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" ‘Culture oefditions have been established that aliow
~the induction of DTH precursor cells, present in a

population derived from unsensitised spleen cells

vhen antigen-specifiic, radioresistant, Thy-1 bearins iy
eell&/lg: :ddGQ! Thia spaaifie'eallular cooperat-

via the linked recognition of two determinants

antigen; thus ocells primed to the protein anti:

gamma globulin (FGG) will only allow the inducti
ri;etivity against the second antigen, burro -: ) a

"cells (BRBC), if the conjugate FGG-BRB§ is presen: A *
cultures. The requirement for physical linkage betwveen tne
two antigens has been demonstrated by the observation that

DTH to BRBC 1is induced when the conjugate FGG-BRBC 1is
(W _
present and not when BRBC and FGG are given as uncoupled

,

" antigens,
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I. INTRODUCTION

>

The main purpose of the present study is to establish
the requirements for the inddction of a delayed type
cell-mediated immune response. If one is to gain an
understanding of immunoregulation, one must know the
requirements for the induction of particular claasses of
immune response, and how these are related to one another.
Much work has been danalaa the ‘requirements for induction
of other classea, but relatively little is known about the
specific induction of DTR reactivity. I should like to
briefly raviag the major events in immunological hiastory
which led to the recognition of delayed type
hypersensitivity (DTH) as a class of immune response
emphasising its similarities and differences from other
classes of immune reactivity.

’

The firat regcorded deséription of an induced
delayed-type hypersensitivity reaction was by Jenner in
1798 when he dgiaf;bad the "reaction of immunity® in people

>P-v:aain:t3d against the Pox virus, These people were
reported to react with "a papular erythematous lesion of

-the skin reaching its wmaximum 4in 24-72 hours after
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2
vacalination and dis;pp;qriag without passing through the
pustular stage or leaving a scar" (as published by Turk,
1980). The first use of hypersensitivity reactions as a
diagnostic test waa by Koeh (1890) when he reported the
reactions of tuberculous patients following a subcutaneous

injection of tuberculin. VWhen it was realised that immune

responaes to foreign antigens such as injected tuberculin

could actually be responaible for tissue damage to the

individual concerned, the term "hypersensitivity® was
introduced (Portier and Richet,1902). These investigatora
were not actually looking at delayed hypersenaitivity
reactions, but. at immediate hypersensitivity associated
with anaphylaetiec shoek. The tsr:.'allargy' was introduced
to denote the altered capacity of pre-exposed individuals
to react to skin injections of a given reagent compared to
those who had not been previoualy infected (von Pirquet,
1906). It was not until 1921 that "bacterial allergy" as
it ;;a then called, was recognised and described as two
diastinot PDthiTitiEl’(ZLE!iCP, 132f); An immediate skin
reactivity oonsiasting of a wheal which appeared 2-15
minutes after injection of antigen and lasted 30=120
minutes without appreciably damaging 1local tissues was
nagagintid with antibody-mediated iiiuﬂi?y and anaphylaxis.
A di;tiﬁaﬁ reaction to antigen injection was characterised

by no immediate effect but, beginning about 4-5 hours after
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injection, a swelling became apparent which might not peak

until X8 hours after injection and was associated with

and some cell death. It was discovered a few

inflammatio

years later that these types of r-;atifity could be induced
against agenta other than pathogenic organisms when Dienes
‘and” Schonheit (1926) treated tuberoulous guinea pigs with
egg white and subsequently induced hypersensitive, delayed

1d prolonged skin reactivity with tiny ameunts of 1 7.7

white administered iubeut;naau;lyi They associated the
establishment of the later reactiom with thistnb:rculaua
inféction, partly baeinag the strongest delayed reactions
vere produced by 1injecting antigen directly into the
tuberculous focus, while non~tuberculous guinea pigs
treated similarly only developed immediate senasitivity

reactions or serum precipitins specific for the egg white.

The 3raaalgnd histological differences between the two
hypersensitive reactivities were reported by Dienes and
Mallory (1932). The immediate reaction was characteriaed
by rapidly developipg edema and rapid intense infiltration
of polymorpha; while the delayed reaction was characterised
by a slowly developing exudation with early infiltration by
Vganagugli:P cells and few polymorphs. L:ndgfiin;r and
Chase (1941) injected guinea pigs with picryl ochloride

:inti:piritaniilly'tﬁg-th-r with killed tubercle bacilli and

r
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demonatrated a dgl:yéd skin reaation to the picryl ahlaridi
upon subcutaneous injection and ocontact sensitivity upon
dermal =application. ' This was the ‘fir:t time <contact
;in:it;vity’h:d beean associated with the imsune reactivity

.
of Biﬂ!itifiilﬂilllﬂ; Landsteiner and Eh;sc}(1912)~th-§
demonstrated that this reactivity could not be passively
transferred to other guinea pigs by aaru;kintib@disg, but
by peritoneal. exudate gells, They also demonstrated th?t
the cells had to be alive to transfer the reactivity, aigéé

"moderate heating sufficient to kill the exudate cells

abolishes the effect".

All af.thia evidenace seemed to differentiate between
humoral or antibody-mediated immunity and cell-mediated
immunity Qﬂ-thi basis of requirements for passive tranafer
of the reactions to other animals, the kinetics and other
gross ghir;ctiriatiaa of skin reactivity following
subcutaneous injection of antigen, and the histology of the

lesions induced in the two types of  hypersensitive

reacotions, Nothing was yet known about the mechanism of
induction of the different states except that "the only way
to -induce delayed hypersensitivity appeared to be the
injeoction of the antigen into a tuberculous focus or mixed
with an adjuvant oontaining the killed tuberale bhacillus

(Freund and McDermott, 1942). Karush and Eisen (1962)
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maintained that delayed-type hypersensitivity was really
due to the presence of small amounts of very high afrinity
antibdbody whioh may* be taken up on the surface of other
cells, such as masrcphages or lymphocytes, thus invoking
essentially the =zame Elﬂhl;iE! for the induction of both
types of 1n-unity‘but postulating a qualitative difference
in the type af :ﬂtibadf praduced, The antibody would
indeed have to be of a new category, since it had already
been shown that agammaglobulinemic human patients could

mount DTH responses (Good, Bridges, Zak, and Pappenhsimer,

1959).

About this time, the problems of histoincompatibility
were beginning to be appreciated as the peritoneal exudate
cells, tranaferred from one animal to another, were
themselves rejected before the experimenters could
determine whether these oells =might ocontinue to be
stimulated .ta eventually form - detectable antibody or
vhether they acted to produce only cell-mediated responses.
Some inbred mouse lines were being developed !lﬂd the
passive transfer of immunity to tumour grafts within these
lines was being studied., Mitohison (1954) reported that
transplantation immunity was not passively transferrable dy
serum but only by liv;ngrly-phaid cella, Muscle cells ware

not efficient at transferring the immunity, and of all
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lymphoid cells, only cells from the specific draining lymph

b |
-
nodes wvere able to transfer iiiﬁi;ty effectively. A atudy
af the kinetic appearance of the activity im the draining
lymph nodes showed the immune ocapability appeared about &
days after tumour grafting, peaked about 10 days later and
had waned by 20 diyai Billinghams, Brent and Medawar (1955)
 were also studying tranasplantation i:iﬂniti by analysing
the acceptance or rejection of akin grafts between inbred
lines of mice. They noted that il-uéity could only be
transferred by living lymphoid cells, those of the draining
lymph nodes being particularly effective; tﬁ: accelerated
rejection of asecond grafta, even in those mice with
adoptively acquired immunity; and the similarities between
tumour or skin graft immunity and the tuberculin and
sasnsitisation reactiona of the delayed type. - Theasse
similarities were further emphasised by Brent, Brown and
Medawar (1958) in their reportas of skin transplants between
guina:‘ pigsa. Delayed immune reactions against skin
homografts wers é;-anﬂtr:tid by two different techniques:

1) the "direct reaction® involving the injection of

bearing a

donor type antigen subcutaneously into animal

donor type graft; and

11) the "transfer reaction® involving\ the injection of
living cells, from the draining lysph node of an animal

bearing the grart, iubnntggcaugiy into the graft donor.
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Brent and Medawar (1963) also noticed that the
intradermal injection of normal lyiphaaytéing@- one guinea
Q%Pi; into a number of possible outbred donors of homografts
elicited delayed bypsrnan;itifity reactions of wunequal
1ntin;1tyé providing an almost exact forecast of the
intensity of rejection of a akin transplant from each of

those donors, These obaervations appear to show that a

background state of immunity, speci{fically DTH 1in this

instance, directed against alloantigensa, already existed in

these animals before intentional antigen-specific priming.

Raffel and Newel (1958) reported reactivity in outbred
guinea piga following the intradermal injection of low
doses of antigen (egg albumin) alone, or even lower doses
of antigen-antibody complexes in adjuvant. ! Thesne
experiments were puzsling at the time ;inéc the Ydelayed

hypersensitive" reactivity was transient and appeared early

after adminiatration of antigen, having more the
characteristics of Mitchison's “"tissue immunity" than
classiocal tuberculin-type delayed hypersensitivity;

however, ita appearance, it; psrsistence for A8 hours and
its occurrence in the absence of ﬂi:ﬂﬁitf!bliﬁ{?tihﬁdiii,
distinguished this reaction from the hypersensitive

reactions of the immediate type. Despite the similarities
L4
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to olashical DTH these workers introduced the teram
"Jones-Mote hypersensitivity® to denote the -;?1§ tranaient
reaction,. They did no histological studies on this skin
reactivity. Salvia (1958) was interested in the kinetics
of induntign of various il:ull.rilﬁtivitiéi and noted three
distinaé temporal phases of response: 1) :;l;tant period
following antigen injection during which time neither
gin-;tifity nor circulating antibody could be detected; 11)
a period of delayed Q-naitivity during which time no
antibody could be d-tgat-d and which was tfinagarP:Sl- only
by lymph node cells; ;nd 1i1i) the appearance of cireculating
antibodies and Arthus type reactivity. The latter. was
described at thig time as "soggy edema" associated with
serum precipitins. In 1561. Weigle demotistrated that Arthus
r;netivi;y depended on the fi:;tian of complement by
antigen-antibody ocomplexes, Salvin (1958) also nat;a-d
that increasing the sensitising dose decreased the duration
of the delayed type reaction, while a decrease in the dose

prolonged the delayed type reactions with a delay in the

onset of the Arthus type reactivity,

While it wvas ;iill not clear whether the stimulation
of DTH and antibody were different processes, it became
clear that these responses were due to the reaativity of

different cells,. Selectively ‘removing the avian bursa
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(Ssenberg and Warner, 1962), and thus the B cells, from
immunologically immature animals affected antibody
production aore than cell-mediated reaponses:; vhile
removing the thymus (Miller, 1961), and thus preventing the

generation of T ocells, affected cell-mediated responses

more than antibody responses (Cooper, Peterson, South and
Good, 1966). It was also clear that most antigens capable
of inducing antibody responses ocould, under appropriate
conditions, also induce delayed hypersensitivity (Pearson
and Raffel, 1971). It was emphasised by these workers that
those antigenas which %Fgra *not very foreign®, either
bacause of their samall liiﬂ or their similarity to self
antigens, wvere :a:; likely to induce DTH reactions; while
antigens vhich were very foreign were more likely to induce
humoral antibody, This relegated the selective induction
of immune reactivities to the i::unﬂragulifery capacity of
the responding animal rather than absolute differences

i

between antigens., The question became (and still 1is): what

exactly do T and B cells recognise and why do ertain

responses prevaill after particular immunisation protocols?
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2. Subpeta and specificity of immupocompetent cells
' o>

Al

-Before continuing a discussion of the similarities and
differences between T ocell and B cell ipnduction, it 1is
necessary to point out that it is not yet clear exactly
_what 1s recognised by these two cell populations. B cells
carry antigen-specific receptors on their surface and, once
induced, secrete antigen-specific antibody molecules with
an antigen-binding variable portion exactly identical to
that found on the cell surface receptor (Warner, 1974), and
a oconstant portion which is one of a small set of
class-specific sequences, each responsible for mediating a
particular effector function of that molecule. Secreted
produpts have beern produced in large Quantitios from
Ayeloma tumours or normal spleen ocells under laboratory
conditions and have been studied biochemically and
;onotioally. One ocell usually produces antibody of only
one specificity, which depends on the variable regions of
the light and heavy ochains of the antibody molecule. One
light chain constant region (kappa or lambda) is .expressed
per ocell with a variable (light) portion attached, and
usually onrly one or two classes or subclasses of bogvy
chain constant regions (IgM, IgG, IgA, IgE, or 1gD) may be
oxp;o-aod pir cell at a given. time witp a4 variable (heavy)

" portion attached. T cells are responsible for a variety of
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s 8pecific 1immune funoctions and the structures of their
antigen-specific receptors and secreted products are
3onor:lly a mystery. There are T cells that provide helper
or amplifier or auxiliary activity to various other immune
responses, T cells that ﬁrovido inhibitory activity against
various classes of 1lluqo responses, and T cells
responsible for the manifestations of the cell-mediated DTH
and cytotoxic T cell responses, Like B cells, T cells can
be made tolerant to antigen (Chiller, Habicht and woigle”
1970; Taylor, 1968); can contribute to immunologiocal memory
(Raff, 1970; Miller and Sprent, 1971); and can bind and be
spegifically "suicided” or inactivated with
radioactively-labelled antigen, even in the prooubaor
stages (Basten, Miller, Warner and Pye, 1971).

Hammerling and McDevitt (1974) séparated mouse
lymphoid cells into T and B cell. populations, incubated’
those’ with radigadtivb-iodino-llbelled synthetic protein
antigens {[(T,G)-A--L] and did autoradiogriphic studies to
see if both ooila could bind protein antigens. It was

found that B cells could bind 500-15,000 molecules per.
. - B

cell, while T cells could only bind 200-500, indicating a

’

difference in the number of surface antigen roooptora
‘ 7
botwoonA these ocell types, At 379C., the number of T

antigon-binding.colls increased two- to tg;:o-rold, while

— d
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the ?unbo; of B cells binding antigen roilinod the sanme.
The B cell binding of "hot®* (T,G)-A~;L could be inhibited
by excesy '.unlnbollod (1,6)-A--L, ﬂ%,c)-l--L, or
(Phe,G)-A--L, but the T cell,binding was“inhibitable only
by excess unlabelled (T,G)-A--L, indicating a difference in

the specificity of binding.

There are also differences in the “"hot" antigen
spocificwsuicides of B and T cells as reported by Basten,
Miller and Abraham (1975). B cells can be killed at 10c,
and their suicide is not inhibited by .azide or anti-H-2 Fabd
(directed againat the whole MHC region); while the aﬁieido
of T cells requires incubation at 37°C. and is inhibitable
(y agide and/or anti-H-2 Pab. Thymus colf; 2ls0 require
the presence of another cell type during the incubation
(provided in a population of anti-theta and complement
treated ant!ﬁ.n-priiod spleen cells) in order to suicide
efficiently. This indicated to the authors that H-2
associated determinants were in close proximity to E’P
antigen-binding site on T cells but not B cells, and aight
even oconstitute part of the T cell receptor. These
experiments also indicated that T ocell suicide required
active metabolic functions, wpilo B cell suicide did npt.n

The iﬁylul cells may require amother oell surface to focus

a’large concentration &f antigen to increase the avid;ly of
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binding or they may require the presence of another self

’

antigen on the cell surface vhich somehow increases the

Jott

binding affinity between the cell bearing the antiges

(probably a macrophage) and the T cell.

There was controverasy for some time over the miza of
the antigen-specific T cell -receptor and whether it was as

finely discriminating between antigena as the B cell
=
receptor. It had been noted that in order to elicit DTH
reactions in guinea pigs, the nliéiting antigen had to have
not""!y the same haptenic group: - as the senaitising
antigen, but also the same --carpier pratain: (Sgivin and
Smith, 1960; Gell and Silverstein, 1962). This was
interpreted a; evidence that the T cell receptor recognises
an area larger than the  hapten, i.e. involving a
substantial portion of the carrier protein as well. It was
noted at the time that antibody produced in the same sysatem
could bind to the hapten on any protein. 1In direct
opposition to these reports are two astudies (Waterfield,
Levy, Kilburn and Teather, 1972; Spitler, Benjamini, Young,
Kaplan and Fudenberg, 1970) whioch indicate that DTH can be
elicited Dby a hapten alons, Studies by other workers
(Janeway, Cohen, Ben-Sasson and Paul, 1975) 4invoelved
immunising guinea pigs yith hapten (DNP) Qﬁu?lidbtﬂ guinea

pig albumin, and, although they atill found no T ogell
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responses (DTH, T ocell proliferation) aspecific antibody

helper functien) to DNP coupled other proteina on

challenge, they found a significant| reaponse against
DNP-guinea pig albumin. It is p@:aé%é{jth;t most of the T
cell resactivity ia directed against neoantigenic
determinants oreated by the attachment of the hydraphébie
haptenic molecules to the guinea pig aslbumin. Slight
chemical modification of the hapten such asa varying the
number and position of the nitro groups indicated that the
T cell could distinguish bstigaa the subtle differences 1;
the hapten molecules in a manner similar to that previocusly
! ¥
shovwn for B cell receptors (Landsteiner and van der Scheer,
1936) 7 The studies of Hammerling and McDevitt cited above
would tend to indicate that the T ocell is, if anything,
more diserizin;ting than the B cell in its antigen-aspecific
receptor, based on the binding of antigen and the
iohibition of bindiﬂgfgj related molecules,
. \ T

Other atudies also indicate that thaea antigen-specifiec ,
receptor of oytotoxic T cells is equivalent to that of Efs
cells (Yasquez, Neauport-Sautes and Senik, 1980).

Alloreactive cytotoxic T cells wvere induced against a

particular haplotype, and adsorptions werae pirfag:cd with

=
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antigen. Significant, but reduced, residual lytioc activity
after adsorptipn was ooniistently demonstrated, and could
be shown to be d:o to killer cells aspecific for H-=2 pﬁb;ig
or private determinants not represented on the adsorption
monolayers. These observations showed that & large number

of cytotoxic T cell clones, both those adsorbed and not,

were activated by alloantigens, and the aspecificity of
£

these clones was for the same public and private antigenic
determinants as those defined by antibody astudies. Not
only were the same determinants apparently recognised, but
even the cross-reactions between detéerminants were the
same. This indicates that the requirements for recognition

by the receptor sites on B and T cells are equivalent.

The specificity of T cell receptors and whether more
than one type of receptor exists on a given T cell has been
& matter of some dispu;e. Cytotoxic T cells show a curious
restriction phenomenon 1in that, ir they have been
stimulated by a partitcular virus or hapten on a aself aail,

they will exclusively kill targets which ocarry both the

same viral or haptenic group and their own

histocompatibility antigens, especially H-2 K 7and/or D
antigens (Zinkernagel and Doherty, 1974). A parxllel
situation is seen in the systemic transfer of sensitised

DTH effector T ocells to naive animals (Miller, Vadas,
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Whitelaw and Gamble, 1975a). If the donor animal has been

sensitised by, ¢t chemiocals, succeasful tranafer can

occur only between those psensitised cells and mice which

bear }ba same H-2 I, D or I region antigens. Ir

"sensitisation occurs via antigen-pulsed macrophages, I
: region matching is necessary batuPQB the antigen-pulaed
cells uacg for priming and those used for elicitation of
the response (Miller, Mottram, Gamble and Vadas, 1976). A
similar requirement for I-region matching has also been
found in the T cell proliferation assay in which primed
guinea pilg T cells. are restimulated Aip vitro with
macrophage-bound antigen -(Paul, Shevach, Pickeral, Thomas
and Ragaﬂtbgi, 1977). Studies in whioh allogeneic
reactivity has been carefully removed show that T cells may
reapond to ;ntig;; bound to non-self macrophages when the
animals vere primed with antigen bound to these same
non-self macrophages (Thomas and Shevack, 1977). The sanme
basic phenomenon 'is true fag the restriction seéen between

s and B cells, in that once allogeneic

ol

helper T cel
, . '
reactivity. has been very ocarefully removed, succesaful

collaboration can occur between histoincompatible cells but
the I region g}ﬁi products, while they need not be selr,

must be those that were PFCS%Bt during priming (von Boehmer

and Sprent, 1976).



