per g. Mice were glven 0,3 nl, by
svomach tube on the three days up to and including the day
of intravenous injection of antlgen.

Thyrold  Thyroid dlet € was used as previously described
(p.57). Mice were fod for the seven deys before and 14 days

after intravenous injecitlon of antigen,

Teperlaent 1

Pour groupe of 5 mice were set up a8 follows:

Group 1L Noraal diet,

Group & Thyroid dlet C.

Group 3 Normal diet and vitamin A orally.

Group 4 Phyroid diet and vitamln A orally.
Jﬁl

The wlece were given 1L ng < BGG intravenously and thelr

radicactivity counted every second day lhereafter,
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Results The resulis are shown in Flgure 6.,l. Immune-itype
elimination was observed in the groups recciving vitanin A
with or without thyroid diei.

The elimination rates in the prelmmune period
wore (in daeys):

Group 1 He b & 0.22

Group = 2,76 % 0.35
Group 3 %656 % 0,33
Group L4 a.%é + 0,25 (One mouze dled in this group)

There was no evldence that vitamln A had accelerated the
proteln katabolism durdng the prelmmune phose (Group 3).
Various supporbting experiments were now set up to determine

1) the amount of vitamln A reguired to produce the
Immundzing effect. For this purpone, dilutlons were
made in olive oll (1/5 and 1/25). A coatrol group
was set up rveceiving olive oll alone.

2} vhen the vitemin had to be given in velation fo the
intravenous dose of antigen o achieve the effect

3} whether avachis oil, in which the vitanin is
dlssolved Ain “Avolounm', acts as an adjuvant when
given by the oral route.

L) whether vitanin D influenced the performance of
vibamin A, (This vitamin iz naturally found with
vitamin A in fate and has a steroid structure, It
was thought there might be some conltrary or
complementary action in membrenes which have

evolved in the presence of the iwo agents).
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Elimination of TS I.BGG in CBA mice.
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Figure 6.1 Influence of thyroid hormone and vitamin A on the
elimination of a 1 mg I.V. dose of BGG.

The mice in the different groups shown above received:

(top left) 8o
(top right) b,

(bottom left) ce.

(bottom right) d.

Normal diet.

Diet incorporating 3 mg thyroxine per 300 g
diet in the T days before and 14 days after
injection of BGG.

10,000 i.u. vitamin A orally on the three
days before injection of BGG.

A combination of (b) and (c).



Resulis. The results arve shown in Table 6.1,
The actlvilty of vitamin A was much reduced at a 1/9% dilution
and nonwexlstent at 1/25 as Judged by ite ability to influence
this response. Vith the dosage used a minlmun of two dave!
treatuent was required te produce an immune response bub
whether this preceded or followed the intravenous injection
was not dmportont. Yhe activity was reduced considerably
when treatment ended fouyr or seven dayse heforchand.

Avachle ©il, olive oll; and Radiostol (vitemin D2, B.D.H.)

did not affect the response nor did Radiostol in the dose

-

used affect the adjuvant performance of the Vitamin A.

It won also dlnporvant to ostablish the effect
of wltamin A on other antigen systems, Therefore experinents
were set np as,followss

Tuperinens o

Haterials and Methods: Mice Adult male Porton White (PW) and

CBA wice,

Atigen Human serum albuwin (HSA)
nbipen Bindiag Capacdi brimary Kesponse HNeat mouse serun

SR AT/ NSy (Using as dlluent normal rabblf serum
%ggeifléglggegb§?§Fggaufgﬁam saline) were set up In O.lml
omounts with 0.5 ml of 0.1 ug/ml 134T HSA solution in 0.15
M saline. The anvigenhad previously boen 1abe%1@d by the
method of luater and Greenwood (1962) with the imoltope To an
actlvity of opprox. luc/ug. The test was then carmied outb
as described previously (p.22). ‘ )
Secondery Response A simllar procedure was used, bgt‘
the ancigen concentration was incrgaﬁed to Q.b ug/ml and tho
/L dilution extended serlally to 1/85
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Table 6.1

Effect of varlous oral tro

3 . agments on the induction
0f on ianmune respense to Ml BOGO in GRA mice

Treatment

Groun 1

ALl agents, 0.3 wl for 3 days
hefore antigen.

