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_histocompatibility compiex in governing cell~cell interactions in the immus

Ablﬁil‘-"! ~

This thesis describes studies undertaken to investigate the role of the major

8 response.
A ﬁﬁa‘cphigﬁdipandm invitro T cell proliferstion assay was usad as s first
approach -tc;: examine the inferaction between primed T cells and APC. WitH this system,
we showed that imnwse response (/7) genes are expressed by the mt»gm prasaﬁtmg ci"
n responder and nonresponder strams to the synthetic peptide antigen, TNP- 18, “ﬁﬂ"
heterozygous (R x NR) responding T cells, and R or NR ARC. Alloreactivity between
nontolerant homozygous T égll§ and fully histaiﬁ;:mp;ﬁbié APC prevented us from
looking directly for H-2 restriction,of the T cell - APC interactibn - /

-

To overcome this problem, we turned to tolerant T cells from parent —> F, foetal

liver chimaeras. finding persistence of H-2 restriction batween AF’C and T célls, n the

proliferation assay, when alloreactivity ,! eliminated This, togather with others' results,
bxcluge= mat the apparent H-2 restriction seen under some c!ir:umstmeas for ‘
naﬁtalrmﬁ cells HBEQSS""Y reflects negative or smpresswq(_g"@gm affects
between then:gll populations. - ’ .

Wea dsa investigated the sbility of nonspecific m:crgphzgg f;ctars to rar;:hc;
APC in the T cell pn:hfar:twa response, showing that they are mmﬂy d;h to
overcomé H-2 restricted :ﬂd /r gene controlled sntigen prescnt‘:tmn in wtra This led us
to pastul:te the ams.tanca of two pathways of T cell m:tw:tnén by mtngan one H -2
restricted or /r cantralled with an absolute APC dapendence, which operates in tha
prmeflﬁmngm;:fmw ;nﬂhathur MSWYIW
rmng hig'n concentrations of soluble lntngen and nonspecific APC derived f:t:taﬁ-
The lack of H-2 control seen under these conditions riay reflect direct T cefl mgg-rng

by high antigen concentrations.

of T calls dgnvgﬂ from two=way foetal liver chimaeras 4 + 8 -> (,A x B, or

. tetraparental mice A <-> 5. Againgt our initisl expectations, homozygous T celis from the

in situ primed FLC showed strict self-preference in the proliferation assay, cooperating
only with syngeneic APC. Studies with the limited number of tetraparental animals

avsilable so far indicate. however, that T cell cooperative preferences can be modulated
. ) ~



away from 'self. Two patterns of cooperativity appear 1o exist in these animals;
urestricted cooperation seen m ‘balanced chimaeras; and restriction to the pre

somatic haplotype, sasn in ‘unbalanced animals.
- The means by which restriction is imposed in the animal, and the reasons for the

clear difference between stem cell chima ras and tetraparentals are stil uresolved We
feel, however, that the restriction pattern seen fc:-; celis from two-way FLC may be
independent of the chimaeric host haplotype, and of priming, perhaps reflecting learning
experianceas of the stem cells -nt\e embryonic donor environment By contrast, such
learning would not yet have occurred in the eight—cell embryos used for constructing
tetraparentals; hence, cells from these animals would show cooperative preferences
cictated solely by the miliau m whnich differentiation occurs.

Finally, we Exaﬁmﬁ MHC restriction of the interaction between T ceils, B cells,

arl APC /n Wivo To obviste the potential for alioreactivity batween any or all of the

cc&paratnng_é: Il populations, we used T and B cells taken from parent > F, foetal liver
chimaeras. Under these conditions, we showed a requirement for B cell - host
syngenicity in the in v/i¢o responsa fo ﬂieiﬂ:yﬁius dependent antigen, TNP-KLH. These -
studies do not. howaver, Excludé the possibility that the adoptive host may contain
residual radiotesistant allcirrgéctivg T cells able to suppress the function of the
transferred T or B cels by a nonspecific allogeneic effect

Tc; address this point, we repeated our earlier experiments. t:nrnprmg tolarant
(chlmasﬂc) hosts and Aormal animals; both were equivalent Thus, we feel suppression.is

inadequate to account for our observations. Host - B cell restriction has not been

previously shown for TD antigens, or /in vivo;, prior studies have relied on Tl antigens, in -

in vitro cutture systems. Rether puzzling is our failure to find tha T cell - host restriction
which has been aimost ‘mivars.;ny reported by other groups. Our results exclude that ﬂu
apparent lack of rn’striétiaﬁ is due to the faikre to prime adequately, and strongly
suggest that it does not reflect priming in the context of nonrestricting (F,) APC. It should
be emphasized, however, that irrespective of the reasons for this apparent lack of
restriction, it is only under these conditions of unrestricted heiper T cell function that
APC - B cell restriction can be shown | )

- 1



| Patwos . b

This dissertation describes a series of studies on the control ’Qy the major . \, :

Sistocompatibility complex (MHC) of celiular interactions in the generation of immune
7rg5ﬁmsas invitrosnd in vivo. . 7 | i
The results in Chapter IV have been published in / mmunogenetics These studies
were carried out in collaboration with Dr. K.C. Lee, and Dr: T.G Wegmann
The wcf;: described in Chapter VI has been accepted for publication in 7he
Journsl/ of Experimemal Medicine The studies poearing as Appendix | are in press in
“the‘Proceed/ngs of the National Academy of Sciences, snd were dﬁn- in collabor stion
with Dr. TG Wegmann. / * ’
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I. introduction
The eallul-‘ ﬂt!r::m involved in the generation of an imrune response, and the-
controls acting on these interactions, hiva been a major preoccupstion of cetiular
gy for over a decade. ;

The bbjective of this chapter is to review the literature pertaining to this area, and
more particularly to my research, and to attempt to place the development of this field in

an historical context Much of the work which has been done in this area is relsted,

drectly or otherwise, to the ontogeny of the immune system, and these aspects will
consequently farm the major focus of this section

A. Functionsl qtrgmiziﬂaﬁ of the immune system . !
One of ;:ha fundamental advances in cellular immunology duririythe last two \

decades was the realization that the dif ferentiation of antigen-reactive lymphocytes can
follow either of two independent pathways, one dependent on the thymus, and the other,
not ,

" In outline, the ontogenic sequence involves migration of stam cells from the
heematopoietic tissues (foetal liver and yolk sac in the embryd; bone marrow in the adult)
to the primary lymphoid organs, the thymus, and the bursa of Fabricius (bur sa—equivalent
in mammals). These organs are sites of intense antigen-independent cell proliferation and
dif ferentiation, and the particular microenvironments of these organs strongly influence
the functional capabilities of the cells emerging from them The mature (or relatively so)
cells emerging from the primary organs pass to the peripheral or secondary Iyﬁﬂ?@ud
org-'ms spleen, lymph nodes, Peyer's patches. and blood - where the
aftigen—-dependent immunological functions of tha cells are expressed Genetic
influences imposed on the cells in the primary lymphoid organs are most frequently

manifested at the level of the sacondary organs, when functional immunc tence is - x

achieved - -



B. Ontogeny of T Lymphocytes ,

hﬂummprapau}anm-ﬁman-GhaﬁtmameE
cells, with particular emphasis on the kinetics of acquisition of LUNolog ti
intact foetal and neonatal animals, and in stem cell reconstituted aduit animals.

Origins of stem calls

Development of a functional T Iyﬁﬂmm system is dependent on the presence
of the thymus. Early studies by Verdun (1898} established thlt the thymi
derived from the Il and IV pharyngeal pouches, and is of !Etéd!ﬁﬁll bn;p‘\ m it
requires the presence of endoderm for development (Hammond, 1954). The further
development of the lymphoid thymus has been a point of controversy for over a cantury.
The ﬁiigsfgfﬁﬂﬁéﬂ hypothesis of Kolliker (1879} and others proposed that the

thymocytes, Hassall's corpuscles, and thymic reticulum arisa by dif ferentiation from
epithelial elements. Early studies tanded 1o support this view Beard, 1900; Bell. 1906),
and rac'aﬁtly AEK!FFT\H”I-( 1967) and others have claimed to find transitional forms between
tﬁymu: Cplﬂiﬁhil;!ﬁd lymphoid cells. Curiously, Ackerman has also published work
compatible wuth a substitution hypothesis (vide infrai, but fails to attempt to reconcile
the discrepancy (Ackerman and Hostetler, 1970). -
By contrast, the substitution hypothesis of Hammar maintains that thymic |
lymphocytes derive from connactive tissue lymphocytes which migrate into tha thymic
anlage. Maximow's ém:ﬁa"s (1908, 1912) were consistent with the H;mm: theory, and
- further suggested that the lymphocyte precursors arise from mesenchymal cells which
undergo differentiation into large basophilic amoeboid haemocytoblasts, before migrating
into the thymic epithelium. Other workers have obtained evidence consistent with this
view (Norris, 1938), and this seems to be the most satisfactory modet at present
Various modifications of these theories have been proposed, and among these,
perhaps the strongest support for a transformation—iike hypgﬂﬂsis came from the work
of Auerbach (196 1). Pre~lymphoid (12 ~ 12~ 1/2 day) mouse thymic aniage was
trm:plmtcd to the choriosiiantoic membrane of the chick embryo, and SLbséfpgn’tly
sht:)wed only mousa lyfrphmd development Auerbach interpreted thn: results as
: tﬁdu:aflng epithelial to iymﬁsh@:q transformation Moore and Owen (1967) obtained similar

results, but aiso showed conclusively the presence of large basophilic cells with



prominent nucleoli i eleven day mouse embryo thymic iim large numbers of these
celis-being found in tweive—day thymus. Thess cells closely resembie the putative
lymphocyte precursors of Maximow. Together, then, these studies show that lymphocyte
devo!opt;vmt occurs from stem celis siraady present in the aniage by‘mmﬂ days of
gestation, without addressing their origin
Several approsches have been taken to determine the origin of these bas

cells, usually in the chick smbryo. Moore and Owen (1967a) used s sex chromosome
marker system in pairs of embryos with vascular snastomosis produced by parsbiosis.
Embryos with earty yok -sac anastomosis (prior to the development of thymic
lymphopoiesis) showed high levels of thymic chimerism, while embryos in which
anastomasis of the choriosliantoic vessels was established later in ontogeny showed only
minimai thymic chimaerism, while marrow. spleen, and bursa were markedly chimseric.
The hesmatogenous theory of thymic lymphocyts origin, basically 8 modification of the
substitution theory, was formulated to account for these results. Briefly, it recognizes
that the thymic anlage is populsted by cells present in the surrounding mesenchyme, but
extends this in considering these cells to have migrated there via the biood stream, rather

'than arising by mesenchymal transformation /n situ.

This hypothesis was tested in two ways, one involving the grafting of chick or
mouse thymic rudiments onto the CAM, and using sex chromosome or metaphase
patterns to determine the relative host and donor contributions to the thymic population
Moore and Owen, 1967b). Anslogous to the earlier results, the early chick thymus was
aimost completely repopulated with host—derived cells; whla iater grafts showed mixed
host-donor chimerism. The repopulation of mouse thymus showed species specificity,
with early rudiments failing to show lymphoid development, and later (12 - 12-1/2 day)
grafts developing normal thymic architecture, with distinct corticdl and medullary
patterns. Studies by Owen and Ritter (1969) reinforced this conclusion.

The role of the basaphm: cells as lymphoid r:rac;wsars ‘was directly shown by
Moore (197 1), again in the ehn;k Tritium—labelied arrbry@m: h:eﬁ'vcpﬂm-c cells were
injected into developing chick embryos, and the fate of the labelled celis followed
characteristic of that of the large basophils; subsequently, label was detected in cells



morphologically similar to medium and small thymic lymphocytes.
inmtrathymic snd extrathymic maturstional svents -»

The thymus is continuously repopulated by stem celis during adult life, sithough
compar atively little is known of this process. krradisted muce can be protected by infusion
of yok sac, foetal liver, or aduit bone marrow cells, suggesting that the stem cell
sources are generally equivaient (Stutman and Good, 197 1), sithough Stutman (1977) has
_presented evidence that yolk sac cells require maturation in the bone marrow
environment to become competent to repopulate the thymus. The process of intrathymic
and extrathymic maturation of T cells remasins of grest interest to—day. Morphological
studies have been generally urrevealing, and most work has in consequence centred on
autoradiographic and chromosome marker studies, and on the acquisition of cell surface
markers. 7

Histologically, the thymus comprises a highly celiular and actively mitotic cortex,
and a reistively amitotic medulla The blood supply to the c::rg:n is remarkable. Artericles
. enter the thymic substance at the c‘.artucomeﬁjlry pnctlﬁn and give off capillary
arcades into tha cartam these anastomose extensively undar the capsule, and loop back
to dran into venules at the corticomedullary junction. These capillaries hava tight
intercellular junctions. which gffg;tivaly prevent the exchange of macromoleculsr solutes
between blood and tissue space, and which constitute the anatomical basis of the blood ~
thymus barrier (Raviola and Karnovsky, 1972). The medulla and CMJ, by contrast, have a
more conventional biood supply of arterioles, capillaries, and postcapillary venules. The
latter are particularly adapted to allowing cells to mss from the thymus to the é‘ifEui!fﬁQﬁ,
and in this respect resemble the postcapillary venules of the lymph nodes.

Stutman and his collaborators (Stutman, 1977, 1978) have extensivaly studied the
migration of stem ceils to the thymus, and have given us our main insights into ‘irrtrr and
extrathymic svents. A

it was found that sdult or embryonic stem cells could pj"tl-l"y populate tha
thymus and s;bnqmntly the periphery of syngeneic unirradiated hosts, using as a source ;
of stem cells, tissues from mice bearing the T6/T6 chromosome marker. T6/T6 cells
waere absant from the peripheral lymph nodes, but could be found in bone mMerrow snd
spieen of animals which had been neonatally thymectomized inTx), or nTx and grafted



with thymus in a cell-impermeable diffusion chamber, indicating the necessity for an
accessible thymic stroma for restoration of T cell function (Stutman and Good, 197 1).
Yok sac celis were found to differ from foetal liver celis or bone marrow cells, in that
they require an additional maturation step in the foetsl liver during normal ontogeny, or in
resulted in failre of yok sac cells to migrate to the thymus and periphery, while not
affecting migration in amals given foetal liver celts or bone marrow (Stutman, 1977).
Under these conditions, yok sac-derived cells could be recovered from the spieen, and
these celis Could in turn repopulate the thymus snd periphersl T cell pool of a subsequent
host with a functional marrow space (Stutman, 1978).

The ability of chromosomally-marked stem ‘cells to repopulate a non—irradisted
host thymus was dependent on matching for histocompatibility antigens (Stutman and i

wradiation of the thymus, suggesting that this was purely a competitive phenomenon,
allogeneic stem cells being at a disadvantage in repopulating the graft (Stutman, 1978).
Emigration of cells from the graft is maximal in perinatal life, and sti:saqlmﬂy

declines [Bryant et 8/, 1975). In view of the substantial mitGtic rate in the thymus, which is
sufficient to allow complete replacement of peripheral T cells de novo five times per
day. it has been postuiated and shm!m that a majority of cells within the thymus have a
brief lifespan of 3 - 4 days, and die within the thymic cortex Shcrmm;eizgiﬂ
double-labelling experiments have shown that the proportion of short-lived cells in the
thymus is at least 63% (Shortman, 1977; McPhee et a/, 1979). Nonetheless, both short
and long-lived cells are exported by the thymus, and Stutman has postulsted that the

- former may represent ‘post-thymic precursor’ (PTP) cells, which may in turn give rise to
long-ifived peripheral cells.

Conventional wisdom (Weissman, 1973) hokds that the medullary
cortisorie—resistant thymocytes represent the end-stage of thymic maturation, and are in
fact fully mature celis awaiting export to the periphery. Studies by Weissman ef a/
(1975). in which the thymic cortex was labelled /1 situ, showed that the medullary
thymocytes sppesr to- derive from the cortical populstion Agsinst this is the evidence of _
Ciaman and Moorhead (1972) that peripheral T cells contain both cortisone sensitive and



resistant populations, and the finding of Eliott et a/ (197 1) that the intrathymic
steroid-resistant population is apparently not subject to turnover, or to significant
export to the periphery. Furthermore, this population cannot Igcalize to the T cedlt
dependent areas of the p«Wd lymph nodes when transferred to irradisted hosts
Elliott, 1977). Stutman has subsequently shown that the majority of PTP cells exported
by the thymus are steroid sensitive, but give 5ise to a populstion of steroid rasistant cells
n the periphery (Stutman, 1977) 4

The thymus secretes at lsast one humoural factor. thymopoietin, which 15 able to
bring sbobt the rapid expression of the Thy 1 alloaﬁtig'en in spleen and bone marrow
“from congenitalty athymic (nude’) mice in vitro Komuro and Boyse, 1973). The peripheral
tissues also contsin mediators capable of rapidly inducing the expression of Thy 1in 14
day foetal thymocytes. and which seem to act v’fa the intraceliular second messenger,
CAMP (Singh and Owen, 1975, 1976) The initial onﬂ'usi;sm over these findings, which
suggested a potential role of these factors in the treatment of congenital or acquired
immunodeficiency, was dampened by the subsequent demonstration that these cells,
although bearing T cell markers, were not immunologically competent, and showed only
modest responses to various T cell mitogens.

SmhucamodoutoxtmumdmsonhrmormonofTc:ﬂfmcﬁcﬁm
nTx mice, which shed light on this problem. Neonatally thymectomized animals could not
be reconstituted beyond 40 days after birth with thymus grafts contained in
cell-impermeable dif fusion chambers. immune Competance could, however, be restored _
it thymus grafting was supplemented by the concurrent transfer of lymphocytes or stem
cells from aduit or neonatsi animals, quite irrespective of the T cell content of these celis.
Embryonic stem cells required the pcesetée of a free irather than Yan enciosed) thymus
oraft to aflow reconstitution Th‘so resuits were interpreted as showing the existence of
two sorts of precursors of the T cell lineage; prethymic T cell precursors {predeterminad
_T cell precursors) and postthymic T celi precursors (PTP), as discussed above. The

prethymic precursors require maturation in the thWC stroma to become PTP, which are

| functionsily immsture precursor cells exported to the periphery (Stutman 1978). it is 7
these prethymic precursors whnch are present in nude mice, and Wthh can be caused to
display the antigenic phenotype of mature T cefls (Thy 1+ TL*) in vivo (Stutman, 1974) o'
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in vitro Basch and Goldstein. 1975), without a corresponding gain in function. incubstion
of these celis with myrﬁc hormone, or parenteral administration of the hormone, does
not result in conversion to PTP, while incubation on thymic epithelial monolayers similarly
fails to induce T cell function (Sato et 8/, 1976). The compiexity of the necessary
mtrathymic dlfferontaman is shown by the work of Robertson and Owen (1977), as in
vitro cuttures of thymic nxptmts show rapid changes in antigenic carrpasman but
require four days for the development of alloreactive cells. The above evidence thus
suggests. that in the absence of speciaslized contact with the thymic stroma, precursor T
cells undergo a trivial pathway of T cell differentistion, without deveiopment of function
The postthymic T cells. on the other hand, have been shown to give rise to
combetent T cells /n vivo PTP are n general Ehr;:tsfi;:;i by sensitivity to steroids,
adherence to nylon wool columns, and the expression of Lyt 1, and Lyt 2, 3 markers
(Stutman and Shen. 1977); in short, the characteristics of much of the peripheral T cell
pool. .
PTP obtained in relatively pure form by velocity seds t
reconstitute nTx mice simultaneously given diffusion chamber—enciosed thymus g‘:fts;
but not ungrafted nTx snimals (Stutman, 1975). The most likely explanation for this is that

ation will functionally

thymic humoural factors mediate the maturation from PTP to functional T cells in the
periphery. Functional T cells recoverad from these animals, and responding to the T cell
mitogen PHA, or to allogeneic T cells /n vitro, were shown to beiong to either the Lyt 1+
or the Lyt 2, 3 subclasses, lﬂdlElﬁﬁg the possibility that a common Lyt 1, 2, 3* precursor
might give rise to both subclasses, with further differentistion m:;ui‘fmg in the periphery.
Acquisition of T cell surface mackars

“The functional properties of cells provide a convenient, aithough purely aﬁpcﬂcll
means of assessing the state of maturation. Consequently, a number of studies h:va
retied on the development of surface rrﬂrkars to sxplore the kinetics of Qﬁtgggny of the
Tcollsynunmfootdaﬁdmcnlmml and in stem cell repopuiated aduits. w7

Owen and Raff (1970) carried out /n vitro studies on the acquisition of the T cell
markers, theta (Thy 1) Reif and Allen, 1963), snd TL, in foetal animais. Thymic rudiments
were cultured for various periods of time on the chicken CAM, and the dissaciitad
fragments analysed with cytotoxic antisera for their content of mtn@smm cells.

4



Fourteen dey foetal thymus was not fmr;dtgnxprgss mmm as
determined by direct cytotoxicity testing, but the antigen could be detected after two
days in culture. The time of appearance of theta, and the proportion of theta—bearing
cells was squivalent in cultured thymus and in normal thymus of squivaient gestational
age. A concurrent histological maturation was observed during culture, with replacement
of the relatively sparse large basophilic cells with large numbers of close—packed small
to medium lymphocytes. The TL antigen was similarly absent from fourteen day thymus,
but appeared after four days of /n vitro culture. The proportion of cells killed by snti-TL
antiserum was somewhat iower in cultured thymus than in normal eighteen day thymus
When the same cell population was analysed simuitaneously for expression of theta and
TL antigens, a similar dis¢repancy was found, suggesting the functional independence of
the two antigen systems. Schiesinger and Hurwitz (1968) aiso analysed foetal thymuses
for the presence of TL antigens, and found them to first appesr at 15- 1/2 days of
gestation, with normal levels being attained by 16~ 1/2 days. Although this study gave
resuits concordant with those of Owen and Raff, it cannot be conclusivaly shown that
the alioantigen—bearing cells srose by dif ferentiation from thymic precursors, and do not
overcofnes this point, by cutting off the supply of immigrant cells at 14 days.

H=2 alloantigens are present on the stem cells infiltrating the thymic anlage at
eleven or so days of gestation, and their expression reaches adult levils in late gestation,
concurrently with the decline in surface theta antigen, and the loss of TL and finkage
group 1X rnirk_!fs
Acquisition ﬁf ¥ cell function

Perhaps of grester interest and relevance than the acquisition of surface markers
is the development of functional immunocompetence; the ability to respond to mitogens
and specific antigens. Anslyses of this sort are technically difficult in the foetal mouse,
owing 10 the small numbers of Cells which can be recoversd, 36000 - 50000 in the 14
day thymus. Mosier (1973, 1974), and Mosier and Cohen (1975) developed suf ficiently
sensitive /n v/tro microassays to allow them té examine the responses of thymocytes of

16 days of gestation or greater. Sixtesn day foetal thymocytes responded well to PHA,
and to allogeneic cells in the mixed lymphocyte.reaction, but poorly to the mitogens

o



ConA and PWM Neonatal cells, by contrast, showed enhanced ConA and PWM
responses, sttaining aduit leveis of reactivity by qaprogwmtely three weeks after birth,
while the PHA response decressed sharply at 19 days of gestation, and subsequently |
tended towards background levels. The aliogeneic MLR showed a prenstal peak at 19 -
'20 days of gestation, and then fell markedly at about the timé of birth, although it
subsequently recovered and reached aduit levels by 2 - ¢ weeks postnataily. The
response to syngeneic spieen appeared at the same time as the response to allogeneic
cells, and was grestest in the neonatal period. Reactivity graduaily deciined to background
 leveis by two weeks after birth The postnatal loss of reactivity to PHA and syngeneic or
aliogeneic cells is attributed by ﬂ:ose authors to the dovolopmant of a reguiatory T cell
subpopuiation, which suppresses the response to 'self’ permanently, and that to certain
other antigens and mitogens st ieast transiently. 4 *

; A somewhat dif ferent approach to essentially the same problem was taken by
Robinson and Owen (1976, 1977), Juhiin and Alm (1976), Juhiin et a/ (1976, 1978), and
Tufveson et a/ (1976). Fourteen day thymic rudiments were cultured in vitro for up to
28 days. and the functional capacities of the cells determined at various times after
expiantation The responses of cultured tHwgys to various r'nitogens all appeared at
approximately tho'sano time. pesking at 11 days of culture for PHA, 12 days for ConA,
and between 9 and 15 days for PWM Cetis from /n yvivo thymuses showéd similar
patterns of reactivity: to those reported by Mosier (1974), with no detectabie PHA
response after birth, while PWM ;nd ConA responses increased to adt.;lt levels within 2 -~
3 webks. The kinetics of acduisition of MLC responsiveness in cultured thymus were
comparabie to those obtained by Mosier with normal thymus, responsiveness appearing
first st between 4 and 7 days in culture (18 to 21 days of gestation) versus 19 days of
gestation for /n vivo embryo thymus. The perinatal decline in response was not observed
by either of these groups of authors, who reported that thymocytes from normat
neonatal animals showed reactivity as great as those from aduits; additionally, they did not
observe reactivity of neonstal cells to syngeneic aduit spleen.

The acquisition of T cell functions after birth has been rather more ox'tensivel'y
studied, a reflectioRsf the greater accessibility of this experimental system "Gener'ally;
concordant results have been obtained by the different groups, chiefly Howe and

¢



10

Manzielio (1972), Stobo and Paul (1872); and Byrd et a/ (1973). Neonstal thymocytes are
deficient in their ability to respond to PHA Persistence of this deficit into adult life is |
claimed by sii save Byrd er a/, who reported that the PHA response increased and
reached a plateau by 12 weeks after birth, aithough the response was subsequently
obscured by rising background levels of proliferation Conflicting resuits were obtained
on the ability of neonatal cortisone-resistant thymocytes to be stimulated by PHA.
Responses to ConA and PWM were relatively low in neonatal and sarly postnatal thymus,
but sttained full aduft levels within a few weeks of birth Simiar results were obtaingd in '
'NZB mice (Stobo. Talal and Paul, 1972).