17

More recent studies, in wvhich alloreactive cells are
removed, show that T cells and "antigen presenting cella”
must be "genetically compatible®. T cells and B cells need
not be, but rather require the linked recognition of
carrier and hapten determinanta. (Shih, Matzinger, Swaln

and Dutton, 1980).

Many immunologists believe :i‘gi result of the HQ?;
described above that DTH or h!lp:} T cells recogniase a
combination of antigen and (aelf) I rcgién, and that T
killer cells and ao-; DTH T cells recognise a combination
of antigen and (self) H-2 K or D antigens. Thia has been

postulated to occour either by one T cell recsptor

recognising both antigen and MEC determinants or two T cell
receptors one of which binds antigen and the other one of
which bdbinds MHC determinants.
$

It seems to me that tlere could be a number of factors
confusing this issue. In some instances, particularly in
the case of cytotoxie T ocells, it could be that the
antigen-specific receptor actually recogniaes a self H-2 [

>

or D molecule which has been altered somehow, ¢.g., been
haptenated, or had viral determinants attached, or been
altered specifically by viral enzymes. It 1is known that

cytotoxic T cells can be generated against cells garrying



(Klein, Forman, Hauptfeld and ig@rav, 1975). If the
specific antigen is a modified self antigen, it would not

be surprising that the killer aella genarated werae

non-cross-reactive with other H-2 antigens plus that hapten
or virus, There may be other instances whidre some H-

2,
produat 1§tﬂ:113 forms a particularly dominant part of an
antigen due to some molecular interaction between the
antigen and the H-2 produot (self or other). The vary

existence of exceptions to the recognition of antigen plus

e

a p;ﬁtieulgr H-2 K or D determinant for cytotoxiec T cells,
©.8., those raised against I region determinants (Wagner,
Gotze, Ptschelinzew and Rollinghoff, 1975); or F-9 antigens
(Vagner, Starzinski-Powitz, Rollinghoff, Golstein and
Jakob, 1978), shows that recognition of these H-2 productsa

is not easential for cytotoxio activity. Cytotoxic T cells

probably do not have to recognise self H-2 prndugta on the

targets, as some of the best studied killer cells are
directed against alloantigens. Thias argument remains
inconalusive an certain killer cells spegific for

alloantigens have been shown to cross-reaot with

altered-self (e.g.,Bevan, 1977). ’

Another confusing factor 1is that H-2 restriction may

Hot be due to a positive preferende for self H-2 molecules
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to be present, but to a negative or interfering reaction to
allogeneic H-2 molecules b:ins-priiint; Thus, very careful
removal of negative allogeneic effeacts allows the
coopesration of most fully allogeneic T and B egll;, even
wvhen these are already primed (Swain, Trefts, Tse and
Dutton, 1976), while the addition of very few allogeneic

cells inhibits the cooperation of even fully syngeneic T
" and B cells (Swain, Trefts, Tse and Dutton, 1976; Waldmann,

1977). One is reminded of the background anti-allogeneic

DTH responses found in guinea pigs by Brent and Medawar
(1963) and wonders vhat role pre-existing,
non-deliberately-primed alloreactivity really plays in H-2
reatriction phenomena. This question will probably not be
resolved until the T cell receptor(s) has (have) been
isolated and fully charactsrised bicchemically and

genetically. /

« The T cell receptor that is responsible for antigen

recognition has been shown to shars %diatypig markers with

those on the variable heavy obéin region of B cell

E:c:ptér; recognising the same ﬁtigin, and T as well as B
cell immunity can be induced by anti-idiotypic antibody
(Binzt and Wigzell, 1975; Eichmann and Rajewsky, 1975).

Although 1light chain expression (variable or constant
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portions) has not been convincingly demonstrated on the
surface of T cells, it would ;iil efficient for the immune
aysten to use the sSame antigen specifiec recepters
éhPﬁggbaut, especially when one oconsiders the elaborate

genetic mechaniams evolved to generate those receptors on B

cells,

Since much of the knowledge about B cell receptors
came from secreted products, several inveatigators qigvg
concentrated on antigen-specific products secreted by T
cells to gain information about how T cells recognise
antigen¢ Analysis of these helper factors (Taussig, Munro,
Campbel]l, David and Staines, 1975) and T suppressor factors
(Tada, Taniguchi and David, 1976) has no revealed any
determinants oross-reactive with the constdat portion of
the immunoglobulin chains, but they each possess
determinants coded by the I region of the MHC. Attempts to
datect IQ‘I coded portion of the ? cell receptor itselr

have so far been unsuccessful, but by analogy to B cella

u
o
o

one might suggest thias possibility,. It 1s tempting
thigg of at least part of the various I regions as goding
for diffirgn; iaaégtint‘ portions of Ty cell products and
dctir-%gin; their effector funation. Again, we IE!{Eliilt

the results of further biochemical studies on the T oell

reasptor(s).
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Whatever the T oell receptor looks 1like, there isa
evidence that it is involved in the control of nearly all
immune responses studied, being involved in a cooperativae
role for the induction of responses and an inhibitory role
in the control of other responases,. These concepts are

reviswved in the following section,



The first system reported demonstrating cellular

collaboration for the induction of an immune response was
in 1966 by Claman, Chaperon and Tripletit. Unprimed
syngeneic thymocytes or bone marrow cells ﬁQF; transferred
alone or together into fig:di:t-d recipient mice which wers
subsequently primed with antigen (SRBC). Neither cell
population alone aould produce :ntibadyffnr:ing cells after
5 days, but the two populations synergised to mount an
antibody response. Spleen oells adéptively tramsferred in
similar fashion were able to respond to SRBC by th:-;s%ig:.
These results were repeated in 1968 by Mitchell and Hilfg}
in an :ttinpt to deteriiine vhich cell source provided the
antibody~forming cells and uhieh.cill aource provided the
auxiliary or helper aella. They showed. that thar:eia duet
lymphoid ocells could synergide with syngeneic ba’i:-:rrai
(although they formed many plaque-forming Qll; by
themselves), but semiallogeneic t;ar;a;g duct cells would
not asynergise 1in this :y;rigt with bone marrov ocella

syngeneic to the recipient, When semiallogeneic thoracia

» .
duct cells and antigen (SRBC) were injected into

thymeotomised, irradiated, bone-marrov-protsated mice,

there was synergy in the production of anti-sheep hemolysin
k¢
|
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(antibody), and anti-H-2 serum treatment revealed that the
antibody-forming cells were hoat derived, i.e,, bone marrow
cells. The source of the antibody forming c¢ells in an
adoptive transfer system in which thére was synergy in the
induetion of a humoral response between bone marrow and
thymocytes was destermined in a subsequent paper by these
same authors (Nossal, Cunningham, Mitchell and Miller,
1968) 1in which they used fully hiastocompatible CBA and
CBA/T6T6 cells for cooperation experiments. The T6T6 hmouse
carries a distinctive chromosomal marker and chromosomal

apnalysis of individual antibody forming cells .showed them

to be derived from the bone marrow and not the thymus

population.
Another approach to cellular aooperation ia

;I!iplifiid by the studies of Rajewsky, Schirr:iah:r, Nase
and Jerne (1969), in which the secondary antinapten
antibody response was examined in rabbits,. They concluded
that more than one antigenic determinant is required in
order for -a molecule to be immunogenic, evem for a
secondary response. Thus haptens are only immunogenic when
coupled to a ocarrier, :ndv;inandiry stimulation requires
r-aa;ﬁitiﬁn of both hapten and oarrier, 1i.e., the ifi!ll

must have been previously primed to both parts of the

antigen in order to effeot a true secondary antibody
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‘responae. Similar astudies in nmice were reported by

Mitohison (1967,1971), and in this system it was emphasised
that, for a 7!1@§Edlf! challenge, in order to obtain an

enhanced secondaty response, the hapten used to prime the

L]

antibody forming cells must be physically linked to the

carrier used to prime the helper T cells. It was

but not physically linked to one another.

The kinetios of the appearance of a helper population,
fféllaﬁigg AD ylvo antigen priming, was :;a:inéﬁ using an ipg
(;;;;;g culture of mouse apleen cells (Kettman and Dutton,

1971) and effective helper cells were found to be preasent
ée some degree even one day after ;ntg;vgnbus (iv) priming
of a mouse vwith approximately 2 x 107 hatgrnlagaug
erythrocytes. The helper population was treated with 1000R
of gamma irradiation before being added to the culture
aysteha to prevent the production of antibody-forming ocells
from this population, and the helper effect was shown to be

resistant to this exposure. The activity of the helper

cells peaksd around day 3 but was still present 14 E-ys'
after priming. This helper effect was antigen-specific and
again it was shown that a hapten-apecific responss was only
enhanced when that hapten was physically linked in culture

to the antigen used to prime the helper population. When T
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cells wvere primed by incubating thymocytes and heterologous
erythrocytea in a lethally irradiated mouse for 7 days, the
subsequently irradiated helper cells were {gund to ba ¥laaa

(Vann and Kettman, 1972). Thus, T cells primed for 7 days
to SRBC 1in an irradintcéﬁ Bouse helped generate a good
antibody r-qpaéga to SRBC and a slightly enhanced response
to BRBC or HRBC when those antigens were also present in
the cultures.. HRBC .or BRBC educated T cells fros
1rradiatgd mice ,only slightly increase the SRBC response in
yitre when both specific antigen and SRBC are present.
This was shown to be due to cross-reactive T rather than B
colla :;nga no clear .plaques were obtained by B cells
incibated with !i;turi:;cf‘tha twvo red cell antigens. Thisa
typo-or obaservation has been used to argue that T‘eqlla are
ylesu anti&gnaapicifia th:;-g cells (Hoffmann and Kappler,

1973). It =msust be remembered that the above-mentioned

helper T cells gensrated in ihg normal immunised mice weras

s ]

not cross-reactive against different heterologous
erythrocytes, It may be that more helper T cells are
gensrated in the irradiated mouse and perhaps even those
with low affinity for the immuniasing RBC (some of whiah
have higher affinity for another RBC) are able té be
triggered in this system. It has also been ahowm that 7T

cells require less antigen to be stimulated than B ocells

\ f
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(Parish, 1971; Falkoff and Kettman, 1972), 380 it may be -
that a broader range of affinities are induced gatber than
that those which é?i induced ars more

antigen~cross-reactive than their B celdl gounterparts,

Cellular cooperation (T-B) has also been shown for the
‘induotion (secondary) of IgE antibody responses. An
adoptive transfer system ahowed the thité-bi:riﬂg (T) cells
from alum-precipitated Ascaris-primed mice could .cooperate
with spleen cells from mice primed with DNP-KLH (in alum)
to produce a secondary IgE or IgG antibody response in an
irradiated ‘bat when DNP-Ascaris is provided as antigen.
Some secondary IgE could be generated in this system i the
-ant1gon1c challenge Bﬂﬁliﬂtlj of hapten and carrier on
separate molecules (unlinked! .recognition) and may be a
consequence of using adjuvant in the priming protocol, or
may be due to an IgE non-antigen-specific potentiating
factor from Ascaris (Hamaoka, Katz and Benacerraf, 1973).

The dependence of IgA production on the p'x—;inma of
functional T cells has been shown in neonatally
thymectomised rabbits (Clough, Mima and Strober, 1971).
The anti-hapten serum 1IgA response in these iBiiilS
following ohallenge with arsanilic acid - boyine serum

albumin was more markedly nreduced as’ compared to normal
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rabbits than was their IgM or IgG response. These
observations led the authors to propose that, at least for
certain antigens, the serum IgA antibody response is more T
dependent than other i;lunaglahuliﬁ classes such as IgM or

IgG.

Cooperation between two sets of T ocells bearing
different antigenic markers has been reported in the
production of cytotoxic T cells. Cantor and Boyse (1975)
ghagpd that peripheral T cells bearing Ly23 antigena gould

amplified or helped to develop alloresponaive killer

activity by T «cells bearing Ly! antigen. A saystenm
involving the maturation of alloantigen-specific T killer
cells from thymocyte precursor cells 4ip yitro showed a

requirement for the helper T cells to be antigen-specific
(Pilarski, 1977). Thymocytes incubated with irradiated
.allogeneic spleen stimulator cells (antigen) would not
support the génsribinn of killer T ocells, but did se when
irr;di;t:d normal spleen cells syngeneic to the thymocytes

were added. QEI using spleen cells and thymocytes from two

mouse strains that carry the same major histocompatibility
antigens but differ in their Thy-1 alleleas, i.,e,, CBA/CalJ

and AKR/J, it was poasible to determine which population of

cells gave rise to the killer effector ocells. Th

- effectors came from the thymocyte population and raquired
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the presence of shota-beaq§ng (T) spleen cells which vere
not toforlnt of the alloantigen used to stimulate the
cytotoxic T cell response. CBA spleen ocells made tolerant
of Balb/c antigens by ;;oonstituting_tn irradiated Balb/c
mouse with CBA bone marrow cells, could helpv induce an
anti-C57TBl1/6 but not an anti-Balb/e cytotoxic T cell
response when incubated with 1irradiated spleen (antigen)
and CBA thymocytes. This 4is another example of fully
gitterentiatod (radioresistant)*° anti-allogeneic activ(ty
being present in normal lymphoid cells obtained from an
animal that had not been deliberately primed, and, as
indicated previously, this alloreactivity may be relevant
to the phenomena associated with H-2 restriction. The
physical linkage of a determinant to which the animal is
tolerant (Balb/c) and a target determinant, using (Balb/c x
C57TB1/6)Fy targets, did not interfere with the generation
of killer cells, making the participation of suppressor or

inhibitory T cells most unlikely in this system.

T-T cooperation has even been shown in the generation
of helper T effector ocells which allow the J4p wyitro
production of anE}Sody (Feldmann, Kilburn and Levy, HW975).
This system involves the use of an antigen (performic acid
oxidised ferrodoxin, OFd) which has ossonti;lly only two

antigenic determinants, one at the COOH-terminus (C-hapten)
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and one at the RH2-terminus (N-hapten). Mice were primed
to either hapten separately, by administering hapten-BSA
conjugates, and it was ah;in that a culture of cells
incubated with either hapten would not induce help for ‘a
subsequent anti-DNP-OFd antibody response. A mixture of
thdptwo separately primed spleen ocells or cells primed to
the whole zalégula, OFd, could induce help in culture for a
DNP antibody responae on subsequent incubation with
DNP-OFd. The induction of help was enriched by T cell
ohrieb-cnt and was sensitive td anti-theta plus complement
treatment, The enoper:tivg_ response leading to the
induction of help could be inhibited by excess hapten-BSA
in an antigen-specifiec f;:gian, and specific suicide of
either hapten-specific population by radioactive antigen
resulted in the loss of the induction of the OFd helper
response, .Tha:a results indicate that eaﬁpgr;tian between
two antigen specific helper T cells is necessary in order
to gensrate ip vitro hifp-f egfgatar cells that ocan

coopaz:}i in an anti-DNP-OFd antibody response.

T-T collaboration has also been shown for the
induction of "suppressor® or inhibitory T cells. Feldmann
and Kontiainen (1976) induoced T ocells ipn vitro which could
inhibit specific antibody production. The cealls were

incubated with KLH at 100ug/ml, or 1000 times the optimal
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concentration for inducing anti-KLH antibody, and these
cells were able to specifically inhibit the induction of
the anti-hapten response obtained by challenging with the
hapten ecoupled to EKLH. They were shown to be T cells and
toe require collaboration betwsen fﬁa populations of anti-B
cell treated spleen cell pnpulaziana to be generated. Dﬁe
‘population of T cells was obtained from adult thymectomised
mice, and ;iva rise té the 4inhibitory T cells. The
neceasary collaborating population odnsiasted of thoase
splenic T cells that had survived in mice treated witn
anti-lymphoeyte serum (ALS). In this enga, it is not known
vhether the T-T collaboration 1s specific. Another report
claims to show T-T collaboration in the generation of thoae
T cells able to inhibit ocontact sensitivity (Sy, Miller,
Moorhead and Claman, 1979). These wotkers generate T cells
that inhibit the activity of DTH T cells expressing contact
sensitivity to DNFBP generated in normal mice when ;hni ars
both transferred to a naive recipient, If the DTH effector
cgells eome from c¢yclophosphamide-treated mice, these T
cells do not inhibit the tranafer of contact sensitivity,.
The authors assume the cyclophosphamide pretreated mice are
lacking a drug-sensitive auxiliary T cell necessary for the
induction of the inhibitory ocell, and conclude that T-T
collaboration is probably essential for the generation of

these inhibitory cells.
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T-T cooperation” for the induction of DTH bhas never
been demonstrated as far as I can determine. In 1975, a

report was published which claimed to demonstrate helper

cells for, the induction of this s of immunity, but the
data on which th:\argulont vas based were not pressnted in
the publiocation as described, and so cannot be adequately
assessed (Bullock, Katz and Benacerraf, 1975). Other
workers in the DTH field report a ®lack of evidence for
‘helper T cells in DTH" induction (Smith and Milier, 19?4).
These experiments 1dvolve DTH induection against
alloantigens and, as generally believed and outlined
previously, the helper T cellas preferentially rieagﬁiga I
region differences between strains while other -ffaétﬁr T
cells, e.g., cytotoxiec T cells and some DTH gfrieéar T
cells, proreéontillly recognise K or D region differences.
The magnitude of th§ DTH response induced in this systes
. Wwas equivalent whether it was raised against cells which
differ only in the K region of the MHC or in both the K and
I regions,. It was eoncluded from these abs;rvltian; that
there wa® probadly no helper T cell involved in the
alloantigen DTH response. This conclusion assumes that any
putative helper J cell required for the induction a; DTH 1is
limiting the size of the DTH response when there is only a

K-region difference. The study to be described in thias

-
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thesis will demonatrate that T-T interaction between

populations of cells is necessary for the induction of DTH

to a xenogeneic red cell antigen.

Arguments have been presented suggesting that the cesll
population responsible for helper activity (in antibody
induction) may be the same as that which mediates gaaﬁpgd

swelling reactions (Kettman,b1972). The two populations
were compared on tﬁa basia of the kinetics bnf
sensitisation, the done of antigen required for
sensitisation (too small to elicit a humoral response), the
antigen spaeifigity and cross-reactions of the induced
population(s), and ~ indugtian following injection of
specific antisera with a large dose of antigen. In all
cases, the properties of the ,cell population(s) reaponsaible
for the two functions were very aimilar. It was suggesated
that they might be mediated by the same population of
cells. It bas been noted by other authors (e.g. Coe and
Salvin, 1964; Kappler, Hoffmann and Dutton, 1971) that
animals having experienced a DTH response to a given
antigen, may appear to be primed for a secondary humoral
response on resxposure to that antigen. It 1is very
difficult to determine which population of specific ocells

is responsible for these funetions in situationa HhGFDV

mixed populations eof antigen-reactive cells are pressnt,
¥



33
such as the whole animal. A very recent preliminary report
has been published (Bianchi, Hooijkaas, Benner, Tees,
Mordin and Schreier, 1981) in which an antigen-specifiec
"clone @f helper T cells" was also shown te result in a
ap:eifie increase in footpad thickness when injected with
antigen, It may be that the same antigen-specific
precursor T cells diffarinti;ig into different populationa
to give thess diffq;ant activities, or, that the potential
for all antigen-specific T cell functions exists within all
of ;hc;? cloned cells, and they respond according to the
signals they receive in their particular microenvironment
at a given time. In yivo, the expression of these
setivities (in the absence ol adjuvant priming) appears to
be regulated such that when a DTH response to a given
antigen dominates, there is no antibody response, and vige
veraa (Parish, 1971, 1972b; Ramshaw, Bretscher and Pariah,
1976,1977). If the expression of ‘an antibody response
requires helper T Bill; vhigb are equivalent to DTH
effector T cells, the regulation vauld.h!vi to occur at the
leyel of the biéahqniail mediatoras of tﬂis- activities,
Purification of the biochemical mediators of these virialg
activities should lead to the development of techniques

which will allow one to test which funotions a particular

fell capn mediate in a given astate.