Olive oil.

Aveleum

Avoleaun diluted 1/% in olive oil
Avoleum diluted 1/2% in olive oll

Grovp &

Avoleun on days recorded relative to
day of antigen Aunjection, D!

*2 § "'"1 $ D
wl, D
D
D, +1
}) 9 ‘5’1\ s 'E';:?:
Mo breatment,

ot - wr
aroun 2

Avoleun on days recorded yelative to
day of antigen lujectlion,

""lOg “9 9 “"'8
*61 *51 oy,
wzl, =l D

o frentment.

Grovn L

ALl agents, 0.5ml for 3 days before
antigen injectlon.

Avachin oil

Avoloum

Radiostol (3,000 i.u,.per ml,BDH)
Avoleum (0.151m1) + Radicstod (0,15ml)

No, of
Prdnary responses

o/4
L/l
1/h
o/L

3/6
2/6
6/6
0/6

0/5
5/5
0/5
5/5



freatment Twelve PV wlce were glven lmg HSA intravenously

BRI AR fods Brvel

-

after six of thelr number had recelved oral treotment whth

0,2l Avoleun dally for three days. The mice were bled on the
7th, 1lOth, and 1l4th days after the antigen injection. The mice
were reinjected with lmg HSA and bled agaln on the 7th, 10th,

and l4th days after the secondary stimulation. Afcer separation,

0'
Teon CBA wice were also used, five having recelved

X ) . O . . .
sera were stored ab 207 uniil estimation of A§€5

the same treatment with Avoleﬁm. They were given 10ug HSA

aad hled on the Lhth day only.

Pl mice These ave shown in Figures 6.2 and 6.3,  The mice
receiving vitamin A yielded tiny amounts of antibody on the
primary response, the ABC§0 values belng obltalned by
extrapolation, The antibody content rose from the 7th to

the Lhth day in these mlce whersas the control wlce showed no
response, On the secondary stimalation, the vitamln A trceated
mice showed high levels of antibody which were already
declining between the 7th and Lith days, One control mouse
almo showed an antlbody response graduvally dncreaslng over

thia period.

mA mice  The sera of these mice that had received
ghowed o mean Aﬁﬁso on the lyth day of the primayy response

of G,&0 + 0.04 ug/ml.  The Aﬁcgo of the contyrol mice were all

lecs than 0.06 ug/ml.
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Antibody response to Human Serun Albumin in Mice

Primary__Response
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£ O-0O75} with

r vitamin A

g

a

o 005

o

=

£

=

O

- 0025+

Q

oA

= l1mq HSA(lV) e SEETEES

O 2 4 6 8 10 12 4

Days after Injection

Figure 6.2 Influence of oral vitamin A on the response to human
serum albumin (HSA)

The primary antibody responses to 1 mg HSA of control
(eemme ) and test mice ( ) are shown, measured as
antigen binding capacity in ug / ml. Samples were taken
on the 7th, lOth, and 14th days after injection. The
test mice received 10,000 i.u. of vitamin A on the three
days before injection of antigen.




Figure 6.%

Antibody response to Humen Serum Albumin in Mice.

Secondary_ Response

£ 607
E.

o
Aol
z

S 40¢
a.

O

(9]

o 30t
ot

£

5 20t
o

= 107
< ﬁquSA(IV)

L " L 1 1 L b e L e ]
28 30 32 34 36 38 40 42

Day after primary injection
O 2 4 6 8 IO 12 14
Day after second injection

Influence of Oral Vitamin A on the response 10 human serum
albumin (HSA)

The secondary antibody responses.to 1 mg HSA, measured as
antigen binding capacity of control (----- ) and test mice

( ) are shown. HSA had been given 28 days after the
primary stimulatdon with the same dose. Vitamin A was given
only at the time of the primary stimulation. Samples were
taken on the Tth, 10th, and 14th deys after secondary
exposure to antigen.