Thé development of antigen—specific T heiper cell function is difficuit to assess,
as it requires some form of an assay system, generaily involv;ng mature effector cells; B -
celts in the case of help for antibody production Hence, a number of studies, of which
those of Spear et s/ (1973) and Spear and Edeiman (1974) are typical, showed that
spleen cells from neonatai mice were mmunologically incompetent for up to two weo'ks
after birth, and that immune responsiveness smbsoqwrmy‘ppoarod to thymus - dependent
antigens, reaching adult levels by approximately eight weeks. Spear and Edeiman showed
that the kinetics of T and B cell maturation were different, mature B cells being present in
neonatal spleen as_judged by their ability to respond to a thymus—independent antigen
(bacterial Iipopolysaccharide); while the response to a tﬁymus—'dopendent antigen
(heteroiogous red blood cells) did not develi‘until later. As the proportions of cells
bearing T and 'B'.surface markers did not change over the period of maturation of the
response,it was proposed that T cells required post—natal maturatnon to become
functionally immunocompetent ' '

Mosier and Johnson (1975} independently showed that B cells at a given stage ™n
ontogeny were substantially more mature than T cells, in that adult spleen celis were sbie
to provide help to neonatal spieen B cells in the /in vitro response to shoep RBC.
Neonatal spieen alone did not give an SRBC response. The-number of adult spieen celis
required to reconstitute the response of neonatal spieen B cells was substantisily grester ’
than that for adult spleen B cells, suggesting that neonatal spleen might contain 8 »
suppressive cell type. Treatment of the neonatal cells with anti Thy 1 and C' restored the
response to the levels seen with adult spleen B cells. The authors interpreted these
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resutts in terms of a Thy 1-bearing suppressor cell, capable of mhibiting
exogenously-added helper cells, and also any helper cell activity present in the neonatal
spleen. Further evidence in support of this conclusion came in the observation that
neonstal thymocytes can suppress the /n vitro rasponses to SRBC and TNP-Ficoll of -
adult spleen cells.
Chiscon et &/ (197 1), and Chiscon and Golub (1972). These authors used an /n vivo
adoptive transfer systerﬁ in which various T cell sources were transferrad into l
lethally -irradiated hosts, along with adult bone marrow as a (constant) B cell source One
or seven day neonatal ﬂﬁymm:iytgs. but not 18 day foetal liver, were found to interact
thymus reached adult levels by w%‘ days after birth, and couid be detected in spieen by
L.#1 8/ (1972) showed that spleen calls of

four days postnatally. in a later paper, Fi
eight-day old mice cultured /n vitro, or in a cell impermeable diffusion chamber in vivo
failad to give an SRBC responsa. Aéditieﬁalty, they found neonatal mice to have matura
adherent cell function in spleen, and that the immature ::*;;vll population resided in the
nonadherent fraction. Their interpretation of these results was based on the requirement
for a humoural factor, or for some aspect of microenvironment, whnch was present in
the irradiated host of the adoptive transfer model,.but not otherwise. An equally plausible
explanation, in lght of the work of Mosier and Johnson (1975), is that the adoptive *
transfer systam dilutes t:u;t the suppressive cell population in neonatal thymus, aliowing

expression of the helper cell function. —

C. Ontogeny of B calls }

In contrast to the situation just described for T cells, the ontogeny of B cells, at
laast in the mgs is less well Lﬁdgrstﬁad; The absence of a clearty~defined
anatomical site for B cell development has meant Eﬁn studies on B cell dif ferentiation
have had to rely heavily on the ability to display t:ertmn immunological fm«:toms a5

indicators of maturity, as well as surface marker studies.

=
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B lymphocytas in Birds

o avian species, a strong association has been shown between the Bursa of
Fabricius, a sac-like structure derived from an evagination of the dcrs;l wall of the
cloaca at about the fifth day of embryonation. and the development of the B lymphocyte
systenfCooper et a/, 1966; Giick ef a/, 1956, Warner, 1964, 1965; Warner and
Szenberg, 1962, 1964; and Weissman, 1975). The bursa is first populated by yok sac
haemopoietic stem ééﬂs at about 12 to 13 days of embryonation; later, spleen and bone

marrow appear to sérve as stem cell sources, as shown by the chromosome marker

studies in parabiosed chick embryos of Moore and Owen (1966. 1967). immu

M synthesis is initiated in the bursal follicles by day 14 of incubdtion Kincade and
Cooper, 197 1). Cooper et o/ (1972) showed this to be principally cell surface or
receptor ig IgG prédéciﬁg cells can be demonstrated in the bursa by the time of Eatching

Direct evidence for an important bursal role in the deveiopment of B ceil
immunocompetence has come from ablation studies. in which /in ovo surgical (Cooper
et 8/, 1969) or hormonal (Glick et a/, 1956; Warner et a/. 1969) bursectomy, or neonatal
bursectomy with cyclapﬁasph:ni&s and testosterone (Lee and Paraskevas, 1972) results
in a relative Sg’afﬁmeglabuliﬁigmii and the failure to develop germinal centres and plasma
cells in peripheral lymphoid organs.

Lerner et 2/ (1972) and Bryant et a/ (1973) have reported, however, that hormonal
bursectomy does not fully abrogate the antibody response, principally affecting primary
IgM responses, and the high rate production of specific igG antibody. Bursal agenesis
was shown equally ih antibody—producing and deficient hosts, leading Bryant to postulate
a bursa-independent pathway of B cell diffgrsﬁtiatics? in this situation .

A predominant bursal role in B cell development, though, is supported by the
studies of Kincade et a/, (1970). in which life-long agammaglobulinaemia was produced
by /in ovo trestment with anti-immunogiobutin antibody followed by surgical bursectomy
at hatching, \mﬂ"cm affecting the maturation of the T cell system | ‘

The migratory pathways of post-bursal cells have not baen directly examinad to
* any great extent, although isotope marker studies Durkin et a/, 197 1) indicate that at
lsast some calis enter the germinal centrss of the spieen.
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" Mammalisn B lymphocytes

The extensive evidence for a primary mtngar-!rﬁdapaﬁdant gite of B call
dif ferentiation in the chicken (vide supra), has led various groups, notably that of Good,
to postulate a mammalisn homologue of the bursa of Fabricius. Archer et a/ (1963,
1964). and Sutheriand et a/ (1964), claimed the vermiform appendix of the rabbit to
behave as a primary lymphoid organ, as its extirpation in neonstes markedly reduced

tissues (GALT) and appendix might represent the bursa—equivalent (Cooper et a/, 1966).
Despite the eaﬁsidii;la evidence which thgsé authors adduce in support of their
hypothasis (reviewed in Cooper and Lawton, 1973), other studies have failed to confirm
this homology. Friedberg and Weissman (1874} haﬁ presentad evidence from studies of
the kinetics of cell proliferation in Peyer's patches which asppears to exclude the GALT
from even a minor role as a primary lymphoid organ in the mouse. Additionally, Weissman
(19785) used immunofiuorescence techniques to demonstrate that the distribution of
functional cell types in Payar's patches resembles that of secondary antigen-reactive
tissues, rather than that of primary c:rga;\s. Finally, Nossal and Pike (1973) did extensive
-utarn:hagrqahk: survays ;;f foetal mice, which suggested a muitifocal origin for B cells,
beginning three days Pefar-i birth, in liver, spleen, and bone marrow. Thesa rasults, and

Precursors of B cells in mammals are present in a number of foetal tissues,
including the liver (Tyan and Herzenberg, 1968), and blood and yolk-sac (Stutman, 1973)
The /n situ generation of cefls having B cell markers in foatsl spleen and thymic expiants
was clearly shown by Owen et 8/ (1874, 1975), with the in vitro culture system

* subsequently used by Robinson and Owen (1977) for s_tudigs on T cell ontogeny (vide.

supra).
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Maturation of B eell Function
The first evidence that immunclogical competence tg gil &
smmuttanecusly came in the work of Silverstein et o/ (198

competence of foetal sheep was assessed by their sty to mount immu
various antigens administerad /n utero. The earliest responses were obtainad t6 38X 174,
with a lesser response to horse ferritin Ovalbumin was a weaker antigen, esé@ciﬂy in
young fostuses, while Baci//us Calmette-Guerin, diphtheria toxoid, and Se/monel /a
worhngmmmﬁabvmﬂmnwnwrﬁr-nfmmmmmzn
Detailed studies on the ontogeny of B lymphocyte function were first mwé out
by Chiscon and Golub (1972), using the same adoptive transfer protocol Hescribed above
for T cell }J}Eti@n Briefly, B cell populations from various tissues were transferred into
lethally —irradiisted hosts, followed, atter an appropriste urrtsrv:l by adult thymocytes (as a
source of mature T ceils), and antigen (SRBC). B cell function, aibeit at low levels (1 /6 of
normal adult bone marrow), was present in foetal liver 5 days before birth. Beginning at
60 hours before birth, foetal liver B cel function iﬁcrgased rapidly. and eventually
surpassed that of adutt bone marrow. With the decline in lver haempoietic function
post-natally, functional B caﬁs in this organ declined, and appeared in newborn spieen by
four days after birth These studies together constitute the first definitive evidence for
nonsequential maturation of T and B call function in the foetus and neonate
Yung et a/ (1973) showed a dissociation between the ﬂmty of a cell to recognize
i'mggn by binding, and to respond to it by the production of spiclfn: antibody.
Lethally—irradiated adult animals were repopuiated by the cells from single splesn
colonies, each in turn the progeny of a single stem cell. The time course of development
" of antigen-binding celis and antibody-forming cells was determined for polymerized
flageliin of Sa/mone//a adelside; ABC were detected at 18 - 20 days of lymphopoiesis,
while AFC appearad later, at 19 - 26 days. Similar studnés were performed for cells
" forming rosettes with SRBC (RFC), and making an anti-SRBC plaque—farmmg cell (PFC)
response, with again the same dissociation; RFC appearing at 30 - 33 days. some 4 days
before the first PFC.



The immunological properties of these antigens differ substantislly with respect
to their T cell dependence (Katz and Benacerraf, 1972), and ths the interpretation of
these results is complicated by the failure to control for the maturation of T cell function
Wy of B cell development

This objection was largely overcome in the studies of Press and Kimman (1973),
who used the splenic focus assay to detect and enumerate the precursors of AFC in
various tissues. A constant source of mature T cells was provided by carrier —primng of
the adoptive hosts, T cell function /n situ being highly radioresistant (Katz ef a/. 1970).
Limiting numbers of cells were tr:'-frr-d to the wradisted carrier —primed hosts,
followed by removal of the seeded spleens, and in vitro cyiture of the splagﬁ fragments
in the presence of hapten—carrier conjugates. Antlba&?@:bgﬁ by individuai fragments
was determined by radioimmunocassay. Ench splenic focus presumably represents the |
clonal progeny of a single B cell precursor. Sixteen to nineteen day foetal liver, as well as
spleen cells from animals in the first week after birth, can be stimulsted to produce
sntibody on cutture with DNP-KLH, and the frequency of anti—-DNP precursors in neonatal
spleen is not appreciably different from that in aduits. Subsequent studies (Press and
Klinman, 1974) further analysed the B cell precursor frequencies for the haptens DINP,
TNP and fluorescein (FL) in neonatal and adult animals, reared under conventional or
germ-free conditions. DNP and TNP precursor frequencies were virtually identical in
neonatal and adult snimals, irrespective of rearing conditions, while the frequency of
precursors for FL was relatively lower in neonates, arguing in favour of differential rates
of maturation for B cell precursors of different spgc;ificiﬁeg The equivalsnce of
precursor fraquencies in ﬁormil and gnotobiotic mice may be taken as an indication that
generation of precursors is independent of stimulation by -xaégmus antigen '

" Additional evidence for the early acquisition of B cell function (relative to T cell
function) has come from the studies of Spear and Edeiman (1974). | have aiso discussed
the work of Mosier and Johnson (1975), suggesting high levels of sgp@rassgriT cell
activity in neanatal spleen, which can be abrogated with anti-Thy 1 mtnbcdy revealing
substantial B cell activity. '

ﬂﬂmnﬁ:ﬁwﬁrmmbyﬁm of Yung et af
(1973) and of Press and Kiinman (1973) was subsequently verified by Sherwin snd
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Rowiands (1974), who used a series of eight antigens to look at the sequential
development of immunity. Again the maturation of T cell function was not controlied for,
$0 the hierarchical relationship to actusl B cell maturstion is dif ficult to assess.

Finally, Goidi and Siskind (1974) used the heterogeneity of affinity of the antibody
ition, to determine the ontogenic maturity of B cell

response. as messured by hapten—inhi
function Heterogeneity of affinity was assumed to be a valid correlate of the
polyclonality of the antibody response. Foetal liver cells were found to give a clonally.
restricted response of low affinity, which matured to an adutt polycional pattern, with a
substantial high affinity component, in the 1 - 2 weeks after birth

A completely different approach to B ceil ontogeny was taken by Lafleur of &/
(1972, 1973). who used sedimentation at unit x g to resolve betwesn B cell
differentistion states. With this technique, it proved pQ@ssible to distinguish between
pre—B ceils, and B cells on the basis of size, sithough both types axprassed s:f::- ig
The identity of the stemn celis ~ perhaps equivalent to GFU~S - could not be defined, as
~ they had a rather heterogeneocus size distribution, aithough kinetic evidence for their |
existence was obtamned. ‘ 7

As might be expacted. newly diff%fgﬂti;tsd B cells had physicl prapﬁés clossr
to those of pre-B cells, than to mﬂzlﬂs, sithough they were functionally equivalent
to mature célls; Based on estimates of the physical size of AFC at various times, this

pre-B to B cell transition was estimated to take 9 - 14 days.

D. Cellular interactions in the immune response

The uniceliular concept of antigen recognition and antibody formation was first
challenged directty n the work of Claman and colleagues (1966). These workers used an
excesdingly simple /1 vivo adoptive transfer system to look for the presence of
immunocompetent cells in adult thymus. Lethally-irradisted mice were injected with cells
derived from spleen, bone marrow, or thymus, or a mixture of normal bone marrow cells
and normal of immune thymocytes, syngeneic with the host animal After SRBC challenge
in !;ivﬁ, PFC ﬁra&tad against SRBC targets were enumerated (Playfair et a/, 1965).

Spieen cells weca capable of giving a response on their own, while neither bore
marrow celis nor immune or normat thymocytes alone gjva‘ rise to one. Mixtures of bone

. A
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marTow and thymus cells, by contrast, gave rise to a markedly synergistic responsa,
relsted directly to the numbers of each séﬂ type transferred The authors concluded on
this basis that bone marrow cells are able to generate antibody, but require the presence
of thymus-derived auxilliary cells to do so. ’
Experiments leading to much the same conclusions were reported by Miller and
Mitchell (1967). Bone marrow from neonatally-thymectomized mice was as ef fective as
that from normal mice in restoring the SRBC response of lethally—irradiated normal
animais. Allogeneic thoracic duct lymphocytes or ﬂﬁyﬁtacytgs cendd rastore the /n vivo
SREBC response in neonatally- mﬁmﬁh“ﬂmm
these conditions could be blocked by faﬁ
host, rather than agaihst the cell donor. . r:jm}s clearly showad thst the AFC is
derived from the bone marrow, and is insensitive to the effects of neonatal thymectomy,
- also recognizes the antigen, is required
Marbrook (1967) and Mishell and Dutton T1987) indepe
techniques for generating immune responses to particulate antigens, especially red biood
cells, with dissociated spleen cell suspensions. Subsequently, Mosier er a/ (1968, 1970)

ity developed /n vitro

employed similar techniques to directly identify the requirement for non—lymphoid
accessory cells in the generation of an immune response. Initiiﬂy. these authors
demonstrated that mouse spleen cells couid be separated into two functional
subpopulations on the basis of adherence to glass surfsces Neither adherent nor
nﬁﬂ!d'lul’!ﬁt cells alohe could give a response, but shﬂwad marked synergy when
combined in culture. rt was found that macrophage-iike cells were pﬁﬁﬁt in the
adherent population, while most T and B cells were found in the nonadherent fraction
This conclusion was reinforced by studies with neonatally thymectomized mice. Spleen
cells from these animals were incapable of giving a primary /n vitro response, while the
ability to respond couid be restored by thymus—grafting of the thymectomized snimals.
The response of nonadherent cells from normal mice could be restored equally well by
acherent/Cells from either normal or thymectomized mice, while nonadherent cells from
- neonatally th o sd mice oouid not be mede to respond by adherent cefts from
either normal or thymectomized animais. In this way, it was possible to locslize the

4
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immunological deficit in thymectomized animals to the nonadherent fraction, athough the
deficient cell type could not be claarly identified %
Subsequent work, in which T cells were depieted by trestment with anti-theta
7 serum, or in which specifically primed T cells were used, clearly demonstrated that
‘primary and secondary in vitro responsas to erythrocyte antigens require collabor stion
between T and B cells (Chan et 2/, 1970; Hartmann, 1870, 197 1; Murro and Hurter,
1970; Schimpl and Wecker, 197@,, 197 1)

It is relatively difficult, using erythrocyte or proten antigens, to establish the fine
specificities of the antigenic determinants recognized by T snd B cefis The elucidstion of
these points, both /in vivo and in vitro, has relied heavily on the use of hapten—carrier

in the years preceding hfmmhmtafhmmﬂmr
terms. For example, immunization with hapten was known to elicit anti-hapten antibodies
only when the hapten is conjugated to an immur ic carrier; poorly immunog
substances are likewise poor carriers (Levine et 2/, 1963). Ovary and Benacerraf (1963)
aiso described a ‘carrier effect, namely that for optimal secondary antibody responses to
hapten, the priming and recall carriers must be the same. Given that anti~hapten antibodies

react minimally with the carrier, this argues in favour of a distinct carrier recognitive
step. a point which subsequent work has amply verified

Immune response or /r genes similarly provided clear evidence for a
hapten—carrier effect Rajewsky et o/ (1967) studied the development of antibodies to
the tetrameric LDH iscenzyme in rabbits. Certain rabbits wera found to respond to both
the | and V subunits with antibody production, while others responded to V. The latter
" animals, on rechalienge with a I~V hybrid tetramer, gave a response to both | and V.
nngg-mﬂﬁthpramigﬁﬂwmmlaﬁulaameVmcmmsmwzy

facilitsted the response to the normally norimmunc I subunit.

The first direct evidence for separate recognition of hapten and carrier
‘specificities by i ont cell types in the /n vivo antibody response was obtained by
on (19691 He showed that NIP-OVA primed spleen cefls, transferred into
syngmne irradisted (600 rad) mice, gave a secondary anti—NIP response on rechatienge

-




with NIP—OVA, but not to the heterologous conjugate, NiP—BSA. A good secondary
i, however, when BSA—primed spleen celis were

responss to NIP-BSA was ¢
njected slong with those primed to NIP-OVA. Thus, sddition of ceils specific for the
heterologous carrier allows a perfectly good response to NIP-BSA by NIP-OVA primed
B) celis.
striking. and Raff (1970) conclusively confirmed this, in his now—classic demonstration
that (carrier —specific) helper cells are thymus-derived, whils the thapten—specific) AFC,
are not Hapten-carrier primed spleen celis were transferrag to syngeneic it adisted
mice. and challenged with homologous hapten-carrier conjugste. a normal PFC response
was obtained at seven days after transfer. The same spieen celis challenged /7 yivo with
a heterologous hapten—carrier failed to respond, while anti-thets treatment nth: primed
spiaen cells :brc:g:tad the response to either homologous or heterologous hapten carrier
conjugstes. Anti-theta treated. primed spieen cells, when mixed /n vivo with spieen cells
primed to the heterologous carrier, gave a response only to the heterologous
carrier —hapten conjugate. This last response could be sbrogsted by trestment of the
carrier —primed spleen cell population with anti-theta serum, clearly showing the helper
cells tq have T cell markers '

ljiwsky et 8/ (1969) and Katz et a/ (1970) independently arrived at a similar
conclusion, although with an altogether different approach Rather than using th-idaptnv-
transfer of heterologous carrier primed,T lymphocytes to circumvent the normal carrier
effect these mﬂ-crs primed animals with hapten—carrier conjugstes, snd then gave a
ppliemental immunization with a heterologous carrier: Secondary in vivo immune
responses tould subsequently be elicited by challenge with either the homologous or the
heterologous carrier —hapten conjugate.

E. Major histocompatibility complex control of immune responsas
, Genes encoded by the major histocompatibility complex are known to control the
quality and degree of immune responses to various sntigens. It seems likely that the

aﬁardl nm response to a compiax or multideterminant antigen represents the sum of

_ the immune responses to the individual determinants; hence much of our under standing
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of these phenomena has come from the study of simple antigens, in which at most a few
determnants are involved in eliciting a response i}

Several chssosb of molecules have been shown to have these properties, including
synthetic peptide antigens: of either random or defined structures; alloantigens differing
only slightly from thew autologous counterparts; and compilex antigens administared in
very low doses such that only the most immunogenic determinants are recognized Most
attention recently has focussed on the responses to the first two classes of antigens, yet
our under standing of immune response (/7 gene action owes much to the lsst approach
Hence | will deal wj latter. antigens first. and with the others subsequently. :
History of immune r genetios _
for an association between the genotype and the ability to
mount an immune re e derives from the work of Gorer and Schutze (1938), on

Schiebel (1943) obtained direct evidence for a genetic influence on antibody
formation. with his elegant breeding studias in the guines pig Random-bred guinea pigs
were immunized with diphtheria toxoid, and assigned to ‘high’ and ‘low’ responding
groups. Selective inbreeding of high responders, and of fow responders, led over several
generations to the establishment of populations with uniformiy high or fow
responsiveness. As these stable popuistions were derived within a few generations of
inbreeding. it appeared that relatively few genes were invoived in determining
responsiveness. ’

Tyyontyxﬁvo years iater, Biozzi et a/ (1968) used a similar spproach to select for
responsiveness to sheep red blood cells in outbred mouse populstions; interestingly, the
aggiutinin response to pigeon red biood cells segregated with thet to SRBC. - )

The availability of large numbers of inbred mouse strains beginning in the.}950's
led to the description of reproducibie inter —strain varisbility in responses to a battery of
antigens, first by Fink and Quinn (1953), and subsequently by ipsen (1959), Dineen (1964),
and Playfair (1968). von Sengbuth and Lennox (1969) anslysed the ;osponsos of some
20 inbred mouse strains to influenza viruses, finding both high snd low responders. In
general, high responsiveness was acquired as a dominant trait, (HR x LRF, crosses bcr’ig )
HR. while evidence for complementation of muitiple genes wag found in the mating of

\



two particular low responder strains, the F, progeny being high responders.

These studies are chiefly of historical interest, in that they show certain
propertias of /7 genes, v/z. the dormmance of responsiveness, muttigane control (n
some instances). and Mendelian patterns of segregation The techniques and antigens used
were altogether nadequate. however, to aliow the slucidstion of the molecular and
cellular mechanisms of /7 gene action Subsequent studies have retied exclusively on
antigens of defined structure. or of limited heterogeneity.

Poly-L-Lysine

Until recently. the only antigen in the first category has been the linear
homopolymer, poly~L-lysine (PLL), and it is still prototypical in many respects. Kantor,
Ojeda, and Benacerraf (1963) observed that approximately 30% of random-bred Hartiey
Quines pigs respond to DNP-PLL by the development of DTH, snd the production of large
node cells from responding animals give /n vitro proliferative responses to ﬁlﬁﬁggn
(Green et a/, 1968). while nonresponders display none of these parameters of mmunity.
Conveniently, the two available inbred strains of guinea pigs differ in responsiveness to
DNP-PLL, Strain 2 responding with DTH and serum antibody, and Stran 13 showing no
responses (Levine et /. 1963a). Responsiveness is claarly a function of the carrier. as
unconjugsted PLL (Green et a/, 1966), and PLL conjugated to other haptens (Levine et /.
1963b), give similar patterns of response as DNP-PLL

The responses to the random copolymer Gis'Lys** (GL), and DNP-GL. are under
the same g-nqtnc control as the PLL response, despite the lack of cross-reactivity
between tha two antigens (Kantor ef a/, 1963). arguing in favour of a single immune
response gene. or a family of closely—linked genes.
mating studies with random-bred Hartley guinea pigs, and in inbred Strains 2 and 13
Benacerraf et a/, 1967). The ability to respond to both of these antigens, and their
hapten conjugates, is inherited as a single autosomal dominant, termed the PLL gene.
size PLL peptide is the octalysine. This minimum applies both to priming, and to the “
elicitation of snamnestic fésp@nsss invivo or in vitro {Stutbarg and Schiossman, 1968)
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strength, and thus can form stable aggregates with various foreign albumins. Provided the
albumin is itself immunogenic, nisgﬂetoactasaca'rier for DNP-PLL. and elicit
antibody responses in PLL—nonresponder snimais. in this situation, DNP-PLL acts purely
as a hapten, and the usual concomitant to antibody, the development of DTH, is not seen
(Green et 2/, 1966, 1968 Theis e 2/, 1969).

The PLL molecule suffers from the distinct disadvantage of being

nonimmuUNogenic in.the mouse Pinchuk and Maurer, 1965), severely restricting its
usefuiness in genetic studies. At about the same time as the studies with PLL wée
mitisted, Arquilla and Finn (1963) began to study the genetic control of the immune
response to purified insulins, showing that strain 2 and strain 13 guinea pigs produce
antibodies directed against different portions of the same molecule. Chemical

modification of the insulin molecules established that strain 2 guinea pig sntibodies react
| preferentiaily with the N-terminus of the insulin A and B chains, while strain 13
anti~insulin antibodies react with the C—terminal end (Arquilla et a/, 1967). These studies
of naturslly-occurring proteins and synthetic peptides have since given rise to
exceedingly profitable studies into the nature of the antigenic determinant recognized by '
the T cell. and of the mechanisms of /r gene action
Random amino acid copolymers

"The studies of Maurer and Pinchuk (1968) established that the immunogenicity of

random amino acid copolymers increases with increasing complexity of the molecule
(terpolymers are more immunogenic than copolymers, which are in turn more
immunogenic than homopolymers). Indeed, the addition of a few mol % of a third amino
acid 1o the nonimmunogenic copolymers GT, GA, or GL aflowed the development of a
good immune response in most strains of asmvmais tested The GLA' (ie. 5 mol % A)
terpolymer, however, revesied a clear pattorn of respondm nonresponder strains
Pinchuk and Maurer, 1985) The antibodses elicited by this and related antigens in
responder strans are highly cross—-reactive, in that they can be absorbed by simpler
copoilymers, such as GL or GA Mhmdmmtomm ’
determinants, rather than its ability to produce a given idiotype, is genetically—controlled.
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iy .
#:%  Direct evidence for a single genetic locus controling the Immune response to a
" synthetic peptide antigen was obtained by McDevitt and Sela (1965), with the branched
chain polypeptides (T.GI-A--L and H.GI-A-—-L The A--L backbone of the molecule is

(see Pinchuk and Maurer, 1968), and mmunogenicity is conferred by
short random sequences of (T.G) or (H.G) attached to the poly-D,L-lysine side-chains.