1) Self non-self discrimination.

>

Events determining whether or not an immune Ei;pan:i
is to be induced against a given antigen, and what class of
immune response it should be if there is to be one, have
been a puzzle to scientists since immunity was discovered.
The ability of the higher animals to respond to nearly
every foreign antigen and yet, in most instances, infliet
minimal damage on their own self components whicH are made
of the same b;a;e chemical satructures demands fine
specificity and regulation of the response. The vary
-xigtcaag of autoimmunity reminds one that individuals have
the genetic capacity to respond to self componenta and that
this must be strictly aantrﬁliid; The clonal selection
theory (Burnet, 1959) hypothesised that individual cells
react against individual antigenic determinants, so the
control of autoimmunity iijhﬁ‘ be the elimination of
partiocular ocells whioch are ocapable of Pia@gni;in; and
reacting against self antigens. If this ocours at the
level of newly generated thymocytes it could asccount ;ar
the discrepanay betwgen the very large number of thymoaytes

generated daily and the number of funoctional
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immunocompetent thymus-derived aells leaving that organ

daily (Nossal, 1964; Murray and Woods,1964).

Attempts to di;aav:f’iggt is distinot about one's self
components led to the Eanelu;iaa that most major antigens
are present in th¥ animal before the immune system develops
and remain present throughout the entire 1life of tha
animal. Numerous experiments have now been performed which
indicate that the body learns what is "self" by that
antigen's a@%tinunus presence. Thus, if a self component
i3 aselectively removed from an animal for some time and

then returned, it is 1

examples are the buccal component of the hypophysis of the

munclogically rejected. Some

tree frog Hyla regilla (Triplett, 1962); the Bursa of
Fabricius in chickens which causes the immunclogioal
rejection of tranaferred syngeheic B cells but not T cells
wvhen these ares in;iatdj (Bribin:;;, Lerman, PFaladino and
Thorbecke, 1976); and the C5 complement component in C5
deficient mice (Allison, 1971). On the other hand,
"foreign" self-replicating antigens introduced to an animal

at an -early stage of ontogeny, e.g., fetal stem cells 1in

ertain cattle twins (Owen, 1945) or Avian Leukosis Virus

in chickens (Rubin, Fanshier, Cornelius and Hughes, 1962)

are accepted as "self" antigens and no detectable immune

response is raised :g:i£:t these. An attempt to explain

1
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uch a self-learning mechanism could acocount for clonal

elimination of anti-self cells led to Lederberg's (1959)

how

proposal that all nevwly generated immune precursor cells,
before they differemtiate to an inducible dtate, paas

through a phase during which they will be paralyssd ir they

[l

encounter specific antigen. This i1s still a popular idea
with some immunologists and attempts to examine these ideasn
experimentally are in progresas in various laboratories
(Nossal and Pike, 1978) This theory does not account for
the generation of autoimmunity when it does occur, and the
mechanisms postulated could be detrimental during chronic
infections. The Bretscher-Cohn hypothesis (1970) assumes
that the outcome of a meeting between an antigen and an
antigen-specific precursor cell will be determined by the
presence or absence of a second cell able to Piéﬂ;ﬂiai a
second determinant on the same antigenic molecule. If the
precursor ocell meets the antigen in the absence of an
antigen-specific T «cell, the precursor cell will be
pl?ll!!i; ("one signal only"). Thus self tolerance against
self antigens present at reasonably high ﬁéﬁn:gtrizians
could result from the d?lgtian of the individual precursor

d

cells specific for those antigens, as they are generat
one by one, and encounter the self antigen in the absence
of any cooperating cell, and are thus paralysed,

Persistence of immunocompetent cells specific for self

£
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antigens present at lower cencentrations, or with low
affinity for self antigens present in larger amounts, could
conceivably ocour according to this soheme and autoimmunity

sould be 1induced. Such autoimmunity 4is 1likely to be

induced against those self components which have foreign
determinants physically linked to thes, i_;., during a
viral infeoction. The presence of immunocompetent cells
specific for foreign determinants would then depend on the
semi- random generation of receptor specificity and
accumulation of all those cells that do not have high
affinity for oo-ion self ] determinants, ) All other

specificities should encounter "helper® cells for the

induction of immune responses when thiy meet an antigen

with sufficient foreign sites ("two signala®: one from

ng B cell),

L
=
st

: 3
antigen, one from an antigen-specific coeberat

i

Since not all anti-self pregursor cells ars
eliminated, (indeed, considering the variety of self
components, if every cell that could have any afrinity for
any self determinant were paralysed, the immune repertoire
would be severely depleted) it is likely that there are
other oontrols on the immune system that minimise the
effects of autoimmunity. It has beon pestulated that the

coatrols in question are responsible for the phemomena of
.

——
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immune deviation" and Ysplit tolerance™ obaerved 1in

#

™
I

various experimental situatioms (Asherson, 1967; Bretscher,

e
1974; Bretscher, 1977).

11) 1Immune deviation or split toleraneces.

This basiec phenomenon c¢can best be described as an
antigen-mediated and antigen-apecific dapr;aaien of certain
classes of i:-un§ response while leaving another class of
immune responae intaeat. The term "immune deviation" wvas

riginally proposed to describe an observation by Asherson

and Stone (1965) in which the delayed skin reaction usually
induced in guinea pigs immunised with antigen in %a-pl:ti
Freund'a adjuvant was reduced by prior treatment of ths

animals with soluble or alum-precipitated antigen. Little
¥

~

antigen vas required in the original ar%daviiting dose, and

it could be administered intravenously or subcutaneously 1in
the footpad 14, 7 oy 1 day before or 1 day after the
ahiilingi with antigen in adjuvant. The reaction 1ia

antigen specific in that prior treatment of guinea pigs

~With soluble or alum-precipitated bovine gamma globulin, as

opposed to human Serum albumin, did not result in a reduced
DTH rilétivity to buman serum albumin, The antigen
specificity of this phenomenon was again demonstrated by

=
Créwle and Hu (1966) using the antigens ovalbumin and
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bovine serum albumin in essentially the same protocol as
Asherson and Stone, with the same observations, and they

termed the gﬁ:na;:gﬁn "aplit tolarance”. Itr was also
demonstrated that Euinea pigs rendered serologically.
unresponsive (i.e., no antibody produection) te PPD by
neonatal injection were fully capable of demonstrating a .
hypersensitivity- to PPD (Janicki, Schecter and Schultx,

1970).

In more controlled experiments, in vhich adjuvants
were not used, mice injected with HRBC and expresasing
humoral immunity for that antigen were shown to contain
antigen-specific T oslls which actively 1inhibited tne
induction of antigen-apecific DTH. This was demonstrated
by ¢transferring ‘thiéi cells ¢to eyelaphasph;;idastr;:tcd
nice éubgaqugntly immunised to dgvilap a DTH reaction to
that antigen (Ramshaw, Bretscher and Parish, 1976). It
could also be shown in this systenm, ;by inducing a
Lantgins;P:eifia humoral response, that mice mounting an
antibody responase oaould inhibit the ;nduetian of DTH to
HRBC determinants physically linked to that protein. It
vas also demonstrated that mnica .treated with
dyelapha:gh;:idi and ;i;uniscd with HRBC to develop strong

delayed hypersensitivity to that antigen not only displayed

no humoral immunity to the antigen but alaso contained T .

v 8
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cells which would specifically inhibit the induction of a
humoral response by normal spleen cells 1in an adoptive
transfer system (Ramshaw, Bretscher and Parish, 1977).
Thia induaéiﬁn of antigen-specific immunity in one class of

response with concomitant induction of antigen-apecifio

b

inhibitory T cells of another class of iiiunity may well be

the cause for the inverse relationship between the

induction of humoral and cell-mediated immunity observed
when investigators use the same antigen in the native state
or chemically modified by !Q?EQ!Eltjlltiﬂﬂ. This procedure
has been shown to éaduaa the immunogenicity of ; compound
without grossly altering the specificity of the remaining

antigenic determinants, i.e., they still bind antibbdy

o

ralised against the native antigen. While native antigen,

flagellin from (Parish, 1971) or SRBC

. (Parish, 1972a), normally induces humoral immunity when
injected inflo rats 1ip or sc, increasing degrees k
ln!tnldit!lEﬂl: of the antigen reduced the humoral
response while enhancing the cell mediated response. A
aimilar phenomenon was shown Hith CNBr fragmentas of
flagellin versus the native antigen. Even when both types

1
of response are induced following immunisation with antigen
in adjuvant, they tend to dominate the responss
ssquentially as meatiomed earlier in the experiments by

Salvin (195%8).
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The inverse relationship between the induction of DTH
and antibody-forming cellas can also b:i seen Jip vitro
(Ramshaw and Eidinger, 1979; Bretscher, manuscript in
preparation). A conatant number of normal spleen cells
cultured with various concentrations of antigen (HRBC)
., mount only a DTH response at low concentrations, only PFC
at medium concentrations, and only DTH at the highest
concentrations (Ramshaw and Eidinger, 1979). The same
basic phonopoaon" is demonstrated vhen th§ antigen
concentration is held conatant -but the number of normal
spleen cells is increaséad either in cultures (Bretscher,
manuscript in preparation) or in adoptive tranafer syatems
(Bretscher, manuscript submitted). Low numbers of normal
spleen cells nouni'DTE reactivity against an antigen vﬁi&e
higher numbers of spleen cells with the same antigen
concentration induce a FPFC response.

7LX,

Mouse spleen cells can also be -induced to genarate
preferentially IgE or IgG anti-hapten production 1j$11£23
by mice that have been primed with low (0.01ug) or higher
condition; of priming, by changing only the antigen dose,
favour the induction of a particular olass of immunity

(Kimoto, Kishimoto, Noguchi, Watanabe and Yamamura,{1977).

e



It has long been observed that feeding of a particular
antigen to animals renders them imunologically anergic to
that antigen (Wells, 1%11); Chase (1946) fed allergenic
compounda to guinea piga and subasequently tried to akin

saensitise those animals with the same compound. In a vell

controlled experiment, all control animals developed

contact sensitivity to the substance 2:4
dinitrochlorobenzene vhile the experimental animals
demonstratad antigen-specific reaiatance to skin

senaitisation. "Tolerance" to systemic DTH .reactions by

wn as the

»]

prior feedin of haptens became kn

the induetion of T cells which specifically suppressed the
induction of DTH, IgM, IgG (Mattingly and Waksman, 197&%
and IgE (Ngan and Kind, 1978); and with the induction of
antigen-specific IgA (Challacombe and Tomasi, 1980). The
phenomena described following intragastric administration
of antigen oan only be induced against those antigens to
which an animal is not already immune; in this situation,
oral administration of antigen tends to immuniae
syatemically rather than "tolerise", It has not been
determined whethi¥r IgA was produced to the antigen against
which the animal is already systemically immune.
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The mechanisam(s) by whioh cellular cocoperation
functions in immunoregulation 1s still a matter of aome

contro’cP;y. Helper T ocells recognising an antigen and
cooperating with another cell for induction must ensure
that the right (i.e. antigen-specific) cell is triggered.
This may occur by helper T cells apeacific for antigen,
which induce other immunécompetent cells recognising the
same antigenic -@la;ule; or by helper T cells whiech
recognise idiotypeg on the antigen-specific receptors of
immunocompstent a?lla. It has been poaaible to demonstrate
regulatory T cells, bgth positive (Woodland and Cantor,
1978) and negative (Ward, Cantor and Nisonoftr, 1978),
specific for the idiotypes present on ocertain "dominant
clones® in various mouse sastrains, These dominant clones
are cells with particular idiotypez that repressnt a
substantial proportion of the cells ragéanding to a
particular antigen, typically a bacterial carbohydrate. It
is not yet known whether this idiotype-aspecific ﬁ%gulnt;an
is a general mechanism, or if it operates only to regulate
dominant clones. Studies demonstrating a requirement for
linked recognition show a neesd for iﬁart range inductive
sigpala between cells specific for the antigen, whether or

not idiotypic determinants are also recognised.

.
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In summary, there are numerous experimental systems in
which one claes of immunity is induced ind, at the same

time, other classes againat the sSaRe antigen, or

a
L2
e

eterminantly. physically linked to it, are actively
inhibjited, Moreover, thers i:i:ta a type of biar;rchy of
response, at least aas far as CMI, IgM and IgG (or IgE and
IgG) are concerned, For a given number of responding
cells, IgG requires more antigenic stimulation, IgM 1--:“
and cﬁi the least; or IgG requires the most responding
cealls, IgM less and CMI the least if the ;gtigaE
concentration isa held conatant, Careful quantitation of
faotors involved in the induction of these various classes
suggests - that the hierarchy depends on the number of
functional triple ea-pl;:cs of antigen, antigen-apecific
pPrecursor cell and antigen-specific helper cell (or helper
factor) that are available during the inductive phase,
This hierarchy of response for DTH, IgM and IgG, ;ndvits
dependence on the number of fuﬂatian:l triple complexes
present was predicted on theoretical grounds (Brit:ah:?,
1974,1977). Experiments designed to test the i;:a:pt;aﬁx
’;ndg in the theory of immune class regulation have so far
been consistent with the theory, including tha;arprciént:é

in this thesis.
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111) Bilological significance of "immune deviation"

It has been known for a 1555 time, largely through
"experiments of nature®, that various classes of immune
response are most effective against different pathogsna,
CMI is necessary to fight off viral and fungal 1nfaeti§naa
as well as certain bacterial infections, particularly
against those organisms that tend toe live intraceliularly
(e.g., Brucella, Salmopella, Mvgobagteria, etc.). Humoral
immunity 1is essential to protect igiin:{ other bacterial
pathogens as evidenced by the repeated bacterial infections -
-suffered by agammaglobulinemic individuals (Cooper and
Seligmann, 1977). Patients - deficient in IgA production
tend to have higher instances of allergies or immediate
hypersensitivity reactions and a higher 1incidence of
autoimmunity (ra!;:1,1§ao)i Moreover, those who are not
imamunodeficient but produce the wrong claas of immunity
against a particular organism (e.g., humoral antibody

)

against

suffer from more severe disease than thoase 1ndividunl§i-

producing an appropriate class (Paul, 1980). Obviously,
-

foreign invaders than other classes. This pattern can be

seen to correlate with the hierarechy of responses
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previously descaribed. A virally 1infected cell aqontains
many self determinants with relatively few foreign ones,
and the nu:?:r of tripl: complexes formed early im a viral
1;r§egian will therefore be small, favouring the induction
of cell-mediated immunity. As the virus multiplies, the
effective antigen concentration incresses and more
complexes will be formed, favouring progression of the

response into humoral immunity (IgM, then 1IgG). This is

exactly the sasquence seen following
infections of mice. Furthermore, the expression of viral
specific oytotoxic T ocells and IgG against Sendail virus
infections of C57B1/6J mice are mutually exclusive (Tucker
and Stewart, unpublished gbsérvntigns)i A  bacterium
carries more foreign determinants and most (with the

=

exception of those that tend to 1live intracellularly
mentioned earlier) tend to induce humoral immunity {f they
penetrate the mechanical barriera of the organism to
produce an infection. The resident mucous membrane flora
induce predominantly IgA reactivity, which protects the
individual fra: invasion, but does not destroy these
necessary bacterial commensala. Even IgE appears to be
b-n-fiainl especially in the reaponse_ against helminthia

parasites (Ogilvie and Lava. 197h), nlgxiygh the evidence

completely oconvinocing. There are conflicting

e
o
-]
o
L]
”

reports about the health of IgE deficient human patients
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(Ammann, Cain and Ishiszaka, 1969; Levy and Chen, 1970), so
the benefits of this class remain somewhat doubtful, One
should not assume a response is only harmful gi!alﬁ!i one
sess only the harmful effects induced by that particular
class. DTH used to be thought of as a detrimental type of

immune response because the lung damage seen in TB patientsa

or the ranuloma formation seen in patients vith

tubercle-type leprosy is largely due to the DTH reactivity
associated with these infections rather than the action of

hia 41is ¢true to aome

e

the offensive organism itself.
extent, yet if an antibody response is raised againat
Mycobacterias it is completely ineffective at controlling

the organism, and the result 1is lepromatous leprosy er

miliary tubesrculosis,

are beneficial in varicus different

sitUations, while inappropriate responses may actually be
detrimental. If there were no class exclusiveness and all
responses were induced concomitantly against all antigens,
they might interfere with each other's efficacy (e.g.,
enhancing antibody protects tumours from CMI destruction),
80 there is good bilological sense in having only one class
of immune response at one time. Thia should be the type of

response most effective against that particular antigen.

N
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The more ®foreign®" the antigen 1s, the more specific
precursor T cells there will be rigagnis;n; this antigen,
the more triple complexes of antigen plua antigen-reactive-
cells there will be, and the more the response will tend teo

humoral immunity veraua cell-mediated immunity,

Extensive arguments have been presented by‘Eritsah:r
(1974, 1977) 4indicating how this scheme nmight -igigigg
autoimmune effects of induced anti-self reactivity, From
the point of view of this study, it is relevant that this
theory postulates aspecific cellular cooperation to be
necessary for the induction of all classes of immunity. To

date, cellular cooperation has been demonstrated for the

induction of nearly all olasses with the exception of DTH.

Before presenting evidence for my demonstration of T-T
cooperation in the induction of DTH, I should 1like to
review the various systems recently employed to induce DTH
reactivity. I shall emphasise those studies in which mouse
cells are induced to mount DTH responses against xenogeneio

erythrocytes,



S. 1he DRIH reagtion

Early attempts to dissect the DTH response focussed on
4;. elicitation of the reaction. Many early experiments
were done in guinea pigs and the réactions were estimated
by eye or the diameter (mm) of "redness" around an
injection site of depiliated skin. Nelson and Mildenhall
(1967) were among tyo first to introduce footpad thickness
after local antigen injection into sensitised mice as a
reliable method of measuring DTH, although it remains
slightly - subjective. These workers also correlated the
iaduoction of DTH to SRBC with the production of a *globulin
component®™ in the serum of sensitised mice which was
cytophilic for peritoneal exudate cells (PEC, presumably
macrophages) from unimmunised mice. Following incubation
of the serum with normal PEC, the SRBC could be
specifically rosetted by cells incubated with serum from
SRBC-immunised as opposed to unimmunised animals. This
cytophilie "antibody"™ ocomponent was seen only at a ti-i
when DTH ocould also be elioited in the footpad and before
the appearance of SRBC ‘ hemagglutinating or
complement-fixing antibodies in the serunm. ‘§h1§ idea of
speeific T cell factors beiag tramsported enm tio surface of

another cell in which form they can be active could explain
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the apparently-specific role attributed to macrophages in
various immune reaponses. This possibility is extremely
appealing as it gives this non-specific but necessary cell
a Reans to participate in immune reactions in an
antigen-specific fashion. Spegific suppression of contaat
sensitivity ocan also be transferred by PEC that resisted
anti-theta plus complement treatment but was sensitive to
trypsin treatment (Asherson and Zembala, 197X). The
generation of this suppressor factor was shown to be
senaitive to anti-T cell reagents, was antigen-specific,

and was pgesively transferred by a macrophage.

The avwelling sgu;id by the local injection of antigen
into an animal actively or passively sensitised for a DTH
reaction to that antigen 1is caused by the influx of
mononuclear cells as shown by the atudies of Dienes ;and
Schonheit (1932). Theae cells aan be showa by
radiolabelling studies to be largely nonspecific cells that
have been newly generated and are hagt-d:r;vcd (H§61u;Egy,

Benacerraf and McCluskey, 1963). When two populations of

sensitised cells are generated against tvo
nen-cross-reacting antigens (diphtheria toxoid ;nds

parachlorobensoyl ochloride), and one of these populations
is radioactively labelled before both are transferred to a

single animal, an apparently equal, amall number of
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labelled cells appear in distant sites when challenged with
sither antigen. Labelling the animal itself approximately
two days Dbefore the sensitised cells are transferred
results in abundant label appearing in the challenge site
to either antigen. Very few antigen-specific ocells then

are neceéssary in the asits to cause the !:l!if&xéillullP

infiltration characteristic of the DTH reaction.