As The oral administrebtion of vitawmen A had had
an adjuvent effect in wmice, it was decided to repeat the
procedure in guinea pLES. These anlunels were to recolve also
incomplete Freundts adjuvant and observations would he made Lo

ses 1§ the response was wodified.

Materiale and Mebhods.

Guinea nles Fifteon Dunkin-Hartley guilnea plgs were used, 6e7

months old, c. 1250 g in welght,

Pootonad Injectlions Injections into the left footpad were

made of water-inw-oil enulsions (Inconplete Freund's adjuvant)
made up from Bayol 55, Avlacel 8, and 0,15 M Saline contalning
50 mg USA per wml., in the proportions of 331131l. as previously
described (p.55).

One group of gulunoa »igs as a popltive control for delayede~lype
hypersenaltivity received alse Wax I (White, Jolles, Samour,
and Ledorer, 1964), it belng diessolved in the oill phase at a
concentration of 1 ng per ml,

Fach guinea plg veceilved an injectlon of 0.2 wl emulslon, ten
guinea plgs recelving omulslon without Wax D, and five
receliving the injecticon wiith Wax U l.e. eoch animal recelved

2 ng H8A and those recelving Wax O recolvaed zZ200ug. wawn.

Vitamin A Avolcum {2.% ml) was introduced by stomach tube on

the three days before adjuvent injection lunbo five gulnea plgs

recelving incomplese Fround's adjuvant.



Antcigen binding capagity This was estimated in the manner

previously described for chicken antibody (p.22) except that the
sera wore diluted in nermal guines pig serum, The test sera
wore obtalned when the anlmals were killed on the 2lst doy after
footped injection,

Corneal Tesy At the 10th day, idnjections of approximately

0.02 al of a 20 ng/md solutlon of HSA in 0.15 M saline were made
tangentlially into the cormnes so av to produce a clreular
opalesceat zone, the cornes having been first anaesthetized with
485 cocalne hydrochloride, The eyes were inspected on the 19th
and 20th days.

Intradermal Test  On the 18%h day 0.1 wl of a 1 ng per ml solution

of HSA was Alnjected intradevinally. The skin thickness wes
neasured by shin-measuring forceps at 48 hours,

Resulis The findings ave susmarised in Table 6.2.  Only
those animals which had received complete Freund!s adjuvaent with
Wax D showed evidence of delayed-type hypersensitivity in the
strongly positive corneal reactions (White et al, 1964) and
mueh dneressed dermal thickenlag. Antibody production was not
inereased in the group recelving vitamin A but was epparently

lower, although no®t signlilcantly seo.



Table 6.2

ffect of oral vitamin A on the imnune response
in the gulnea plg to Freopnd's incomplete adiuvant.

Groun Gorneal Deprmal Footpad ABG§0
o Tost Thickness Swelling (ug/al)
oo men’i«r"m im"n Iﬂl‘ﬁ
i + Golt 865/0.0 20,14
Fround's P + ho3 Boli/ 77 Bie s
Incomplete 3 - Ll Seli/?69 18,0
AdJuvent & + b3 TeG/7e6 90,0
5 - 42'09 8.(}/?09 ?.Ef.
Freund 'a 1 - B35 Be/7eb 18,0
Incomplote 2 2 Le2 Bea/8.2 10,2
Adjuvant 3 Dled
o !} b f?oﬁ 8.:;5,[8035 ?.(’3
Qval 5 - e O Be5/7e2 9.0
Vitamin A.
Fround-tyne X ot - 6.7 210/ 9.9 b2
Adjuvant 2 el he2  >10/>10 a0
with 3 Died )
Wax 1. ) b Ge O >10/9.7 20,0
> b 8.0 >10/>10 8.0