' CBA mice respond well to H.GI-A—-L, and poorly to (T.GI-~A~-L, while the reciprocal
pattern of response is seen in C57 micg. The ability to respond was found to be a
genstically determined quantitstive trait, controlied by an astosomal dominant gene,
denoted Ir=1 McDevitt and Sela, 1965, 1967; McDevitt, 1968). McDevitt (1968) showed
that Ir= 1 is not linked to the Ig region coding for mouse heavy chan uﬁﬁmglgbdm
allotypes, and an association between H-2 and Ir— 1 was first suspected on the basis that
C3HSW H-25) but not C3HDISn (’D;i!zk) mice responded to (T,G)-A--L, these strains

g identical at all loci except H-2. Similar results were obtained with C57BL/ 10 (H-26)

and B10.BR H-24) mice, snd the linkage was confirmed in backcross tests. in which

McDevitt et #/ (1969) used a series of recombinant strains between responders and
nonresponders to map the Ir- 1 locus within H-2, and McDevitt and Benacerraf (1969)
proposed that Ir- 1 might code fﬂr then-undetected H-2 spac:fre:tlgs axpressed on the
coll surface, wﬁn:h control recognition of specific antigens.

The independence of H-2 linked specific immune responsiveness from antibody
" structural genes was shown indirectly by Bechtol and Press (1976, Benacerraf and
McDevitt (1972), and Dorf et af (1975). All of these authors showed striking
cross—reactivities between antibodies directed against related synthetic paptrds antigens,
and yet quite distinct distributions of responders and nonresponder strains for the
various antigens. These findings indicate that the H-2 linked /7 genes do not dwectly
determine the antibody specificities expressed

The first evidence for non-H-2 lﬁﬁd /r genas was obtsined by Mozes et a/
(19673, b). with the peptides (T, G)—F‘ra——L and (Phe.G)-Pro--L. Responsiveness to thaese
rmgsns was localized to the lr 3 locus.

immune response genas linked to immunoglobulin allotypes have b&an identified
by a number of workers including Eichmann (1972), Blomgren et a/ (1972), and Pawlak



b )

and Nisonoff (1973) These /7 genes control the fine specificities of antibodies elicited
by itnmunization with certain antigens, for example, bacterial carbohydrates. They are not
responsible for overail varistions in the amounts of antibody produced, but instead
regulate the expression of particular idiotypes As immunogiobutin allotype markers are-
associated with the heavy chain constant region . and the constant and variable regions
are known to be iinked (Landucci~Tosiet a/, 1970), it is thought that these
allotype-associsted /7 genes in fact code for the variable regions of the antibod
molecules.

Both H-2 linked and allotype linked /7 genes must in s&m way be related to

specmc rocognmon of antigens. The clﬁr dissociation between the two classes of genes
indicates, however, that H-2 linked rocoq'vmon must be independent of imn '
idiotype. and thus requires thst an alternative mesns for specific recognition of antigen
exist in light of these considerations, Benacerraf and McDevitt (1972) suggested the
existence of a functionally and structurally dustmct T celi receptor for antigen. In view of

the close functional association between MHC products, and H-2 linked /7 genes
(Hammeriing and McDewt‘t. 1974 Shevach et a/, 1972, 1974). this receptor was
proposed to express MHC— encoded determinants, as well as specificity for antigen m
and Benacerrat, 1975). ) ’
Celiular expression of immune response genes for synthetic peptide antigens
Extensive studies st the celiular le\;ol have been carried out on the immune 7
response genes associated with the PLL locus in the guinea pig, ﬁg\!\fiﬂ’! the r—1 lacu; n
the mouse. The studies of Foerster et o/ (1969) and Eliman et a/ (1970) established that
responsiveness to antigens controlied by PLL couid be transferred to nonresponder
animals with lymph node and spieen cells from responders, and that the afferent arm of
the response was entirely dependent on the transferred donor cells. These studies did
not directly address the question of /7 gene expression in the efferent arm; nonetheless,
the dats suggest that they are expressed in a lyrfiphoid, rather than a ’
maérophage/monocy'te, cell type. ‘
Evidence thet /r genes are expressed in T cefts comes from a humber of studies.
and includes that sl /7—controlled antigeﬁs are thymus-dependent, and that /7 gene
effects can be shown not only for antibody but aiso for cell-mediated immune functions.



25

H-2 linked /r genes are involved in recognition of carrier rather than haptenic
determinants, carrier recognition being a T cell function in an extension of this last point,
responses to /r gene controlied hapten—carrier conjugates can be elicited iy strains
lacking the necessary /7 gane, by complexing the antigen with .!n imMMuUNogenIiC Carrier
(Green et a/, 1969). The conjugata here acts as a hapten, and slicits an antibody response
indistinguishable from that given by responder animals; implying that nonresponder B cells
are not deficient in their ability to give a response to determinants on /r-controlied
antigens. Additionally, antigen—binding cells (ABC) are found at comparable frequencids in
responder and nofvesponder animals (Dunhem et a/, 1972).

Nonetheless, substantial evidence has accumulated to suggest that other levels of
/r gena control than at the T cell may exist This evidence takes two forms; evidence
against /7 gene expression by the T cell, and evidence for other sites of expression

hﬂtfaﬁ%;ﬂwyém:maf@mﬁmbymﬁ
coliaborators, on the generation of /n vitro or in vivo immune responses to ﬂ;ay

unistration of GAT to nonresponder strains of mice apparently

terpolymer GAT. Thus, a
fails to generate heiper T cells, and also gives rise to a population of suppressor cells
(Kapp et a/, 1974), whose activity can be shown /n vivo, by a reduction in the response
to a subsequent challenge with a normally immunogenic dose of GAT-MBSA These »
suppressor cells also act /n vitro on normal spleen celis in the response to GAT-MBSA
Antigen-binding T cells have been shown at comparable frequencies in both high and low
respondeér strains, with two different antigen systems (Hammerling and McDevitt, 1974b;
Kmdy et al, ‘IiS?S). This finding argues against /7 genes and the putative T cell antigen
receptor having a structural relationship (vide supra). Additionally, GAT-specific T helper
cells can be elicited in narrsspaﬁder animals by priming with GAT or GAT-MBSA -pulsed
syngeneic macrophages. Thls help can, however, be shown Qﬁii in vitro, and only with
semiallogensic B cells. Syngeneic B celis are not activated by these ‘nonresponder’ T
cells, but can be stimulated by primed semiallogeneic responder’ T cells, perhaps
indicating that the balance between heiper and suppressive effects is mediated by events
occurring distal to antigen recognition (Kapp et a/. 1875). This result is compatible with a
predominant reguistory role for /7 genses, and suggests that these may be expressed at
sither the Tor B :hilgvals; ' |



The importance of strain differences in assessing the action of H~2 linked genes
is emphasized in the studies of Marrack and Kappler (1878) with (T.Gl-A--L. sn antigen
for which /7 gene expression has been claimed at the macrophage and B call lavels, in
animsis of H-2a and H-27 haplotypes.

T cefls from LR —> HR x LR) chimaeras were primed /n s/tu in the context of
antigen on HR antigen—presenting cells (APC); heiper cells of H-2a haplotype coopersted | '
with APC and B celis of the appropriate HR haplotype /n v/tro, while those of the
unrelated H-2/ haplotype did not This resuft suggests the axpression of /r genas for
(T.G-A-=L by heiper T celis, as well as by APC and B cefls, in animals of HEth.ipIatypa
but only by APC and B celis in H-2a strains. This result is easier tc: raconcila with a
functional role for /7 genes in T cells; for example, the induction ob suppressor T cells,
t’han with a structural role. Tha latter’ implies the absence of functional T caﬂ receptors
for (T.G-A--L in H-27 mice, a point which sesms uniikely.

The entire question of /7 gene expression by B cells is particularly murky. Shearer
et a/ (1972) claimed to find deficits in both bone marrow and thymocyte populations,
whaen limited numbers of cells were used to reconstitute the /n vivo response to

‘ o

(Phe.GI-A--L in SA mice. Kapp et o/ (1974), again with the GAT system, showed that

R x NR)F, T cells could provide help only to responder B cells in the presence of soluble

GAT, but to both responder and norvesponder B cells, in the presence of GAT-MBSA or -
GAT-puised mroph:gas a result compatible with /7 gpne expression by the B cell.

normally highly immunogenic for resgonder.cells. Egmc;gjr:f et a/ (1974), however, in »
companion paper, presanted evidence which, in r:ﬁa;pgc;ti makes B cell axpression of
/r genes less likely, and which is more consistent with T - B cell restriction, and /r gene
controlied activation of an H-2 restricted helper T cell subpopulation

Marrrack and Kappler have over the last few years carried out axtensive studies
on /r gene expression by various of the cells involved in the immune response. in
addition to the evidence for /7 genes acting on heiper T cell function in at least one
haplotype (vide supra), they have claimed to find /7 gene expression at the macrophage
end/or B cell levets, using a modification of the Kapp eha/ {1974) protocol for GAT,




An /r gens was described as controliing the extent of BRBC/SRBC
cross-reactivity (XR) at ﬂ‘i! heiper T cell level, and was mapped to between K and I-E by
the use of H-2 raemm In initial studies, primed helper T cells from HXR x LXRIF,
animals were ;ss:yea with HXR or LXR macrophages and B cells, and were found to
cooperate only with cells of HXR haplotype. When the same heiper T cells were assayed
with MO of HXR haplotype. and various B cells. a response was obtained only with HXR B
cells. localizing /7 gene expression to the B cell, and certainly not excluding the APC
(Kappler and Marrack, 1977). :

'More detailed studies were subsequently done with the /1 controlled antigen,
(T.G)-A-~L The ability-of /n situ primed HR x LRI, T cells to cooperate with HR or LR B
cells and APC was assessed, and restriction to HR hq;latypa was again found; low
rasponder B cells of H-2/2, H-2k, and H-27 failed to respond in the presence of F. T
cells and APC. This result ascribes at least one site of /7 gene exprassion in these strains
to the B cell. Evidence for APC (as well-as B cell) defects in H-2a mice was obtained
when primed F, halper calls were added to HR or LR B cells, along with antigen—puised
HR or LR APC. LR B cells failed to respond to antigen on APC of either type, while HR B
cells cooperated only with HR APC (Marrack and Kappler, 1978). Finally, cells from P ->
F, asnd.F, —> P bone marrow chimaeras were used to mv-m the roles of T cell
genotype and host mv-rmt on the expression of /7 gene conirolied functions. Cells
from P -> F, chimaeras cagpérnad in an unrestrictéd fashion with B cells and APC from
either of the parents in the F,, in the response to non-/r cani%auad rﬁmm as
SRBC. However, in the (T.Gi-A-~L response. LR => HR x LRIF, T celis cooperated only
with HR B cells and APC: while F, ~> HR but not F, => LR, T cells cooperated with HR
APC and B caells. lrEgsp&ctiva of the T cell source, LR APC and B cells did ngt respond to
T G=A--L under any conditions. The authors interpret these results as consistent with
the expression of /r genes by the APC and/or B cell in the response to (T.G)~A-—
Additionally, they claim the T cell genotype not to influence the ability of the celis to be
primed, but, rather. that the genotype of the chimeric host is crucial in this. Thus, LR T
celis differentiating in an HR x LA, environment, but not (HR x LR) celis in an LR host,
can be primed to cooperate with HR B cells and APC. This suggests that T cell function is
affected by /r genes during dif ferentistion, but that mature T cells do not express
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functional /r ;enas, particularly as these may not be encoded in the germ—line.

All of the above studies clsiming to show /r gene expression by the B cell have a
common conceptual probiem, namely that they require that /- genes be non-clonally
expressed on B cells. or, in other words. that all B cells must have all /r genes. It is
reistively simpler to postulate clonal expression of /r genes on T cells, and aiternative
explanations for most of the above resuits can be proposed: probably the simplest is
| based on the work of Swierkosz et o/ (1978). These suthors showed normal F: T celis tb
comprise two distinct subpopulations, each restricted to one of the parental H-2
hapiotypes. Sprent and von Boshmer (1979) arrived at a similar finding for P => F 1
chimaeric celis. Seen in these terms, the inability. of primed HR x LR, T ceills to
cooperats with LR B celis simply represents a failure to prime the LR-restricted
subpopuistion of F, T cells, a result quite compatible with /r gene expression at either
the T cell or the APC. The chimaera results can be explaned similarly, although they are
more consistent with expression at the APC level. | i

Expression of immune response genes by the antigen—presenting cell has beesn
and still remains a point of controversy, although there is now good evidence for it Kapp
et o/ (1973} investigated the celiular requirements for the induction of primary in vitro
antibody responses to GAT and GAT-MBSA. APC wers necessary for the development
of a response to either of these antigens in responder strains, and to GAT-MBSA in
nonresponders. Nonresponder APC could present GAT or GAT-MBSA to responder
nonadherent cells, arguing against an APC deficit in nonresponders, while R APC supprted
the responses of NIR nonadherent cells to GAT-MBSA, but not to GAT, indicating the
absence of GAT-specific heiper cell function in NR. Subsequently, Pierce et o/ (1976)
claimed to be able to prime GAT-responder cells in ?ivo with GAT-pulsed NR APC, and
to elicit /n vitro socondar responses with R orNR GAT-pulsed APC., a resuft consistent
with /7 geno expression it a level other than the APC. However, allogeneic effects could
account for st least some of these observations, which are inconsistent wiﬁ: our currerit
understanding of H-2 restriction ‘

In a quite different system, /n vitro T cell proliferation in response to antigens
under the control of the PLL gene in guinea pigs, Shevach and Rosenthal ( 1873) claimed
to find evidence for expression of /r genes by antigen presenting cells. Primed



R x NRIF, lymph node cells proliferated in response to antigen presented on responder,
but not norresponder, APC. Together with their earlier paper (Rosenthal and Shavach,
1973) showing that F, LNC could be stimuiated by non-PLL controlled antigens
associated with APC of sither F&btype this suggests a selective deficit in APC function
in nonresponders. The failre of NR APC to stimulate F, cells on rechallenge in vitro may
reflect an inability of NR APC to prime responder T ceils in vivo: equally, it may indicate
that the appropriate subset of F, T celis cannot be activated under these conditions,
which would imply a T cell deficit '

Yano et o/ (1978) obtained comparable results with the terpolymér, GAT, in the
mouse. it was determined that T celis and APC must have in common the high responder
sliele at the |I-A subregion of H-2, for the induction of a proliferative response. Further
evidence for /r gene expression by the APC was provided by Singer et a/ (1978). The in
vitro response to H,Gl-A-~L or (T.G\-A--L of R x NRIF,"nonadherent spieen cells was
restored by F, or R spieen adherent cells. but not by NR cells; while any of the
populations of spleen adherent celis would reconstitute the response to a non-/r%
controlled antigen. These studies did not, however, address the question of /r gene
function at the T or B cell levels, nor did it exclude the possibility of expression at more
than one level, as has been reported by Marrack and Kappler (1978).

j Hodes et a/ (1879), agan usinﬁ the TNP-(T,G)-A~-L system, localized /7 gene
expression to only the APC, and not T or B cells in H-2a (low responder) animgls (cf.
M:;’r:ek and Kapppler, 1979) Spleen ceils from LR -> (HR x LRI, chimaeras were found
_tc;bg able to help either !-Fi*:i F, or LR => F, B celis in the presence of HR but not LR
splaan acherant calls. Similarly, only HR SAC could reconstitute the TNP—(T,G)-A—~L
response of (HR x LRIF, nonadherent spieen cells /n vitro. A possible reason for this
dissrm\; is that Hodes ef 8/ used TNP-primed B cells in their assay system, wﬁlé
Marrack and Kappler useq/R cells activated by TNP-LPS. Thymus-dependent antigens and
TNP-LPS are known to :ctiﬁtg different B cell subpopulations, and functional
expression of /r genes may be quite different under these congitions. Alternatively,
apparent /r gene function in B celis may simply reflect the axprusic;h of /r genas by
residusi APC in the celfl preparstions. '
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Erb et a/ (1980) used allophenic and fradiation chimaeras 1o look for expression
of /Irgenes atthe T celi md APC levels for avserics of /r-controlled antigens. It was
found that LR stem cells dif ferentiating in an (LR x HRIF, environment, or in a LR <-> HR
tetraparental could acquire the HR phenotype. Antigen—presenting cells of LR genotype
did not. however, undergo modulation to HR phenotype under these conditions. These
results permit st least two interpretations; expression of /r genes by the T cell, or
exprcssipn by the host and APC. The first interpretation would require the absance of
functionsl T cell receptors for the antigen, a point for which there is no evidence. More
stwractive is the possibility thet both the host and the APC must express the identical /7
genotype for responsiveness, and that defects at either site lead to nonresponsiveness.
Thus, the host would have a permissive role, seiecting for T ceil subsets with the
capacity to recognize particular la mtigms, while the APC functions in dotorm\t
selection As suggested by the work of Zinkernegdel (1978¢), the site of host selection
may be the thymus. ' B

In separate experiments, Hedrick and Watson (1979] showed the influence of
thymic haplotype in determining rosponsivbness to the /7 gene controilqd antigen, caif
skin collagen. [HR x LR, ATxBM or nude mice were éraftod with HR or LR thymuses, and
animais showing restoration of the SRBC response were imrmhizod with collagen The
collagen response was clearly determined by the responder or nonrsponder status of
the thymus, indicating that the overall immune response phenotype of an snimal is
determined by H-2 antigens expressed byA the thymus during ontogeny. when the
influance of /7 gone sxpression by the APC is eliminated
immune response gane complomont-ﬂpn .

The unigenic concept of MHC-linked immune response gene action was first
chalienged in the studies of Merryman and Maurer (1975) and Dorf et a/ (1974). These
groups identified distinct /r genes for the GLé synthetic peptide, mapping to I-C and I-A
respectively. The i-C associsted gene is termed beta, and the other aipha, a definition
based on the ability of the aipha and beta genes to compiement one another, but not
alpha with alpha (beta with beta; see below). Thus strains vpossessing responder sipha and
bets sheles (siphe+, beta+) are responders, wiiite (siphe—. bets+) or (sipha+, beta~] strains
are nonresponders. An F, hybrid between the latter two strains is & responder, indicating
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that the genes can function in either cis or trans positions. Evidence for tbeta beta)
conplensenmionhﬁ)oabsmof functional aipha genes is obtained in B6 x SJLF,
hybrids (ODecf and Benacerraf, 1975). ’ ‘

.H'!’{:)allult expression of these /7~GL¢é genes has been extensivety studied,
W with Schwartz et 8/ (1976), and Katz et a/ (1976). The former used an in vitro
T cell proliferation assay to show that peritoneal exudate T celis had to express
responder siieles of both the aipha and beta genes simuitaneously to give a response.
This result is consistent with /7 gene expression by T celis. These studias did not,
however, address the question of other levels of /r gene expression. for example, at the
APC or B cell. Katz et o/ (1976) obtained evidence suggesting that T and B cells must both
" express the (alpha+, beta+) phenotype simuitaneously for cooperation, with an in vivo
adoptive transfer system for antibody. and, forther, that sipha and bets responder alleles
shouid be in ¢/s position for optimal cooperation A similar requirement for expression
of (asipha+, beta+) phenotype by both APC and T cells was shown by Schwartz et a/
(1978) using the T cell proliferation assay. B10.A x B 10)(sipha+, beta~) x (sipha-,
beta+)F, hybrid T celis could be stimulated by GLé6-puised F, (alpha, beta trans) or
a1&msn)_u|phi, beta c/s) APC. but not by B10, B10.A, or B10 + B10.A) APC. This is
consistent with the notion that responder immune function to GLé requires the
codominant expression of the sipha and beta alisles of the /r-GLé gene complex in at
least some of T celis, B cells, or APC.

Further evidence for this conclusion comes in the work of Schwartz et o/ (1979).
GLé-primed T lymphocytes from [(aipha+, beta-) x (sipha—, beta+)JF, responder animals
were stimulated with antigen—puised nonimmune spieen celis (a3s a source of functional
APC). Only responder compiementing F, and recombinant cells can present GLé. neither
of the coﬁplonnnthg cell populations, sione or together. will do so, although they can
present PPD. Thus, the APC is at ieast one cell type in which /7~GLé genes are
expressed.

Chimaeras of various types have aiso been used to dissect the celiular
mechanisms of compiementing /r gene action. Warner et a/ (1977) constructed
tetraparental mice by fusion of embryos of strains C57BL/6 and A/J,Awhich show gene
complementstion in the F, in the response to GLé. None of the mice produced antibody



on immunization with GLé /1 vivo, not surprising in fjht of the requirement for
expression of both /7-GLé genes in the APC. Unfortunately, this negates the authors’
claim to show a lack of complementation between aipha and beta genes expressed in
separste T cells This istter point was aiso approached by Schwartz et #/ (1979), with
radiation chimaeras [(sipha+, beta—) + {sipha-, 3@"#\%* beta- x aipha—, beta+)F,]
Despite that the F, host is a high responder, LR parental—derived cells are unable to
respond to GLé, arguing that both compia ) /7 ganes must be expressed in the
same cell. This system also suffgr§ from the same problem discussed above, v/z, inability
to prime /n Situ with high responder APC. and thus to look directly at the T cell |
repertora

Longo and Schwartz (1980) finally overcame this difficulty. by priming T cells
from complementing A + 8 —> (A4 x B, bone marrow chimaeras /n vivo in

Under these conditions, T cells of either parent proliferated to GLé, showing that both
complementing /7 genes nesd not be present in the same T cell. Ccl!abgrmgn betwesn
the two parental T cell populstions, resuiting in affective complementation (a two T cell
model). was excluded on the basis thst (F, -> A and F, -> B) T cells did not complement
in the GL6 response. Finally, it was shown that the /r phenotype of T celis can be fully
acquired, ss stem celis from an animal of (sipha—, beta—) genotype differentiating in a
complementing [(aipha+, beta-) x (alphs—, beta+)FF, host are able to give a proliferative
response to GLé when primed with F, APC Longo and Schwartz, 1981).

Ifnm response genes and antigens of known stnn:ﬂf-

Until comparatively recently, studies on /7 gene control of immune responses
have relied heavily on the use of random synthetic polymers of amino acids. Am
these antigens have been exceedingly useful for this purpose, they display a
hatarogensity of m-mlt weight and spatial eanfigu*maﬁ and may have ditferent
sntigenic properties depending on the preparation used. Additionally, even a single
molecule must possess a substantial range of antigenic determinants. Two major
spproaches may be taken to overcome these problems. the synthesis of peiyp-ptsﬂ-
antigens of known primary sequence and thus controlied seccmdry and tertiary
configurstions, or the use of naturally-occurring genetic variants of proteins generally



well consarved fl phylogery. ,
mwnrsrm&ymmsyﬂmw:ﬂhsceﬂmm-
described the synthesis Barton ef o/, 1977) and immunological properties of defined
sequence peptides (Singh ef a/, 1978). Initial studies were conductad with tha
octadecapeptide TNP~ 18, or [Glu—Tyr—Lys(TNP)—(Ghu-Tyr - Ala),In, synthesized by
fragment condensation This antigen has an sipha-helical configuration, with a linesr
spacing of 27 Angstroms between adjacent haptenic groups. The ability to respond to
this antigen has been shown to be associsted with the H-24 hapiotype in mice. and 1o
map to between K and I-E by the use of the C3HOH and C3HA recombinant
Responsiveness was inherited in (R x NIRIF, animals as & dormnant trait. Unlike the situstion
© with GAT Kapp et 9/, 1974), but similar to that seen for insulin by Keck (1975a).
Qenic carriers f:lgltnmﬂ'-

complexing of TNP-Poly 18 to various imems

* development of an anti-Poly 18 antibody response in nonresponder strains. A defect in B
cell function in nohresponders to TNP-Poly 18 was exchuded by showing that anti-TNP
antibody responses could be elicited by YNP—protein conjugstes in nofreasponders, eaven
after pre—exposure to TNP-Poly 18. These results thus suggest that /7-TNP-Poly 18
genes are not expressed at the B cell level, and that their action at the T cel! level does
not involve suppression Brown et 8/ (1979) showed -pp:m /r gene axpruséiaﬁ by
APC from responder and norresponder strains, in the /n vitro T cell prolifarative
. response. This study does not, however, address the possibility of concurrent /7 gene
control of T cell function ' ’
Rather dif fbrent results were obtained in the guinea pig Strain 13 animals failed
to respond with DTH or anti-Poly 18 antibody, but ghd give an anti-TNP response on
challenge with high doses of TNP-Poly 18 /n vivo. Strain 2 animals, by contrast, gave
DTH to Poly 18 and anti—TNP antibody, but faled to respond with antibody to the Poly 18
backbone. This suggests the possibility that /7 genes may be expressed at the B cell in
strain 2 animals, and st other site(s) in strain 13 Unlike the situation in the moLse,
conjugstion of TNP-Poly 18 to an immunogenic carrier BOC-Gly-ARA- Tyf) could elicit
DTH and mtibc:dy to both antigen and carrier determinants in strain 13 animals. This result
i1s compatible with an APC dgf_act in this strain, and, further, an antigen-specific T ceill
defect cannot be excluded



Studies with antigens of this series were continued by Singh et o/ (1980) A

issocistion between the ability to prime for antibody and T cell proliferation on the one
hand, and DTH on the other. was observed in tha mouse; the nonapeptide
[Glu-Tyr-Lys~IGhu-Tyr -Ala),] being sutficient for induction of the former, while the
latter requires the corresponding dodecapeptide. Elicitation of these responses required
challenge with the prototypical octadecapeptide Thus, a response by effector celis has
sm*c:iif’fgrﬂ WC requirements than priming Dif ferences in thgsx:g and
naturs of the antigenic deterrmmnants recognized by the cooperating cell types, as
suggestaé by Bcn:cs—raf (1978), may partially account for this observation By this view,

B cells recognize conformational, as opposed to sequential, determinants, the latter
constituting the T cell rgpaﬁc.';ira. Peptide antigens'do not assume aipha—helical
configuration at much below the nonapeptide to dodecapeptide; hence B celt activating ™
deterrminants would not be expressed on smalier fragments. Thus, T cell /7 genes may act
at the level of rxmefﬁprmmmdm rather than on
topographical determinants. Although this interpretation is historically favoured Mozes

et o/, 1974; Keck, 1975b; Rosenthal, 1978; Sachs et a/, 1978), the possibility that T cells

recentty with naturally -occurring proteins (Solinger er o/, 1979; Okuda ot #/, 1979) (vide
infra.

ir gene control of responses to heterologous proteins

dif ferences in primary amino acid sequence. even batween quite ul‘rd;tad spacies.
Examples of these would include the insulins, various respirstory pigments such as the
cytochromes, and oxygen transport proteins (myogiobin). In 8 number of instances, these )
variant proteins have been found to be immunc
linked /7 gene control. Given the close structural relstionships to homologous proteins, it
follows that the number of antigenic
extremely limited under these conditions. Hence, 8 number of groups have exploited this

ic, with the responsiveness under H-2

nants rgeagf’iud as foreign must be

property in studies of the nature of the determinants recognized by T cells, and antibody
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The work of Arquitis and Finn (1963, 1965) and of Arquilia et o/ (1967), showing
that anti—insulin antibodes from different guinea pig strains react with different parts of
the insulin molecule, has aiready been mentioned Barcinski and Rosenthal (1967)
extended these early studies. using the /n vitro T cell proliferation assay to map the
insulin det

ants recognized by guinea pig T cells. Strain 13 cells were shown to
rmﬁdta!pm‘bmafhﬂﬂlﬁsmI’Fﬁrmﬂ\ﬁtfﬂéﬁtmbythl
guinea pig MHC. Strain 2 T cells, by contrast. recognize the A chain loop, residues A8,
A9, and A 10 being crucial i |

Keck (1975a, bl mapped the T cell activating determinants of beef insulin by in
vivo immunization with DNP-insulin. Under these conditions. the A chain loop is the
principal d::tarmm recognized in mice of the H-2a haplotype. Pcﬂ: insulin, which is
strain. Mice of H-20 hapiotype obviously recognize a different determinant. as both beef
: In such strains, while snimals of & and a2 haplotypes are

strict nonresponders to sither.
Rosenwasser ef 2/ (1979) axtended these results to H-25 mice, and further .

localized the determinant recognized by H—2¢ animals to the N-termirial eight amino acids
amet;lmﬁThalrmfgrmﬂmlﬁmcamsmq:padmi =A, by the use of
recombinant strains.