Various labelling techniques were used to deteoct DTH
reactions after it was discovered that the animal itself

-

could 'be labelled, This allowed smallesr reactiona to be
i 4

detected, espascial

=

¥ if one measured the radicactive influx
into a swollen pinna .of a mouse ear. Sabolovie, Buegnot,

Dumont and ;ujadaui (1972) managed to daganstrﬁti DTH to

o

SRBC without the use of adjuvant using these types of assay
mbthoda. This increase in radioactivity could be shown to
be T cell dependent since it did not oceur in nude or

thynoo&hgi:-d Rice to the same extent.

DTH reactions are always charaoterised by sonme
oonﬁ&natinn of the following criteria: their delayed onset
(12-2% hours), their long duration (3-X days), their
mononuclear cell infiltrate, their T ocell dependence,
antigen specificity and transferrabiiity by cells as

opposed to serum (Cooper, 1972; Cooper -and Ada, 1972).
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Adjuvants were usually required to induce the reaponses
until recently, and it was oftem difficult to diatinguiah
true DTHE reactiona from other askin reactivities unless
great care was taken to use an appropriate assay,. The
discovery of outaneous basophil hypersensitivity in the

'l

M

guinea pig, wvhich gives a maximum skin reaction at
hours, is not necessarily associated with detectable
cells and not serum (Richerson, Dvorak and Leskowitz, 1970)
led some to question what type of reaction was being
measured by various assays. The skin reaction induced in
cutansous basophil hypersensitivity is a Llat
Well-ocircumscribed erythema with little or no induration,
is usually gone before A8 hours, and studies with
carrageenan E:va shown that the macrophage is not an
important contributor to the reaction. These inveatigators
ventured to say that any  skin sensitivity ggnhr;tnd,
®specially those against protein antigens or hapten-protein
conjugates in the absence of Freund's complete adjuvant,
was probably due to this type of reactivity rather than
tuberculin-type reactivity. This is clearly not the oase,

for a flat erythema would not represent any significant

svwelling in a footpad measurement assay. It was shown by

Lagrange, Mackaness and Miller (1973) that SRBC inje iv
or 8¢ in saline without any adjuvant, result n a
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classical DTH reaction and could be measured by gspeeific
swelling following the injection of antigen. They found

that a rapid transient (day N-6) DTH state was induced by

o
the iv injection of comparatively low doses of SRBC (105),
o
and a slightly slower developing but longer lasting (day

k-9) state of DTH reactivity could be induced by the asa
injection gf larger (108) doses of SRBC. Formal hiatology
on mouse feet following the elicitation of SRBC-~apecific
DTH in mice ii:unﬁsid without adjuvant was reported in 1978
(Mitsuoka, Tgrnigﬁau; Baba, Morikawa and Yasuhira, 1978) at
which time this reaction was shown to be lacking in
basophils and displaying the histology of a classiaal

e

tuberculin-type Eypiraigaitiiity reaction.
One must be ocareful in the use of radioactivity used

to measure DTH reactivity because, depending on which

components in the animal have been labelled, an
accumulation of radioactivity could be detected at the site
of any inflammatory reaoction induced. This could ocour by
the influx of polymorphs, or basophils, or merely fluid
accumulation (even simply hyperemia) with accompanying
labelled proteins. An inorease in thiockness should measure
only a cellular infiltrate 4if the ;Bitﬂllqgl area is.
swollen dng to a true indurgtinn rather than mere rluid

accumulation. In the case of an Arthus type rggatibni the

=
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svwelling should collapse with application of the calipers
used to measure the ear or footpad thiockness; and in the
case of basophil hypersensitivity, the area is flat and
erythematous rather than swollen and indurated as in a true

DTH reaction,

DTH reactivity can be measured in variousa vays. The
animal itself may be sensitised to ?110 a DTH reaction lﬂﬁ
then have antigen injected at a particular site, or an
animal may be passively ;:niigis-d by asyatemic transfer of
sensitised cells with ;gtig§; being injected into the ear
or footpad. A local transfer of a set nulb:? of sensitigsed

" cells with or yithout antigen into the footpad of a naive

mOuUsSe can also be used,

A study in 1976 (Robinson and Naysmith) compared &
methods for wmeasuring ocutaneous DTH reactions to protein
antigens (KLH and HSA) in mice. After inducing DTH with
img. of protein in CFA, the specific skin reactiona of
these animals were measured by the techniques of: inorease
in ear thickﬁo-s: inorease in footpad thickness, arrival of

TCr~labelled syngeneic lymph node ocells or [1251)udnr
accumulation at the challenge site (ear). It was observed

that the most sensitive and reliable test was the inarease

in ear thickness. Increase in footpad thickness was found
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“to be reliable if strong DTH reactions were being measured.

It was diac

d in soms studies of systemic t?!ﬂifi?
of sensitised cells, that irradiated sensitised cells could
not transfer sbnsitivity to normal recipients (Kettman and
Mathews, 1975). Howvever, irradiated asenaitised cells aould
tranafer sensitivity when given locally to the footpad with
antigen., This was not possible if the host animal had been
irradiated. These observations suggested tyft the cells

nt

r:;pugliblg for initiating the reaction were radioresist
thc;s:lvnl, but required a radiosensitive population from
the host 1in order to ilié?t a reaction. Hill:r; Yadas,
Hhigiliﬁ and Gamble (1975b) showed that the asystemic
transfer of lymph node cells asensitised to Eive a contact

sensitivity reaction to DNFB could give antigen-specific

ear swelling in a thymectomised, bone marrow protected

recipient, but the transfer was sensitive to anti-theta
treatment. It therefore appears that a radioresistant
sensitised T ocell, when present in the same site as
spicifie antigen, orchestrates an influx of non-specific

r:diasiniit;vi“aan-r mononuglear cells into the site during

the course of a reaation,

The systemio transfer of oells sensitised for DTH

reasctivity ias subjesct to illa;gncia restriotion phenomena
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as reviewed earlier, but the local transfer of cells and

antigen has been shown to be non-restricted (Lubet and

Kettman, 1979). There i3 a requirement for yngeneic

the locally tranaferred DTH reaction for maximum swvelling.
This has been shown by the diﬁlgtiaa of adherent aells from
a sensitised population and subsequently injecting the
nonadherent cells plus antigen iﬁta‘thi footpad of a naive
mouse. A atrong DTH reaction is elicited only in the case
of an H-2 syngeneic mouse in this situation. The addition
of gérill spleen cells, asyngeneic to the sensitised cells,

s measured by footpad aswelling.

A number of ipn vitro correlates of DTH have been
studied in an attempt to rfind a reliable, less subjective,
and less expensive aasay for the measurement K of D:E
reactivity. These inolude MIF assays (Feinstone, Beachey
and Rytel, 1969); macrophage aggregation assays (Phillips,
Carpsnter and Merrill, 1;72); bl:gtﬂgjnia‘ri:panl-: usually
measured by radioactive thymidine incorporation (Warnatz,
Soheifforth and Gollniock, 1972); and antigen-dependent
cytotoxicity -against innooent bystander ocell (Ruddle,

- 1979). DNome eof theae teats is ocompletely comsistent with

the development of footpad swvelling reactions to the
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exclusion of other classes of immune response (Crowle,
1975) and are therefore questionable techniques for the
study of tuberoulin-type DTE reactiona asa E:flnad in the

literature,

ﬁgzh the advent of techniques to induce DTH reactivity
in vitro and measure the reactions by the injection of
sensitised cells plus or minus antigen in the footpad of a
naive mouse (Bretscher, 1979; Ramshaw and Eidinger, 1979),
it becanme p@;aibl; to dissect the cellular requirements for
the induetion of DTH. The study to be presented will show
that the induction of DTH reactivity ip yltro requires the
cooperation of a specifically primed T cell, whose efrects
are radioresistant, and which muat be saspecific for a
determinant physically linked to the determinant against

/
which the DTH reactivity is to be directed.

\*‘

——



1) Animals,
CBA/CaJ mica, aged 6-12 weaks, were obtained from the
University of Alberta lﬂ&iil facility. Male or famale mice

veares ussd, the sex being kept constant throughout

individual experiments, These mice were used for all
experiments unlesas specifically stated otherwise,

AKR/J mice, aged 6-12 weeks, were obtained from the

Jackson Laboratories, Bar Harbour, Maine, U0.S.A..

2) Antigens,

1) Erythrocyte antigens.

BRBC were obtained from the Colorado Serum Company,
Denver, Colorado, U.5.A.. They were stored refrigerated in
Alssver's solution and were replaced with fresh cells,
purportedly from the same. animal, every montn. The cellsas

were washed three time» with normal saline befors use.

CRBC werle collected from a particular bird (genotype

B2/B2 at the major histocompatibility complex of the

'aﬁigtgn)-‘ an ,‘1‘ were ocollected into a heparinised

syringe, and the cells were washed immediately three times

in Leibovity medium and atored in this medium in tne
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refrigerator for not more than two weeks. The cells were
vashed three times with normal saline before use.

MRBC were <collected 1into Alsever's solution from
CBA/CaJ mice. These cells wvere washed three times in

normal saline and used within two days of collection.

i1) Protein antigens,
FGG was prepared from wvhole ochicken serusm collected

from a slaughter house. The 333 ammonium sulphate

(W]

precipitate, pH 7.0, was purified and lyophilised by Dra.
Bretscher and Diner according to the method of Miller and

Sprent (1971). The protein preparation was collected and

-1

ged to be purae FGG by the criterion of

Ju
immunocelectrophoresia.

Alum=-precipitated FGG was prepared by the method of
Chase (1967). Equal volumes of 10 mg./nl. protein solution
and 10% potassium aluminum sulphate were mixed, and the pH
adjusted with sodium hydroxide until maximum cloudiness
developed (pH 7.0-7.2). The precipitate was washed several .
times with normal saline, and dilutions of the precipitate
;iri suspended %ﬁ“,25“1_ volumes and injected into the
footpads of nafé:l ;}ag, The largest cagaiﬁtr:tian of
precipitate that gave no éangipinifia-;inllin; reaoction 1in
the footpad was used as antigen to test for FGG-specific
DTH.
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111) Coupled antigens,.

"For chromic chloride coupling, a 1% chromic chloride
(CrCl3) in saline solution was adjusted to pH 5.0 every day
until the pH remained stable (approximately three weeks).
'his was then diluted to 0.01% in saline and added dropwiase
with continuous agitation to & tube containing O.i{L. of
packad RBEC, 0.9m¥. of saline and AOul. of a 10mg./ml.
protein solution in saline, until slight h:}g:;glutinlziag
could be ﬂ:t;at:d (Gold and Fudenberg, 1967). Coupled
cellas were then prepared in other tubasa using sli;ﬁtly lesa
than haemagglutinating amounts of cr213 solution (e.g.,
500-600ul. vs 800ul.). The cells were allowed to stand at
room temperature for 10 minutes, and the reaction was
satopped by the addition of cold FBS. The calls were washed
three times with saline containing 5% FCS, and titred by
microhaemagglutination with a mouse anti-FGG antibody to
determine that the cells had protein on their aurface. The
amount of CrCl3 required to obtain ocoupled cells showing
the highest hemagglutination titre with anti-FGG antibody
wvas used to couple cells for experiments set up én that

G

particular day.

™ FGQ was alao ocoupled to red cells by specific anti-RBC

antibody made by immunising chickens against the target red
cells, FGG anti-BRBC was prepared by injecting ochickens

[ 3
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according to the method of Miller and Warner (19T71). Powl
were immunised iv with 2.5 x 109 BRBC, boosted at two weeks
with 2.5 x 109 BRBC iv, and the serum was coll;otod after
10 days. Aliquots of 0.5ml. of this antiserum were stored
frozen until use. This antiserum agglutinated 2$BRBC to a
dilution of 1:256.

FGG ant1-SRBC and FGG anti-MRBC had been prepared by
Dr. Bretscher by the same method, except that rat RBC were
used to immunise the birds for the anti-MRBC antiserus.
3?13 antiserum had a'very high titre against MRBC (1:102a),
and none against BRBC.

FGGBRBC ;onJugatoa of this type, when used as antigen,
were prepared by incubating the red cells with a 2-fold
lower amount of FGG-anti-RBC antibody than that required
for hemagglutination for 30-60 minutes in a 37°0°cC.
waterbath. The cells were then washed three times witn

normal saline before wuse in culture or for footpad

injections.

3) Immunisation.

Mice were primed iv with 0.5mg. PGG dissolved in
0.2ml. of physiological saline. .

Mice primed 1iv iith RBC were given the appropriate

number of ocells suspended in saline in a volume of 0.2ml..
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The lateral tail veins were used for these injeetions.
Mice primed sc with RBC were given erythrocytes in

saline in a total volume .of 25ul. per hind footpad,

§) Preparation of cell suspensiona and culturae
conditions, |

Single spleen aell suspsnsions were prepared 1in
Leibovitz medium by nmincing the spleen aells and gently
passing them through a stainless steel vwire mesh. After
the cell clumps had settled for 2 minutas on ice, the cells
suspended in the supernatant were removed, washed twice in
Leibovitz medium, and the viable ocells wvere counted by
trypan blue exclusion. Those cells requiring irradiation
were exposed as single cell suspgniians to a 137cs source
(Gamma Cell M0, Atomioc Energy of Canada Ltd.) for the time
required to receive 1500R (approximately 15.9 minutes),

The cells were again washed before being added to the

cultures,

VTho culture medium (MEM) consisted of Eagle's :)ni;ui
essential medium supplemented with 10% FCS (Grand Island
Biological, X.Y.,U.S8.4.), jD-i M. 2-mercaptoethanol, and
50ug./al. Gentamiain (Shering Co., Kenilworth,

N.J.,U0.8.4.).

Diener-Marbrook cultures (Diener and Armstrong, 1969)



63

were set up with acells in a volume of 1 ml. in the inner

chamber, and f MEM in the flask. Microtitre wells

[V ]

Oml,

=]

vere cultured with varying cell concentrations im 0.2mi. of'
madiunm. Costar dishes contained a jinimus of 2ml. and a

maximum of 10ml. per well.

ra
5) Cell Separation Procedures. 7
: a
i) Preparation and use of anti-Thy-1 antiserus.

AKR anti-CBA anti-Thy-1 antibody was prepared by a
method developed by Dr. I. Ramshaw (personal
communication). A:BjZiég were injected iv with 5 x 107 cBi
thymocytea, and the asesrum éallaetid after 7 days was
i specific for CBA T cells, having no detectable activity
against AKR T cells, Anti-Thy~-1 treatment of cells
consisted of incubating 2 x 107 cells/ml. in a 1:5 dilution
of anti-Thy=1 ;nﬁ;bad: on ice for 20 minutes, washing and
resuspending the cells in 1ml. of a 1:5 dilution of rabbit
ag:pli;cﬂt (supplied by Dr, Pil:r:ki): After 45 minutes in
a 37°C. waterbath, the cells were washed and the viable
cell aauﬁtg verae i:tigntig by trypan blues exclusion. A
' more efficient commercial wmonmoclonal anti-Thy-1,2 IgM
"antibody (New England WNuclear, Lachine, Quebeo, G;ﬁ;d;) was

S:Lin available. In this ég;-i 107 cells were incubated on

ice in a 1:10,000 dilution of the monoclonal antibody for
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60 minutes, and agarose-absorbed guinsa pig complement
(Cohen :nd,Sehlalin;-r. 1970) wasa :dd-q to a final dilution
of 1:16. The remainder of the pracﬁg;rq vas identical to
that described above for the conventional antibody
p:ipgrltinn! Cells were also incubated under identical
conditions, except that the apecaific antibody was not
added, to enaure that any loss of activity of the treated
cells required the presence of the anti-Thy-1 antibody,.
-
11) T cell enrichment.

Nylon wool (Fenwal L:bar;tarfa;, Deerfield, Illinois,
U.3.4.) was autoclaved a minimum of 3 times in fresh normal

saline and lightly packed into a 10cec syringe up to the

Tml.  mark. Ssvar:; volumes of warm Leibovitz mediu
supplemented with 10% FC3S were rinsed through the syringe
and the columns were allowed to warm to 379C, for one hour.
A warm ocell suspension containing not more than 2 x 108
cells/2ml, was added to the column. The flow was stopped
as the last of the cell suspension entered the aalug; by
Plugging each end of the syringe. These ocolumns were
incubated at 379C. for one hour, then the effluent (T)
cells were collected by rinsing the ocolumn with 25m1. of
Leibovitx medium plus 10%FCS. These were washed and

counted by trypan blue exclusion.
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114) Isopaque-ficoll gradients.

Viable <cells were separated 'fPOI dead cells and
fhtigon (RBC) after culture by centrifugation on
Isopaque-ficoll gradients (Davidson and Parish, 1975).
Four ml. of a 13:5 mixture of 14§ fieoll (Ficoll ko0,
Pharmacia Fine Chemicals, Uppsala, Sweden) in water and 30%
sodium metrizoate (Myegaard and Company, A/S, 0slo, Norway)
were placed in a 15ml, polycarbonato\\tube. Five ml. of
oﬁlturod cell suspension containing not more than 108
viable WBC and not Qpro than 1010 RBC was carefully layered
over the fépoll ;blution and these gradients were
centrifuged at 2800rpm in an MSE bench-top centrifuge for
20 minutes at room temperature. The viable WBC are
collected from the interface of, the ficoll solution and the
medium, while the dead cells and erythrocytes are spun to
the bottom of the tube. Viable cells were _v{ghod three
times in Leibovitz medium and counted by trypan blue

exclusion.

6) Assay of the DTH response.

Viable cells separated on isopaque-ficoll gradients
vere injected into the left hind footpad of a normal mouse
at a dose of 107 gells per mouse in a volume of 25ul..

Some mice also received antigen in the 25ul. injection,

-
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Twenty-four hours later, the swelling ocaused by the
sensitised cells was determined as the difference in
thickness between the left and the right hind footpads.
The footpads were measured with a dial micrometer (Oditest,
649, Schluchtern 1, Germany, P.R.). An anatomical marker
on the footpad was used in the positioning of the measuring
plates of the micrometer to enaure the repeatability of the
Iil!Bg}iintE. and the plates were allowed to close until no

A _ . . .
ligPt could be seen between the footpad and the front edge

of the measuring plate. Each footpad was measured
minimum of two times, and the mean svelling of mice give
107 sensitised cells plus and minus antigen was recorded.
The antigen-specific swelling reported is the difference of
these means, and, 1in this case, the gt;nd;rd error 1is
calculated as the square root of the sum of the aquares of
the atandard errors of the swelling obtained witm and

without antigen.

7) Z:i;y of the humoral response.

The humoral response to a red cell antigen was
measured by !ﬂﬁiiritin; the number of PFC by the standard
plaque assay (Cunningham and Szenberg, 1968). Fifty ul. of
103 target RBC were combined with 50ul. of a non-toxie

dilution (1:5) of guinea pig complement (Flow Laboratories,
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McLean, Va, USA) 4in a nmiorowell ocontaining 100ul. of
Leibovitz medium (in the case of direct PFC). Twenty ul.
of cell auspesnsion weras added, the ocells wvere mixed ana
tranaferred to Cunningham slide chambers. The slide

ararfin wax, and incubated

o

\Eh‘.b-rl wers snflgd with hot

t 379C. for a minimum eof 60 minutes. Indireoct PFC were

Oul,

F]

measured in a similar manner except that, inatead of 1
. [
of medium, the appropriate wells contained 75ul. of mnedium

5ul. of "snhanoing serum® (rabbit anti-mousse

[,M]

and
immunoglobulin). Typically, 1/25th of a oqulture and
1/200th of a spleen would be assayed.

FGG-specific PFC were assayed by the method of Miller
and Warner (1971). FGG-anti-SRBC was coupled, at a
dilution 2-fold lowver than that required for
bemagglutination, by incubating SRBC and this antiserum at
37°C. for 30-60 minutes. PFC responses vaere then measured
ageinat SRBC and FGGSRBC. Fowl gamma globulin can not fix
mammalian complement (Cushing, 1965), so the diff:r;ﬂag in
response against these two targets ia an estimate of the

PGG-specific PFC response.