Discusaion

The experiments with vitanin A have been svccessful
in demounstrating adjuvant activity with two antigens in mice
and are consistent with the hypothesis oublined in Chapter Five.
However in the guinea plg expordment no such activity has been
demonstrated either on antibody preductlon or in delayed-type
hV@chmuai'xvity. It may have beon that by presenting the H8A
in incomplete Freund's adjuvent the response could not bhe
improved upon, at least ag regards antlbody stinulation.
Insufficlent vitamin A may have been givens welght for welght
the gulnee plge were given about five timos leme vitamin than
the mice, However local vitamin A in high concentration ab
the mite of injectlon had aleo been uvnable to promote delayed-
type hypersensliivity (White, 1963).

The activity of vitamin A bears some resemblance
to that of endotoxin in thot delayed-type hypersonsitivity is
not produced and also in that ne local granuloma le required
for its adjuvant action. The latbter ie especlially denonstrated
by the opral administration of the vitamin, Some of tho
activities of endotowin have almo heen ralated Lo action on
Lysosonal menbranes (Welsswan aad Thomas, 1962). The fact

that M. tuberenlosls can sensitize mlce %o endotoxin (Buter and

Kirsenow, LO6L) suggests that producis of the mycobacteria
night also affect mewmbrane performance directly or Andlirvectly.
Vitonin A has been oxemined in several olther

LR

inmunelogical systems, Antibody btite to prophylactlic
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agents such as TAD and diphtheria toxoid have bheen reported

as being lmproved by an dncreased intake of vitamin (Scaglione,
1058; Schueckebier, 1945). Acute hyperviteminosis A has beoen
shown by Uhr, Welssman, and Thomas (1963) to depress previously
induced delayed-type hypersensitivitys this the authors
related to the reduced inflammatory respouses of animals whose
lysomomes have been depleted OFf many active cnzymes (Velssnan,

et al. 1963). Hypervitaminosis A alse depressed +the production
by edjuvants of exzperdimentsl thyroiditis and antibodies agalust
thyroid in guinea pigs (Jancsz, Mlad, Koffler, and Miescher,
1067). However in this experdment it is interesting to note
that . the thyroid glands of animals receiving only the wvitemin
showed some lynphold infilirpiion.

Dresser (1968a and b) uslng BOG as antigen has
also demenstrated in mice adjuvant activity of witomin A gliwven
hy subcutaneous injection, and hee suggested an interpretatlion
of the mode of action based on observations of lymosomal
behaviour before cellular division (Allimon and HMdduecld, 1964)
or transiormation (Hirschhora, Kaplan, CGoldberg, Hirachhorn,
aad Welsoman, 1965). He believes that release of lysosomal
onzymes such as ribonuclease by vitamin A provides a stimulus
to divislon. This is regarded as cruclal iun antigenic
grtinulation, one cycle 9% division of a lymphoid cell 1n
the presence of antigen being enough to set off the lunune
response,  Luless, huﬁevar, this alleows the passage of
informatlon regarding the shape of antigen to some effector

X »

plie, Lt is ALfficuli to see how thls division glone can

oh.



result in speclficdlfferentiation. If the lymphold cell

is regavded as multipotent, then there must be penetration
of some moilety Lrom the oulsdde oFf the cell which selecits

the respouse. Although Franzl (L962) has found that antigen
molecnles sediment with the lysosomal fraction of lymphoid
tlssue, little more is at proesent known of tho intimate
latracellular fLate of proteln wolecules (Ryser, 19638).