Rosenthal et a/ (1977) obtained evidence suggesting that a major role of the APC
was determinant selection. insulin~immune strain (2 x 13)F, T-cells were shown to
comprise a strain 2-restricted population recognizing the A chain loop, and another,
restricted to the B chain determinant in association with strain 13 APC.

Schwartz et »/ (1978) and Solinger ot a/ (1979) carried out similar analyses of the
immune response to pigeon Cytochrome ¢, identifying the principal determinant
rasponsible for immun icity in the mouse, and showing that its recognition is
controlied by dual complementing /7 genes. The amino acid residues contributing to the
determinant were identified by comparison of the ability of various heterologous

cytochromes to stimulste pigeon cytochrome ¢ immune T cells jn vitro, and by the use
of CNBr cleavage fragments of cross-reacting cytochromes; three amino acids, spaced
wefl qzrt in the primary sequence, were found In the folded molecule, however, these
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Okuda et #/ (1978) have extensively studied the immunological properties of
sperm whale myoglobin, showing that the T cell proliferative response to this antigen is
under the control of at least two H-2-linked /7 genes A total of five antigeni
the intact molecule were identified by their ability to elicit gost or rabbit antibodies, and
each was found to be a topographical determinant Synt etic peptides of the correct
mem:ﬁmdﬁmmmhmrﬁmﬁm

response of primed cells to each of these determinants was under the control of H-2
hnked /7 genes, and that some genes mapped to I-A aione, and others to I-A and I-C.
These results are t;ansis;gﬁ with the notion that the overall immune response to a
compiex antigen is the sum of the responses to individ
Finally, Sachs et o/ (1978) have used the bacterisl enzyme, Staphylococcal
nuclease. as a model /7 gens controlied antigen This differs from the genetic variant

heterologous proteins described above, in that responsiveness maps to the I-B subregion
i -
of H-2, and aiso to non-H-2 background genes The non—H-2 genes reguiste the ability
to hyperimmunize an animal, and can override the effects of the H-2 linked genes. The

complex genetic control of the response to the native protein, one particulsr fragment
elicited an ali-or-none response. The ali-or-none pattern of reactivity to this
determinant pefsisted even in hyperimmune sera, in which total anti-nuclease activities
were comparable. Recombinant mouse strains on a B10 background were used to map
the /7 genes controlling the T cell proliferative response to nuciease (/7~Nase) to the FE"
;\j;ﬁguén and evidence for other H-2~linked /7 genes was found. The response to
individusl determinants on the nuclease molecule was shown to be under multiple
H-2-linked /r gene control, in experiments in which peritoneal exudate T cells primed to
the whole nuclease molecule were stimulated /n vitro by various fragments. Interestingly,
T cell proliferstion wes opsimally stimuseted by fragment concentrations equivatent o
molar terms) to those for intact nucteaie, while the atfinity of antibody for fragments
was 1000 to 10000 times less than for the native protein. This suggests, albeit indirectly,
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ﬂitTéﬂsrp:agﬁzammml s, while B cells have specificity for antigen -

ccsﬁfmban

F. Major histocompatibility complex control of cell Iﬁtﬁ:ﬁtim

Closely relsted to this last section is the entire question of H~2 control of ceil
intaractions in the immune response. | have aiready described the early experiments
leading to the definition of the cooperating cell typas in the immune response (Section D.,
above), and the evidencs for recognition of hapten and carrier moieties by distinct cells
In many of these studies, it was found that /n vive E@Wl’tmﬂ betwaen thymus and
b;m marrow derived cells was possibie only if they were syngeneic or H-2 compatible
Miller and Mitcheli, 1969; Claman and Chaperon. 19€9).

Kindred and Shreffler (1972) confirmed these resuits, m:-g that »
competence could be induced in nude mice backcrossed rapg;tgdv to Balb/c, by
syngeneic or H~-2 compatible, but not not by allogeneic thymocytes. As the nudes are
incapable of rejecting the transferred cells, it follows that the H-2 complex plays an

important role in parrmmﬁg call cooperation
' Katz et 8/ (1973a, b) extended these earlier rasults in an extensive series of

cxpérimgnti showing that i‘\ti@gﬁ*@ééiﬁ@ helper T cells could cooperate specificaily
with syngeneic, but not allogeneic B cells in giving a secondary 1gG response to
hapten—carrier :mjugﬁes' Further, suppression mediasted by negative allogeneic effects
was excluded, as the presence of histoincompatible T cells did not interfere with
cooperation between syngeneic-T and B cells (Katz et o/, 1974, 1976b). The genes
controlling cooperation were mapped to within H-2 Katz et 8/, 1973b), and further to
the I-A subregion (Katz et a/, 1975)

" At about the same time that Katz described an H-2 influence on T-8 cell
cooperation, Rosenthal and Shevach (1873) demonstrated a similar requirement for
APC - T cell genetic identity in the /in vitro T cefll proliferative response in the guinea pig.
Katz ot a/ interpreted these results as implying the existence of cell su,*f:e? receptors
distinct from those for antigen, and which are crucial in permitting af fective (T-B) call
interaction. Genatic identity bgtwam the cooperating cells was necessary to optimize the




and their respective acceptors. ;-

Evidence for an ﬂagms MHC restriction of the interaction between cytotoxic T
lymphocyte (CTL) and target cell was obtained for virus-infected (Zinkernsgel and
Doherty, 1974), chemically-modified (Shearer, 1974), and minor histocor il
antigen bearing targets Bevan, 1975; Gordon et #/, 1975), and mapped to the K and D°
regions of the MHC Blanden et o/, 1975).

From these quite different model systems arose two distinct hypotheses on the
mechanism of MHC~restricted cell interactions. The Katz results wére interpreted in
terms of a dual recognition hypothasis, with physically distinct antigen rﬁé@t@rs and C!
molecuies and acceptor sites on the cell surface. By contrast, the CTL studias tparticulsrly
those of Shearer, 1974), Exm easily 10 an ‘sttered-seif model of T cell recogrition,
in which T cells possess a singld receptor for an entity comprising a seif —marker,

. modified by association with extrinsic antigen (Zinkernagel and Doherty, 1974). A great
deal of effort has been expended in attempting to resoive between these two-
alternatives, without much perceptible resuit | find it unreasonable to expect that I~region
restriciﬁ, and (K.D)-restricted interactions should necessarily have a cuﬁ'mcn \
mechanism, and think it plausible that both may co—exist A two—receptor model has a 7
considerable :dv:ntigam expisining many of the results seen in T cel ~ APC restriction,
in.findings in chimaeric systems (vide

and in addition lends itself better to explaining certs
‘infra), as wﬁ.l as providing a general model for ge otfc caﬁu‘al of cell interactions.

The valldity of the original model of C! molecule control of cell interactions came
inta doubt s0on after it was proposed, on the basis of studies showing that T-B cell
interactiéﬁs are not genetically raestricted under all circumstances. A

The first evidence for this possibility came in the work of Bechtol et o/ (19?4)? -
with tetraparentsl mice derived by fusiaﬁ, of embryos of HR and LR sﬁ'mi to ﬁig;Aé"
These animals wess claimed to produce anti—(T .GlI-A--L antibody of both high and lanf_
responder allotypes on /n vivo immunization, & finding which was interpreted in ferms of
T - B cell cooperation across H-2 differences; pl‘hed:fy a8 /r-1 g-ms were thought
to be expressed only in T cefls. These findings could not; however, ba verified in

" subsequent work by the same (Press and McDevitt, 1977) or other (Warner ef a/, 1978)
groups. Only high responder B cells were found to be activated under these conditions.

4



Better evidence came in studies with bone marrow chimaeras A + 8 —> (4 x BF, -
teported by von Boshmer et a/ (1975a). T lymphocytes of a single parental hapiotype
from chimaeras were found to cooperate efficiently /n vivo with parental B lymphocytes
of either hapiotype. As the cells from the chimaeras were shown to be mutually tolerant )
the cooperating cell populstions was sufficient to allow cooperstion across H-2
differences, and that 'H-2 restriction’ might simply reflect the effects of unapprecisted
alloreactivity between H-2 different celis (von Boshmer er a/, 1975a).

Adaptive differentistion

in light of these resuits, Katz proposed the theory of adaptive differentistion, to

such restriction for tolerant cells. and the lack of alloreactivity sufficient to account for

this dif ference iXatz et a/. 1976a. 1977b) in outline, this theory maintsins thigt during

productive cell interactions. and that this learning is directed by the MHC phenotype of
the environment Initial results (Katz et #/, 1976a) suggested that this model was valid, at
least for B lymphocytes, although the possibility of pre—existing, parentally restricted
lymphocyte subpopulations in F, cells was not excluded )

The analysis 1<>f adaptive dif ferentmation and like events has recently become one
of the major preoccupations of celiular immunology. Against an adaptive
differentiation—like modeal, are the results of Waldmann et a/ (1977), and of Swain et a/
(1877). describing .inhibitory T celis activated by MHC differences, and capable of
preventing cooperation between sliogeneic T and B cells /n vitro. This is in direct
contradiction to the /n vivo cell mixing experiments of Katz er 8/ (1974, 1976b).
Eliminstion of the inhibitory celis by irradiation allowed successful interaction between
semisliogeneic, but not funygilamie T and B celis. Thus these authors claimed H~2
restrdiction to be largely artefactual, and a reflection of inadequate attention.to eliminating
possible sources of alioreactivity. '

Waldmann et a/ (1975) obtained similar rastits to von Boshmer ef 8/ (1975a),
using. howsver, an /n vitro assdy system o examine the H—2 restriction petterns of cells
f,rom tetraparental bone marrow chimaeras, and sht:wnﬁg (again) urrestricted cooperation

I



across H-2 barriers. Celis from one way bone marrow chimserss 4 -> (4 x BF,, by
contrast, were restrictad to self—H-2 /n vitro. Tha dif ference batween one-way and
Mawiybgmmawamﬁwgﬁrhﬁﬁnﬁﬁﬁﬂiﬂﬂnaﬁm
tolerance. or the absence of a mechanism to preserve T cell ciones able to caapar:tc
across H-2 barriers in one way chimaeras

_ Subsequently, Waldmann et a/ (1976) carried out experimanis to axamine the
influence of the T cell priming environment on cooperative preferancas. Unprimed cells
of strain A from A + 8 -> (4 x BF, tetraparental bone marrow chimaera were primed for
- Seven days in an A environment. If the priming environment is the sole determinant of the
cooperative preferences of these cells, restriction to cooperation with strain A B cells
would be expected In the event, these cells were found to cooperate with both 4 and &
effectors, precisely as with /n situ priming. This resutt is difficult to reconcile with an
‘altered-self model, however, it fits well with a dual recognition scheme. :Additieniﬂyg it
argues against the priming environment having much infiuence on the expression of
patterns of cooperation, instead assigning this role to the environment in which

dif ferentiation bccurs.

Adoptive priming of chimaeric cells over a longer period of time in irradisted
arimals of A genotype resulted in the loss of unrestricted cooperation, and the
development of a strict preference for the priming host genotypa. The l‘:ﬁar rasuits sre
quite amenabie to explanation in terms of the adaptive differentiation hypﬂﬁ‘t!ﬂi of Katz
and Benacerraf (1975).
influsnce of the thymus

The entire field of H-2 restriction md-lrwq:m 8 re—evalustion with-the work of
Zinkernagel and his collaborstors on the generation of CTL aganst virus—infected targets
by celis derived from bone marrow chimaeras. Zinkernagel (1976) showed a functional
dichotomy in T cells from one-way BMC A ;:: (A x 8F,, clonal subsets of these A4 cells
being able to lyse either 4 or & virus infected targets. Pfizenmaier et a/ (1976) and von
Boehmer and Haas (1976) obtained equivalent results with virus infected and
ily—modified target cells. These results are all compatible with the interpretation

that the T cell recognition repertoire is acquired, and depends on the environment in
which T cells are sensitized under H-2 tolerant conditions. These ogrly studies did not
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t recognized by the T
cell. and thus could not d;stnﬁgnsh between one and two receptor models. Evidence for a

directly address, however, the nature of the antigenic

two receptor model in the (. Di—restricted viral system came in the studies of
Zinkarnage!. A req.nramaﬁt of any two receptor mctdal is that specificity for the
restricting determinants be acquired independent of antigen exposure (von Boehmer
et o/, 1978; Langman, 1978); while selection in a one~receptor mode! should be antigen
dependent (Doherty and Zinkernagel, 1974). Radistion and thymus-grafted chimaeras
were used to address this point, and to identify the elements acting to impose H-2

Low level chimaerism was induced in neonatal snimais by injection of
semisiiogeneic lymphoid and stem ceils. as described by Billingham ‘et a/ (1953). After
sensitization to virus either /n situ (Zinkernagel et 8/, 1977) or in a lethally—irradiated F,
host (Zinkernagel et a/, 1978a) CTL could be induced only to syngeneic virus—infactad
targets, but not to allogeneic targets. Thus, tolerance to H-2 alone is not sufficient to
sllow generation of CTL with specificity for the tolerated alloantigen Comparable resuits
were obtained in th helper T cell model for antibody by Kindred (1975), who attempted
(megésfuny) tagrgcaﬁsﬁnﬁg nude mice with neonatally tolerant T cells, and by Sprent
and von Boshmer (1876, who reported fih;r: of coeperstion between B cells and
silogeneic T cells depleted of alloresctivity by /n vivo negative selection

Irradiation chimaeras (A x B, => Aor B, or Aor B -> (A x BF, were similarly
used to determine the influence of the chimseric host on restriction specificity. F, -> 4
chimaera CTL bshaved exactly like tha corresponding 4 CTL, in that they were restricted
to lysis of A but not 8 targets (Zinkernagel et #/, 1978b, c). Bevan (1977) independently
arrived st a similar conclusion in the minor H CTL system .

Irradisted parental host reconstituted with adult F, spieen, as opposed to stem
cells, gave riss to CTL capable of lysing virus infected targets of both parental
haplotypes. indicating that the host influence is imposed on CTL specificity only during
maturation, and not on fully mature T celis.

A role for the thymus in this selection was suggested by previous work showing
its influence on T cell maturation (see Stutman af 8/,\]977). Thus, thymus-grafting
gxprm!ﬁts were carried out to determine whether MHC restriction patterns were

£



dictated by the thymic haplotype. (4 x BF, animals were ﬂvyﬁuctm;id as adults,
wradisted, and reconstituted with syngeneic bone marrow. After ruchnshmhm they
were grafted with irradisted 4 or 8 thymus tissue, and aliowed to recover for several
months Thase animals ﬁ:ﬂ;n CTL responses only to virus infected targets syngeneic with
the thymus graft used for reconstitution (Zinkernagel, 1978). Thus, the radioresistant
(Pepithelial; Weissman et a/, 1978) tissues of the thymus determine the restriction
specificities of the cells differentiating through them.

These studies did not allow conclusions on whether thymic influence was positive
lis. selection) Bevan and Fink, 1978; von Boehmer et o/, 1978; Langmen, 1978;
Zinkernagel, 1978) or negative (suppression) (Bianden and Ada, 1978). To address this, (4
X BIF, nude mice were grafted with A and/or 8 thymuses, and the ability to generate CTL

8d. Suppression would be predicted to result either in
. OF restriction to one hapiotype, depending on which

to A or B targets was determi

while a positive selection role for the thymus should result in the expression of both
specificities. In the event, evidence for positive selection was obtained, although the
results are. frankly, unconvincing (Zinkernage! et a/. 1979). Smith and Milier (1980),
however, concluded that sgéprgssiaﬁ could be shown .

that the dose of irradiation used to prepare the (4 x BF, recipients of stem cells was not
sufficient to immedistely eliminate all F, RE cells, but that sufficient of them persisted for
long enough to allow differentiation of both A and B restricted CTL precursors. By the
time of priming, these residual F, cells would have beer' replaced by donor-derived RE
cells, and consequently only the donor —restricted subpopulation would be expanded
under normal circumstances. Adoptive priming in the presence of (4 x 8F, APC,

view was obtainad by the use of very high doses of irradiation in the preparation of the
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chwmaeras. see Zinkernagel et o/ (1978a). and Zinkernagel (1978).

As with any system in which such apparently clear—cut resuits are obtained,
though, it wis not long before exceptions to these principles were described

Thus Bevan (1977) showed a pr,efgf;r:?% recognition of modified host target
cells in (4 x 8) ~> A radistion chimaeras, rather than the absokste restriction reported by
Zinkernagel. Simitarly, Matzinger and Mirkwood (1978) reported that fully H-2
e (but congenic) radiation chimseras not only were immunocompetent (cf

. 1978). but aiso that they showed CTL responses to minor H antigens
associsted with both donor and host H-2 types, afthough with a clear host bias. Varidus
possible axplanstions for this result were considered, but the most likely is simply that
vigourous priming is sufficient to sxr:md up pre—existing donor restricted CTL
precursors to significant levels ;. ‘ -,

Doherty and Bennink (1979) used /n vivo negative selection to H-2 to deplete
alloreactive Tteaﬂs to a given haplotype. These filtered T cells were found to be abie to
recognize virus—infected-cells of some unrelated hapiotypes but not of others,
suggesting that ‘aberrant recognition’ may be significant in this. According to this view, T
cells specific for (say) haplotype A4 + virus X may in fact recognize the same determinant
as expressed by 8 + virus 2. This is compatible only with aitered—self recognition, and
requires an unacceptably large redundancy in T cell receptor specificities.

Blanden and Andrew (1979) described the existence of CTL specific for
virus—infected targets of 8 haplotype in a'large proportion of (A x B) => A chimaeras,
although some animais sht;n!vlﬁg absolute restriction to host H!"; were also noted Their
interpretation of these results was based on a negative sd-gﬁ;aﬁ model for thymic
function, which is improbable # pfiari. { ? 7

These resuits thus suggest that the thymus and rgf?cﬁf{mmligl systems are
involved in a very fundamental way in determining the H-2 restriction patterns of
cytotoxic T lymphocytes. Many groups have since attempted to extend these findings to
other experimental systems showing analogous genetic control. Chief amongst these is
the | region determined interaction between T cells, B cells, and APC in T cell proliferation

or antibody formation in vivo.or in vitro.



In view of the complicated nature of these findings. | propose to discuss the
results obtsined by the various groups according to cell interactions.
T cell - macrophage interactions in helper T cell induction

The first evidence for MHC controf of the interaction between sensitized T celis
and antigen presenting cells was obtained by Rosenthal and Shevach (1973). These
authors showed that T lymphocytes from Strain 2 or Strain 13 guinea pigs primed to
PPD could be stimulated to proliferate only by syngeneic antigen-pulsed APC.
SWossbn or suppressive sllogeneic effects were excluded as the basis of the failure
Mmmmxﬁmac-ﬂprdﬁfrni'on Additionsily, alloantisera directed agsinst
éoﬂ surface MHC antigens ef fectively blocked the T cell - APC interaction, arguing that
these molecules are important in the generation of a proliferative response. The
requirement for physical proximity between T ceil and APC was clearly shown by Lipsky
and Rosenthal (1973, 1975) who delineated two types of APC - lymphocyte interaction:
one reversible and antigen—independent, and the other, a stable antigen—dependent
sssocistion leading to clonal proliferation of the lymphocyte.

Subsequent studies by Paul et a/ ( 1_977)' indicated the existence of distinct clonal
MHC restricted subpopulations in normal F, guines pig T cells, sach able to cooperate
with only ons of the parental APC populations. Positive and negative /n vitro selection

.was used to enrich for the restricted subpopulations, and it was established that the
selective responsiveness did not reflect the action of alloantigen-specific suppressor
cells, by double—negative selection to antigens snd MHC products.

The results obtained in these experiments are compatible with the concept of
mutual self-recognition of cell interaction molecutes by the cooperating cell types.
Nonetheless, the\existonce of distinct parentally—restricted subpopulations of F, T cells
requires either allelic exclusion of Ci molecules on the cell surface, or preferential
associstion of the allelic forms of Cl molecules with antigen receptors having particulsr
specificities.

Equally, these resuits fit with sither one receptor (altered—seif’) or two receptor
models of T cell recognition The latter hypothesis is difficult to reconcile, however, with _
the findings of Greineder e a/ {1976) and EMner. &t 8/ (1977), that T cell proliferation can
be blocked only by anti—la sntiserum, and not by antibodies agsinst sntigen. Additionally,



dual recognition does not adequately account for /7 gene expression by the APC. To got
around this dif ficuity, Rosenthal et a/ (1975. 1977) proposed that T lymphocytes are not
themseives specific for ia molecules ?/r gene products), but that the /7 ganes function
at the APC level, by a process of 'specificnt determinant selection’

Erb and Feldmann (1975a. b, ¢, d) and Erb et a/ (1976) were the first to extend
the observation of T cell ~ APC restriction to the mouse. Initially, they identified an APC
requirement for heiper T cell induction /n vitro, and showed genetic restriction for
effective T cell - APC interactions in the presence of soluble antigen For soluble
.antigens, APC could be replaced by an tvtig;ﬁ—;pg;ific soluble factor derived from
syngeneic but not aliogeneic APC cultured Wlﬁ’l antigen; while for particulate or
immobilized antigens, genetic restriction at that level did not apply. Based on these

results, thay proposed at least tw¢ pathways for heliper T cell induction, depe

- the physical state of the antigen. Additionally, direct contact between T cells and APC was

not necessary for heiper cell induction, arguing that soluble factors may piay a

physiological role (Erb and Feidmann, 19754, bl. Genetic control of the interaction for

soluble antigens was localized to the 1A subregion of H-2, and suppressive effects

were exciuded (Erb and Feidmann, 1975c). Finally. the nature of the soluble macrophage

replacing factors was investigated A genetically relsted mlcrepmga factor (GRF) was

identified as being produced by purified APC incubated with soluble antigen. and was able

to induce helper cells from syngeneic precursors in the absence of further APC or

antigen. A nonspecific macrophage factor (NMF), capable of replacing APC function in

helper.cell induction only for particulate antigens, could be obtained from syngeneic or

allogeneic macrophages cuitured without antigen. GRF was shown to contain Ia antigens.

linked noncovalently to a small antigenic determinant, and to have an overall molecular ‘ .

weight of spproximately 50000 dsitons [Erb et o/, 1976): the nature of its intersction

with the T cell in helper induction is unknown, and its existence is compatible with either

one or two receptor models for T cell racognition. -
Erb et a/ (1978) anslysed this point further, using /n vitro induction of helper T

_ Celis by antigen and APC. F, T cells were found to give rise to heiper T cells capable of

interacting with B cells of either parental haplotype, provided the same APC were used

for the induction of help and in the cooperation cultures. Similar fiﬁciiiﬁgs wera reported



by Thomas and Shévach (1977), with F, guinea pig T celis in a macrophage-dependent in
vitro prolkiferation assay, and by McDougsl and Cort (1978). These results make sn
unmodified Cl molecule hypothesis rather less tensbie, ss they require allelic exclusion of
Clmban;ondffumwnicTcoﬂabpoptmom

Evidence for H-2 restriction prior to priming was obtained by Erb ef a/ (1978,
WTM;frornA+B—>(AxB’F,bornnwrowdinwu Unprimed T cells of one
hapiotype (say. A) prepared by alloantiserum treatment, were unsbie to give rise to heiper
celis restricted to & hapiotype, on in vitro incubstion with APC of 8 haplotype. As the
cooperation cultures contained appropriate APC and B cells, this implies that the T cell -
APC interaction. in the sbsence of alloreactivity, is restricted in primary, as well as
secondary, responses /n vitro (vide infra). This rasult’is not compatible with those
obtained by in vivo priming (Erb et a/, 1979), in which unrestricted cooperation was
shown i

in subsequent studies, T celis from A ¥> (A x B8, chimseras were found to be
restricted to cooperation with syngeneic APC in the /n vitra induction of holporl T cells.
Similarly, unprimed F, —> parent chimaeric T cells were roﬂrictod to parental APC for
helper cell induction (Erb et a/, 1979). Based on these resuits, the authors postulated the
existence of two stages in the development of competence in heiper cells, one
thymus-dependent, and the other requiring interaction with macrophage-like cells. ;n
parent —-> F, chimaeras, thymic influence is permissive for APC-mediated restriction,
while in F, —> parent chimaeras, thymic elements are restricting.

Singer. and his colleagues have obtained strong evidence for H-'-2 restriction of
the T cell - APC interaction, using /n vitro and in vivo induction and asssy of heiper cell
function. It was found thet unprimed normal (4 x BF, and A —> (4 x BF, chimaeric T cells
showed free cooperation with either 4 or 8 APC; while (4 x B)F, => AT cells were
restricted to A APC, or to H-2 recombinant APC expressing A-type |-A determinants
(Singer et a/, 1979). The rostrict;d cooperation betwéen F, => parent chimaeric T celis
and APC was shown not to reflect suppression by allogeneic APC (Hodes et a’/, 1980),
and thus is consistent with either positive or ndgative selection models of thymic
function S\bnquom studies in which limiting numbers of normal (4 x 8F, T cells w
used to generate primary /n vitro helper T cells verified the findihg of T cell - APC but
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not T - B cell genetic restriction (Singer et 2/, 1980) These rm:e-ﬂﬂy
mnﬁyavsememgbjﬁgm&mfamtamgaafm
marspulated parent —~> F, chimaeric cell populations.