S

=
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The resulta portion of this thesis Las been divided
into two main sections. The first oconsists of preliminary

experiments designed to define a oculture system in which

antigen-specific help for the 1p4uction of DTH ?;y be
detected and studied. The main i1deas tested have been
outlined in order to give the reader an idea of how the
experiments progressed in the direction they did. In wwhy
cases, interesting Qb!!ril;iﬂﬂl were made, and possible
ig;irprit-tian: -:d?faggiif basis to further develop the
iyitil; hovever, ét: iniirpritgtian: were not further
substantiated as the purpose of this preliminary work was
to ::;;blisg the system. Major problems hav; been noted

and overcome as the system developed. As many of these

were very preliminary experiments, and the low yield of
cultured cells was one of the major problems, the results
L §

in this seotion (A) are often obtained from eéxperiments in
which very few mice wveras ingigtgd for footpad measurements.

The sensitised ocells injected without specifically added.

ntigen often ocaused footpad swelling in the sarly

xperiments and this 'b:akgrﬁi:gi! s¥welling has Dbee

regorded for any experiments vhere it measured more than 20

units.

68
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Thc‘-oognd section of these results (B) ocontain the
formal experiments in whioh the induction of DTH against a
xenogeneic erythrocyte Aipn yitrg wvas shown to resquire an
adti;on—npooif;e, radioresiastant, helper T qell function.
The nmechanism of aoction of this helper ocell was also
stydied and shown to act by the linked recognition af
antigenic dotir:in:nt:; In these experiments, 10 mice have
been injected per experimental group in each experiment, 5

with 107 semsitised ocells and antigen and 5 with 107

sensitised cells alons. ¢
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A1) Conditions for the induction of DTH Ain vitrg

1) Two chosen antigens do not aross-react

In thia atudy, culturse conditions have been
/

- investigated to establish the requirsementsa for the

indudtion of DTH jipn vitro, and how they are related to, or
differ fra:, the requirements for the induction of humoral
immunity. It was necessary to have two non-cross-reacting
:ngignnl that could be physieally linked to one another, or
not, at will, 1in order to perform the planned 1linked
recognition experimenta. BRBC and FGG were chosen because
thare %; no gvid-é§§:§: background immune response to these
sintigens, and hence responses against them are not obaervad
on culturing c¢ells 1in the absence of antigen. The
croas-reactions between the humoral, responses to these two
antigens vere examined to determine whethsr they weare
grossly cross-reactive, Mice were injected iv with either
M x 108 BRBC, or ¥ x 108 FGGBRBC conjugates, the FGG having
been coupled to the erythrocytes with chromic chloride.
Spleen cells from theae mice were assayed for PFC against
SRBE, FGGSRBC, and BRBC monolayers X days later. fhg
Ejiult: are shown f% Table I, and wvhile both groups of mice

respond to BRBC, the only response to FGGSRBC over the

P

- shesp . background response ocours 1in those mice injected
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with the FGGBRBC conjugate. This ia preliminary evidence
that the FGG and the BRBC do not grossly cross-react, at
least at the antibody level in the whole animal, ‘ainaa
immunisation with burro erythrocytes did not increase the
FGG PFC reasponse,. It 1a also evident from these results
that the FGG ocoupled to the BRBC does not completely
obscure the burro-specific determinants asince the PFC

response against burro is comparable to the response

against FGG.

Experiment 3 of Table I also included Diensr-=-Marbrook

N-day ocultures with 1.5 x 107 normal spleen cells plus -107

c. The same

BRBC, resulting in a PFC resonse against BR
type of cultures incubated with FGGBRBC did not praduce:any
significant FGG- or BRBC-specific PFC reaponse (Table I).
Other ocultures in the same esxperiment contained 1.5 x 107
normal spleen cells plus 109 BRBC and resulted in the
induction of DTH against BRBC after 6 days in culture; and
wvhen FGGBRBC conjugates were used as nnﬁ;ggn, some DTH was

indué¢ed againast BRBC and FGG (Table II).
’ Y



Day ¥ PFC response jipn vivo or in vitrog

Antigen “prC
SRBC FGGSRBC BRBC

Exp1

BRBC2 800(566) 200 (181) 8800(2600)
FGGBRBC2 200(141) 16600(5800) 1TRO0(A66T)
Exp2 i

BRBC2 0 (0) 200 (115) 23600(6582)
FGGBRBC2 200(115) 9200(1500) 11200(3695)
Exp3:

BRBCZ2 200(115) 200 (115) 21400(2200)
FGGBRBCZ2 200(115) 12800(3350) 17000(1620)

BRBC3 550(210) 250 (80) 5800(1765)
FGGBRBC3 1035(220) 900 (280) 550 (180)

~—=-3 500 (T1) 775 (175) 0 (0)

1)Numbers
cells) per

group.

represent
spleen, or

2)In vivo experiments.

rean

number of PFC
culture, and
parentheses represent the atandard errors.
3 mice per group; Experiments 2,3 - i mice or cultures per

for BRBEC- and FGG-speaifie PFC.

3)Ip_vitro
for BRBC=-
1.5 x 107 normal
conjugates,

experiments,.

spleen cells and

or no antigen,

107BRBC,

(plaque-forming
the numbers
Experiment 1

Mice were injected iv with 4 x 108
BRBC or FGGBRBC conjugates 34 days previously, and assayed

Cultures were assayed at 3 days
or FGG-specific PFC responses after culture of
107 FGGBRBC
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TABL
DTH response to FGG or BRBC after 6 days in culture
Antigen Swelling!
(in culture)
BRBC FGGMRBC no antigen.

A) BRBC T8 (&) N.p.2 26(13)
B) FGGBRBC 52(13) ¥1(15) 7 (1)
C) no antigen NO (8) 22(10). N.D.

1)Mean swelling of 3 mice injected with 107 sensitised
cells and 5 x 107 BRBC, 5 x 107PGGMRBC, or no antigen.
Swelling 1s measured in units of 10-2mm,, and the numbers
in parentheses represent the standard errors.

2)Not done.

w
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i1) Help for thymocytes.

In order to demonstrate a requirement for help, one
must set up an Q:pgdi:ant;l system where one auapects help
is limiting, and add>a asource of antigen-primed cells that
will contribute to the antigen-specific induction of immune
reactivity, but not contribute functional precursor cells
to the cultures. Irradiataed ;plagn cells from
antigen-primed animals have been used in the past to
provide such a source of helper avtivity for the humoral
response (Kettman and Dutton, 19T71) and for the cytotoxie T
cell response (Pilarski, 1977). Irradiation does not allow
cells to divide and differentiate, but cells that are fully
differentiated at the time of irradiation can apparently
function until their death. It waas decided to use
thymocytes as a source of DTH precursor cells and to add
1rrad1atoq‘5plesn cells from mice primed 4 days previously
with 5 x 105 BRBC iv as a source of helper cells. Table
III shows the results of a preliminary attempt to u’tueg
DTH in this aystem, Although the swcllinginetivity induced
is small, the results indicate that thyiaéjtas cultured
with irradiated spleen cells. from specifically primed mioce
induce some »swelling activity 4if oultured with antigen

while those thymocytes ocultured with normal irradiated

spleen cells do not. The thymocytes ara necessary in these

X
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cultures as shown in 152: B, and any surviving irradiated
primed spleen ocells are not likely to be responaible for

the awelling obaerved.

Table IV shows the results of a limited titration of
irradiated spleen cells from mice primed with 106 BRBC iv 6
days before their spleens were removed and used to help
induce DTH reactivity with thymoaoytes. The
antigen-specific awelling can be aseen to be inoreased only
in those cultures containing 107 irradiated primed spleen
cells. Lower numbers of these primed helpers egﬁna; be

supplemented to 107 with irradiated normal cells to provide

effective help,
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\BLE II)

DTH response of thymooyte cultures containing irradiated
spleen cells from normal or BRBC-primed mice.

thymooytes irradiated cells! BRBC swelling3

‘ normal primed2 +BRBC -ag

A) 107 - 107 109 29(6) 2(3)

B) --- -——— 107 109 ~-4(5) N.D.A

c) 107 107 - 109 « 10(9) 10(1)

D) 107 .- 107 -——- 6(5) 3(8)

1) Irradiated cells received 1500 rad. of gamma
irradiation.

2) "Mice were primed iy with § x 105 BRBC A days
previously. R

3) Mean swelling in 10-2mm. units of 2-3 mice injected
with 107 sensitised cells and 5§ x 107 BRBC or 107
senaitised cells alone (no antigen).

§¥) Not done, In this experimental group, only 3 x 105
viable cells were harvested after 6 days of culture from an
input of 1.8 x 108, These were injected equally into 2
‘mice to ensure these were not potent DTH effector cella
that had survived after the irradiation treatment. '

4
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Titration of irradiated helper cells from primad mice
thymocytes irradiated cells! BRBC antigen-specific
avelling3
normal primed2
. r _
A) 07 95 x 105 5 x 105 109 -8(10)
B) 107 8 x 106 2 x 106 109 15(15)
c) 107 -—- 107 109 63 (8)
1) Irradiated cells received 1500 rad, of gamma
irradiation.

2) Mice were primed iv with 106 BRBC 6 days previously.

3) BRBC-specific swelling 1is calculated as the nmean
svelling (in 10-2mm, units) of 3 mice given 107 sensitised
cells and 5 x 107 BRBC minus the mean awelling -of 3 mice
given 107 sensitised cells without antigen. The standard
error of the difference is represented by the numbers in
parentheses, and is calculated as the aquare root of the
sum of the squares of the standard errorssxwith and without
antigen. )
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i11) Can priming to one antigen increase the DTH response
to a linked determinant?

! ) .

Results of other preliminary experimenta to see 1ir
priming to one antigen might help the induction of DTH to
an antigen physically linked to it are shown in Tables v,
VI and VII. The results in Table V are from an axperiment
in which mice were primed with A x 105 BRBC iv 2 days
before their spleens were removed and cultured (without
irradiation) with either no antigen or FGGBRBC.. After 6
days in culture the DTH was measured lgainft both BRBC and
FGG. The FGG-specific DTH wvas elicited both with
alum-precipitated FGG and with FGGMRBC, and thesa gave
equivalent swelling when injected with cells cultured with
FGGBRB&. The burro-primed ocells ocultured without antigen
did not give significant swelling when injeoted with either
form ;r the FGG antigen, and the burro response indicates
that even primed cells require antigen in culture in ordar
to develop maximum antigen-specific svelling in the footpad

after 6 days incubation.

The results in Tables VI and VII are from experiments
in which mice were.twice primed with 0.5 mg. FGG iv 3 and 6
S

days before their Pleens were irradiated and used as a

source of FGG-specific helper ocel¥fs for the indueotion of

\Y
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burro-speecific DTH 4in thymooytes oultured with FGGBABC
aonjugitc; is Diener-Marbrook flasks (Table VI) or
Microtitre trays (Table VII). Although the results were
somewvhat encouraging, the yield of viable oacells from
thymocytes after 6 days of oulture is very low, and the
swellings obtained were not large enocugh to be reliably
estimated when less than 107 cultured cells were injectasd
into each footpad. The number of cells required after 6§
days of culture ;g of the order of 108 (107 per mouse, 5
mioce + or - igti;an)i The flasks require 50 mi. of MEM
each, and the yield of thymocytes after 6 days of culture
is;; typically around 10%. This means that £a:nin;ful
experiments using this culture aystem would be very
cumbersome and very expensive. Thymocytes sasurvive evan
less well in Microtitre trays. Attempts to use lymph node
cells as responder cells, or to use nylon wool pur;f;id
irradiated primed spleen cells as a helper source, or to
treat these with anti-immunoglobulin and complement 1in
order to obtain a more efficient antigen-specific helper
population (without 4interference fronm antibody), did not
result in increased antigen-specific sWwelling reactivity
being induced in culture. Spleen ¢ells survive well 1in
culture and it vas th%ught these might be used at limiting
density as a.socurce of precursor DTH a:ils. ’

%
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IABLE Y

after incubation with FGGBRBC conjugates.

ifg‘i_
\\
Prinf/;p;nn‘l FGGBRBC?2 swelling3
+BRBC  +FGGMRBC +FGGap -ag
A)1.5 x 107 -—— NA(N) 21(1) 19(0) N.D.A
‘B)1.5 x 107 109 118(8) 51(8) 55(8) 13(2)

1) Mice were primed iv with A x 105 BRBC 2 days
previgualy.

2) FGG was ocoupled to BRBC by the chromic chloride
technique,

3) Swelling is the mean of 2-4 mice given 107 senaitised
cells and 5 x 107 BRBC, 107 FGGMRBC, 5ul. of a 1:8 dilution
of alum precipitated FGG in saline, or no antigen. Numbers
in parentheses represent standard errors.

§) Mot done.
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IARLE Y1
FGG-primed spleen cells incorease the DTH response to BRBC

after culture with FGGBRBC conjugates in Diener-Marbrook
flasks.

thymocytes irradiated cells! PFGGBRBC3 antigen-specific
awellingh
normal primed2 day 5 ° day 6
Exp1 - ) )
A) 107 7 x 106 3 x 106 107 AR (6) 97(18)
B) 107 -—— 107 107 35 (8) 82(10)
Exp2 : _ _
c) 107 107 - 107 #28 (1) NS(AA)
D) 107 9 x 106 106 107 63 (5) 54(15)
E) 107 7 x 106 3 x 106 107 23 (3) 35(21)
r) 07 --- 107 107 8 (6) T (1)
1) Irradiated calls received 1500 rad. of gamma

irradiation.

2) Mice were primed iv with 0.5mg. of FGG 3 and 6 days
previously.

3) FGG was coupled to BRBC by the chromic oahloride
technique.

y) BRBC-specific awelling is ocalculated as the mean
swelling (in 10-2mm. units) of 2-4 mice given 107
sensitised cells and 5 x 107 BRBC minus the mean swelling
of 2-4 mice given 107 sensitised cells without antigen.
The standard error of the difference is represented by the
numbers in parentheses, and 1is calculated as the aquare
root of the sum of the squares of the standard errors witn
and without antigen.
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. ~ IARLE X1

FOGG-primed spleen cells increase the DTH response to BRBC
after eculture with PGGBRBC conjugates in Microtitre trays.

thymoeytes irradiated cells! PGGBRBC3 antigen-specific

swellingh

normal primed?2 . day 5 day 6
A) 106 2.5x105 ——— 105 0 (1) . 25 (1)
B) 106 2.4x105 108 105 33 (2) 21(12)
C) 106 2.2x105 3.0x10% 105 M (8) AT (1)
D) 106 1.5x10% 105 105 371(27) 20 (W)
E) 106 ——- 2.5x105 105 14 (6) 8 (2)
1) Irradiated cells received 1500 rad. of Egamma
irradiatiodn. ‘

2) Mice were primed iv with 0.5mg. of PGG 3 and 6§ days
previously.

3) PGG was coupled to BRBC 'by the chromie chloride
technique.

N) BRBC-specific swelling 1is ocaloculated as the mean
swelling (in 10-2mm. L units) of 1-2 wmice given 107
sensitised cells and 5 x 107 BRBC minus the mean avwelling
of 1-2 mice given 107 sensitised cells without antigen,
The standard error of the difference is represented by the
numbers in parentheses, and is calculated as the aquarse
root of the sum of the squares of the standard errors- with
and without antigen.



iv) The relationship between spleen cell numpers, and the
induction of humoral and DTH responses.

Y
- Yqrying densities of normal spleen cells were cultured

in ﬁ}?nir-ﬂirbraak flasks with a single antigen
LN , ) o ,

concentration to determine the dependence of the induction

of humoral and DYH responses on cell density. It can be

L

seen from Table VIIYI 4hat, under these culture conditions,

=

the PFC response peaks early (day 4) apd is only present i

the most dense cultures, while the DTH reactivity appears

later and requires leas dense culture conditions,

(Antigdn-specific swelling Wwas not measured on .day A& 1in

this ‘eXperiment bé% has never been detected 1in tnis
lEbQPltnPyiiftiftl d;ya of culture with unprimed responder
cells.) These ocultures show a tendency for exclusivenessa
of the class of immune reaponss induced under particular

conditiona, and PFC are induced only in relatively dense

norma) spleen cell cultures,

~
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Relationship between cell density and the induction of DTH
or PFC responses in culture. '

Spleen cells BRBC PFC1 swvelling?
,ﬂ\ dayh days day63 day5 dayé
(

A)1.5 x 107 107 8350(637) 850(100) 1450 3
B)7.5 x 106 107 1150(180) 100 (50) 250 2
€J)3.25x 106 107 600 (41) 50 (29) 100 2

St Nl

5) 32
T) 35
6 5

—~ N~
— e
PN N b

2
1
9

owwm

N

1) Numbers represent mean number of PFC (plaque-forling
cells) per '3-7 Diener-Marbrook flasks per day, and the
numbers in parentheses represent the standard errors.

2) BRBC-specific swelling 4is calculated as the mean
«swelling (in 10-2mm. units) of 2-% wmice given 107
sensitised cells and 5 x 107 BRBC minus the mean swelling
of 2-4 mice given 107 sensitised cells without antigen,
‘The standard error of the difference is represented by the
numbers in parentheses, and is calculated as the square
root of the sum of the squares of the standard errors with
and without antigen. )

3) Day 6 PFC response was estimated from a pool of
cultures, so no errors are available.

,\
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FA similar pattern is seen when lethally irradiated
mice are used as tissue culture veaselsn; different groups
being injected with increasing nu-bari of normal spleen
¢ells and a constant dose of FPGG as antigen (Table IX).
This 1s analagous to experiments performed by Dr. Bretsacher
using BRBC as antigen (Bretscher, manuscript gué;itt:d).
The mioff were irradiated with 850 rad. af gamma
irradiation, injected with 50 units of h:pgr%P ip, and
variadle doses of normal spleen cells vers ;njie;id iv
along with 0,5 mg. of FéG. Ihra:ed:;s l:tir, the mice were
boosted again with 0.5 mg. FGG .iv. After 6 days the
aplcoha of these mice were removed and the cells tested for
DTH reaotivit} in the footpads of normal mice. The PFC
response was also tested. The lowest spleen cell number

tranaferred is induced to DTH reaétivity while larger

¥

numbers of spleen cells transferred are induced to expreas

leass DTH reactivity (Table IX). There was no aignificant
FGG~-specific PFC response induced in any of thaase iﬁii:l; 6

days after the adoptive transfer. Analogous experiments in

\
which larger numbers of normssl spleen calls varas
]
transferred did result in a PFC response with no deteotable

DTH activity (results not shown). oo

1]



IABLE IX S

Rolatioﬂrhip between cell numbers transferred to lethalliy
' irradiated mice and the induction of DTH

1

‘ndrmal spleen! rcc-ipiaifia swelling?
1) 107 . . 6% (9)
B) 2 x 107 53(18)
c) 3 x 107 oo 56(12)

D) 5 x 107 17 (5),

1) Recipient mjiceé were irradiated with 850 ﬂa!; of -gamma
irradiation, injected with 50 units of heparin ip, then the
'stated number of normal spleen ocells was injected 1iv,
These mice were injected on the day of transfer and again 3
days later with o.5mg. of FGG iv. Assays were performed 6
days after the adopt'ive transfer, -

2) Spleen cells harvested from the _adoptive transfer
recipients were injedted at a dose of 107 viable cells with
or “without 5ul. of a 1:8 dilution of alum preacipitated FGG
in saline. Numbers in parentheses ‘represent the  standard
errors calculated as the aquare root of the sum of the
squares of the standard errors with and without antigen.

-t
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v) Comparisdn of culture systems for DTH inducotion.