In explaining the actlon of hls surface-~active
molecules Gall (1966) bas thought in terms of more anbtigen
antériﬂg Lmnunocompetent cells by altered membrane
permeability, The basicity of some of the ageunbs used by
Gall may have furiher enhanced the precess by stlmulating
plnocytosina (Allison, 1068)

VMembrane permeabllity and Vitemin A,

Molecules pasz through menbranes in various
wayss by simnple diffusion along a channel, by dissolviag in
the 1ipid phase of the mewbrape, and redissolving dun the
agueous phase on the other side, and also by movement along
a serles of adsorplbion sites (Haryris, 196G). A specific
adsorption mechanisn such as vhe permease wechanlsm of

Bncherichia odli (Rickenburg, Cohen, Buttin, and Monod, 1956)

has been suggested (Sorkin, 1960) as lmportant in collectling
antigen in inmunocompetent cells, Reversible apatial
changes oy “gates! have been thought of as ollowing larger
molecnles acroso membranes (Vidaver, 1966) and this would
£1t the hohaviour of sugar molecules when obsorved crossing

nembranes (Stein,lo68)
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Aechwelater (1962) hes cammantmd on the spatial

sensiiivity of the vitemin A molecule which has a conjugated
linear unsaturated structure: a gig-troneg change at one of

the central double bonds causes an unusually great change in
the mhape of the wmolecule (Fipure G.4). Dingle hes related
thieg phenomenon Lo poreible permeabillity choanges when this
substance is dissolved iﬁ the Lipid of a micellar membrane
(Lucy, 19643 Dingle and Iucy, 1965).

In another aszpect of membrane behaviour
requiring spatial changes of a grosser nabure, namely
phagoeytonis, HNicol and Bllbey (1963) also relate sipgnificance
in a molecule to a double bord and the groups on either side
of it, Loss of the ethyl groups of Lih' diethyl-dlhydroxy
stilbene (Figure 6.5) reduces tenfold the ability to

dnecrease phagoeytosls

ﬂ'i

Activity of Bacterial Carvotenolds

The acti VlLJ of vitamin A might suggest thai

avotenoids present in bacteria (e.g.Prebble, 1968) may make
some  previously unsuspected contribution to adjuvant
acpivity. Whether vitanin A or vélated carotemncids would
asolst or cub down the effect of mycobacterial adjuvants in
inducing delayed-type hypersencitiviiy wight be cmamined:
they might or wight not favour the mebtting up of & competing
hunoral antibody reaponse,

Size of Antisen Fragment and Delayed Hypersmensitlvity

--

The activity of vitamin A has been attributed here
to chenges in membrane pormeabillty in the cell receiving
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M.gure 6.4 Structure of Vitamin A and Related Compounds
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antlgen, Some speculations might be made on the asaumnptlion
that the action of agents causing delayed hypersensitivity

in also related to alterations in permeablility to antigen.
Larger parte of the antigen molecule toke part in the delayedw
type hypersensitivity reaction (Salvin and Smith, 1960 a and bs
Laevine, Qjeda, and Benaceryvaf, 196353 Benacervaf, 0jeds, and
Maurer, 19633 Siskind, Paul and Benacervaf, 196G). I# this
in brought about by direet recoguiiion on a surface of part of
the molecule, the adjuvent which can cause delayed-type
hypersensitivity may be alterdng membrane permeability so thatb
Larger pleces can penebrate to eruclal sites to couse the
different type of differentlation. Alternatively the veacting
eells which msuch adjuvents abtbtract mey have a different innabe

perneablllty.

Adjuvant Induction of Clines,

If the differentiablion to antdbody formatlion o
coll-nodiated hypersensiitlivity were determined on the size of
antlgen fragment inltiadly penetrating a memhrane; a gradicent
of cheracters might be detected in those clones of
inmuneloglcally conpetent cells responding at varylng distances
from a depobt of diffusing membrane-active adjuvant sibstance.

As the adjuvant gonceantration fell with distributlon there
would he concomitant reductlion of the permeabllity of cellulay
menbranes, A "geographically® graded "eline® (Ruxley, 1.938,19359)

-

nay consequently arise whose speclficliles ave related to
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progressively smaller determinant areas, This may have an
impovtance in that clones speciliically forming humoral
antlbody may dnevitably be Laduced even with adjuvanis
developed to ilnduce delayed-iype cell-mediated

hypersensitivivy.
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Chapter SBeven

conciusion

Some comments may anow he made on the various interpretations
of the work described in the theslis.