H~-2 restriction of the induction of T helper cells in viv'a.iy contrast, has been
less thoroughly examined Gorczynski et #/ (197 1) obtained gvigsn;‘put acherent celis
Were Nacessary fﬁﬁim& in vivo mmimune responses to SREC, and that these
adherent cells had physical propertias identical to those of the A cells s
assays (Shortman er a/, 1970). The immunological specificity of thess cells was not
examined, however, nor was the genetics of reconstitution of immunological

iva i /n w‘t:?

competence.

Much of our understanding of the latter point has come in the work of Sprent and
his colleagues. and has reliad heavily on in vivo positive or negative selaction of T celis
to antigen. in the context of APC of different genotypes. Thus, when normal animals are
njected intravenously with large amounts of antigen, reactivity of recirculating thoracic
duct lymphocytes to the antigen is sbrogatad within 24 hours Rowley et a/, 1972;
Sprent et a/, 1972, 1974). This abrogation reflects a transient sequestration of reactive
celis in the spleen (Sprent and Lefkovits, 1976}, and is followed by the appearance of
large numbers of specifically-reactive cells in the thoracic duct lymph. Similar findings
have been reported in adoptive transfer systems, in which lymphoid cells and antigen are
given intravenously to irradiated hosts Ford and Atkins, 1971 ; Sprent, 1978

Based on the /n vitro findings, it may be supposed that the T cell sequestration
seen /n vivo represents a need for stimulation by particutar APC, and therefore, that this
process might be H-2 restricted Sprent (1978a) verified this pradiction for both
positively and negatively selected homozygous T cells filtered through syngeneic
recipients along with SRBC. Thus, SRBC lpgcnﬁt: T helper ceils were substantislly
depleted in TOL collected ene day after transfer into irradisted hosts, while by 5 days,
substantial envichment for SRBC help was seen Selection did not affect the levels of
help for unrelated antigens. 7

- This resuit thus suggests that particulate antigens must be degraded by the host,
and presented in association with host determinants, for effective activation of T celis.

Undegraded antigen is most likely ignored by the syst&m T cells racogniaing the
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association between host cell and antigen are activated, and sequestered transiently in the
spieen, where they undergo extensive proliferation before appearing in the periphery.

The results obtained with /n vitro selection of heterozygous F, T cells in both
guinea pig and mouse Paul et #/, 1977. Swierkosz et a/, 1978) were aiso verified by
Sprent (1978a. b, c, d) in the /in vivo system Thus, (4 x BIF, T cells negatively selected to
antigen in stram A animais failed to cooperate with strain 4 B cells /n vivo. Conversely,
the same cells taken at 5 days (positive selection) showed preferential cooperstion with
ic of unprimed celis to strain 5 B cells.

stran A B celis, and gave responses cheractari
The simplest nterpretation of these findings is that only the A4 restricted T cell
subpopulstion undergoes selection to antigen, and hence comes to outnumber the &
restricted subpopulation
- Evidence against this apparent requirement for T cell recognition of identical MHC
determinants on B cells and APC was obtained by Singer et a/, (1979), with in sitv
primed (4 x 8, T celis, and parental B cells. Under these conditions, sacondary in vitro
responses were possible between allogeneic B celis and APC.
These resuits aiso clearly imply that the cell responsible for selection is derived
from the irradiated host, rather than the T cell donor. indeed, supplementation of an A
host wﬂh T cell depleted 8 spleen cells results in selection for both 4 and 5 restricted
ions of F, T ceils. Further studies have shown that this restricting cell is

radioresistant, nylon wool adherent, Thy 1 negative, prasent in spieen and peritoneal
exudate cells, rare in lymph node, and absent from TDL (Sprent er 8/, 1980). Thus it
fulfills most of the criteria for a cell of the macrophage linsage, and certainly is
equivaient to the A cell of Gorczynski et.;l (197 1). Kappler and Marrack (1976) obtained
equivalent results, priming F, mice /n situ with KLH puised parental PEC. and examining
the cooperative potentisls of these cells /n vitro, with parental or F, B cells. Restriction
of cooperation to B cells smiﬁ with the priming APC was observed, suggesting that
selection to APC haplotype and antigen was involved

Thus, the results fit v\:lth the general prediction that normal hama;ygaus T cells,

g-8ven when fully depletad of slloreactivity, sre restricted to cooperstion with APC beering

antigen in association with syngeneic MHC determinants. Heterozygous T cells, by

contrast, are capable of interaction with cells of either of the respective parental
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hapiotypes, after appropriate /n vivo or in vitro selection

As suggested sbove for the viral system, quite dif ferent considerations apply to
homozygous T cefts which have undergone dif ferentistion in a heterozygous environment.
Thus, Waldmann et a/ (1975) and von Boshmer et a/ (1975a) showed cooperation across
H-2 dif ferences for homozygous T celis derived from tetraparental bone marrow
m:i A+ 8-> (A x BF, with in vitro snd in vivo assay syttum: respectively. This
together with the work of Swain et a/ (1977) suggests that tolerance of H-2 antigens is
insutficient to allow unrestricted cooperstion However, T cells from one-way bone
marTrow climaeras (Waldmann, 1977), and neonatally—tolerant donors (Waldmann et a/,
1978) were restricted to cooperation with seif -H-2, despite apparently complete
tolerance. Marusic et a/ (1977) obtained similar results with a tumour rejection system
Thus, uniess operating at a very subtie level, suppression is not adequste to account for
failure of alloegeic cooperation In hight of the work of Kappler and Marrack (1976), and
of Sprent (1978a), suggesting the influence of the priming environment on restriction
patterns of normal F, cells, Waldmann ot 2/ (1976, 1978) examined the ability of
one—wiay chimaeric and mt:“y tolerant cells to be primed in syngeneic and aliogeneic
environments. it was hypothesized (Waldmann, 1978). that the restriction seen in
A —> (A x 8F, chimaeras primed /n situ was simply a reflection of the presence cf‘AFC
of only one haplotype, and thst this deficit céud be overcome in an appropriate priming
environment. In early experiments (Waldmann, 1976) results apparently excluding (in their
interpretation) any influence of the prmng gvirmt were obtained; T cells from
one—-waty or two-way bone n':lrraw :hlﬁn;ls could be primed in 8 homozygous
environment to cooperste in an unrestricted fashion with B celis. Subsequently, the
techriques for adoptive priming were optimized so as to maximize the influence of the
chimaeric host, and preference for the hapiotype of the priming snvironment could be
shown for both one-way and two-way BMC: Neonstally—tolerant T cells could not,
however, be primed in an sllogeneic environment. These results together suggest the
functional equivslence of T cells from one and two way chimaeras (apart from /n situ
priming environment), and also imply that the tolerant state in chimaaras is quite different

from, that in neonates.
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identical results to the above were obtained by Sprent and von Eﬂd’r:jt (1979),
with parental T cells from A + (4 x BF, => (4 x BF, bone marrow chimaeras, and by
Sprent with T celis from one way bone marrow chimaeras (Sprent et o/, 1980), both
studies using the technique of /n vivo positive selection to antigen. F, —> parent
chimsaras were subsequantly used to examine restriction patterns imposead on T cells
independent of priming. which necessarily occurs with F, APC. Much as was seen by
Zinkernagel et a/ (1978a, c) for CTL, heiper T cells showed preference for B cells
identical to the parental host (Waldmann et o/, 1978; Sprent, 1978e). Additi ally, thymus
grafting experiments were carried out to verify that H-2 preference is determined by

Jhe thymus. (4 x BF, ATxBM animais were reconstituted with 4 or & thymus grafts, and
the cooperative preferences of fha (A x BIF, celis determined. Restriction to cooperation
with B cefis syngeneic to the thymus graft was found (Waldmann et 8/, 1979), consistent
with the Zﬁzml results for CTL (vide supra

Th-sa experiments thus carry with them the strong mgg-stiaﬁ that anaiegaus
duffarmtutnan processes occur in the thymus for both CTL and helper celis for antibody,
despite the quite obvious differences between the experimental systems.

" In particular, the data are Consistent with a predominant thymic infAsnce on cel
cooperative preferences. aithough the expression of these preferences is modified in
the periphery by contact with antigen associated with cells of the reticuloendothelial
system Nonetheless, restriction antedates contact of the immune system with antigen, as
seen for parent -> F, chimaeras primed adoptively; these snimais have both ‘anti—4 and
. ‘anti=8 cell subpopulations, the ‘anti'~& celis being generated at the expense of the
normal alloreactive cells to 5. Conversely, in F, —> parent chimaeras, the normal 'anti -8
nbpgpunmn fails to develop, as the 8 haplotype is absent from the host thym

normal and chimaeric animals, which is capable of explaining most if not all of the above
observations. In outline, it postulates that cells with high affinity for Cl molecules are
low-to-moderate affinity cells capable of froRful cooperative interactions. High af finity
anti-Cl cells for specificities not selectsd ;-.&H-Etivﬂv reguiste the emergence of
cells bearing those particular Cl molecules. since such cells fulfill no particular purpose in

L3



51

the system. These data aiso place at lesast one site of expression of H-2 restriction st the
nteraction between the T cells and reticuicendothelial cells; APC in the case of helper T
cells. One must therefore consider the extant to which the H-~2 restriction described at
other cell interactions simply reflects distal effects of this primary restriction Certainlye
most any of the resuits suggesting preferential cooperation of heiper T ceiisbwith B cells
:mtaﬁprmgﬂﬂemhant-‘ﬁrﬁ-dnhsww
T = B cail cooperstion

The early evidence for H-2 restriction of T-B cell cooperation has been briefly
summarized above. ‘
Normal homozygous T calis ‘
Katz and his cofiaborstors have carried cut extensive and systematic studies with
e TandB

an /in vivo sdoptive transfer system, m the Bbility of hista
Celis to cooperate in giving an antik

function in situ (Katz et a/, 1970a). The initial approach taken was to transfer
hapten—primed B cells into irradiated, allogeneic carrier—primed adoptive hosts (Hamaoka
et a/, 1973). It was shown, héwav;;ﬁ that sufficient alloreactive T cells remained in the
host after -Iﬁ‘!dllﬁi‘;ﬁ to exert a strong positiva allogeneic affact on transferred B calis.
This allogeneic affact was manifested by apparently unrestricted T - B cell cooperation
To overcome this problem, a double adoptive transfer prc:taecj was devised, in which m‘
(A x B)F, animal was used as the adoptive host Limiting numbers of carrier—primed T cells
were transferred into a hormal semialiogeneic host, which was sublethally irradisted 24 -
hours later, and given hapten—primed B cells intravenously, along with a hapten—carrier
chlﬂgﬂéa The delay of 24 hours between T cell transfer and irradiation was intended to
sliow migration of helper celis to recipient lymphoid organs, while the use of an F, host

the transferred lymphoid cell populstions. The transfer of limiting numbers of
cooperating cells should likewise minimize the chances of an allogeneic effect
Nonethelses, one must question the rether biithe transfer of whole imm

spleen ceall populations (as a T cell source) into an allogeneic host Similtar considerations

applied to the design of /in vitro experiments (Katz et a/, 1973a).



Using this system, it was shown that H-2 incompatible T and B cells could
cooperate in giving a secondary /n vivo antibody response (Katz ef 8/, 1973b). The same
studies siso indicated that non—H-2 background genes in the mouse strains did not
determine the ability to cooperate. Subsequent studies, using appropriste recombinant
straing, localized the genes controfiing cell interactions to the I-region of the H-2
complex Katz et 2/, 1975), and further, to the |-A subregion Katz et o/, 1976a).

Janeway et a/ (1976) used a particularly slegant system, involving the /r gene for
responsivensss to igA mym protein (which maps to i-AjJ, to srrive at a similar
conclusion T and B cells from mouse strains sharing only the |-A subregion wére able to
cooperate efficiently in giving a response to TNP-IgA, indicating the img
region in cell-cell interactions. '

nce of this

The experiments did not, however, rule out the possibility that failure of

physiological cooperation of aslloganaic Ccells might reflect the operation of subtie

suppressive pl a, particulsrly in light of Gershon's (1972) finding of resdy
generation of suppressor T cells in allogeneic tymphocyte mixtures. To test this, the

- sbility of allogeneic carsier—primed T celis 1o nterfers with cooperation of syngeneic

carrier primed T cells, and hapten—primed B cells was determined in the sdoptive transfer
system. No evidence for suppression was obtained Katz ef o/, 1974). identical results
were obtsined in more extensive studies of the same sort Katz er a/, 1976b). Skidmore
and Katz (1977) carried out snalogous experiments, in which the sbility of primed T cells
to help mixtures of syngeneic and allogeneic B cells was assessed Not only did the
presence of aliogeneic B cells not interfere with the response, but the PFC were ail
derived from the B cell populstion syngeneic with the T cells.

Finally, Katz (1977a) showed that pretreatment of parental host animals with
miithymocyto serdm abrogated their ability to mediate an dlaoiﬂm; offect against
sliogeneic B celis, and siso to provide ‘heip’ to allogeneic, but not syngeneic, B cells. This -
hcating that any apparent help provided to sliogeneic B cells
by a carrier —primed host most likely reflected mfc slioreactivity, rather than

result was interpreted as i

carrier—specific cooperation across H-2 diffarences.



Tolerant homozygous T celis ;

A number of other approaches have been taken to snslyze the cooperative
preferences of homozygous T celis, besides the use of radiation /n situ, to deplets
slioraactive cells, without affecting helper function Acute selection procedures, typically
involving /n vivo filtration through a heterozygous recipient Ford and Atking, 1971,
Sprent and von Boshmer, 1976); neonatal tolerance induction Kindr&¥, 1975; Waidmann,
1978). and bone marrow chimseras (von Boshmer ot 8/, 1975a); have all besn used to
overcome the problems posed by real or potential alloreactivity.

" The use of these techniques has given conflicting results. Studies involving /n situ
irradiation of T helper cells have been carried out by Pierce and Kiinman (1975, 1976)
Using the /n vitro splenic fragment culture technique to examine antibody production by
" indvidual primary B cel clones in irradisted, reconstituted:mice, it was shown that
antibody formation was completely dependent on previous carrier priming of the host
The carrier—primed host could provide effective help to both syngeneic and aliogeneic B
cells /n vitro, detsiled snalysis of the frequency of antibody-forming cell clones
mdicated it to be about 2/3 as great for allogeneic as syngeneic B cells The allogeneic B
cell clones, however, produced only small amounts of antibody, and exclusively of the
igM chss while large responses of IgG1 or IgG 1 plus igM classes were seen in
synggnei; T-B cell combinations This result thus suggested that B cell triggering per se is
snt on T-B cell syngeny, but rather on antigen recognition by the T cell.
of iIgG1 formation requires that T and B celis be syngeneic,

either for effective help. or in prevanting sllogeneic inhibition Subsequently, it was
shown thst the majority of secondary B cells could be stimulated to produce antibody of
the IgG | class by aliogeneic and syngeneic T cells. Syngeneic T celis were slightly more
efficient than.sllogeneic ones in enhancing the IgG 1 response; nonetheless, specificity of
stimulation by the allogeneic cells was suggested by the requirement that the T cells be
carrier—primed, and that in vitro challenge had to be with the homologous hapten~carrier
conjugate. This thus suggests a clear dif ference between préniy and secondary B celis,
particularly with respect to the H~2 requirements for activation to IgG antibody
proéduction This result is dif ficult to reconcile with any of the models for a;,iﬁtivg

dif ferentiation of lymphoid celis, as homozygous nontolerant T cells should clearly be



unable to cooperate across H-2 differences To account for this, Katz (1980) has
postulsted that smail numbers of cells able to cooperate across H-2 dif ferences may
exist in normal animals, ind be detactable only with particularly sensitive asssy systems,
such as the one used here. This explanation does not, however, address the very real
difference between primary and secondary B celis.

Acute /n vivo depletion of siloreactive cells by recirculation has siso yielded
evidence for unrestricted T - B cell cooperation in the primary /n vitro response to
heterologous erythrocytes (Heber—Katz and Wilson, 1975). Syngeneic and allogeneic T
celis dbpleted of alloreactivity cooperated with B cells with equivalent efficiency, over a
wide range of cell numbers; while allogeneic unfiltered cells showed quite different
dose-response psrameters. The apparent failure of high numbers of nontolerant cells to
cooperate with B cells was attributed to suppression by T cell alloreactivity directed !
against B cell determinants; while the converse - increased efficiency of cooperation
reistive to syngeneic T.cells seen at low cell doses —was ascribed to -llmc
sment Finally, Swain et a/ (1977) obtained evidence indicating the pcasﬁbllny of
cooperation across H-2 differences even for normal cells, if alloreactivity was avoided
the possibility of aliogeneaic
cooperstion under at least some circumstances. many other experimentsl systems have
shown strict H-2 restriction, even for tolerant cells. Thus, Kindred (1975) attempted to

In contrast to the above results, indicati

reconstitute nude mice with normal syngeneic, or neonatally tolerant allogeneic T cells.
Syngeneic celis restored the SRBC response efficiently, while the use of allogeneic cels
resulted in only a transient recovery of competence, followed by decline. This suggests
that slfogeneic cells are able to initiate a primary IgM response, but that its prolongation
(and IgM —> IgG switch) requires syngeneic T - B cell interaction In this respect, the
results resemble those of Pierce and Klinman (1975).

Waldmann (1978) siso usad nmﬁnﬂlyftalﬁint cells in an attempt to circumvent
normsl H-2 restriction | have aiready described his experiments indicating that the H-2
restriction seen for such tolerant celis is not a consequence of the priming environment;

it follows from this that the in vitro T - B cell interaction is itself primarily restricted
/n vivo negative selection of homozygous cells by recirculation through irradiated
semialiogeneic recipients, followed by /in v/vo assay, indicates that homozygous T cells



are fully H-2 restricted, despite the adequacy of depletion of llkrni:hva cells achiaved —
(Sprent and von Boshmer, 1976). Strain A T celis cooperste only with A or (4 x BF, B
cells, but not with 8 B cells. This failure of cooperation with allogeneic cells aimost /
certainly does not reflect faikre to resctivate the strain 4 heiper cells in tha sbsence of

Sprent et a/ (1980) have described further experiments, involving

of the cooperating environment with appropriate APC, which aiso
support this last conclusion

Hetsrozygous T celis }

In an earlier section, | have described the experimental evidence leading to the
conclusion that (4 x 8, T celis normally exist as two discrete subpopulations,*each
restricted in helper cell induction to cooperation with APC of a single homozygous
genotype. As a coroliary of this, it has been observed that these restricted
subpopulations also cooperate poorly with B cells asllogeneic to the APC used in their
induction. In addition to the rather good in vivo evidence indicating that this apparent H-2
rnticbm simply reflects a lack of appropriste APC in the uitimate cooperation step
(Sprent, 1978c, d), /n vitro experiments in which addition of appropriste APC fasiled to
overcome restriction have ilsa been described (Swierkosz et 8/, 1977 Yamashita and
Shevach, 1978).

¢ Directly appesed to such a tldy view, however, is the work of Singer et a/ 1979,/
1980). in addition to the evidence outiined above, on the strict requirement for helper T
cell - APC compatibility at the I1-A sbrcgcan these authors documented that T celis need
: ants on APC and B celis; Thus, (4 x 8F, T celis

not recognize the same H-2 :
cooperate efficiently wﬂh A APC and 8 B celis (and the conversa), sither bafore or sfter
priming in situ. '
Stem cell chimaserss

von Boshmer et &/ (1975), Waidmann et a/ (1975, 1876), and Waldmann (1977)
described successful physiological cooperative interactions between primed allogeneic T
and B cells derived fram two way bone marrow chimaeras A + 8 => (A x BF,, in vivo
and /n vitro, respectively. Sado and Kamisaku (1975) obTamed similar resuits for cells

from one way bone marrow chimaeras, in the primary /n vivo lgﬁﬂ‘respeﬁse to SRBC. In



light of the work of Zinkernagel. several groups have extended their studies on genstic
control of T - B cell interactions to include radiation chimaseras of various sorts.

Much of the work done with chimaeras which relstes to T - B call restriction,
doesmoﬂyasmcmocponceof’fcoﬂ-APCrastrictimSuchS’ﬁJﬁisgﬁwT:iﬂ
coo?eratrvo preferences for B cells syngeneic with the APC used in /n vivo priming
| Ml*-nn et al. 1978; Kappler and Marrack, 1978: Sprent, 1978e: Waldmann, 1978),
and suggest that T - B cell restriction is closely related to the T cell - macrophage
restriction discussed above. '

‘ Nonetheless. evidence against this view has been presented by Singer et a/ (1979,
1980). and Hodes et a/ (1980). Thus (4 x BIF, -> A chimaeric T cells were restricted to
cooperstion with 4 APC in the generation of a primary /n vitro antibody response. Such
T cells were, howegven able to cooperate with 4. 8, or (4 x BF, B cells, and the failure of
cooperation between F, -> A T cells, and 8 (APC + B cells) could be readilyfovercome by
the addition of 4 APC. Similar results were obtained in in vivo adoptive hj:ﬂ;f!r studies
for a primary antibody response. These results suggest strongly that T Gﬁll recognition of
B cell H-2 determinants, if it occurs at ail, is not restricted to the MHC antigens seen on

~ the APC; thus APC and B cell not be syngeneic.

Katz and his colieagues (1978) have done extensive studies on the cooperative
preferences of T and B cells derived from a number of types of chimaeras; (4 x 8F, -
F.A->F;. 8 —> F,;‘F, =-> A and F, —> 8 These u:nhors claimed evidance for adaptive
differentiation in both T and B cell populstions, and in support of their hypothesis,
adduced the evidence that F, -> F, chimaeric cells behaved indistinguishably from normal .
F, lymphocytes; while A -> F, or 8 —> F, chimaeric cells were identical to normal A or 8
cells respectively. Thus. 4 -> F, T cells primed /in sitv coopersted preferentially with A4
or (4 x BF, B cells. Cells from either F, -> 4 or F, -> 8 chimaeras showsd aberrant
cooperastive preferences, cooperating efficiently only with celis syngeneic to the host
environment in which dif ferentiation occurred.

The finding of "restricted cooperative preferences for parent -> F, chimaeric
cells is Quite compatibie with most studies on the behaviour of such cells (Marusic et a/,
1977; Waldmann et s/, 1978), and with the hypothesis of Waldmann (1978) that this
restriction is simply a manifestation of the presence of APC of only one haplotype in the



chimaeras.

These results can readily be interpreted in terms of an adaptive differentistion
model (Katz. 1980). and are siso compstible with the ‘thymic lsarning’ hypothesis of
Zinkernage! et a/ (1878c). _

More recently, however, Katz has reported data whi rtg inconsistent with a
predominant thymic role in determining restriction specificities, and which appear to
correspond to the variable leakiness of restriction reported by some workers in the CTL
system (Katz et a/. 1879). These studies wers carried out with thymus grafted, F, >
ATxBM F, chimaeras. as used earlier by Waldmann et a/ (1979), and by Zinkernagel et a/
(1978c). Although some degree of preferonce‘fpr B cells syngeneic to the thymus graft
was observed /n vivo, the difference was of only marginal sigﬁiﬁ:mcg for igG
responses, mdwasnotuonfoHﬁAddmomﬂy clear —cut resuits (i the presence or
absence of help) such as were seen previously (Katz et o/, 1978; Katz et o/, 1973a, b)
simply were not obtained Technical points were apparently inadequate to actount for the
differences seen between F, ~> parent and F, -> F, (ATxBM + parent thymus) chimaeras,
and led to the notion that nonthymic tissues may have an important influence on T cell
cooperative preferences.

This pbssibility was investigated further, in a series of experiments designed to
control for the possible restricting influence of the APC present in the chimaeric
environment (Katz et a/..1380b). Thus, T cells from various conventional and
thymus—grafted chimaeras were adoptively prirmd in irradisted, thymectomized F,
animais, and their helper activity assessed /n vivo. It was found that, as predicted, pi’iﬂt
=> F, chimaeras could be primed in an F, environment to cooperste across H-2
diff_erenco; this most likely reflects the provision of APC suitable to expand up both
parentsily-restricted subpopulations (Sprent et a/. 1980). F, -> parent T cells primed /n
situ showed H-2 restriction, again as expected, but became capable of unrestricted
interaction when subjected to further adoptive prim/ing in irradiated F, recipients. Quite
contrary to previous results (Waidmann et a/, 1978), it also proved possible to prime
neonatally tolerant spleen cells in an F, mw}irormnnt, to dispiey non—H-2 restricted
cogperation. T cells. from thymic chimaeras, parent —-> F, (ATx, parent BM + thymus) also
were sbie to cooperate with MHC incompatible B celfls after adoptive primi‘ng inanF,
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host These findings do not lend themselives to ntsrp;rmhan in terms of a pure thymic
influence scheme. in particular, that F, ~> parent lymphocytes are capable of expressing
an unrastricted cooperating phenotype. indeed, they argue that the restriction patterns of
fully-mature T celis are determined by predominantly extrathymic influences during
peripheral dif ferentiation, although the potential for ;ﬂmie interactions is determined
somewhat earfier in ontogeny. ’

The apparent restriction of /n s/tu primed F, -> parent lymphocytes was thus
termed a ‘pseudorestriction’, and ascribed to a process termed 'environmental restraint.
Environmental restraint, in turn, is a means by which the host environment can be R
nonpermissive for the expression of a particular cooperative phenotype. Thus, the (4 x
BF, > A chimaeric environment does not allow the expression of 8 restricted
preferences by F, cells, but these can be revealed in an F, adoptive environment

The concept of environmental restraint as described by Katz is sufficiently broad
to encompass the above experimental observations within his framework for adaptive
differentiation, based on the deletion of high affinity cells reactive against ‘self’ Cl
molecules (Katz, 1980).

in addition to the evidence for adaptive dif ferentiation and environmental restraint
for T cells, Katz et a/ (1978) claimed to 'shc:;w a cwam@ng rastriction in B cell
function in F, -> parent chimaeras. This result was directly challenged by Sprent and
Bruce (1979), who failed to find evidence for B cell and APC adaptivé dif ferentiation in
* F, > parent chimaeras, showing instead that they behaved identically to normal F, celis.
Given the substantial diffgraﬁ:as in experimental design, and particularly the sources of
helper T cells used (parental by Katz; F, => parental chimaeric by Sprent), the two
systems are not directly comparable. The results nonetheless tend to suggest limits to the
Katz hypothesis, even if they do not directly disprove it
Antigen-presenting cell -~ B cell interactions

Much of the work described in this thesis relstes to the possibility of reguiation
of the interaction between APC and B celis by the major histocompatibility complex. This
phenomenon has not been previously described; yet there is some precedent for it in the

literature. b} -
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Howie and Fw (1978) described the apparent expression of /r genes for
(T.GI-A--L st the macrophage - B cell interaction Using a T cell derived helper factor
specific for (T.GI-A--L. and B cells derived from R x NRF, animals, they showed that
the jn vitro antibody response could be restored only by R or (R x NR) F,, but not by NR
APC. This result thus makes it uniikely that APC function is purely passive, for example,
concentrating heiper factor for effective presentation to the B celi, and the suthors
suggest the possibility of genetically—restricted APC - B cell interactions, snalogous to
those between APC and T celis Erb et a/, 19753 - o).