Spiocn cells were routinely used as responding cells
for subsequent experiments, and these were tested at
varying Fonaitioa in Diener-Marbrook flasks, Costar dishes
(35mm) and Microtitre trays (6mm) for comparison. Table X \
shows the results of measuring the su:lliﬂé activity whicgh
can be induced in each of ;hese sy;tais, and it was npoted
that the awelling obtained in the footpads of mice injected-
with sensitised cells without deliberately added antigen

varied considerably. The Costar dighcki offered many
;dvantages'in that they were eas; to handle -and harvest,
the yields wgf} ;easonable. and the -MEM riquiradiwigianly
10 ml. per o;lture. Various. spleen cell densities were
st;digd in th? Costar ;;stgn to find a limiting dose of
spleen cells th:a'pight be used for helper cell detection
in the inductiom-of DTH. Table XI shows the Siéliiﬂg
induced after varying cell densities are cultured }ar 6
days with 109 BREC. The production of swelling activity
requires a minimum of 107 normal spleen cells with this
antigen conceﬂtrition, peaks at approximately 1.5 x 107
Jcells per COatar'woll,.gnd\ﬁqqulros antigen to be present
in §u1turo and 1in the footpad. In order to reduce the

. $ ) . .
non-specific swelling noted previously, the 1injection

syringe was washed ocarefully with alcohol after eich Uae



and stored full of ‘aloohol; also, the pgidii was either
changed or sharpened before injections. Those cell!
nultur:& with very high Lgﬁigqn concentrations still caus-
some s:ilrfn; when injeocted without specifically adc
antigen, but this is probably largely dualta antigiﬁ on
over., The ficold gradients were unable to efficien

remove all traces of - this highly concentrated ant s

Without severely depleting the numbers of viable cells.
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- : IABLE X

. )
Comparison of culture systems for the induction of DTH

P 3
systenm spleen cells BRBC swelling!
+BRBC -ag
Dienor-H.arbrook 1.5 'x 107 109\ 9% (9) SQE\k
flanks 1.5 x 107 _——- %0(13) 272,
Microtitre 106 107 91 (6) 25(14)
trays 106 -—- 82(18) a2
- © 5.0 ¥ 105 107 154(13) 89 (9)
5.0 x 105 -—- 8 (3) 18 (5)
2.5 x 105 107 116(11) 63(13)
.o 2.5 x 105 --- 33(11) 28 (8)
Costar dishes "107 109 103V 22) 68(16)
107 .- 15 (1) 192
x.0 x 106 109 81(20) 502

1) Swelling is the mean of -1-4 mioce given 107 sensitised
cells and 5 x 107 BRBC or 107 sensitised cells alone (no
antigen). Numbers in pprentheses repressant standard

errors. .
2) Only 1 mpuse per group. No standard error available.

ry
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;- © TABLE 21 _ ,

Induaetion of DTH in normal Spleen ogells by high
concentrations of antigen in culture

Spleear cells BRBC Swelling!

+BRBC © =ag
A) 3 x 107 109 66(6) 39 (9) '
B) 2 x 107 109 S55(5) %0 (2)
C) 1,5 x 107 . 109 1 92(N) 58 (2)
D) 107 109 83(9) , 51(18)
E) 5 x 106 109 N6(6) : 31 (0)
F) 1.5 x 107 °} ——- 39(3) 31 (1)
G) 5 x 106 - 31(1) N.D.2

1) Mean swelling in 10-2 am. units of 2-4 mice Injected
with 107 sensitised ocells and 5 x 107 BRBC or 107

ssnsitiased cella Alone (no antigen). Numbers in
Plﬁinth:icg‘r-pri:-nt the standard errors. ,
2) Not done, . F

V L

= .

»,
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[
lvi) Dependence of An vitro induction of DTH on cell

dongity and antigen conocentration

v

-

'Figupo 1 shows the results of a more complete at?dy of

varying cell densities and antigen concentrations on the

antigen-sp&cifio swelling induced in spleen oolla cultured

for 6 days in Coattr dishes. A high antigcn concentration

(109 C per well) allows the induction of DTH in cultures

oontaining a minimum of 107 normal spleen colls, but not in

Cultures containing one-half that nulber. DTH is

.effectively inducéd at doses of 1-2 x 107 normal Spleen

Ed

cells per, well if 109 BRBC are provided as antigcn, but not

>

vith one ane- hundredth of that concentration, In faoct, at
” -

the‘ lower antigen concentragion with high’ normal spleen
\\\\::11 denhitie;, PFC are induced instead. The PFC response
of these cultures was assayed on days 4 and 5, and was
really only evident in those cultures containing 2 x 107
responder cells and 107 BRBC (Table XII). 107 BRBC provide

sufficient antigen to induce DTH in Costar wells that

2

contain 3-3.5 x 107 normal spleen cells per well (datq not

shown), but these dense oultui;c require a change of medium
r

duringt‘ho inocubation to ensu & reasonable yield of cells

after 6 . days. These obdservations are understandabdble 1if
!

cellular collaboration between DTH proour,or cells and

2

helper T cells is essential for the induction of DTH, and



the ocooperative event becomes more infrequent as tne

density of spleen &:11; diarilill; eapscially at the lower

antigen concentrations.

. i \
ANTIGEN SPECIFIC SWELLING (O O) mm ) v
- ) =,
ANTIGEN = g w = w [ 3
NORMAL CELL} (8R8C) —— ? Q. © > ? 2 _<
1) 2=107 w [ T e — ’ !
. 2) 2510’ w _ :
. .
. 3  2xw’ - ’ !
«
y |
4) . 0’ : w' | *47 T ; ] V. i
5) 107 107 EiZF .
. , o
7] 55‘@‘ 107 }4

D-p-:d-iﬂl of in wiLkrg induction of DTH on cell demsity and
antigen conocentration.

+



TABLE XII

L

- Induction of. PFC response in culture with varying ocell
densities and antigen, concentrations,

Spleen aefis *BRBC . PFC1 )
day & day 5

A) - 2 x 107 109 20 (13) . 163 (69)
B) 2 x 107 o107 800(125) 1425(222)2 ~
c) 2 x %7 : ——— 50(125) Ay (N1)
D) 107 109 0 (o) 0 (0)
E) 107 107 - 150 (41) - 188(101)
F) 107 -——- 185 (93) 150(101)
G) 5 x 106 109 0 (0) / 0 (0)
H) 5 x 106 107 0 (0) . | 0 (0)
I)" 5 x 106 —_— 0 (0) 0 (o)

1) Numbefs represent the mean of PFC (plaque-forming
cells) per oulture, (5-6 samples), and the numbers in
parenthReses represent the standard errors. Thia table and
Figure 1 are from the same experiment,

2) PFC response for this group on day 6 was 800(120).
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vii) Summary ) ) ' ' e -

The results of these prolilinirj experiments 1na;oati
that the Costar culture aysto, using spleen c¢cells g;
tesponder‘cells 13Atho best\jigigl\gf,thoao 1byeatigated;
DTH ocan. be induced in these . cultures under certain.
‘conditions, and -these conditions of normal spleen cell
density and aniiéen‘ concéntration can be adjusted to
provide cultures where cellular cooperation may very well
b‘ lilit}ng. To test whether specifiz coo$eration b
indeed limiting in these cultures, o;e can. add a source of
putativ; antigen-specific helper ocells and test whether
these allow the induceion of DTH. These putative helper
cells o&uld be obtained from spleen cells fronm
antlgen-pr;led mice. Preliminary experiments, both those
reported here and numerous oihera, indicate that these will
‘provide helper activity when irradiated, while equivalent
numbefa\ of irradiated normal spleen cells will not.

Other proli-iqiry results in this section indicate
that the ant;gont’ chosen (protein and erythrocyte) are
probably not 6ros--react1ve, and that DTH specific for
either antigen can be elicited. Hice‘ prinea‘ to one of
these agﬁigens tend to provide help for the 1nduotion of
DTH spécific for the other lntigeq in the presence of the

.-

conjugate, but these experiments only 1ndioato, not

"demonstrate, specificity of the helper cell(s).
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A2) Eélﬁf‘far low sﬁihgn .cell density and high antigen

" conpentration. J‘
,1) The systenm-.
Fhe addition of irradiated antigen-specific helpen

cells to those cultures eantgin;ng‘ai;h:r 5.x 106 normal
*»7391315 calls -and iég BRBC or 107 normal spleen cells and
107, BRBC should allow the induction of DTH in these
cultures, if. the ealllﬁaf;tiva i;ant ié limiting. The
lower dose of spleen cells was chosen for study first. The
DTﬁ and PFC responses after A,5 and 6 days of oulture are
Shown in Table XIII. Cléarly there ias no significant DTH
or PFC response on any day at any dose under thesd

conditions. - -

L -
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Induction of DTH and PFC responses in cultures containing 5
x 106 normal spleen cells and varying antigen
concentrations.

3

antigen antigen-apeciffc PFC2
swelling!
dayh day5 dayé dayh day5 dayéb

A) 109 13(3) 11(2) 17(3) 0 (o) 15 (11) 45(26)
B) 107  1a(4) 15(5) 0(2) %90(127) 595(105) 190(59)
C) === 13(2) 6(5) 15(2) 110 (37) 75 (&4) 48(11)

e
1) Antigen(BRBG)-specific swelling is calculated as the
mean swelling (in 10-2 mm. units) of 3-5 mice given 107
sensitised ells plus 5 x 107 BRBC minus the mean swelling
of 3-5 mice given 107 cells without antigen. The standard
error of the differences is represented by the number in
parentheses, and 1is ocalculated as the square root o the
sum of the squares of the standard errors with and without

antigen, :
2) Numbers represent mean of PFC (plaque-forming cells)
per 5 cultures per group, The numbers in parentheses

represent the standard errors,
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i1) -Conditions for obtaining primed ocells that act as
helpers in the induction of DTH.

?‘)\

Irradiated spleen cells from mice primed X days
previously with 109 or 2 x 105 BRHC 1iv were used to try to
help induce a DTH response Tn cultures containing 5 x 106
normal spleen cells and 1@% EBEE: The results are shown in
Table XIV,- -Th; hqlparfgjﬁla taken from mice primed with
high éé;c: of BRBC do nét help induce as high levels of DTH
reactivity aa tgana taken from mice primed with lower
doses. It ;ﬁaﬁlq 5; noted that, of éggy attedpts to induce
DTH ;isg;ggg’u;ing irradiated spleen cells from mice primed
to mount a humoral response, this is the only experiment in
ﬁbieh appreciable levels of help could be demonstrated from
such  cells. Also, the number of helper cells from mice
primed with the higher doses of antigen is ex\remely
critical since over an 8-fold increase, these cells first
help and then suppress DTH induction 1in theae cultures,

There were no PPC at all on day 6 in the cultures witn help

from the mice primed with high doses of BRBC. L

Spleen 69lls from mice used in the adoptive transfer
induction of FGG-aspecific DTH did naé function as specific’
irradiated helper cells for the in vitro induction of

BRBC-specific DTH wvhen ocultured with FGGBRBC conjugates,

[



t was investigated whetner the addition of large

=

numbers of 1irradiated cells might interfere with the
induction of antigen-specaifia svelling aetivity ip culture.
Spleen cells from mice primed 2 days previously iiih low
doses of BRBC iv (2 x 105) were cultured with increasing

numbers of irradiated normal spleen ocells, up to % x 107

per culture, and there was no inhibition of the reaponse at

any dome tested, )
-
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Helper cells for low spleen cell densities (5 x 106) and
high antigen concentrations (109).

irradiated ceills! BRBC svelling?

normal high low +BRBC ~ag
A) -—=- N x 104 ——— 109 19 (5) T(H)
B) ---- B x 104 —_——— 109 49 (2) 1701)
C) ==== 1.6x 105 ———— 109 59(14) 16(5)
D) ---- 3.2x 105 Py - 109 20 (6) 12(1)
E) ---- 6.4x 105 ———— 109 17 (2) 18(2)
F)1.6x 105 ———— ——- 109 19 (3) 16(4)
G) =—==- ———- 1.6x 105 S 10 (2) 10(2)
H) =-==- p———— 3 x 105 109 Ay (B) 36(3)
I) === ———— 106 . 109 76 (7) 31(N)
J) =--- _—— 3 x 106 109 78 (5) 29(3)
) ce-- ———— 107 109 87 (2) 35(5)
L) 106 ———— - 109 . N1 (3) 29(5)
M) 107 ———— ———— 109 36 (3) 38(3)
N) =—--- ———— 3 x 106 . 21 (2) 21(2)
1) Irradiated ocells recéived 1500 rad. of gamma

irradiation before being added to the cultures in the
numbers indicated. “"High" irradiated cells came fronm mice
primed with a high dose of BRBC (109) iv & days previously;

"low®" irradiated cells ocame from mice primed with a low
dose of BRBC (2 x 105) iv 2 days previously. .
2) Mean awelling in 10-2mm., units of 3-5 mice injected
with 107 sensitised ocells and § x 107 BRBC or 107
sensitised cells alone (no antigen),. The numbers 1in
parentheses represent the standard errora,



Studies on the kinetios of the appearance of helper
‘cells after ip viyo priming show that effective helip for
DTH is present even on day 2 after mice were primed with 2
x 105 BRBC iv (Table XV). The help obtained is not
increased 3 or a days after iv priming with BRBCg: Those
cultures containing normal irrldiltzg spleen cells do not
result in any significant antigen-specific 8velling, and
those nant;ining the most effective irradiated helper Eillar
do not result 1in any antigen-specific swelling unless
antigen 1is provided during the culture period, Although
the background swellings are very high in the cells
harvested from thease cultures with high‘ antigen
concentratioms, this effect can be shown to be largely dues
to 1incomplete antigen removal by the isopagque=ficoll
gradients (rows B vs J, Table XV). The viable cell 1loss
during either repeated isopague-ficoll gradients or low
dose loading of these gradients made it impractical to use
these techniques routinely for complete antigen removal,
Using lower antigen doses in oculture with 107 or 105f/ég :
irradiated primed spleen as a source -of helper cells did | ’

mnot allow 5 x 106 normal spleen cells to be induoced.
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. . IABLE XY ’
Kipetics of the appearance ﬁfs;g_;;;g helpers for low

spleen ocell densities (5 x 106) following iv-priming witn
2 x 105 BRBC.

irradiated cells!? BRBC génllinsé

normal day2 day3 dayh +BRBC -ag
L) --- 106 oo ... 109 86 (5; 82 f1;
B) ==2 107 oo oo 109 98 (6, 68 (3)%
€C) === . === 106 -, 109 58 (8) a7 (6)
D) === e 10T  -e- 109 82 (%) 69(13)
B) <= «ac oo 106 109 87 (3) 57 (3)
F) =ee  ceo oa- 107 109 93 (&) 61 (W)
G) ===  e=- een .o 109 37 (2) 20 (W)
T 109 B1(11) 25 (s)
1) --- 107 e aeo -— 13 (3) 23
J) === 107 oo ... 109 92 (3)  33(11)%
1) Irradiated cells received 1500 rad, of gamma

irradiation before being added to the cultures in the
numbers indicated. Theses came fros unprimed mice or mice
primed with 2 x 105 BRBC 1iv 2,3 or A days previously.

2) Mean swelling 4 10-2mm. units of 1-5 mice injected
with 107 sensitised cells and 5 x 107 BRBC or 107
sensitisdd cells alone (no antigen). The numbers in
parentheses represent the standard errors,.

3) One mouse only injected in this group, 80 no error
estimate available,

N) J 1is the same experimental gEroup as B, except that it
was loaded on more ficoll gradients to decrease the antigen -
carry over. in the "negative" footpads. Cultures with these
very high antigen concentrations often tend to have RBC
retained at the isopaque-ficoll interface.
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iv) Summary s . P

Qa

In this section, help for low spleen cell density and
high antigen concentration cultures has been investrigated.
It was found giit, in this culture aystenm, lymphoid cells
could be induced to yield DTH reactivity by the addition of
primed irradiated helper cells. Spleen cells from mice
primed iv with low doses of antigen gave more consiastent
helper activity than those given higher doses 1iv. Major
problems with the use of this particular system include an
inability ¢to efficiently remove antigen from the spleen
cells before footpad injection, and, again, a low yield or
syleon oefT:—-:rto{ culture with these very high ‘pﬂtig-g

concentrations. ‘
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A3) Help for higher spleen cell densajity and lower /jantigen

concentration.

LS

In an attempt to re NC® the antigen carry over into

the e@n;ral footpada, and ﬁ increase further the yield of
viable cella after 6 dl<; of culture, some experiments were
perrormed to try to h:ip induce DTH 4in cultures with a
bigher density of spleen cells (107) and with less antigen
(107 BRBC). Helper cells were obtained from mice primed 2
days previoualy with 2 x 105 BRBC {iv. Thig riault;. Are
shown in Table XVI. The cultures containing 2 x 107 normal
spleen cells oan be seen to result in DTH reactivity with
th-i;ﬂﬂ;tian of normal irradiated spleen cells. Those
cultures containing 107 normal spleen cells do not result
in DTH reactivity under these conditions, unless primed
irradiated cells and antigen are added. It oan be seen

that, although the antigen-specific swelling [is not very

large, the swelling in footpads injeoted witnout antigen.
has been reduced to a reasonable size, so that it is no

longer a major concern.
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Induoction of DTH in cultures containing higher densities of
normal spleen cells and lower antigen ocoscentrations.

spleen cells irrgdiated cells! BREC /nﬂlingz

npormal primed +BRBC -ag
i) 107 -——- 107 107 ¥3 (7) 11(5)
B) 2 x 107 - 107 107 ¥ (9) 11(2)
c) 107 107 -——— 107 18 (3) 11(1)
D) 2 x-107 107 -——— 107 A9 (n) 9(3)
B) 2 x 107 -—- 107 ——- 15 (%) 7(3)
1) Irradisted ocells received 1500 rad. of gamma

irradiation? before being added to the cultures in the
numbers indicated. These came from unprimed mice or mioce
primed with 2 x 105 BRBC iv 2 days previously. o

2)_ Mean swelling in 10-2mm. units of 5 mice injected with
107 sensitised cells and 5 x 107 BRBC or 107 sensitised
cells. alone (no antigen). The numberas 1in parentheses
represent the standard errors. Qi
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i1) Priming vith FGG

~

Normal spleen cell dulkures containing the FGGBRBC

conrTUETte, Lr.;irid by coupling ?EG vith chromic chloride,
sometimes supported the Lnduat;aé a; DTH to BRBC, even in
the ab;cnoo of help., It is known. from other astudies
(Ramshaw and_ Eidinger, 1977) that spleen cells cultured
without aytigen show awelling activity to bromelain-treated

ble that the coupled BRBC

MRBC, and’it-w!s considered posasi

might be damaged such that they bore determinants that

cross-react with bromelajin-treated ﬁisgi A fowl anti-BRBC
nntlséru- was preapared and\ this ﬁns‘aauplad to the BRBC by
its antigon-sp-aifie ;-ngptaééi and used as a conjugate,
since it was felt that the specific antibody would not
disturd the erythrocyte membrane as did the chemical
coupling procedures. Cells ocoupled in thisas way did not

support the induotion of significant DTH to BRBC unless

specific help was provided as described bealow.

Spleen cells from normal mice or mice primed with 0.5
mg. of FGG iv 2 days previously were cultured (without
irradiation) in Castar dishes with BRBC or FGGBRBC
conjugates prepared with the fowl anti-burro antiserum.
The results (Table XVII) show that burro-specific DTH is

induced only Yn those cultures in which primed cells are
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present and the conjugate is provided as antigan., It ecan
be seen that equivalent levels of IEE;SQBTSPiﬁifiQ svelling
have been 1induced igainat beth BRBC and PGG. In theas
experiments there was no PGE present at all 1in those
cultures containing BRBC as antigen, so it was not clear
whether the helper T cells acted by the linked recognition

of determinants on the molecule.
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The induction of BRBC- or FGG-apecifio DTH in spleen cells

from nprmal or FGG-primed mice after incubation with
FGGBRBC, BRBC or no antigen.

FGG-primed normal antigen in svelling3
spleen! spleen culture? '
(107) BRBC FGGap -ag
Exp1
A) 2 x 107 -——— FGGBRBC 59 (5) 5&(10) 15(s)
B) 107 -—— FGGBRBC 61(11) -—- 11(2)
c) 107 —-—- BRBC 26 (8) -—— 6(6)
Exp2 _
D) 107 - ~ FGGBRBC 52 (6) 58 (6) 114a)
E) 107 ——— BRBC 16 (1) 17 (%) 3(
F) 107 ——— - 15 (2) 21 (3) 5(3)
G) --- 107 FGGBRBC 17 (&) 16 (3) 10(2)
H) === 107 BRBC 15 (3) -—- T01)
Iy --- 107 --- 9 (1) --a 7C1)°
/

1) Mice were primed with 0.5mg. FGG iv 2 days previously.
These cells have not been irradiated. -

2) FGG was coupled to the BRBC by incubating the
erythroeytes with sub-agglutinating amounts of specific
fowl-anti-BRBC antiserum for 30-60 minutes at 379°c..