The study in the chicken demenmirates
macrophages apparently presenting antlgen to lymphoid cells.
However the tlme sequence and relationship to antibody
formation in obther sites observed by the fluorescent
antibody techunique make 1t clear that this is a secondary
event requiring previously formed antibody, The lymphoid
cells ave apparently caught in a macrophage net and ave in
¢lose proximity with antlgen with which they have some
comnplencentary surface affinity. Several guestions are
unresolved by the flandings, The relationship of antigen
$0 plasma cells is not demonstrated in the red pulp: it
35 still unanswered whether antipgen avrives at these cells
directly or after macrophage processing. In addition
the funcbion of the germinal centre can stlll only bde
suraleed, The assumptlon has been made that the lymphold
cells gathering in the centre bear a receptor for antlgen:
the responding plasma cells must also have borne a similar
receptor yet they dirfferentlated in another woy., The
germinal centre may vepresent an earller stage in the
maturation of selected cells so that on a further occaslon

[iTe)]



they respond actively to the apposition of antigen on their
surface by producing aabibody.

The second astudy ia the mouse has examined a
slituation where the host animal readily enters the state of
tolerance to the anbigen (BGG) used. fvidence from the
literature has been eilted for the importance of the digestion
of entlgens dbefore antibody production. The observation of
increased katabollism produced by mycobacterial adjuvanitc was
thought posmibly to change the kinetlcs of arrival of digested
and undigested antlpgen at specific receptors, The use of
thyrold in accelerating the antigen katabolism laid down
sone immunizatlion which was detoectable at the second
stimnlation. (The demonsiration of the same phenomenon
without significantly increassd kataballsm with the lower
doges of thyroid implies thalt ducreased katabolism is not
necoessarily the mechanism of action of thyrold in this systonm),
The studles of Hordy and Rowley (1963) with Sobey mice also bear
on this for they showed that individuals tolerant to bovine

goyuiln albumin were ones thalt elimlnated the antigen at a slow
rave, trith the DOG systen the thyroid effect is weak
compared with the primery response established by the

4,

mycobacterdal adjuvants. The idea that has been put forwanrd
is that with a particular antigen alteratlon in the ratve at
which 1t is handled may affect the oubcome in a particular

8 pot Lo say that different comparative

13

specles, (That

raters of katobollsn of dLfferent antigens affect thelp
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ability to induce tolerance).

Receptors within vesleles of lmounologlically
competent cells are thought of ag mediators of the nexti
positive event, allowing the nembyane to be ponetrated abt thai
point possibly by acting as the hinges of hinged Ygates®,

In this way bthey would fovm part of a mechaniam of apecific
permneability, Vhen the meubranes are made wore perteable
by vitamin A, the guestion arises whethey iv dispensdés with

the necessity of a receptor on the vesicular membrane or allows
penetration afier initial attechment Lo a receptor on a
mewhrane relatively impermeable before treatment. Tartheyr
exomination of the action of witawin A should be made 4o
dotermine o what degree it alters avidliy of abtachment of
proteins to particuler membranes and in what manner the
avidity of antibody itmeld is altered

The relationship of these findings Ho the
achbion of eclassical mycobacteriel adjuvants in inducing
delayed-type hypersensitivity has not been proved. It is
felt however thai thoe concept of an infiuence on menbrane

permeability mey prove useful Ln the further clucldation

of thelr activities.
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Appondix A

Use of Medlars Rourdeval Service

A
3

The process of drawlng the relevant references
effliciently from the literature was aided by undertaking a
computerlzed search on the subject of "Antigen Katabolismt,
The U.K. Medlors Information Retrileval Service searched for
references over the period September 1963 to July 1967 and
mpp-dated!” the search in July 1968. The form of this
particular seavrch is given overleaf, |

The method has been oubtlined by Harley #(1966).
Briefly a seavch is wrltten in the vocabulary provided by the
current Medical Subject Headings wolume (MeSH) of the Index
Medicus {part 2 of the January issue). A list of terns
which the computer has to consider 1ls chosen from this list,
A seavch stabement is also olaborated which lnstructs the
computer on the parvicular combinatlions of these headlings
which 4% has to sclect, Three such combinatlons are allowed
in each seavchs mest conveniently theme are usually atb
increasing levels of selectivity (8See terms RA, RB, RC, in

the exanple).