Gorczynski et a/ (1980) presented evidence for the induction of H-2 restriction
n normal F, B cells, by priming in an irradiated parental environment These cells could
a.bsociuonﬂy be activated /n vitro by antigen on APC or activated T cells syngeneic to
the priming host, in an assay system in which heiper T cell function was replaced by
suboptimal quantities of LPS. This regtriction could not, however, be shown in an in vivo
T cell dependent assay. '

A strict macrophage requirement in the /n vitro response to the )
thymus-independent antigen TNP-Ficoll was reported by Boswell er a/ {1980c¢). and it
was further shown that only viable TNP-Ficoll puised spieen adherent cells could present
the antigen to B cells. Similar to the results of Hdwie and Feldmann (1978, this suggests
an active role for the APC in the presentation of antigen to the B cell, and also the
potential for H-2 restriction <;f this interaction. Subsequent studies by the same group
Boswell et a/, 13804, b) indicated that APC mediated antigen presentation activates only
3 Lyb 5+ B cell subpopulation Trestment of B celis with anti-Lyb 5 antiserum and
compiement eliminated the /n vitro responses to the thymus dependent antigen, .
TNP-KLH, and to the TI-2 antigen, ThP—F_icqll. The 'relsponses to free TNP-LPS and
TNP~Bruce//a abortus, both TI- 1 antigens, were unaffected. TI- 1 antigen pulsed
accessory cells could, however, activate only Lyb 5+ B ceils, suggesting that this
subpopuiation could be activated only by signals delivered via accessory cells. The CBA/N
mouse, which lacks the Lyb 5+ cell s@popuhtion, was used to verify this prediction. It
was shown that CBA/N mice woromd:lotogi'voprhwy in vitro B cel responses to
TNP-KLH, despite the presence of fully functional APC and T cells. APC were aiso shown
to be fully competent to present TNP-Ficoll and TNP-BA to syngeneic normal B cells, but



not to CBA/N B ceily, while free TNP-BA in high concentrations could activate CBA/N B
This suggests a deficit in the interaction batween accessory cells and B cell for
ical findings in this strain

antigens of ali classes in the CBA/N mouse. All of the immunc
mhamhrudanﬁbnssﬂut::ﬁv:banathyb&cgllpgg;uhamsm

of this interaction, the situation described here resembles certain findings in H-2



I B-\ﬂlapm of resesrch program

The studies described in this thesis fall logically into several discrete and self-contsined
ibility complex on
celiular interactions. They are not pressntsd in a chronological order, but rather in a

units, although all are related to the influence of the major histocompat

saquence which illustrates the conceptual progression of this work.

" We wished in the first instance to spproach the question of cellular expression
of immune response or /- genes. Initially, we chose to concentrate on the interaction
between APC and primed T cefl. and obtained results equivalent to those of Rosenthal and
Shevach (1973) in the guinea pig. showing an apparent antigen specific defect in APC
function from nonresponder snimals to TNP~ 18. Yano et af (1978) independently
obtained similar resuits for the random terpolymer GAT. This assay system requires the
use of heterozygous R x NRIF, T cells and either R or NR APC. to eliminats possibla
sllogeneic effects, and thus is limited to evaluation of /7 gene expression by the APC.
gene expression, including the T cell, it was necessary for us to devise alternative models
in which the canipﬁc:tian of alloreactivity associsted with the use of parental cells can be
avoided We chose to use parent —> F, stem cell chimaeras, a fortunate decision,
reconstitution rather than the more usual bone marrow. In other respects, our protocol
followed that of Sprent et a/ (1975). Subsequently, it was somewhat modified as the
importance of thorough depletion of T cells from the donor stem cells became
apprecisted, and appears schematically in this form in Figure 1. Stem cell chimaeras wers
also preferred over other means of tolerance induction, as we assumed at the time that
the tolerance to MHC antigens attained by long residence in a semiallogeneic host is itself
sufficient to allow cooperation across Hs? dif ferences, and that the APC function in
irrachiated reconstituted animals is derived from the host, rather than from the stem cell
donor. If these assumptions are made, it follows that it should be possible to prime
parental cells in the context éf host derived (F,) APC, and thus to look directly for /r
gene control of T ceft function in norresponder versus responder cells. To verify this
approach, we initially looked at H-2 cortro! of the T celi - APC interaction with fespect
to the non—/r gene controlled antigen, PPD, after priming with CFA containing M.

&7
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tuberculosis. To our surprise, parent ~> F, chimaeric T celis were restricted to -
cooperation with syngeneic APC. Although this prevented us from using the system to
dissect out the celhdar expression of /7 genes, it provided useful information on H-2
restriction. The resuits were quite compatible with the hypothesis of Zinkernage! et o/ _
(1978a.b) on dual thymus — macrophage control of H-2 restriction specificities, and with
subsequent evidence that the APC in the chimaeras are derived from the reconstituting

Te“mhmmﬁﬁmwm we turned
to two way stem cell chimaeras A + B -> (4 x BF,, d!ﬁﬂbldby von Boshmaer ot o/
(1975b). In these animals, differentiation through an F, thymus, and the presence of APC
of both parental haplotypes would be predicted-T5 allow unrestricted T cell cooperation
with APC in the response to non-/r controed sntigens. For antigens under /r gene
control, conditions would exist so that NR T cells could at ieast theoretically be primed in
the ﬁ;isﬂﬂ of responder APC. We wers, h@wcvr.i‘éﬁo to shéw H-2 urrestricted
behaviour for T cells primed /n situ with either KLH or CFA. both non=/r gens controlied
antigens. ‘ﬁérms for our inability to obtain results compatible with the Zinkarnagel
hypothesis still alu;g us, as other groups have shown two-way chimaeric cells to be
unrestricted in similar (Schwartz et a/, 1979; Longo and Schwartz, 1981) and different
experimental systems. Results anslogous to ours have been reported by Erb er o/ (1978,
1979) for unprimed T celis from two-way bone marrow chimeseras.

Substantial evidence has been obtained that the cooperative properties of celis
obtained from chimaeras may be strongly influenced by the adequacy of slimination of
slloreactive cells from the cell populations used for reconstitution We feit that the best
way to examine this point was by the use of tetraparental chimaeras derived by in vitro
fusion of eight cell embryos of H-2 incompatible strains. Under these conditions,
chimaerism is established long before the emergence of the immune system, and thus any
influence of the donor environment on the cooperative prafsrer;eeé of the mature cells
shouid be avoided The validity of this approach is suggested by studies with a limited
number of tetraperentsl mice indicating that the T cefl cooperative preferances can in
fact be shiftad away from seif. in view of this, we f;gi that our assay system is

sufficiently sensitive to detect haplotype preferences existing prior to priming, which
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may be obscured by the priming conditions used by other workers. -
The other major series of experiments was similarly intended to allow us to look

at /r gene expression between T cells, APC.-dec‘.ﬂ:Lshgminn;:‘}odnpﬁvn
transfer system for the antibody response To obviste ﬁfﬁ’\fﬁ'ﬂ'ﬂ;l from allogeneic
effects, the cooperating T and B cells were derived from parent —> F, chimaeras.
Calibration experiments carried out with non- /7 gene controlied antigens indicated a
then—unexpected H-2 restriction betwesn APC and B cells In view of this, and the
results previously obtained in the T cell proliferation assay, we decided to use this model

| for the study of H-2 restriction B cell - APC restriction was shown not to be due to
suppression mediated by allogeneic effects between the irradiatad host and the
transferred T and B celis. Similar results have been claimed previously for thymus
independent antigen‘s. and we believe we are able to show this restriction for thymus
dependent antigens only as the chimaeric heiper T cells Behave in an H-2 unrestricted
fashion under our particulsr experimental conditions.



lil. Materials and Methods
Thoexp«inmwprocmudosabodhhssocﬁmrocmtﬁmﬁyafﬂn
studies in this thesis. Specific varistions on these. and techniques restricted to particulsr
experiments are given in the appropriste sections.

Mice inbred mice of strains Balb/cCr H-2d), C3HHeJ H-24), C3HSW/Sn (H-25),
C3HOH H-202), and C3HAH~-24), and F, hybrids (C3HHeJ x CFHSw/Sn) and (C3HOH x
C3HA) were obtained from the Small Animai Breeding Program. The University of
Aberta, Edmonton, Alberta Vaginally plugged female mice of the above and the outbred
ICR strains were provided by the same source. Haplotypes are sh icht
Table 1. ' :

Animals “re housed 4 - 6 per cage with free access to food and acidified
chiorinsted water. irradiated mi-ce were given gentamicin suiphate (Schering, 8 ug
subcutaneously and carbenicillin (Ayerst), 2 mg intravenously per sight hours for the $irst
two days afterirradiation Mice were maintained on water containing tetracycline

(Tetracyn) 10 mg per 250 mi of water.
lrradjation Mice and cells were exposed to ¥'Cs irradiation st a dose rate of

98-96 rad per minute from a ‘Gamma Cell 40’ (Atomic Energy of Caneda Limited, Ottawa,

Ontario. The radiation doses used in particular studies are specified in the appropriste

Medis Leibowitz L- 15 medium (Grand istand Biological Compeny of Canada,
Caigary Alberta) supplemented with 10% foetal calf serum (GIBCO) was used for the
preparation of cell suspensions, nylon wool filtration for T cell enrichment, and plastic
adherence for depletion of adherent cells. -

Cell preparations. Single cell suspensions were prepared from foetal liver by
mincing with iris scissors, and passing the fragments through a metal sieve (pore size 0.2
mm). Clumps were broken by gently aspirating the suspension several times through a
Pasteur pipette.

Sphonmdlynphmdaswwotu;odmmmstvﬁcisgﬂgasyriﬁg-nﬂdlﬁ,
and clumps sliowed to settie out under gri&ity for five minutes.

Antiserum trestment of cel/ suspensions. Except as otherwise stated, cells were
treated with antibody using a standard two stage cytotoxicity assay.
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Celis were suspended st 10’ per mi in RPMI- 1840 medium (GIBCO) buffered with
25 mM HEPES (Calbiochem, San Diego, CA) and 3.5 g/ NaHCO3 snd supplemented with
0.3% Bovine Serum Albumin (Sigma Chemical Company, St Louis, MO), contsining an
sppropriste diution of antiserwm. After incubation on ice for 45 minutes, the celis were
pelieted, washed, and resuspended in the same volume of medium ¢ 4

mplement The cells ware then incubated st 37°C for 45 minutes, and either counted

directly with ecsin, or washed and counted. ;

MﬁmﬂMmm:-mfﬁmhwaﬁrnmﬁ-
H-2 specificities recognized by the differsnt antisera appesr in Table 1. \Y

Ce/l courts. Celi counts were performed with a modified Neubauer
hasmocytometer (American Optical, Inc., Buffsio, NY), and visbility determined by the
eosin dye exclusion test of Hanks and Wallace (1958] S;-;

Ce// injections Mice were kept in a 37°C warm rgom 13‘} 30-45 minutes to

dilate the tail veins. Call suspensions were made up in L- 15 medium without serum, and
mmﬁﬁeﬁ?ﬁxémmanepxifimm o

Nylon wool filtration for T ggfl purification Nylon wool Fenwal Laborstories
Inc.) was washed by sutoclaving once with 0.1 N HCI, followed by six cycles of
autoclaving with glass double distilled wtt:r and l-r dried Five, ten, and twenty millilitre
: Ef?h.lﬂ"ts were prepared bYbacking disposable syringe barrels with 0.3, 0.6, and 1.2
grams of cry nylon wool, respectively, and sutoclaved. !

The filtration technique employed was that of Juliys et 8/ (1973), except that ‘
L=15 + 10% FCS was used in place of Dulbecco's F‘E§ The packed columns were '
washed with medium, and equilibrated with medium at 37°C for 45 minutes. Two to three
x 10* cells in 0.5 mi of warm medium were applied 1o a 10 mi column, ‘and Washed in  {
with a further 0.5 mi of medium. After incubation at 37°C for approximately one hour,
nonadherent cells were eluted with 50 mi of warm L-15 + 10% FCS. These preparstions
were 85-9G% lysed on trestment with anti~Thy 1.2 antibody and complement.

Purification of B cel/s Single cell suspensions prepared from spieen as
described sbove were trasted twice with anti-Thy 1.2 antibody bnd complement as
described above. The remaining celis were suspended at 10" celis per miin L- 15 + 10%
FCS. and muiptmncaw 100 x 15 mm tissue culture dishes (Corning. Corning

\
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NYL. After incubstion for 1 hr st 37°C, the nonadherent celis were dislodged by gentle



IV. MHC restriction of the Tcell - antigen presenting osll interaction. L. Normal snd

ome wry foetal liver chimaaric cells -

A. Introduction

The ability of histoincompatible cells to collaborate afficiently in the dﬁvel?'m
ofanimnrcmrgﬁnshdim:,ﬁwaﬁi\hmmﬁﬁmﬁT=E
cell interactions are under the control of the major histocompatibility complex, and are
aliogeneically restricted primad T cells could not cmm-ﬁén an |-region barrier
(Katz et 8/, 1973b). Similar conclusions were reported for T cell = macrophage
interactions in the guinea pig, using a T cell proliferation assay (Rosenthal and Shevach,
1973) In retrospect, these early studies on cell cooperation are subject to the criticism

that MLR-like or allogenaic ef fects arising from the mixing of histoinc
were not excluded (Gorczynski et a/, 1976).

The two way bone martow chimeric mouse, in which all lyrnphaod cells are
mutuslly—tolerant, was used in an lttemr.:t to circumvent this pn:blﬁn it was possible to
show effective cooperation between histoincompatible T and B celis from these animals
in the generation of an antibody responsa, and it was claimed that the tt:lsr;n::e To.
alloantigens achisved in these animals was sufficient to allow interaction hn:n Baaghm*r
et a/, 1975a). This subsequently gave rise to the concept that cells could learn to ﬁ \
cooperate during ontogeny through a process of 'adaptive differentiafion’ Katz, ,I§77b
On the basis of studies on the generation of T helper cells for antibody. and e;tataxic T
celis directed ,igg:iﬁst virus—infected targets, this theory has been extaended and it has
been proposed that the thymus in conjunction with the paﬂpher:l lymphoreticular system
determines the H-2 restriction specificities-ultimately possessed by the mm;ra cell
(Zinkernagel et a/, 1878a; Waldmann et o/, 1979). By contrast, the macrgphage - T cell
interaction has been lass well studied. Most work has examined the primary generation of
T helper cells; conflicting results have been obtsined (Pierce et &/, 1976; Erb and
Feldmann, 1975a). It has recently been shown that allogeneic restriction applies to
sensitized nonchimeric cells, but not to cells from two-way chimaeras in the adoptive
transfer of delaysd-type hypirmitivity to naive recipients (Vadas e 2/, 1977).

69 .
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The expression of immuna response or /7 genes at the level of the macrophage
was first dnsa'ubgd in the guinea pig for the PLL system (Shevach and Rosenthsl, 1973),
and subsequently confirmed ih the mouse for the synthetic copolymer GAT (Ym ot al;
1878), and the /7r—gene controlied determinants of insulin Rosenthal, 1978) It is clear

that there is considekable similarity between aliogeneic restriction and /7 gene expression

_restriction could not be shown for either nchn‘ar chimaeric T cells. Rosenwasser and
Rosenthal (1978) have reported s similar finding for nonchimaeric T celis and
multideterminant antigens, althougt their diséhssian did not exclude possible influence of

nonspecific allogeneic effects.

We have continued our studies with synthetic peptide antigens of defined primary
and secondsry structure (Singh et a/, 1978), the response té which is under H-2 linked
/r gene control. We show here an antigen specific macrophage defect in nonresponder
strains to the antigen [Glu=Tyr-Lys(T NPYGlu-Tyr - Ala),] (TNP~ 18); although other levels of
/r gene control cannot be excluded. it was found, further, that both responder and
nonresponder macrophages would collaborate efficiently with -free TNP-18 in

"supporting a proliferative response. Supernatants from cultured macrophages were

capable of replacing macrophage function under these conditions.

B. Materials snd Methods

Antigens. Purified protein derflative of tuberculin (PPD) was purchased from |
Connaught Medical Research Laboratories, Willowdale, Ontario. The synthetic peptide
antigen le‘—TyréLysﬁhFxC‘:h!TyrsAu,i (TNP-18) was synthesized as described
previously Barton et a/, 1977).



Med @ RPMI- 1640 medium (GIBCC)) buffered with bicarbonate and 25 mM HEPES
(Caibiochem) without added serum was used for incubation of macrophages with antigen,
and RPMI- 1640 medium with bicarbonate buffer (3.5 g NaHCO, per litre) supplementad
with 10% heat inactivated normal human serum and gentamicin sulphate (50 ug per mi)
was used for cell culturss.

Cel/ preparations Peritoneal exudste cells (PEC) were harvested by lavage of the
peritoneal cavity of normal niFQ with sterile Puck's saline. The celis were washed twice
and irradiated with 1500 rad from a WCs source

Antigen—pulsed APC (bound l’ihﬁ@ﬂ) W-ra prqss'ﬂd by muhltmg APC st a
density of 107 cells per mi with PPD to a final eanciﬁ‘ﬂm of ZDG ug per mi for 1 howr
iNg medium, and once with

at 37° C. The celis were subsequently washed twice with Wi

RPMR— 1640 without serum, before being resuspended in cutture Fnaak.m

PEC supernatants were prepared as described by Feldmann for Ngnspacfﬁe _
Macrophage Factor (NMF) [Erb and Feldmann, 1975b). (Figure 2). Adherent PEC were
treated with rabbit anti-mouse brain antiserum (Cedar Lane Laboratories Limited, London,
Ontario) and complement (Cedar Lane 'LO-TOX M), and rabbit anti-mouse Ig antiserum
and complement, irradiated with 1500 rad of gamma irradiation, and washed e cells
were then incubated for four days in culture medium, and the supernatants harvelted and

—

Bedford, MA.). Sgpgmitmts wera storad at =70°C until use.
Chimeaeras. (C3HSw/Sn x C3HHeJF, and (C3HOH x C3HAIF, mice were lethally
irradiated (850 rad) and reconstituted*within 6 hours by the intravenous injection of 10’
16-day foetal liver cells from the appropriate parental strain Survival varied bafwagr;
€65% and 90%, and survivors were >90% reconstituted with cells of donor origin, as
assessed by dye-exciusion testing with cytotoxic antisera. using a two stage procedure.
Alloantisera were kindly provided by Dr. T.L. Delovitch of the University of Toronto.
Immunizations. Mice were immunized by injection into both hind footpads of a
tatal of 0.1 mf of an emulsion ccmsnstmq of equal parts of Complete Freund's Adjuvnnt
; (03 mg per mi heat killed ‘M. tubercul/osis H37Ra) Difco Laboratories, Datroit, M), snd
saline. For TNP-18 priming, ant-gan ‘was included in the emuision at a final cmcmt:txan

of 30 ug per 0.1 mi. The popliteal Iyrnph nodes were removed at between 7 and 9 days
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1) Th at 37°C .
2) wash =3 §
3) anti-Thy 1'2+C’
4)Ranti - Ig + C'

5) 91500 rad

6) wash x3
O] UNEENEED
Ko} 1
O 4d at 37°C
Qbo" _— :
e By
0.0 HARVEST SUPERNATANT
O STORE AT -70°C

PERITONEAL EXUDATE CELLS

Y

-

Figure 2 Protocol for the preparstion of Nonspecific Macrophage Factor (after Erb and
Feldmann, 1975b} Adherent peritoneat exudate celis are treated with anti-Thy 1.2 + C
and anti-ig + C', irradiated with 1500 rad from a !3'Cs source, and cultured for 4 days at
37°C. The cuiture supernatant contains Nonspecific Macrophage Factor (NMF) activity.
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after priminb. and cell suspensions prepared as described above.

Cell culture technique. The T cell proliferation assay of Lee and co'—workors
(1879) was used (Figure 3). Lymphocytes and APC were cuttured together in 200 |
microliters of cutture medium in flat-bottomed sterile microtiter plates (Linbro
FB-96-TC, Flow Laboratories), for 120 hours at 37 C in an atmosphere of 10% CO, in
air. All cuitures were carried out in triplicate. A range of lymphocyte and APC numbers .
was generally set up: in most instances, optimal responses were obtained with 4 x 10¢
Iymphocyﬁ& and 3 x 10* macrophages per well o 10% supernatant Antigen—pulsed
APC were added as appropriste. Twenty—four hours before harvesting, 0.7 microcurie of
[methyl—*Hlthymidine (specific activity 2.0 Ci per mmoilAmersham Corp., Oakville,
Ontario) was added to each welil. Cells were harvested onto glass filters with a Titertek
semiautomated multiple sample collector (Flow Laboratories, Inglewood. CA). Thymidine
incorporation was determined by liquid scintillation spectrometry, and the results
reported as mean * standard error of the triplicate.

C. Results

The T cell proiiferation assay used in these studies has been proviousl; shown to
have an absolute macrophage dependonce for muitideterminant antigens such as PPD (Lee
et a/, 1979) In light of this observation, we investigated the ability of ant»gen pulsed
syngeneic or allogensic macrophages to stimuiate the proliferative response of primed,
macrophage—-depleted lymph node cells.

Macrophage hapiotype and restoration of the T cell proliferstive response

Two combinations of congenic resistant mice, on the C3H background, were
used C3H.Sw/Sn (H-2b) and C3HHeJ (H-2k), and the intra—H-2 recombinants C3H.OH
(H-202) and C3HA (H-2a).

The proliferative responselof T cells from CFA primed C3H.Sw/Sn or C3HHeJ
mice was restored equally well by PPD-pulsed macrophages from either parental type;
that is, allogeneic restriction was not observed As expected, (C3H.Sw/Sn x C3HHeJF, T
cells cooperatec; with macrophages of either parent To exclude the possibility that this
apparent lack of restriction seen with parental T coll§ represented an artifactual

sliogeneic effect due to mixiﬁg of fully histoincompatible T cells and APC, T cells from
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' ANTIGEN / CFA

PEC * ANTIGEN (200 ng/mi )

PEC 1) Thot I7°C
2) wash 23
Selvble .| 1500 red
Ans 3) 1500 red

—
= ANTIGEN - PULSED PEC

; o [Methyi - ’H] - THYMIDINE
2 240 o IVC

HARVEST CEWLS, COUNT

Figure 3 Protocoi for /in vitro T cell proliferation assay (Les et a/, 1978) Nylon wool
filtered (T) celis from the popliteai iymph nodes of mice primed 7-9 days previously
with antigen/CFA in both hind foot—pads are cultured for 120 hours with antigen—puised
antigen presenting cells (APC} or APC pius soluble antigen. (methyi—H]-thymidine is added
m the last 24 hours of .cutture, and cells are harvested and counted for incorporation of
! L



foetal liver chimaeras parent ~> F, were used in some studies The degree of tolerance
achieved in these chimaeras was assessed by the inability of chimaeric lyrrﬁh node cells
to respond in mixed lymphocyte cuiture Under these conditions, allogeneic restriction
was observed. T celis from the chimaeras recognized antigen only in association wrth
syngeneic APC (Table 2). These experimants have been repeated using the intra~H-2
recombinants C3HOH lﬁd C3HA. and parent -> F, chimaeras of ﬂ%@sé strains, agsin with
PPD as the antigen Strong MLR-like effects masked the antigen—specific response of
mnc T celis in this instance, and consequently no conclusions can be drawn
regarding the ability of nontolerant T celis and APC to cooperate. It was found, however,
that the chimaeric T cells collaborated éffg:ﬁvgly only with syngenaic and not with
allogeneic macrophages (Table 3). We have obtained comparable findings with other
antigens such as KLH

T call proliferation was m-rk-dly stimulated by free antigen in the presance of
macrophages, irrespective of the macrophage haplotype. Syngeneic and sllogeneic
macrophages supported proliferation equally well under these circumstances, and the
chimaeric or nonchimaeric origin of the T cells was aiso apparently irrelevant (Tables 2,
4). The response was nonetheless macrophage dependent, as free antigen alone was not
stifmhtary, while the proliferative response varied directly with antigen concentration
when the macrophage number was kept constant in culture (Figure 4) The dependence of
the proliferative response on the number of APC per culture. for soluble and ’
APC-associsted antigen was similarly determined (Figure 5).
Genetic restriction at the macrophage leve! in the response to TNP-18

The synthetic peptide antigen TNP-18 [Glu=Tyr—Lys(TNPNGlu-Tyr-Ala),] differs
from the random copolymers previously used in having defined primary and secondary
structures. The response to this antigen has been shown to be under H-2 linked /7 gene
A cem‘:ral. and responder and nonresponder strains have been identified. The intra—H-2
recombinants C3HOH (I-Ad) (responder) and C3HA (I-Ak) (nonresponder), and the
(C3HOH x C3HAJF, (responder) were used in these studies. Nonresponders to this
ﬁtiggn are absolute nonrsponders, in that no immunoglobulin of any class is produced,
and DTH cannot be elicited Suppressor cells are absent in the TNP- 18 system (B. Singh,

-
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Figure 4 The proliferative response of primed | node T celis is a direct function of
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" Figure 5. The T cell proliferative response as a function of the number of APC added in
culture, for fres and APC-associsted antigen. The T cell proliferation assay used 4 x 104
CFA~primed, NWF LNC per weli, with various numbers of antigen pulsed PEC ( A ) or
normal PEC ( '® ). The antigen concentration for the latter was kept constant at 50 ug/mi.