3) Mean swelling of 5 mice injected with 107 sensitised
cells and 5 x 107 BRBC, 5ul. of a 1:8 dilutiom of alum’
precipitated FGG, or no amtigen. Swelling ia measured 1in
units of 10-2mm., and the numbers in parenthéeses represent
the standard errors.



It seemed 1likely that ‘an even better source of help

for the induction of DTH might be lymphocytes from an

. <>§) animal exprdpsing optimal DTH reactivity to the antigen.
Mice prii-dr 0 give a stronger, -araiiigﬁli DTH reaction to
—

BHB;{ might contribute still more efficient helper ocells
Lo =
£hin?ﬁiﬂ been obtained so far. Lagrange, Mackaness and

/

%

i - B
Mille (197%) found more stable and longer 1lasting DTH

I p mice injected sc rather than those injected 1iv
- hY
with :-naganiie red cells, Mice were primed sc in the
footpad with various doses of BRBC, and the optimum dose

for DTH induction 1in the whole animal was found to be 5 x

i ¥

Le

103, in agreement with the general Sbgervatiﬂga of Lagrange
et al.. Spleen ail;a from mice 80 primed with 5 x 108 BRBC
2, I-ﬁr 6 days previously were tested for helper activity
in culture. Two doses of antigen ware téstéd:ﬁith these
irradiated "helper cells, as shown in Table iﬁiII. ffhgaa-
results are clearly better than those previously obtained
v

using irradiated primed cells from iv infected mice as a

:ak;rauéd awelling now is almost

o

.~~source of help, The
never more than 20 units, exaept occasionally when the DTH

is very strong (e.g., row C had a background of 34 units,

S~ but this is unusually high). Additional titrations were
perrformed to ensure the optimum dose of helper cells was
; _ \
/ ‘ >~ )
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the time of appearanoce after in wivo
priming, and the relative efficiency of different routes of
priming on the production of helper cells for the antigen

CRBC. FGG, however, did not 1induce efficient helper

activity when injected ac oither as the FGAMRBC con)ugate
or as alum precipitated FGG. Injection of 0.5mg, of FGG 1iv

did ‘produce efficient FGG-specaific helper cells in 2-&

Siy:, and the optimum dose was still 107 cells per cultire.



TABLE X¥IL1

Kinetics of the appearance of idn vivo helpers for the
induction of DTH fpllowing sc priming with 5 x 108 BRpC.

normal irradiated cellal . BRBC svelling?
spleen
day?2 dax’ dL£y6 -

A) 107 ——— ——- -——- 107 1 (5)
B) 107 107 ——— - 107 8 (6)
c) 107 .- 107 —== 107 91(32)
D) 107 --- ——- 107 107 99(11)
E) 107 - - = 108 4 (5)
F) 107 1" ——- ——- 108 -1 (1)
G) 107 -—- 107 S 108 61(16)
H) 107 - -—— 107 108 122 (9)
1) Irradiated cells received 1500 rad. of gZamma

irradiation before being added to the cultures in the
numbers indicated. These came from mice primed with 5 x
108 BRBC sc 2,4 or 6 days previously.

2) BRBC-specific swelling 1is caloulated as the mean
swelling (in 10-2 mm, units) of 3 mice given 107 senasitinaed
cells and 5 x 107 BRBC' minus the mean swelling of 3 mioce
given 107 sensitised cells without antigen. The astandard
error of the difference is represented by the numbers in
parentheses, and is calculataed as the aquare root of the
Sum of the squares of the standard errors with and without
antigen.
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iv) Antigen-specific nature of the helper cell.

The antigen-specific ;Eitur- of the helpsr cell was
tested in an adoptive transfer systes. This syatem has
been extenaively characterised in this laboratory by Dr.
Bretascher, and it has consistently bagn observed that
lethally irradiated animals injected with 3 x 106 normal
spleen cells and & x 108 zanagyncig red cells do not mount
a reliable DTH response to this antigen in 6 daya. Mice
were given primed helper cells 2% hours before irradiation
to sees if the presence of specific helper ocells in these
animals would support the induction of DTH 1in this limited
normal apleen cell transfer. Helper cells waere harvested
from mice primed sc 6 days previously with either CRBC or
BRBC. These were injected at a dose of 107 per mouse into
several groups of nmice as outlined in Table II1X.
Twenty-four hours lctiéj the mice were irradiated and
injected iv with a limiting dose of normal apleen cells and
either BRBC or CRBC as indicated. The resaponse waa
augmented in an antigen-apecific fashion, i.e., the CRBC
response was 1increased over the background level only 1ir
CRBC-primed as opposed to BRBC-primed cells vera
preinjected 1into the mice. The BRBC reasponse was also
increased only 4in those mice given specifically primed

cells. The cells primed with BRBC do not increase the CREBC
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lpers specific for CRBC do not

response at all, and h
" affect the BRBC r;jpan;-; These results are obviously not
as clear as one would like to see a3 a demonstration of i
Yilvyo help. The DTH response to BRBC is minimal, and the

response to CRBC is fairly high in those mice not receiving

help. The results are, however, at 1ngt'!ugg-!§£79 that
helper cellas for the induction of DTH act in an

antigen-specific fashion. o
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IABLE XIX

An adoptive transfer study indicates that the halper cell
for the induction of DTH is antigen-specific,

normal helper ocella2 antigen svelling3
spleenl (8x108)
BRBC CRBC +BRBC +CRBC -ag

A) 3x106 -—— - BRBC 33(H) N.D.} 23 (3)
B) 3x106 _——— —— CRBC N.D. 67(5) 19 (5)
C) 3x106 107 ——— BRBC 62(3) N.D. 29 (2)
D) 3x106 ——— 107 CRBC N.D. 187(6) 61(10)
E) 3x106 107 -——— CRBC 25(3) 76(4) 23(10)
F) 3x106 - 107 - BRBC 31(6) 21(6) 29 (6)

i

1) Mice were Aethally irradiated with 850 rad, of gamma
irradiation, and were injected iv with 3 x 106 normal
syngeneic spleen cells and A x 108 RBC as antigen.

2) The helper cells were derived from the splesnas of mice
primed so in the fdotpad 6 days previously with § x 108 of
the appropriate RBC in saline. The helper cells were
injected at a dose of 107 Per recipient mouse 24 hours
before irradiation. .
3) The swelling activity was measured by harvesting the
spleens of the irradiated reconstituted mice after 6 days
and i9jgeti§g 107 of these viable cells into the footpad of
& nalve mouse with 5 x 107 BRBC, 5 x 107 CRBC or no
antigen, Numbers in parentheses repreasent the atandard
errors of 3 mice per group. ’

B) Not done. ‘
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v) Summary,

In this section, the addition of primed irradiated
helper cells has allowed the induction of DTH reactivity in
those culturaes containing increased numbers of normal
spleen ocells and decreased- antigen concentrations, Morae

PR

efficient helper cells iifixabtlinid_fréi mice primed asc in

Lot

the footpad with 5 x 108 RBC in asline, than from thosa
primed iv with low doses of erythrocyte antigen,
FGG-specific helper cells, on the other hand, were more
efficiently induced by the 4iv injection of soluble protein.

An adoptive transfer experiment has suggested that tne

helper T cell acts in an :ntigin-ap:eifia fashion.

The culture system was now considered reliable for
determining the nature of the helper cell and its mechanism
of action, Formal iiii?i!iﬂt! vers designed to
characterise the helper activity and the mechaniam of
action of this helper population. The experiments in the
f@l%ﬂiiﬂs section have %veen designed to provide sufficient
cells so that 10 miee per experimental group (5 with, 5
without antigen) can, be tested. These formal experiments

vere repeated 4 nminimum of 3 times i;nh. and equivalent

results wverae obtained. Representative sxperiments with
e
S

appropriate control results are presented.
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B) Nature of the helper cell for the induction of DTH and

its mechanism of action.

1) A Thy-1 bearing ocell acts as a helper oell in the

induction of DTH,

Spleen ocells from mice primed sc 6 days previously
with BRBC were used to help induce DTH reactivity 1in

cultures containing 107 normal spleen cells and 107 BRBC.

It can be seen from Figure 2 that D Ts only induced 1in
those cultures which eontain primed irradiated spleen cellsa
as opposed to normal irradiated apleen cells (rows 2 va 1,
7 vs &6). Treatment of tne helper population withn
anti-Thy-1 antiserum and complement before addition to the
cultures results in a loss of the induction of DTH (rows

»4); whiie treatment of this population witn aaiplii-nt

™My

alone does not significantly reduge the amount of DTH

induced (rows 2,3; and 7,8). Those primed cells that have

b:§§‘?¥::t-d with anti-Thy-1 antiserum and complement do
not produce help when supplemented witn normal irrsadiated,
spleen filler ocells (row 5). Thia 1indicatesa that the
anti-Thy-1 antibody treatment ia removing a T aell from
this primed population which is not present in great

numbers in normal spleen, and is consistent with the Thy-1

bearing ocell being antigen-specific.



Figure 2
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.

A Thy-1 bearing cell acts as a hilpjr cell in the induction
of DTH.

1) Irradiated cells received 1500 rad. of gamma
irradiation before being added to the cultures. These came
from wunprimed mice (normal) or mice primed 6 days
previously with 5 x 108 BRBC sc in the footpad.
2) The population of helper cells was treated before being
added to the cultures with anti-Thy-1.2 antibody and
complement (+), (yield approximately 70%), or with
ocomplement alone (C'), (yield approximately 833 )4

Row 5 418 sequivalent to row & sxaept that normal
irradiated spleen filler cells have been added such that
107 cells were added per oulture.



2) The DTH effector cells are derived from the normal

spleen cell population.

The possibilicty existed that the DTH activity observed
was actually due to some cells derived from the primed
Spleen cell population even though this would require EEG;
to have survived 6 days in éulture after receiving 1500
rad. of irradiation. The Thy‘1 cell marker was used to

determine which population of cells gave rise to the DTH

effector Cells. were haryested from two mouse

strains which car the same major histocompat licy
antigens, but differ in\their Thy-1 alleles, i1.e., A/CalJd

ana AKR/J. Mice of one strain were primed, their cells

pleen cel

irradiated, and used to cooperate in culture witn normal
A
spleen cells of the same or the other mouse strain. At the
ena of the incupation, the DTH efreator gells wvere tic:tié
with antiserum specific for the Thy-1.2, 1.,e., the CBA/CaJ

antigen,

As ahovi in Figure 3, tiYe antiserum and complement

treatment 6o-plotoly eliminate any footpad swelling in

those mice given sensitised cells from cultures in which
CBA/CaJ normal spleen cells had been incubated witn AKR/J
irradiat®d primed spleen cells (rows 6,7), but not in those

i
mice given oells rroq cultures in which AKR/J normal aplesn
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cells had been incubated with CBA/CaJd irradiated spleen
cells (rows 2,3). This shows that the DTH efrector celis
are derived from the normal spleen cell population, and not
from tPo primed irradiated cells used as a source of helper

activity in these experiments.

Control experiments show that allogeneic efrects due
to minor histocompatibility differences are not responsaible
for the-‘hclpor activity of the irradiated population.
Thus, wher normal ocells of one atrain are incubated witn
irradiated normal cells of the otner strain in the presence
of antigen, no significant antigen-apecific Swelling 1is
induced (rows 1,5); in contrast, when irradiated primed
cells of one strain are incubated vitaxthc normal cells of
the otner strain in the pr?llﬂﬂj of antigen,  significant
DTH is inddced (rows }.6). Furthermore, the induction of
DTH 4in this non-ayngeneia situation still requires the
presence of antigen (rows 4,8). Finally, 1t oan be seen
from Figure A that the DTH induced in cultures ocontaining
r;apondor cells of oéither strain 1s not signirfocantly

A S

different when each 1is helped by the CBA/CalJ

irradiated spleen cells (rows 2,9). In conclusiog,
experiments demonstrate that the DTH effector

derived from the normal spleen cell population.
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Ligure 3

ANTIGEN SPECIFIC SWELLING {0 OVmm)

' 1
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\ ;
The DTH effector cells are derived from the normal -ploo‘
cell populatioen. ",

1) Irradiated cells received 1500 . rad, of gamnma
irradiation before being added to the cultures. These came
from unprimed mioce (-) or mice primed 6 days previously
with 5 x 108 BRBC so in the footpad (+)sg, These cells were
from either CBA/Cad or AXR/J strains of mice, and were
added to cultures containing normal spleen cells frona
either CBA/CaJ (hatohed bars) or AKR/J (open bars).

2) The DTH effector ocells generated after 6 days 1in
culture were treated with anti-Thy-1.2 antiserum (specific
for the CBA/CaJ antigen) and complement before being
injected into the footpads of normal CBA/Cad nice. his
treatment killed 305 of the viable cells after rmal
Spleen cells from AKR/J mice had been cultured with prime
irradiated cells froa CBA/Cwd mioce, and 82.5% after aoraal
spleen cells from CBA/Cad mioce had been ocultured with
primed iryadiated cells from AKR/J mice. These cells were
supplemented with normal spleen cells from CBA/CaJ mice
-such that 107 cells were injected per footpad.
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3) The helper T ocell for the* induotion of DTH is

antigen-apecifioc. R

Mice were primed with oith;r BRBC or cnic and theair
irradiated spleen cells used as a source of h‘lpor cells to
induce DTH effector cells from normal spleen cells cultured
dn yitro with either the same or the other red cell

antigen. From the results shown in Table XX it can be seen

that swelling activity 1s induced and elicited only when

the same red cell antigen is present during the Jp vivo
priming, the 1ipn vitro 4induction period and elicitation.
This demonstrates a lack of cross-reactivity between these
two red aell antigens at the level of the helper bopulation
and the DTH effector population, and shows that the help 1s
acting in an antigen-specific fashion. Thus the sploon'
cells from mice primed with BRBC only provide helper
activity for the induction of BRBC-specific DTH and only 1ir
BRBC are present in the oculture systen. Theé mioce primed
with CRBC only ianduoce CRBC-specific DTH and only 1f CRBC
are present in the oulturi, and this oan only be doto‘lod
if CRBC are also present in the footpad during elicitation.
It can slso be seen from Table IXX tﬁat the presence of
BRBC~-primed spleen eells and both red cell antigens 1nA
culture only results in the 1nduotioé of BRBC-specific DTH.

These results argue against the possibility that =&

L3
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gansnntigin—gppgifiﬁ long range factor(s), released as a

consequence of an interaction between the helper T cell ang” -

antigen, allows DTH precursor cells to be induced.
TABLE X

The helper T cell ia antigen-aspecifiec

, )

-

¢ : Antigen Antigen-specific

svelling(10~2um)¥
priming! culture2 footpad3 exp 1. exp 2.

L

— BRBC BRBC s (s) ' 2 (2)
BRBC BRBC BRBC 81 (6) 68 (8)
BRBC CRBC BRBC 2 (1) 8 (6)
BRBC CRBC CRBC 10 (6) 6 (6)
——— CRBC CRBC 6 (5) N (2)
CRBC CRBC CRBC 68 (7T) A5 (8)
CRBC CRBC BRBC 6 (2) ¥.p.5
CRBC BRBC CRBC -9 (7T) 10 (3)
CRBC - BRBC BRBC 0 (1) 11 (3)
BRBC BRBC+CRBC BRBC 72 (7T) N.D.
BRBC BRBC+CRBC  CRBC 13 (7) N.D.

1) Animals wvere primed sc in the footpad witn § x 108 . or
the appropriate RBC 6 days before their spleens were
removed and used as a source of helper acells,

2) Cultures contained 107 normal spleen cells and 107 of
the deaignated RBC aa antigen.

3) 107 viable harvested cells were injected per footpad
with 5 x 107 of the designated RBC as antigen.

§) Antigen-aspeaifia avelling is oaloculated as the mean
swelling (in 10-2mm. units) of 5 mice given 107 sensitised
cells and 5 x 107 RBC minus the mean svelling of 5 mioae
given 107 sensitised cells without antigen. The standard
error of the difference is represented by the numbers inp
pareatheses, and is oalculated as the square root of the:
sum of the squares of the standard errors witn and witnout
antigen.

5) N.D. = not done in this partiocular experiment.
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) The helper T cell for the induction of DTH aots via

)

[

nked recognition. . -

\

Ir h:lp;r T cells act via linked recognition, helper
e-ils specific fer one antigen would allow the induoction of
DTH apecifié fa; the ata;r antigen only when the conjugate
was present in iba cultures. FGG-speaific helper cells
vere ébt;inad from the spleens of mice injected witn 0.5
mg. of MBG 1iv 2 or A days previously. These cells were
irradiated and tested to see if tbey would cooparate witn

L] %
normal splean call® to induce BRBC-apeceific DTH 1im cultures
containing either the conjugate FGGBRBC or BBEC\plu; the
conjugate FGGMRBC. The results shown in Figure |
demonatrate that B!BCJapnaifin DTH 1s 4induced only when
?GE%!BC is provided as nﬂtfgjn in gg;;ggg; containing

FGG-specific helper cells (rows 5,1). Although the helper
cells obtained after 2 days of idn vivo priming voh FGa
allow the induction of a small antigen-specifioc swelling
(ai;ﬁifiainglyh different from the control groupa, i.e.,
rows 1 vs 2,3,4, P<0.005 by sgud:gt’a t test), ;L- cells
obtained after A days of priming provide sufficient help to
induce a good DTH‘?;:pﬁnggﬁ%n those ocultures which qontain
the FGGBRBC aan;%g:ta as Sﬂfi;iﬂ.' BRBC-specific DTH ia not

RBC and FGG (linked to MRBC) are present

induced when both

in the cultures, f.\e., physical linkage between the antigen
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against which the helper T cells are raised and the antigen
induocing the DTH precursor cell is required (rows 5 vs 6, 1
Vs 2). As can be seen from rows 5 versus 8, the conjugate
requires the pressnce of .FGG-primed ocells in order to

induce DTH to BRBC.
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BRBC - SPECIFIC SWELLING (0 0l mm)
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Irradiated helper T cells for the induction of DTH act via
linked recognition.
1) Irradiated cells received 1500 rad. of gamma

irradiation before being added to the cultures. Thess came
from unprimed mice or mige primed iv 2 (Experiment 1) or 1}
(Experiment 2) days previously with 0.5mg. of soluble FGG
in saline. -

2) The conjugated antigens were prepared by incubating
specific fowl-anti-RBC antibody at a 2-fold lowser than
hemagglutinating concentration for 30~60 minutes at 379c¢.
BRBC are present in all cultures, either linked to FGG, or
not, and the DTH is measured against BRBC.

—

o /
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In these experiments the mice are primed with one
antigen and the DTH is induced againsat another
non-cross-reacting antigen and it wvas therefore not
neceasary to irradiate the helper papulgtiﬂn‘ as the
FGG-primed oells did not give rise to BRBC-specific DTH
when incuvpated with BRBC. ThﬂFFGGépPiZBd cell population

could be usmed as the source of BRBC-specific DTH precursor
cells. When these cells are incubated at 107 cells per
ﬁ:il with 107 RBC, reliable BRBC-specific DTH was induced
only in those cultureas which contained the FGGBREC
conjugate as antigen (Fiéurc S). The unirradiated cells
from mice pPiIid‘E days previously with FGG are seen to
provide very agrfagtive ha;p for éih: induction of
BRBC-speoific ﬂIﬁZ even though they did not provide very
efficient help when irradiated. The unirradiated cells
from the mice primed 1§ days préviaugli? with FGG 4induce
BRBC-specific DTH in cultures éat significantly different
from that induced in normal apleen agll; that are
complemented with irradiated FGG-specific helpers. Thesas
observations show that the FGG-specific halp obtained after
2 days of ip vivo priming 1is relatively sensitive to
irradiation compared te the help obtained after A days of
priming, and is expected if the 2 day, as opposed to the &

day, primed cells have to divide or further differentiate

to provide adequate helper function.
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BRBC - SPECIFIC SWELLING (0.0l mm )
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FGG-specific helper cells for the induction of
BRBC-~-specifioc DTH act via linked recognition.