* U,K., Informatlon Retrieval Service, A Handboolk for Users
by A.J. Harley, Published (L966) by the National
Lending Idbrary for Sclence and Techuology,

Boston 8pe, Yorkshire, IEngland,



The terms and search statement used were as
followss

ANTIGEN KATABOLISHM

M1 =ANTIGBNS M2l=ADJUVANDS, IMMUNOLOQGIC
MZ2=HAPTENS M22=FREUNDS ADJUVART
M3=POLYSACCHARIDES , BACTERIAL Me3=ENDOTOXINS

M4=TOXTING M2L=TUBERCULOSIS
MS=DIPUTHERIA TOXIN MaS=THYROID GLAND
MO=TETANUS TOXILN M26=-HYPERTHYROIDISM

M7 =PROTELNS M27=HYPOTIYROIDI U
M8=ALBUMINS MR8 <MY XEDEMA

M9=BACTIRIAL PROTELINS MEQ=CRETENISY

MIO=GAMMA GLOBULIN

M50=50M M2l-M29
Mil=8UH M1-~MLO

M31=METABOLISY

M12=IMMUNOLOGY M32ePROTELN METABOLISH
M13=ANTIBODY FORMATION, M33=BODY TEMPERATURE
MLL=THMUNE TOLERANCE MBLoPEPTIDE HYDROLASES

M35:=AMINOPEPTIDASES
ML5=SUM ML2w1y M36=CAREOXYPEPTIDASES

M37=DIPERPTEDASES
M16=MACROPHAGES M38=PEPTIDE PEPTINOHYDROLASES
M17=HISTICCYTES M30=CATHEPSL
M18=RETI CULOENDOTHELL AL SYSTEM MhO=CHYMOTRY PSIN
M19=PHAGOCYTOSIS MAL=PEPSTIN

My 2=TRYPSIH

M20=SU0M M1 E6-M19
MY 3=8UM M31-142

S1=MEPABOLISM

S2=BHZYMOLOGY., M16-ML18

5 3eIMMUNOLOGY

RARMLIL and (ML5 or 83) and (M20 or M43 oy S1 or 52)
RB= M30 or 82

RC= B2



The searches yielded the following number of

referencen:?
Search - U ryeerl 2t 1 ot
July 19 67 Up=dating
Tamtructlon uly 1966
RA 157 236
RB 8 Ly
RBG 0 e

Of these, about 50 per cent were consldered vorth consulting:
two thirds of that number were already known from general
reading. An exawple of computer “printw-out! is glven to show
that the headings printed with each refereunce tell much of its

content and whetheyr the roeference is worth consuliing.

BExrample of Computer Pélnt-out

NOSSAL GJ ABROT A MITCHELL J
ANTIGENS TN DMMONITNY, XIV, EZLECTRON MICROSCOPRIC
RA&XOAUTO&RAEHiG STUDIES OF ANTIGEY CAPTURE IN THE LYMPH
NODE MIEDULLA. ENG
J EXP MED 127 263-76 1FEB 68
ANIMAL BXPERIMENTS +*ANIICENS FEMALE FLAGELLA IMMU
LODINE ISOTOPES LYMPH NODES CYT +#MACROPHAGHES PHYS MALE
METHODS MICROSCOPY ELECTRON +PHAGOCYTOSIS PHVS PLASMA CELLS
IMMU RADIOAUTOGRAPHY RATS SALMONELLA IMMU
+ 3 plpnifies that the followlng heading was included in
the original Search instruction,
* 3 glgnifles that reference is recorded under the following
neading in the Index Medicus.,
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