The prohfentwe rmnse Qf primed (CEHGH x C3HANF, T cens to TINF 18 was
restored only by antigen associsted with. resr;endw (C3HOH) or F, macraphages
nonresponder (C3HA) APC were clearly ineffective (Table 5). By ceﬁtrast. the response
of the same T cells to the non—/r gene controlied antigen PPD was restored Eybaﬂﬁ
C3HOH and C3HA macrophages, suggesting that'the defect in C3HA macrophages is *
antigen specific. | ! )
it was observed that the proliferative response to free TNP- 18 was restored
equally w8l by responder and ncrresgandir macrophages. The experimants described in
the next section were set up to examine this pont in more detail g
Maorophage culture supernatants are not | -region restricted ™ R S
P It has been known for some time that the supernatants of rrmcmpmges cuttured
without antigen are able to reptace macrophage function nonspecifically in the in vitro
generation of T helper cells (Calderon et a/, 1975). In light of this, and in view of our
results suggesting that macrophages can function nonspecifically in the presence of frep
antigen, the ability of supernatants to replace rnat:n:phage function in the T cell

- proliferation assay was investigated. Supernatants were tprepred from responder and
nonresponder macrophages Iﬂd assayed as described in Mater/al/s and Method's, they
v\iere found to act synergistically with both the /7 gene controlied antigen, TNP— 18, and

" _PPD, regardiess of their angln from responder or nmemAF‘E (Tabies 5, 6). The
proliferati;fe response obtiméd was a direct function of factor concentration over the
range 0.1% to 10% (Figure 6). TNP-18 in the absence of supernatant stnﬁmlated some
degree of T cell proliferation The reasons for this are not clear, but this result may
represent dlfect triggering of Iyrnphocytessby antigen, perhaps a reflection of the high
concentrat;on of soluble ‘antigen used (200 ug per mi). the effect was less at lower

. concentrations. The possibility that supernatant acts in cooperation with residual and
v.weoessarily syngeneic macrophages in the T cell proliferation seems unli;;ely, as repasted
nylon Vwoo_l filtration of the lymph node cells did not abolish the effect of Supernatﬁit on
the PPD proliferative response, while markedly abrogating the Con A response ef the

- same Cells. (Table 6). These data suggest that suﬁernstmt; can replace at least some
macrophage functions in the proliferation assay. Alﬂ'mugﬁ their mechanism of action is
unknown, Supernatants may amplify an established proliferative response.
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Figure BMocvophago Culture supernatants stimulate T cefl proliferation in the presence of
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Distussion A
The H- 2= complex has bean shown to play an important role in the regx;'a*
ycullul:‘ intaractlans in the gamfitmn of an immune response. Al’h:u@‘l it
n Eari;tq:tmn with the control of T-B t:-li cooperation, the | region of - £,
ilfphcitd:‘ in the mgprmﬁa T cell interaction; for axampla, in fhe - ir
of halpar T celis (Erb and Feldmann, 1975a) or in the adoptive transfe r TLAW
hypﬁ-:msmwty %Vldls et o/, 1977). All of tha precading is based or - 5?5
technnquas hewavar and the direct study of th's mar:etlép invit a9 »
developmant of satisfactory T cell prahfar;tian assays. At this junc o
semphasized that although the pr;illifafitiéﬁ assay is measuring mac .
o INteraction. its /n vivo correlate is still unciear. Some evidence suc ‘
proliferating cells are capable of giving rise to DTH on transfer /n yat /
been determined whether prdiiferation of hajgder T cells also contr = e -@asponse.

, In the present paper, we sh«;)w that H-2 rgstrictién applies at i ever of the
macrophage — T cell interaction for both complex (multideterminant) and simpie (/7 gu‘-u
Eaﬁtralléd) antigens, when m&réphngg—ﬁissaeiztad antigen is usad in the case qf )
Cﬁrrphx :ntng-ﬁs dbganmc restriction could be clearly seen when possible m

- effects wara eliminatad by the use of tolerant (mnc) cells. : z

Allogénait: rastriction st the level of the macrophage - T cell interaction has
previously been described in the guinea pig (Rosenthal and Shench 1973) and mouse
i (Vadas et 8/, 1977) for nonchimaeric cells. The persistence of restriction when tolerant
. Golls from one way parent > F, chimeeric'mice are used in the profiferstion ssssy
apparently Eﬂﬁﬁiétsg with earlier studies -n which it was el:iméd thst the tolerance to
slioantigens achieved im a chimeera was sufficient to sllow cooperation between o

chimaeric T cells snd B celis of the tolerated haplotype (von Boshmer et 8/, 1875a)

These ét\ﬂias were carriad out with tstr,ipréﬁt:i bone ﬁ‘tﬁ:ﬂiw\{ chimaeras A + 8 => (A x
BF,, repopulated with A and 8 lymphoid and rctictjf;cﬂdcmglial c_gﬂs.’iad which were
shown to be able to generate heiper cells able to cooperate iff’icig-;tly with B cells of
sitwér genotype. In light of our present knowledge, alternative explanations can be
prapﬁsad Seversl g'w?s h:va shown mdapandeﬁﬂy that tha thymic haplctype ‘
c&atarmmas the patentul restriction specificitias of the lymphocytes praeessed by nt



while the reticuioendothelial RE) cells in the periphery specify those which are in fact
exprassed (kas*n:g;l et &/, 1978a.c. Waldmann et 8/, 1979). Thus, in the two way
chimaera. A and £ stem cells are processed through an F,"thymus and acquire the -
- potential to coopsarate with c:;ensiaf sither typea At the peripheral level, thess cells '
encounter reticuloendothelial cells of both haplatypes. hence no haplotype preference is
established in priming, and restriction is not seen It should be noted that our own
experiments with two way chimaeras in the proliferation assay do not s.pp:rt this view
vide infra). . ' (

By contrast, in the one way chimaeras, the differentisting stem cells agein scquire
the potentist to cooperate with cells of either haplotype, but show H-2 restriction as a
consequence of the érme of RE cels of only one haplotype in the priming
environment It has been shown that these cells are nonatheless capable of racamimg

ﬂmmtcwmﬁhﬂﬁmﬁ&@hmafmxﬁﬁ*ﬁA*F ->F, tswm

and von Boshmer, 1979), pnmn,ng af chimaeric cells in a lethally irradisted hasriﬂﬁe
opposite haplotype (\dem:rﬂ et a/, 1978), and /n vivo priming of chimaeras with
exogensous APC of the appcs:te hmlatypa Erb et a/. 1979). Our résults are consistent
with this model, and confirm its :pphc;bchty to the rnm:raphaga =T cell mtara;tlm
Macrophage level /7 gene expression has previously bsan documented for'a
: mmber* of antigens (Shevach and Rosenthal, 1973; and Yano e a/, 1978). More recently,
8 (T.G)I-A--L specific /r Qené expressed at the macrophage and B cell laveis of mice of
the H-2a haplotype has been described (Marrack and Kmplcr 1879); conceivably this
. mogﬂ correspond to the situation observed here, also }l H-22 mice. The anfigen used in
owr studiss (TNP-18) differs from most of the polymers used heretofore in having a
strictly limited range of rgcagmz-bla :ﬁhgamnc dgtarmmlhts in this raspocf it is most
like tﬁa insulin system descriced rgcaﬁtly (Rosenfhal, 1978 Tha relationship betwnn Ir
~ gene ixprasman at the macrophage leval for the iatter Intlggns aﬁd the random
copolymer GAT wﬁc:h is known to induce.suppressor T cells, deserves further 3

I3

comment The available data suggest that in ngrrsspandgrs to Tl\F!_ 18 and presumably to-

insulin, the prtne:p:l if not the soleydefect lies at thanucmphaﬁg which is unable to
5

in part on the observation that Tl\ﬁ; 18 associated with nonresponder ﬁucmph:gcs
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| e
(C:*fAJ cannot prime a responder -> F' chimeere for an antibody r’espcnse while the
sama miscrophages could prime for tbe response to a rﬂ.dtndetermmnt antngen Brown,
Singh, and Disnar, mp\.bhshed) Thcs qontrests with the results previously obtained for_
GAT (Pnerce et a/, 1976), and is consastem with expression of /7 genes by the

macrophage, particutarly in light of the results of Zinkernagel (1978,

It has recently been shqwn that depletion of macrophages from GAT reSperd-‘
cells perrted the generation of. appres§d Tcells in vitro, mo‘j from p'ns resuit it has
been suggested that the induction of suppressor cells has a iower macrophsge
req.urement than the induction of helper‘ cells (Puerres and Germain, 1978). If this resuit
can be confirmed for nonresponder erumals /r gene Bxpression at the macrophasge level.
in animals of suppresgsor strans is not appreciably different from that in sbsolute
nonrespon'ders, although the'presenc’e of suppressor cellg would be an additional
complication ' | o ' _

in our stugies, allogeneic restriction could not be shown for Soluble, as o;pf;sed ’
to APC-bound, TNP-18 or PPD in cuiture. The former conflicts with the findings of .
Rosenwasser and Rosenthal (1978) for the /r gene controlied antigen GLT™; while the
‘iatter is-consistent with our resuits. Our results suggest the exisgnce of distinct antigen
presentmg mechenrsms dependmg on the physical state and concentration of the antigen.

E For cell associsted ermgen invitro end normally /in vlvo the availability of antigen is
limiting, and an /& dependent pathway of T ceft :ctwat:on is followed, perhaps involving
direct cell—ceu interaction. As recognition is presumably mediated by /& determinants,
sllogeneic restriction or /7 gene expression is seen. A different mechanism may act when
hogh concentrations of soluble antigen are used Antigen is no lorsgerﬁm:tmh-tbos ,
sotumon and the primed T ceit may be directly triggered by .'mqen as rzmduel
macrophage functiond«s apparently insufficient to account for presentation (see,
however, Mizel and Ben-Z2vi, 1980) Macrophage function is limit.jng under these _
conditions and our resuits suggest thet nonspecific macrophage -factors may eugrnent the

n-both of these instances, the mechanism is independent of the structura of the

entngen or its degree of complexity, in contrast to the model of Rosenwesser ad

prolufermve response.

Rosenthal (1978). Our results are consistent with % concept of a multndetermnnent



antigen as a collection of simple /7 gene controlied determinants, the avar:ll rgi’\sa to
tﬁe antigen being the sum of the responses to the rﬁdmdml determinants (Okuda ef a/,
1978). By this view, the same presentation mechsnism should c::pafatg far both simple

and complex antigens, and our results suggest thrs ta ba the ma .
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. The wiys in which the major hi}tm:m;ﬁbiﬁty compiex (MHC) rsgul;ias the
celiular interactions nvolved in the immune response has been the subject of intense
study over the last dectda A number of madel systgms have been apmd mcludnﬁ% in
wtrﬂ (F-r::e et a8/, 1975) !‘ld invivo Katz, 1977b) T - B cell t:m:tm in wtfa T coll
prnhfrtban Rosenthal, 1978), and the /in vivo induction of delayed-type
hyper sensitivity (DTH) Miller :nd Vadas, 1977) The in vitro T cell proliferation assay has
a number of .dvmuggs in studies of-this sort, c:hsgfly with respect to its simplicity. and
the relative aase of deﬁmng the Eaﬁpﬁ“jtiﬁg cell types, and it has contributad gr"a.iﬂy to
our appraciation of alogene —pstn‘;haﬁ:tﬁhvdgf the T.del - - antigerpresenting
cell (APC) interaction. The early studies of Rosenthal and Shevach (1973) demonstrated

seonvincingly the requirement for syngenicity between T celis and APC for cooperation,
‘ and alsO"the expression of immune Response (/A genes by the APC (Shevach and
Rasaﬁﬁl. 1973). resuits which have been confirmed in subsequant work (Yano et a/, §
1978: Brown et o/, 1979). T, v ‘ i
The iﬁgc;crtaﬁce of tﬁa thymus in-the dgvglapimnt of immune car"rﬁéténce has
long been appreciated, aithough it is but recently that MHC -controlled functions have
been sscritied to it The work of Zinkernagel ied to the hypothesis that the thymic
apithelium has a primary role in setting the T cell restriction repertoire of celis
dif ferentiating through it, and that the expression of this repertoire «:;nba controlled by
the cells af the peripheral reticuloendothelial system during priming (Zinkernage! et QI
1978a.b). Studms by a hurﬁblf of groups, including our own, appeared to caﬁfrm tho
validity of this modaet, m its applicability to both (K, D) and I-region restricted
interactions (Sprent and von Boehmer, 1975 Brown et al, 1979). Nonetheless, sufﬁcnaﬁt
reports have mﬁ to suggest limits to this :chame (Mat:mggr and Niirkwood, 1979;

Kstz et a/, 1989!5)

. A key pradiction of thh@aﬂWmmwwép:ﬂgm :

scmlmans parental T lyﬂ‘phaeytas procsssad by an F, thymus should be capable of
Il g;ﬂ -

D, .

B
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recognizing either of the hapleﬁpas raprasantad n the thyric epithelium as 'self’,
thus apparently cooperate in an H=-2 unrestricted fashion In this paper, we use the :‘
‘p(olifernion assay to direct!y mvestigate this point, using both two-way foetal liver
. chimaeras (4 + 8 -> (A x BF, Similar considerations should apply to T cells derwgd from
tetrqp.ronw mice (A J‘> B) resulting from the fusion of H-2 incompatible mg'rt ccﬂ

' ombryos n preliminary ies, thase cells appear to show cooperative preferences

~ refiecting the reistive pr ons of somatic cells constituting the snimals.

8. Materists and Methods - )
A Ant/gens ;Wlfled Rrotain DBflVitlg! of h.&b,dln PPD) was puchisad from
Cor'nauyn ‘Medical Research Laboratories. Willowdsie, Ontario. ’

Media RPMI-1640-HEPES without added serum was used for incubation of APC
with antigen; and RPMI- 1640 with bicarbonete buffer (3.5 g NaHCO ‘per liter),
sq)plementod with 10% hut-nmehv:’ted naf‘rn:l human serum and gaﬁti‘ﬁlf:vn sulphifa
(50 ug per mi) was used for cell cuttures (culture medium’L - - ' &‘

Cell preparat/ons Lymph node cell suspensions were prepared as described in ’

‘General Materials and Methods”. The prspar:tt of peritonaal exudate cells, md the

' techmques fozzrmgen -pulsing are detailed in Chapter Iv.

| Ch/maeras (C3HOH x C3HAJF, mice were lathaﬂy arr-:hltud (950 rad) md
reconstituted after 24 hours by the intravenous injection of 10" 13-day anti-Thy 1.2 +
C'—trested foetal liver cells from either or both parental strains. Survival varied betweaen
65 and 90%. One-way c‘:him;o(:s were > 90% reconstituted with cells of donor origin,
and twé-way chimaeras show‘e,d a balanced chimaerism on tgstir;g with appropriate
cytotoxic antiséca, using a two-stage dye—exclusion technique. )

For the production of tetraparental mice, 8 cell embryos were taken from the
oviducts.of female mice at day 2-1/2 of pragn:ncy and the zonae pellucida r;lrﬁ@vad by
treatment with pH 2.5 Acid Tyrode's solution Pairs of embryos were aggregatad in drops
of Whitten's WK~ 14 medium under a layer of mineral oil, -ndpllr;:gd in cuiture at 3%" c
‘fo? 24 hours. Mosaic blastocysts were recovered, and transferred surgucaily into the
- uteri of femele mice on the second day of pseudopregnancy Mrag'nfn 1985).

|



Immunizaions: Mt;; were mmzad by njection into*both hnnd fa-t:tpads of a
total nf 0.1 mil of an msu:n Emsustmg of equal parts of Complete Freuﬁd's Aﬂmﬁt
(}15 mg per mi heat kclleg M. tuégrrg{aszs H37Ra) (Difco L:bars_taﬁés. Detroit, MLy fuj
s.:i-na Tha popliteal lymph nodes were removed at betw-aﬁ 7 and 9 days after priming.
and'cell suspensions praprad as described above. |

Antisers Alicantisera (ATH x C‘SHDLF mﬁ*CSH (ariti— Kﬂ and (ATL x B10.AF,
ami-B10.BR (anti=D4) ware obtained fram Dr. TL Delovitch of the University uf Toromto.
Tha 56‘)’. titres of thesa sars were 1 256(3 snd 1:1280; respectively. A Tascclﬁnil
antibody (1 1.4 1) anti—Kk was obtsined from the Sak Instituts, San Diego, Californiz, and’

grown in ascites ferm in the Dapmt Dr. TG WQgﬂnn kindly provided a '
hyperimmune C3HHeJ anti DBA/2J serum (anti-H-24), of titre 1: 512

Treatment with anti- H-2 Sera See '‘General Materials ﬁd Mathods'. Gum pig
compiement was obtained from Figw Laboratories, inglewood, CA., and :arqs’

- #bsorbed according to the protocol of Cohen and Schiesinger (1970).

7 Cell culture technique The T cell apféléfifltgﬁn ‘assay of Lee and co-workers
(1979) was used See Chapter IV for details of the pra{aegi, An ave;:ll schama for these
experiments is given in Figure 6: i ' T '

C. Results’

Experimental Design , ,. ]

The faatal liver chimaeras used as danwsiaf’ primed T lymphocytes were -
prepared by FEEGnstlfutlﬁQ (C3HOH x C3HAF, mice that had bgaﬁ lethally—irradisted (950
rad) 24 hours previously with 107 anti-Thy 1.2 + C' treated 13 d.iy foetal liver cells of
strains C3H.OH or C3HA, or 5 x 10¢ cells from each parental strain. Analysis of
fuily*récéﬁstimtad t::ﬁgéw:;r chimasras indicated trm*l_:hey were >95% reconstituted wiﬂ-tv 7
lymphoid cells of donor origin, while fwaﬁv;my chimaeras were approximately balanced in -
their chimserism. (Range of lymphoid chimaerism, 35:65 to 6535, C3HOHC3HA) i
angstérm survival of irradiation chimaeras was > 65%. .

l Tetr:p:rantil mice were derived from Baib/cCr and C3HHeJ strains; the danar
my hmm &% sasessed by cc:m cofor ranged between 90 10 and

~ 40:60 Balb:C3H). Lymg

hoid chimaerism of individual animals was determined separately
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Figurs 7: Outline of T cell proliferation assay as modified for two way chimaeric and

tetraparental cells. (After Lee o o/, 1979) T celis of single
from the initial chimaeric mixtures
cultured with antigen—puised APC as described previously.
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by trestment with appropriate alloarfsera /n vitro, and—



for each, and is shown in Table 7.

it was necessary to obtain purified T cells of a snﬁle haplotype from the initial
chimaeric mixtures, to examine the restriction patterns of primed cells derived from the
two-way foetal liver chimaeras and the tetraparental mice. Nylon wool filterdd lymph -.
node cell suspensions were divided into two parts, and each was treated with
alloantibody and completment, to deplete cells of one haplotype. The remaining purified
homozygous T cells, and antigen—pulsed or unpulsed peritoneal APC were placed
togethar in cutture for 5 days; préii:fgf!ﬁ@ﬁ was assessed by incorporation of
H-thymidine.

H-2 restriction. between T cells and APC for prifnad T cells fronfone -way snd

Our earlier results with the T ofil proliferation assay indicate that parental celis
A ,

derived from single parent -> F, foetal liver chimagras retain their original restriction
7 neic APC /n vitro, after in vivo primingr(Brown et

a/, 1979} This result exciddes the possibility that talerance to H=2 antigens-per se is

jcient to allow cooperation across MHC diffareﬁceé. but it fails to address the means

by which restriction is, established, and the level at which it acts. To approach this point,
the H-2 restriction paﬂerﬁs of cslls af a single aplotype recovered from /n situ primed
two=-way foetal liver chnmaar;s were studied. Purified T cells of either donor strain gave
a pn:hferatwa response :mrly when confronted in cultufg with antigen presented on
syngeneic APC (T sble 8). Under no circumstances was proliferation above bagkground

' levels mducadby allogeneic. antigen—fed APC. Celis from anerway chi 85 wWere run
as controls, iﬁd again gave a proliferative response Qniy\wrth syngeneic C. confirming
our earlier results. Allogensic restriction of the T cell - APC interattion can thus nqmlly
be shown for T éﬁ!ts from two-way and one-way foetal liver chimaeras, under the

priming conditions used. : o '

-
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T cells d«ivd from tetraperental animals show H-2 restricted interactions with
APC in vitro (preliminary studies)

The state of tolerance induced in stem cell reconstituted, irradiation chimaeras
depends on a number of Yactors, including the maturity of the reconstituting inoculum, -
and its T cell content Transfer of immature stem cefls into an irradiated sduft snimal ¢
results in tolerance in the transferred pomlttvan but the mechanism of tolersnce
induction may be quite different from that obtaned during the normal ontogeny of the

immune system. Tetraparental mice represant a maans by which stable mmm

emergence of the immune system NCLI"E?L 1976). They provide an ideal means of
' examining the H-2 restriction patterns of allogeneic cells differentiating together under
physiological conditions. N '

Three tetraparentdl chimaeras have been examined T calls from each animal were
assayed separately. in view of the variation in_ chimaerism encountered Cells from the
best—balanced chimaera (Balb:C3H, 4060) sh%wad unrestrictad cooperation, both Bab
and C3H celis cooperating with Balb and C3H APC (Chimaers 1. Table 9). The F!H'Iliﬂlnﬁ
tetraparentals showed a predominance of Balb haplotype, Bab:C3H, 80:20 and 90:10).
Balb ceils from these animals were restnctea chiefly to Balb APC. Against expactations,
vhowevor C3H T cells from the same ammals waere 8lso restricted to Balb. The latter two
chimaeras showed little if any proliferation with syngeneic (C3H) APC (Chimaeras 2 and 3,

Table 9.

of the snimals, balanced totraparentars being functnamlly mr:svn:tad and mumnfq\
showing unbalanced chimaerism, having restriction patterns bissed by the pre
H-2 type of the animal.

D. Disqussion »

) mms and reticuloendothetial system have been claimed to strongly affect
the H-2 restriction patterns of celis differ;sntiatiﬁg undar their influence. The initial
observations of Zinkernsgel et #/ (1978ab.c) on the induction of CTL were soon
extended to the /n vivo (Sprent and von Boshmer, 1979, Waldmann et a/, 1978, 1979)
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and invitro Erb et a/, 1978, 1979) induction of helper T':allg for antibody production,
and to the /n vitro T cell profiferation assay by the group of Schwartz L.ongo and
Schwartz, 19{5:!1“_1: et al, 1579)i and by us Brown et 8/, 1979). All of thase
results are compatible with the notion that the thymus sets the potential restriction
specificities of cells differantiating under its influence. and that the periphersl &
reticuloendothélial system gbmly selects out particular specificities for expansion
ﬁamﬁhss.} a number of groups have described results st varisnce with this
concept. chiefly in the generation of CTL Bevan, 1977; Matzinger and Mirkwood, 1978
| Dﬂ‘}ﬂyﬁéﬁﬁﬁx 1979; Blanden and Andrew, 1979 In this paper, we describe
another apparent axception to this principle, this time using the /n vitro Txell

proliferation assay. T ceils derived from one and two-way foetal liver £hi
in sity were shown to he restricted tp; cooperation with self-H-2. while preliminary J
stickes with tdiraparental mice indicate the possibility of modulation of th :
cooperating phenotype by tha environment. ! i
The wérk of Swierkosz et &/ (1978) and Sprant (1978a~d) with ﬂﬁf‘ﬁ'ﬂlF, cells
indicates that they comprise two distinct subpapul:ho{s each restricted to cooperation
with one parental haplotype. Sprent and von Boehmer (1979), Sprent et a/ (1980), and
* Waldmann et 2/ (1978, 275) extended these studies to parenf —> F, stem caell
chimaeras, obtaining identical results. The simplest nterpretation of this is th;t the
-ppsar;nt H-2 restriction seen for celis from one-way bone marrow chimaeras is simply
a raflbefiaﬁ of the restric€ed APC axis present in priming, and can be overcome by
priming in a suitable environment Erb et 2/ (1978) claimed, however, that T cells of a
single genotype ffrom A4 + 8 -> (A x BF, bone marrow chimaeras wers restricted to
cooperation with syngeneic APC in the primary in vitro generation of T helper celis, but
that this restriction dvmmaﬂ after chronic in vivo priming.

We wished to extend our earlier findings in the T cell proliferation assay system
with one way chimaeras, to verify these predictions. ’ k '

Our T cell profiferation ass@y protocol requires that cell donors be pnrned Iﬁ: situ,
rather than in adoptive hosts. We therefore took two spproaches to allow priming of
chimeeric parentsl celis in the context of syngeneic end sogeneic APC. Two~wey foetal
liver chimaeras were constructad by repopulating l-th.nﬂyfirrﬁintad adult {C3HOH x
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C3HANF, animals with equal numbers of 13~day-C3HOH and C3HA anti-Thy 1.2 trested
fostal liver cefis. The fully reconstituted snimais showsd a balanced lymphoid ‘chimaerism,
with approximately aqusl represedtation of both donor haplotypes. We have siso studied
8 limited number of tetraparentajmice. derived by /n vitro fusn:n of eight cell embryos
ism in these animals showed

of C3HHeJ and Balb/cCr strains. The extent of chimae
greater varisbility than in those reconstituted with stem cells, a point of some importance.

'~ Each of these manosuvers shouid resut in mice. the lymphoid and RE systems of
which ceﬂfﬁfgg mixiures of cells of diffsant haplotypas, all mutuaslly tolerant Thus, it
m&gﬁasstﬁﬂHﬂytagrﬁle:ﬂhthf syngeneic and aliogenic °
APC. There exist, however, 8 number of important differences between the two systems.
" The ontogenic stage at which chimaerism is induced, and thus perhaps the mechanism of
tt:lar:ﬂ:i mdu:tu:ﬁ sre markedly :!uffargnt cccg:rmg long before the emergence of the
lymphoid system in tetraparentals. and in the adult animal in stem cell chimaeras. The
derivation of the somatic tissues (including the thymic epithelium) also differs, the
tﬂf?t!nulls being a mosaic of the parental types, and the chimaeras', F, expressing !
codominantly both parental H-2 types. Additionally, the properties of T cells from stem
“cell chimaeras may be nnflugn:ad by residual host—derived rldmrassstmt
reticuloandothelial cells (Longo and Schwartz, 1980b). )

/n situ primed T cells of a single haplotypé were rséévgred from the initially - ‘
mixed chimaeric cell populations by treatment with appropriate cytotoxic antisera Ensad
on the considerations outlined above, we expééted that homozygous parental T Cells
derived from the chimaeras should cooperate with APC ;:11" either parental haplotype in

vitro. To our surprise, the fwa ‘way chimaeric cells were sble to prelifa’ritc only to

the tetrapsrental animais. Cells from the best—balsnced chimaera (Chimaera 1) were sble
to emﬂa n an H-2 unrestricted fashion, fulfilling olr initisl prediction. The other two'

lymphoid cells of either Batb/cCr or C3HHeJ genotypes were r-strietid 1o cooperstion
with Eﬂb APC. This suggests that the environment in which differentiation takes plm:a is
,:ru:ul in ﬂatmmq the T cell ristn:tlan thrGtml.