These FGG-specific cells are the same cells used 1in
the experiments reported in Figure A, except that these are
now acting as a source of BRBC-specific precursor cells, as
opposed to helping induce a population of normal spleen
cells. The FGG-specific cells were not irradiated in these
experiments,. The FGG-specific helper cells are froa mice
primed iv 2 (Experiment 1) or & (Experiment 2) days
previously with 0.5mg. of soluble FGG in saline.



5) Summary
The results in this seoction have shown that the
limiting system developed can: b% helped to induce a DTH _
Fesponae by antigen-specifia, Thy=-1 bearing,
radioresiastant, helper cells derived from a mouse primed to
mount a DTH response, The antigen-specific svelling
observed is not due to the helper papulgzian, but to the
induction of cells present in the normal spleen population.
The mechanism of action of these helper cells is the linked
recognition of the antigenic determinants recognised by the
primed irradiated helper ocell and thé DTH precursor cell. ..
There is no non-spectfic componant of this reaponss noted
.~gt any stage - the correct (identical a; linked) antigen is

hecessary for priming, induction and elicitation. \

i #



DISCOSSION

The purpose of this study was to determine the
requirements for the induction of DTH dn vitro and to study
thlﬁiiﬁhlﬂi!i by w%}nh cellular cooperation funationed in
this induction. Numerous experimental systemsz weras teasted
to find conditions which would reault in DTH induction 4Aip
Yitro and the most critical factors were shown to be the
density of normal spleen cells and the concentration off
antigen pressent. In fact, moving from one culture systanm
to anotner, one could predict the optimum conditiona for
the induction of DTH by relating the surface area of the
new culture aystem to the old, and ensuring that the ‘new
cultures would contain the same number of responding cells
and antigen per unit surface area, The practical
differences between syatema wvere survival rates of the
cells, and ease of handling. The assay system employed
riquir;d 80 many viable cells at the end of a 6 day culture
period that saurvival rates really govarned which
::pnri-ca;:i system vwould be used for the bulk of these
studies. Thymocytes can be induced to DTH reactivity, but
do not survive well in culture and for this reason vere not
practical as a iﬁg;ﬁj of responder cells. Spleen cells do
survive well and these were uased throughout mearly all of
the experiments reported here, using Costar culture dishes
because these Were the easiest to handle 1in large

-

quantities.
~ 128
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Observations from the study of varying responder qgell
density and antigen concentrations in culture (Figure 1)
suggest that 107 normal spleen cells contain  sufficient
antigen-specific precursor cells to generate measurable DTH
reactivity since these respond to high ;atigiﬁ
concentrations (109 RBC/culture), but that these are not
induced when cultured with lower antigen concentrations
(107 RBC/culture). Those culturea that eéntiin Just
one-half the number of normal spleen calls that give a
response with the high antigen concentration are nmot
induced. Each of these culture conditions th:ﬁ do not, on
their own, allow the induction of antigen-specific DTH can
be helped by the addition @{ antigen-specifie, primed,
Thy-1-bearing ocells whose activity is radioresistant.
These helper cells are best detected in mice primed in a
manner that 1induces DTH to the relevant antigen in the
wvhole animal. It was not possible to consistently
demonsatrats ;}fiaiggt help for a DTH response with T cells
d:rivsdlfra: & mouse mounting a humoral response. This may
be because the two helper cells are different or because
another regulatory ocell is present under cogditions that
lead to a humoral response which inhibits the induction of
DTH. It appears that the question of whether ‘the same T
cell Yoan help in the 1induotion of all classes of immune

response oan most alearly be resolved by studies with
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cloned, stable helper T <cell 1lines, or biochemically
purified, antigen-specific helper factors, as opposed to

. Populations of primed spleen cells.

The studies described here have clearly shown that the
antigen=-specific autlﬁéng observed is induced in the normal
splesn cell pap&;}t;gni The irradiated helper cells fronm
antigen-primed mice are necessary for the induction, but
not for the elicitation of the response. It has also been
shown that the helper cell agts in an antigen-apecifie
fashion. Those cultures contaihing both BRBC and CRBC with
helper T cells from BRBC-primed mice do not induce any DTH
specific for CRBC (Table XX). This observation shows that
the helper T cells do not aot dn_yvitro by releasing a
oon-specific, long range factor, but' does not Ecir on
whether the helper T ocell ;Qa:ptpr; are specifio fér the
antigen or for idiotypes on BRBC-specific DTH prscursor
cells,. The faoct that DTH reactivity lg:i%ig a second
antigen (BRBC) ocan be 4induced, but only if this g:eﬂndr
antigen ia physically linked to the antigen with which the
helper T cells were primed (FGG), argues against the helper
T cella i::;:in:d here having anti-idiotype specificity.
These experiments with separate or aanju;:tidr antigena

again emphasise that the helper T cells aect only over a

very short range since cultures oontaining the same two
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antigens induce DTH r-;gtivity against BRBC only vhen the
FGG 1s physically linked to the BRBC. It is not sufficient
for the 1nduegian of BRBC-specific DTH to have BRBC present
in the cultures, FGG linked to MRBC, and FGG-primed helper

0.11'0 '

[~

§G-primed helper cells show

s These :tﬁdiis employing F
that triple complexes of antigen, antigen-specifie helper T
cell (or helper T cell factor) and the antigen-specific
precursor cell must be formed to induce DTH reactivity.
Thia would be consiastent with the requirement being for two
signals (one from antigen, and one from antigen-specific
help) for the induction of DTH preguracr cella.’ This
r*&uiro-cnt provides an explanation for the observations
described in Figuras { on the gf;-at of varying responder

cell density and antigen concentration on the induection of

DTH. As the d:nlityiaf normal spleen cellas ia increased,

the don-ig;gﬁ%hf BRBC-specific immunocompetent . cells
increases and effective cooperation will ocour ir
sufficient antigen is provided to ensure that two
antigen-specific ocells, in alg;inpro:i:;ty to one another,
can form triple complefes. Thus a higher din;ity of apleen
cells can support the induction of DTH in the presenmce of a
lower concentration of antigen than ocan a lower density.

This semi-quantitative interpretation is supported by the
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observation that a low density of cells (107) ocultured in
the presence of a moderate concentration of antigenm (107
RBC) will only support the induction of a strong DTH
—
response 1f supplemented with antigen-specific helper T
cells, Similarly, an even lower density of spleen acells (5
x 165) culéﬂfid in the presence of a high concentration of
antigen (109 RBC) will only support the induction of a

atrong DTH response if supplemented with antigen-specific

helper T calls. It has also baeen shown, both during the
course of thig study and elsewhere (Bretscher, 1979), that
the lower density of cells (107) can result in strong DTH
reactivity after incubation with 107 erythrocytes if the
responder coells gome from an antigen-primed animal. One
int:rprcﬁ:tiani would be that th{g .activity 41ia 1induced
because the specific antigen Priming increases the
frequency ‘of antigen-reactive ocells. These findings,
together with those that show helper T cells act by linked
recognition, ﬁra;idc & reasonable quantitative basis for
undgr;t:iding how the spleen cell denasities and the antigen

concentrations are interdependent in the way they affeot

the induction of DTH. \
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A few studies have been reported here concerning the
induction of humeral /iliuﬁity in culture, and the trend
seen is that higher densities of normal spleen cells tend
to induce nmore humoral immunity and less DTH reactivity
(for & given antigen concentration) than d} lower
densities. Extending the ideas developed above, this shift
in immune reactivity could be due to increased numbers of
cooperative events in the inductive phase. This would be
consistent with observationa by other workers. The Aipn

{ Yitro culture system elployiné a8 single spleen cell density
and varying antigen concentrations described by Ramshaw and
Eidinger (1979), induces only DTH at a low antigen (HRBC)
concentration, only PFC at a higher antigen concentration,
and only DTH agaif at the highest antigen concentrations
tested. The fact that DTH is 1induced again at very high
antigen concentrations can be interpreted as a requirement
for two antigen-specific ooll; to be recognising the same -
physical parg}olo or physically 1linked determinants, in
order to induce immune reactivity, At very high antigen
concentrations, the antigen-specifioc cells would be
saturated with antigen such that fewer pairs would
recognise the same¢ antigenic particle. Thus, fewer
cooperative events will be initiated at extremely high

ratios of antigen to normal Spleen cells. Other work
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lnecludes an dn yitro oulture system employing a single

antigén aoncentration (BRBC or CR

BC) and varying the normal
apleasn aell denaities (Bretacher, Banuscript in

preparation). Again, ghc immune response induced shifts
fros none, to only DTH, to only PFC as the density
increases. The Qll; piétcrn of response ocaurs in the
adoptive transfer systeam (Bretscher, manuscript submitted),
i.e., as the amount of normal apleen trgﬁj}ifr-é increases
and the antigen (BRBC or CRBC) dose remains the same, the

Fesponse shifts from none induced to only DTH to only PFC.

The basic pattern is just that observed: by Pearson and
Raffel (1971) when they emphasised that the same antigenio
determinants could induce DTH or antibody responses ipn yivo
under appropriate oconditions. They suggested that the
conditions whioch favour the induction of DTH reactivity are
those in which the antigen is "pot very foreign®™ eithar
because of its small sisze or its similarity to self. Thia
could be because of the decreased numbers of
antigen-specific cells for such antigens which would result
in decreased numbers of cooperative events for ltn-
induation of immune riiitivitg against these antigens. The
same argument could also apply to the PP!EDPiigill

induction of cell-mediated immunity following immunisation

. e
with lov amounts of an antigen whioch contains more foreign
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Experiments in whioch induction of several classes of

immune response against the same antigen occurs by mersly

adjusting the quantities of responder cells and/or antigen,

allow one to examine the cellular b:gig of

immunoregulation. Dipl:tiaﬂ of Enrtieul:r eall>typeg or

enrichment of others in the experimental protocol can
determine the cells ra;ﬁahsiblt for induction and for the
class of response induced, and even those reaponsible for
awitohing the class of reaponse from one type to another.
Cells responasible for *class svitching® or, more pragi;-lr,
for inhibiting the induction of the expeated class of
response following a p;r;ieulnr immunisation protocol have
been characterised in some Jpg viyo experiments using HRBC
a3 antigen (Ramshaw, Bretscher and Parish, 1976,1977).
Spleen cells from mice mounting a humoral response,
transferred to a syngeneic mouse subsequently immunised to
induce a DTH response, will inhigit the induction of DTH to
that antigen and determinants Physically linked to that
antigen (Ramshaw, Bretscher and Parish, 1976). Similarly,
spleen cella from miae mounting a DTH response, transferred

to ayngenmneio animals subasquently immunised tgediv-lep a

humoral response, will inhibit the induotion of a humoral-

¥

response to that antigen (Ramshaw, Bretscher and Parish,
B <F

"[“
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1977) . These inhibitory ocells were characterised as
cells and carried ;pcﬂifia surface antigens that allowed
them to be distinguished from one another, i.e. they were
_clisaégpinifig ingibitar; T cells (Ramshaw, MoKenzie,
Bretscher and Parish, 1977).

Antigen-specific cells that inhibit the induction 'of

one class of immunity tend to be found during a stro g
responss of an@th:rr class against the same antigen,
Tranafer of nylon-wool purified (T) cellas from the spleens
of mice mounting a humoral response againast BRBC or CRBC
can ;ui;ah the induetion of an expected DTH response to a
humoral one. These cells are transferreld to mice 24 hoursa
before irradiation. A normal spleen cell and antigen
inoculum whioch usually results in the induction of DTH is
then transferred to these animals and results- in the
induction of a humoral response inatsad, in an
antigen-specifie fashion (Brltsghur, manusoript submitted).
The same is true for the .transfer of such T cells to
cultures ocontaining a normal spleen ocell density that
nor-llly! results in the induction of DTH (Bretscher,
manuscript in preparation). Thus, if nylon-wool purified T

cells from a mouse mounting a qSPGPIL responss to CRBC are

added to ocultures that would normally reasult in a DTI

wu\
for?
~ -}

response to CRBC, a PFC response is induced and no
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against CRBC, These cells do not afreat cultures that
would normally result in a DTHE response to BRBC. An
analogous antigen-speocific effect is seen for purified
irradiated T cells fron 4 EOouse mounting a humoral r:;pansir
to BRBC. Furthermore, the effeot can be titrated with the
number of irradiated primed T cells added to the cultures
and, as more T cells are added, the DTH response decreases

and the PFC response increases,

It is not yeot known whether al:aaﬁspiairia,
1nhibit§ry, antigen-specific T cells are generated in
normal apleen cell aulturl:;aanaa-itgﬂtly with a response
!af another class, but this could be tested. T cells which
inhibit the induoction or a humoral response in an
antigen-specifio fashion, have been di!@nlﬁrl%ld
concomitantly with. DTH effector cells in spleen ogell
cultures from mice p?i:-; iv 3 days previously with a low
dose (105) of =HRBC (Ramshaw, Woodaworth, Wright and
MoKenszie, 1980). It 1is also not yet known vh:th:r‘:uah
"suppressor ocells" gould inhibit an ongoing response to a
partiocular antigen, and this-should be examined, If it is
possible to generate cells in oculture whiech would
speeifdoally inmhibit & particular olass of immune response

in an intijin—i}iaifiu fashion, and if one aould separate

theses from the other :ﬁgijins;pinifie cells in oculture, one
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could apply this to experimental models of autoimmunity,
. ®+8., experimental allergic encephalomyelitis (EAE). This
autoimmune disease, often regarded as an experimental model
for multiple sclerosis, is thought to be due to D£E
reactivity against a protein found in the Bmyelin asheath
:urrannd;n; tissue of the central nervous system (Arnon,

1981). If one ocould induce potent DTH reactivity to this

Antigen ip vitro, one might \ induce disease by injecting

these ocultured cells into anihals, This would establish

whether or not the disease symptdgqs are genuinely due to
DTH reactivity against this particular protein. By varying
culture oconditiona, and inducing humoral immunity againat
the same antigen, one might produce antigen-apecific T
cells which <could inhibit this DTH filativityfha;?d
determine whether this would then eliminate diseass
symptoms. It would be extremely useful in many instances
to ig; able gb specifically inhibit certain immune
reactivities, especially in patients sauffering from
autoimmune disorders or in transplant r:éipi!nt;; or pa be
able to switch the class of immune response induced againat
a particular antigen from a detrimental one (e.g. IgE
against ragweed pollen) to 'a relatively harmless one (e.g.
IgG). Any knowledge that ~can  be gained by  using
. emperimental models to understand immune regulation ahould

be useful in the eventual treatment of patients with these
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disorders.

The particular ny;é:i developed during the work
described in this thesis could be used to study other

aspects of immune regulation. A help-limiti ing systesms for

o

the induction of DTH could be used to determine wvhether the
same helper aell or helper factor that indu;aa humoral
immunity can hclpﬂta induee DTH reactivity, Eianhliia ally
purified helper factor (from syngeneio animals) could be
titrated to see 1ir it might alaso induce DTH reactivity 1in
this hclp-liiitiigfzgzsti:. This would be one vay to
dotofuino whptgj; hllg:}f oclass-specific itself or whether
the quantity of antigen-specifio help (or helper factor)
@vailable determines the oclass of immune response induced.
A very limited attempt to induce DTH in this system using a
BRBC~specific helper factor for humoral responses purified
. by pr. cC. sﬁla:iﬁ: of this department did not result i?fii;
induction of DTH, but this should be tested thoroughly Yitn

an extensive dose response titrtiynn and complete kinedtic

‘;{tudioa.

/ N - .

: ; Dthor aspects of the two-signal :ndai/ for the
' \
1nduotion of T cells could alaso be tested in th(F aystem.

DTH can be 1induced in vitro, nd the iﬂduatiﬂg of DTN

requires antigen-specific help. This means that help must

®
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also be generated Aip vitro, and should develop before the
DTH activity appears. In fact, Jhen cultures that were set

up under conditions that would induce DTH reactivity im 6
days, were harvested and irradiated after 1} days, they
provided Tgry.arfiaiant help for the induction of DTH in
subsequent help-limiting cultures, —~Unfortunately, thia
help was not tested for antigen-specificity 1in this
particular instance, ;ﬂcugvar, the antigen-apecific nature
of this help could be tested, and, assuming it is
antigen-specific, the conditions for the gEeneration of this
help could be studied. To test whether the induction of
help in the firat cultures requires cellular collaboration
(2 signala), one could make the firat cultures limiting for
the induction of help by dropping the néri:l splesn cell
dose until no help is induced. Similar aéndiéinna could
then be used to determine whether the addition of
specifically primed, irradiated helper cells as oppo%ed to
irrhdiated cells primed to a different antigen, would
éuppart the induction of antigen-apecific help 4in theae
firat cultures, A few preliminary attempts to test this
induction of  help 4indicate that normal apleen cells
originally cultured with BRBC-primed irradiated spleen
cells and BRBC only help induce a BRBC-specaifiec DTH
reaponse in ;ub;:quént cultures and, aimilarly,

CRBC-specific helper cells can also be induced.
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Helpsr T cells can be induced in viyo since primed, aa
npiaagd to nargfl, spleen cellsa can provide specific helper
functiong® It seems likely that helpsr T cells for thi
induction of DTH are also Eenerated under those conditions
of in vitro oculture that lead to the production of DTH

Pn;etivit:i These considerations stress that the helper T
cells characterised here may act indirectly in aliding the
production of DTH precursor cells by, for example, alding

. These obaervations

the induction of more helper T cell
do not bear on whether one or more sequential cellular

int r:atinﬂi'aaaur in these cultures; however, if sevaral

ocour, they all must aoct by the linked recognition of
:?tiganic determinanta as one interaction, mediated by a
long range non-apecific factor, would obviate the nesd for

the linked recognition observed in these studies,

The theory concerning the 2-signal model of induction
and its explanation for self-tolerance (Bretscher and Cohn,
1970) also predicts that immunocompetent precursor cells
incubated under very dilute culture conditions might very
well result in antigen-specific tolerance, if this oacurs
by one signal alone. Conditions would have to be such that

the ocultured ocells would be unlikely to be able to

collaborate efficiently, but would be .in the presence of

<
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ufficient antigen that all antigen-specific precursor

cells would be in contact with the antigen. This could be
tested by harvesting sparse cultures exposed to antigen,

adding antigen-specific primed, irradiated helper cells,

-

and testing for the ability of these cells to generate DTH
effector cells. Controls must include cells preincubated
with other antigens for specificity, and higher density
>§ﬁltUFi! preincubated with the same antigen to enaure the

tolerance (if it occurs) is consistent with its being due

to lack of cooperative events in the firat cultures.

The sysatem developed in this thesis alaso pr@vid-a a
means by whieh the H-=> ri:triatian of T cells, other than
eytotoxic T cells or those involved 4in the thymidine
incorporation assay, can be stu;isd in vitro. One might
test the restriotion of T-T cooperation in primed or normal
cells for comparison to T-B, T-macrophage, or Eﬁil@?aphig§

restriotion.
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In eonclusion, oI would like to say that the system

dovoiopod in this thé:in may be used to ansver some
important eurrent questions in the field of
immunoregulation, especially whether the 2-signal model for
induction applies to immunocompetent precursor T helpar

cells for the 1induction of DTH, and whether the help

required for induction is the same “for” all classes of

immunity. Clearly, the more one understands about immune
regulation, the better position one is in to modify the
response at will, helping to induce appropriate responses
when theas are lacking or eliminating hararul or
inappropriate immune reaponses. The work described here on
the requirements for induotion of a DTH response, together
with that done by Dr. Bretscher on the switohing of the
class of response induced in vitro from DTH to humoral,
suggest that the number of cooperative events ocourring in
a culture, ia the single most important factor in
determining whether any, and which <oclass, of immune
responae will be induced. Together, these systems provide

& powerful means of studying the immunoregulaticn of the
classes of DTH, IgM and IgG. !x\>
7
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