(o
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Our finding thlFtwo-way chimaeric cells are restricted to self is incompatible
with most previous experimental work, séve that of Erb et a/ (1978, 1979). These
authors showeg unprimed T cells from two-way chimaeras to be H-2 restricted in the /n
"t::n of helper T cells. it may be argued, on this basis, ih:t our brief /n vive

Vitro inc U 5
priming may not be of sufficient durstion to overcome a natural haplotype
self-preferance, and )‘m T celis, if not absolutely rsstir;tide show a preference for

" syngeneic APC before priming. Lbnger duration priming, by contrast, may overcome this
praference. Such an hypothesis is attractive, as it accounts for our observations, and
most of those male by others. L '

' It does not, however, explain the findings of Schwartz et o/ (1979), and of Longo
end SchwartZ (198 1), who clsimed two=way chimaeric T cells to be H-2 unrestricted, -
using a T cell proliferation assay similsr to ours. We believe technical factors may be _
sufficiant to explsin this discrepancy. In their initial pgochchwrtz et o/ (1979) Ef!?!'ad
two-way bone marrow chimaeras according to the protocol of von Bosehmer et 2/ ’
(1975ab). Mature T cells were removed from bone marrow by /n wtm trestmant with a
eemrngrt:ml anti- mu mtlsanj‘n and the adequacy of T cell depletion assessad by the
alnm'\ltmn of the Con A proliferative response. Studies by"Moasier (1973, 1974) and
Mosier and Cohen (1975) have shown that the Con A response appears: relstivély late in
the mtaginy of the immune system, st about 20 days of gestation Thus, substantial
ﬁufrher: of early postthymic T cells may have been tr:ﬁsf:rreé in the Etéam cau inpcuium. ‘

By contrast, 13-day foetalliver, as useﬂ by us, is taken at m the ti e

éavalapmunt of the thymus (12 - 12-1/2 days; Moore and Owen, 1967a). and prior to
peripheral seeding by postthymic cells (Stutman, 1978). it is Slwflm that Longo and
Schwartz (1980a) st
depletion protggael Additionally, the Schwartz group used the assay of Corradin et a/
(1977) to assess T cell proliferative responses. n our Isboratory, we have found this

tly described substantial modifications to their T cell

method to give high backgrounds, -'Id the presence of 2 mercaptoethanol in the cuiture
meduurn I-ssans the APC m! of the response (Lee et a/, 1978). Shih et &/ (1980)
have recently described efficient transfer of antigen to residual APC contaminating cell
preparstions, and it would seem desirdble to maximize the dependence on added APC in
this regerd, we have fgmd macrophage czum:i supernatants, having E-NE ‘I activity,

]
*
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+to be sble to overcoma /7 céntaﬂad:mgsn presentation by sntigen—pulsed NR APC to

R x NRF, T cells (Chapter IV, and Brown &t a/, ‘19791.

More recently, Longo and Schwartz (198 1) have dmﬂ III‘BSH'ICIH T cell = APC
caapcrm for T caﬂs darived from tﬂrmgnm bgng T oW mk Th-
chimaeras were ﬁraﬁrad in this nstance with axtensively T .cell dﬁm‘qd adult bore
marrow, the donors being pretrested with ATS and cortisone acetate, and the marrow
treated /n vitro with r-gbrt anti-mouse brain antiserum. T cell proliferation was uny-d

_however, in the presence of soluble antigen at the high concentrstion of 100 ug/mi,
: rﬂmmwAﬂt w-mp—mmmmmn

cultura, in the pras:nca of AF‘C is capable of overcoming normal H-2 restricted er fr
gene controlied antigen presentation Brown et 8/, 1979), a possibility which is not

.. exchuded n{t the Schwartz experiments.

&rramﬁﬁﬁﬁﬁﬁrmimiilmwﬁﬁwiﬂfﬁbﬁﬂ
(1979, shawnng urrestricted easburmaa for. mprmud cells. These authors do not 4
discuss the degree “of ehcmlm of the animails studied, but if they were @faxﬁtgly
b:l:med behaviour equivalent to our chimsera 1 might ba expected Chimaaras 2 :nd 3
‘however, show resh‘n:tlt:n although to non- self haplotype in some mstinf:a; Even if ﬂ-ns =
simply. reflects a predominence of Balb APC in these animals, it argues that, unlike the™
situation in bc:'bg marrow chimaeras, whare only self-rastriction can be shown'in
whprimed mls the cooperating preferences in unprimed tﬂrﬁiﬁtﬂs can be'
madulsted away from self. This suggests that quite dufﬁraﬂt processes may m:mr ﬂi.rlng
differentiation in the two situations. w- proposa thﬂ this rnly be related to ¢he tirme of
induction of c:hmucrusm, and a pcssnbla dissocistion between the induction of tolerance,
and the ability to cooperats ﬁéss H-2 differences. In the tétr;p;r:eﬁt;lsi chimaerism is
induced st a st:ga prior to the setting of self ricagﬁitiaﬁ spgci'fi}:itiasé and aiso prior to
the deveiopment of tolerance to 'self’. In stem cell c*hifﬂ;grisi by contrast, some dnwﬁ
of seif recognition is established in the donor cells by the time oY reconstitution, which *

¥

Gan be overcome by appropriate priming.



J

Vi. MHC restriction in the in vivo sntibody response. Antigen presenting ceil - B cell

restriction and the sbsence of T - B cell restriction

A Introduction .
) Aniiy:us of the cellular requiremertts for a humoral antibody response to
ﬂ!ryms dependent antigens has r:vul-d .um three cell types — T celis, B cells, and
accessory or ﬁbﬁﬁiﬁflmhﬁg egns (APG = are necessary. Further studies, with a view
to elucidating the regulatory role of the major histocompatibity complex in cell - cell i
interactions, have yieided variable and frequently confusing results. it was early b
established that T celis and APC have to share MHC encoded determinants for the in
vitro protiferative response to antigen lﬁasanthnl and Shevach, 1973), and that T and B
cells have to be syngeneic at the I-A subregion of H-2 for cooperation in vivo Katz
et al, 1973b). By contrast, homozygous T cells which had undergone dif ferentiation in a
heterozygous environment were found to cooperate efficiently with B cells of aither
 parental haplotype /n Vivo fvon Boshmer et a/, 1975a)
These apd similar studies led to the concept of adaptive differentiation; that the
cooperating phgnotype of the T cell may b-a altered by the environment in which
dif ferentiation takes place (Katz, 1977bl A possible mechanism for this sdeptive (
diff-rmtx:tm was suggested in the work of Zinkernagel et a/ (1978ab.c). whose studies
indicate that the T cell recognition repertoire is contrclied by both the thymic spithelium
. and the ratrcuimﬂﬂlm system of the hast Accordingly. genotypic identity alone is -
nct necesdirily sufficient to allow cooperation bgtwnn immunocompaetent cells, and it
appewrs thn successful interaction requires recognition of MHC determinants i!pfl!-lld
on at least sote of Fsc cooperating cells (Shih et a/, 1980; Singer et o7, 1979).
Recent studms. in which F, T celis were selected to mtnqnn in a parental
environment suggest that e heiper T cell has to recognize determinants sxpressed
pously on both -t;ci:sary and B celis (Sprent, 1978), while work with telis from

Mueh of the wﬁf’k on -ﬂagm:: rastrn:m:m of cell cacxparmgn has nagbe‘t:d ﬂ‘up (
role of tha mbq-n presenting ceil in the T B cell :aapiﬁtwa step. In the m-s

103
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~ reported here, we have examined the H-2 requirements for successful interaction
beMmTiﬁsétHsiﬁﬁprgmafAPﬁéf detined, homozygous genotype. By so
doing. we established that the interaction between APC and B cells in vivo is under the

control of the MHC, and that this restriction is not due to suppressive allogeneic effects

B. Materisls snd Methods
- Antigens Keyhole limpet hemocyanin (KLH) was kindly provided by Dr. Marvin
Rittenberg. of the University of Oregon Medical School, Portiand, OR. Rabbit gamma
mmmm#ﬁmﬁﬂwmw SLLcus MO, and the
. trinitrophenyl (TNP) derivatives of both antigens preparkd by haptenation with
trinitrobenzenesulfonic acid (TNBS) (Okuyama and Satake, 1960). TNP-KLH hed 8 TNP
groups per 100,000 ditons of KLH, and TNP-RGG, 10 TNP per molecule of RGG
Chimeras. (C3HOH x CIHAKF, mice wers lethally-irradiated (950 rad) and
reconstituted within 6 hours by the intravenous injection of 10’ anti~Thy 1.2 + C -
trested 13 day foetal liver célls from the -ppraprm- parantal strain mw.l was
typically 70- 85%, and survivors were >95% reconstituted with cells of derw origin, as
| assessed by dye-exciusion testing, using cytotoxic allosntisera in a two-stage . —
~procedure. Antisera were kindly provided by the Research Resources Branch, NiH,
Bethesda. MD, and by Dr. TL Delovitoh of the University of Toronto.
' I mmunizations: Mice were immunized by the intraperitoneal injection of 0.1 mi of
n msian consisting of equal parts of Complete Freund's Adjuvant (0.5 mg/mi heat
kmed M tuberculosis H37Ra) ﬂ?@\n Laboratories. Detroit, Mi), and a saline solution of
KkH or TNP-RGG, to a final Emgan concentration of 50 ug/0.1 mi of emuision Primed
‘spleens were harvested at 3-6 months after priming, and purified cell suspensions
preparad as described Adoptive secondary recipients were dﬂlﬁl‘lﬁatﬂw!ﬂ‘i 02mi éf s
suspension of ﬂafn*praggpﬂad TNP-KLH, containing 2 mg alum and 20 ug TN?EKLA’
Adoptive transfers Recipient mice were lethally irradiated (850 rad) and given 1 x
107 purified T cells intravenously after 24 hours. The following day, 1 x 10" B celis were
transferred /v, followed immediately E:y alum—-precipitated antigen e!uumgi The '
mymmmﬁn seven days by asmtzﬁc@pwmﬁﬁc numbers
and/or son;n antibody levels.
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PFC asssy Drmiﬂmstphqm“!mbth
Szenberg slide~-chamber techmique. (Cunningham and Szenberg. 1968). TNP-sheep red
bicod celis were prepared according to the protocol of Rittenberg and Pratt (1969)

Serum antibody determinations. Blood was collected from chioroform
snesthetized mice by cardiac puncture and allowed to clot Serum was recovered by

ion and stored at ~70°C until assayed Antibody levels wers determined by the
{CRIA) of Longenacker et a/ (1978). Briefly, SRBC were

haptensted and washed. and 10’ cells dispensed into the wells of V-bottomed microtiter

trays, containng serial dilutions of the test antisera in saline. After overright incul

4¢C, the red cells were washed extensively and further incubated with goat anti-mouse
IgG antibody (Cappel Laboratories, Inc.. Cochranesville, PA), labelled with 2% After
washing, the celis were resuspended in a smill volumne of saline, and counted on a
Ecekm Eiﬂ’m counter for astimation of bound rﬂ?ﬂy A quaternary
hyperimmmune anti-TNP serum was run as a positive control with each lnﬁtm and
cpm bound expressed s a fraction of control binding. <.
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C. Resuits
Experimentsi design
The chimaeric donors of T and B cells nd adoptive hosts in some instances)
were prepared by reconstituting (C3HOH x C3HAIF, mice that had been lethaity irradiated
(950(.@24ho‘rsprmously with 10’ anti —Thy12+C'-trut0d13diypi‘mtifm
liver cells FLC). Anslysis of these chlrmorns indicsted that they were >95% repopulsted
»wﬂh tympho.d cells of donor ongm and that the rocovorod T celis were.nonreactive in
MLR against the NHC dotormmams of the tolerated parent Long term survival of the
chimseras was typ'ctﬂy 70-85%, and the animals were free of the signs of g‘:ft versus
. ho:tdimcmmrgswrop;h\odwﬂhmﬁgmnmv_reemonmsaﬁs
roch and were used as cell donors 3-6 months after priming.
hordertosmdymeroleofﬁ\oAPCmmeM-lC moduatedcontmlafthaT E
cefl interaction, we transferred KLH primed, chimaeric T cells, and TNP-RGG primed,
chimaeric B cells into lethally—irradiated normal or chimaeric hosts, which provided APC
function The hosts were subsequently challenged with alum~—precipitated TNP~KLH, and
the mm~d‘[a-'n\|bo::yr response determined (Figure 8). Carrier—primed spleen cell
suspensions were passed over nylon wool columns to give a T cell enriched helper
c;opuhtion;typ&cdinO%ofdnnylonwoolcffMedsmmiﬁvamI’yiiiwiﬁ
snti-Thy 1.2 + C'. B ceits were purified from hapten—heterologous carrier primed spieen
by twice anti—Thy‘ 1.2 + C teatment, followed by throe“cycles of advcrsnc! to tissue
cultre grade plastic surfaces. The efficacy of this method of adherent cell depletion has
been previously established in our laboratory (Lee et a/, 1976} *
n prolimirwy sxperiments, .the adoptive transfer system was calibrated by
transferring graded numbers 6f primed syngeneic T and B ceils into irradisted syngeneic
hosts (Figures 9, 10). Based on these results, T and B cell numbers were chosen such that
the respoﬁse was linearly dependent on the number of sach cell t;be transferred A claar
difforopco was seen iﬁthe heiper activity of primed and unprimed T heiper cells Figure
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Figii: 8: Protocol for adoptive transfer of the antibody i-aspensé to TNP-KLH Adoptive

wrified,

_recipients of primed'T and B cells are lethally irradiated 24 hours prior to T c:‘ transfer.

TNP-RGG primad B calls iv. The rac
days.

J ipients are immediastely challenged with 20 ug of alum
precipitated TNP-KLH ip., and spieen PFC and serum antibody responses determined at 7
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Cooperstion of mutually~tolerant T and B éilh !E-ﬂ)ll\f-z differences in vivo -
role of host haplotyps -

T and B cells were purified from the spleens a;\p(’,
contaminating cells as described, and transferred into normal parental recipients which

d chimaeras, removing

had been lethally irradiated 24 hours previously. We were unable to exploit the
radioresistance of helper cell function /n situ described by Katz et a/ (1970a) in view of
the potential for aflogeneic effects arising from transferring chimaeric cells into fully

maﬁpet;n (and in some instances fully allogeneic) recipients Hamaoka et a/,
1873). To further minimize the potential for allogeneic effects batween host and
transferred cells, the hosts were irradiated 24 hours in advance of 'sglll transfer, a
sufficient tima to allow deplstion of host lymphoid celis .
Histoincompatible but mutually—tolerant T and B celis Eaépgrﬁgé efficiently in

by CRIA, ér@vidsd that the irradiated host was syngeneic with the transferred B celis
" (Table 10). Incompatible host - B cell combinations did not show cooperation above
background levels, irrespective of the T celi i';ﬁléty‘pé.

These resuits thus suggest that the T - B interaction for mutuatly—tolerant cells is
not genetically Testricted, while that between the host APC and B cells is under H-2
control. in a repetition of part of the a:rher experiments of Katz et &/ (1978), iﬁ. which
H-2 restriction of the T - B cell interaction for chimaeric T and B celis was observed,
we transferred primed, chimaeric T and B calis into both ‘restricting (parenta)) and
'n@rf’iésﬁrictjngj F;)-hc»sts. Our protocol differed from theirs chiefly in the Greater v
purification of tha cooperating cell types achieved by us. Based on the above results, we
predicted unrestricted T - B cell cooperation in the F, host, and this was in fact seen
Parental hosts. by contrast, showed the expeacted APC - B cell rEﬁ?’iﬂtlQn (Table 11,
Groups |, I | - |

Based on these results, it is iﬁﬁéssiblélté exclude that this apparent APC - B caell
restriction is not Fﬂil;ﬂy an artifact arising from suppression of the normal B cell
responsé by a negative aliogeneic effect exerted by the host's residual alioreactive T
celis. The following experiments ware sat up to clarify thié point 7'
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Negative uqlogonole effects are not responsible for spparent H-2 restriction
of the host - B cell interaction )

Allogeneic effects /n vivo could potentisity be mediated by residusl alloreactive
host cells recognizing and rosponc;ing to MHC mts‘ present on either the
transferred T or B ceils, and could result in suppression of the B cell response directed
against the hapten ’

‘A comparison was accordingly made of the ability of normal and
specifically-tolerant hosts to sustsin a responsa Parent —> F, foatsl liver chimaeras were
used as tolerant, irradisted adoptive recipients; thase animals were >95% repopulsted
with lymphoid cells of donor origin, snd were functionally fully reconstituted with
donor-derived APC {Sprent, 1980). . ,

To rule out allogeneic effects betwesn host and B cells, paraliel adoptive transfer
experiments were carried out in which the same T and B cell combinations were
trmsforrodiﬁto previously—irradisted parental and chimaeric hosts (Table 12).

Strictly comparable resuits were obtained in both instances, with allogeneic

st - B cell pairings fqilhgs to cooperaste. The leveis of serum antibody, as determined

CRIA, closely parailel the seven day spleen plaque forming cell response, and the two
mmuwmwofwouuudmmaaﬁiwﬁdlgﬁrwwt-
depressed to an equivalent extent in ncompatible host — B cell combinations.

These experiments do not. however, exclude suppression of the B cell response
by reaction between the host and trmsﬁrrad T cells. Syng!mc host - B call
combinations with either normal or chimaeric hosts were set up, and the influence of
heiper T cell Wypo examined Normal and chimaeric hosts provided equivalent
ibility (Table 13).

D. Discussion

Several levels of control of cell - cell interactions by the MHC have been
descnbod by various investigstors. i this paper. we report on the role of the APC in the
reguistion of tho T = B cell interaction /n vivo, using sn adoptive Flﬁlfmj system in
which APC functién is provided by the adoptive host Our results sre m;si compatible
with H-2 restriction expressed between APC and B cell, sithough the possibility of T
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cell = APC restriction in priming. and T - B cell restriction of cooperation cannot be _
excluded We were surprised to be unsble to show at least H-2 restriction of the T

cell = APC inmteraction, which has been described by Zinkernagei et o/ (1978c) -1: ’
Waldmann et 8/ (1978 in invivo CTLand T - B cell Cooperative systems, respectively.
and by us for acutely-primed T cells, in the T celi proliferation :ss:y Brown et o/, 1979).

:sarﬂymdshsnmtxylreanﬂmaﬁsafH*Zurrmﬁ:chdgm that APC - B
cell réstriction omrvde shown }f as suggestad by some workers, T cells must raccg‘u:u

the same determinants on APC and B cells, T cell —APC rntﬂctnan will nacessarily
require concomitant T ~ B cell restriction, obscuring that between B celis and APC.

It is significant that previous demonstrations of APC - B cell restriction have
imgans Thus. Gorczynski et 8/ (1980) used an /n vitro

ralisd on thymus—mdey ff
culture system in which suboptimal t:ancaﬁtrtbcns of LPS substitute for T cell heip, and
Hodes er a/ (198 1) used the thymus mdapgnﬂ;nt Type 2 antigen. TNP—Ficoli, to IH\H this
with an /n vitro culture system ’
The alternative model of T cell -~ APC and consequent T - B cell restriction
proposed by Sprgﬁt (1978c.d) and others (Yamashita and Shevach, 1978; Swierkosz

- et 1973Hi,bnstdanﬂﬁfindhgﬂﬁgmf=,ﬁptﬁézs-ﬁi‘m?gﬂ;

contain separate subpopulations of T cells, each restricted to cooperation with one ,
parental haplotype (Swierkosz et a/, 1978). Under ordinary conditions of in vivo priming

with F, APC or in F, adoptive recipients, these populations give the overail impression of -

unrestricted cooperation, but they can be resolved by adoptive priming in irradisted
parentsl recipients (Sprent, 1978¢. Sprent and von Boshmer, 1979). _

Ouwr findings of apparent APC - B cali restriction, and the lack of T - B cell
restriction could reflect positive or negative aliogeneic effects between the irradisted
hosts, and the transferred T or B cells. Initislly, mutually—tolerant T and B cells were
trnitraﬂ into supralethally irradiated parental hosts. Cooperation was absrvid only
when the APC and B celis were syngeneic, and the responsé was not influenced by the T
cell genotype. This result Clearly exchudes n-g.ﬁv- shogenaeic -fi‘-:.-t between
alloreactive radvernslsm T cells rmng in the hcst and the trmsfarrad T cells; a
possibility which would have resulted in apparent T - B cell restriction, but it does not



address the possibility of a positive allogeneic effect The latter wouid be axpicm.;itn

give & result indistinguishable from the praceding. Additionally, it could be argued that the
radioresistant T calls were sbie to directly suppress the response of B cells not

syndeneic to the host This possibility was ruled out in the experiments shown in Tables

12 and 13, in which irradisted parent -> F, chimseric animais were usad as adoptive
recipients. These animals were édsentially fully repopulsted with cefls of donor parental
origin, and cefls recovered from the reconstituted animais were shown to be nonreactive

in MLR against the H-2 determinants of the other respective pirlm Comparabile p!ﬁm A

rola of residual dlarnctrva cells was ns:gufu:mt

Our results can be interpreted in terms of T - MO and T - B restriction only if it
Is postulsted that our chimaeric T cells are not restrictad to cooperation with a given H-2
prior to transfer into the irradiated recipient. Tv\;g possibilities may exist for this; that the -
T celis are effectively unprimed, or that they have been primed in the context of
'ﬂ@ffisﬁ‘iﬁﬁhg {F\). APC /n situ, snd undergo selection to H-2 only in the final host The
first possibility ~ a lack of priming - can be excluded on the basis of the resuits in Table
12. Groups X and XI. showing a striking cifference in helper sctivity of primed and
unprimed T cells in the adoptive transfer system. Additionally, the characler of the
response obtained was th:t of a secondary immune response, with a predominant igG
ﬁi‘pﬂﬂmt It is impossible to exciude the second possibility dafnt:vc!y although all our
svidence is ageinst it Our esrlier studies in the T cell prckfarmo‘y show clearly that
parent => F, ;hmne T celis primed /n situ sre restricted to cooperation with
syngeneic APC, in the sbsence afmm.ffmﬁ-srmmtm
substantial component of W derived APC in the chimaeras. Gwan also the
time allowgd for repopulstion of tﬁ- chimaerss bﬂerg priming, and the supraiethsl doses
of irradiation used to prepare them, it seems most mlﬂmly that there should be &
residuum of F, APC, especislly in light of Sprent's results, showing disasppearance of
host-derived APC by 15 Yyosks (Sprent. 1980). Nonetheless, we cannot exclude that a
smlll number of F, APC are present. and that over hmrﬁtc six month priming period
used by us, these ht-derived APC may be sufficient to expand both
ptmmlysr-stﬂcﬁd subpopulations to detdctable levels. On purely stétistical grounds.
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Additionsily, if the unrestricted behaviour of T ceils derived from chronic in situ
priming of ohe-way FLC is due to significant contamination of the chimaeras by F, APC,
the equivalence of normal and chimaeric secondary adoptive hosts would not be _
expected. These chimseras would presumably contain equivalent proportions of F, APC
to the priming hosts, and re-selection to antigen would be medisted by both P and F,
APC; thus B cell - APC restriction would not be seen Normal hosts. having only parental
APC, would show the Bxpected restriction - .
ARternative, and to us preferable. explanations include the possibility that
prolonged (3 month) and vigorous (antigen in CFA) in vivo priming is sufficient to expsnd
up both parentally-restricted T cell subpopulations in the parent —> F, chimaeras,
irrespective of the APC hapiotype repopulating the host Matzinger and Mirkwood (1878}
have obtained equivaient findings in the induction of CTL restricted to minor H antigens
associated with norf=seif H-2, in' fully aliogeneic stem cell chimaeras, which they
sttributed to the heroic moasuro; used for priming Conceivably, chronic /n situ priming
may aiso induce a singie unrestricted T celt population, capable of cooperation with both
Rapiotypes represented in the priming host Alternatively. the physical form of the antigen
present during citho.r T cell induction or cooffration may be significant, as implied in our

observation that soluble antigen is capable of overcoming appsrent H-2 restricgtion for

primed (snd restricted) T cefis /n vitro Brown et a/. 1979). Finslly, it cannot be exciuded
that the helper T cells induced by chronic fn vivo priming do not require restimuistion by
m.nmnhummmmtomonwuﬁmm :

© An interesting point arising from the data in Table 12 is that neither direct nor
indirect PFC responsas were observed in allogeneic host - B cell combinations. If one
takés the view that B ceils can undergo ldq;tivo dif ferentistion (Katz, 1980),
histoincompatible APC and B ceils from parent ~> F, chimseras shouid be able to give an
IgM response. the B celis in this cm being essentially unprimed to hapten in the context
of allogeneic APC, but still sbie to cooperate. Our finding argues against B cell adsptive
differentiation, and is consistent with the work of Sprent and Bruce (1979). The mouse -
strains used in these studies differ chiefly at the left hand end of H-2, and aithough our

[ 4



evidence does not bear directly on this point, it seems kely that the APC - B celt
interaction is under I-region control !

A key feature of our experiments, and an aspect largely neglected by previous
warnrs;wiﬂa in vivo systems. is the careful depletion of extranecus cell types from the
transferred cooperating populations. This is particularly important as it sliowed us to
directly examine the /n vivo T cell = APC - B cell interaction Our earfier work with the T
cell proliferation assay established the necessity for only a very few APC in an in vitro
response, and we thus felt it necessary to rigorously depiets APC from the T and B cells
prior to adoptive transfer, to isolate the host's role in the cooperative event The studies
of Shih et a/ (1980), clesxrly ¢ ing the efficiency of antigen transfer to residusl

APC in the B cell preparations, errﬁ%:sizg the importance of this step.

Our failure to demonstrate T — B cell allogeneic restriction is st variance with earlier dats
of Katz et o/ (1978), who initially reported absolute restriction of the T - B cell
iteraction /n vivo, using T and B celis derived from one—~way bone marrow chimaeras in
an adoptive transfer system. Our attempt to rq:git ;‘prt of these experiments was
msuccessful as we ware unable to show T - B cali restriction in the F,, as opposed to
the parental, host We believe that this discrepancy s-rrély refiects the H-2 urrestricted
heip in our assay system, which Fﬂ!y in turn be related to the manner of preparation of

n of

the chimaeras (foetal liver versus bone marraw). Alternatively, the degree of deplet:
extranecus cell types from the ﬁ-msfirréd populations may be significant (vide supre.
Katz has, however, recently reported that the H-2 restriction of T cells from P -> F,
chimaeras is considerably ussnwummsprmyymugmmmuu
‘pseudorestriction’ seen for cells primed in situ-in the chimaeric environment can be ‘
overcome by adoptive priming in the context of appropriate APC. This and other results ,
Katz, 1979; Katz er a/. 1979, 1980a.b) have suggested that the original imerpretation of
~ the dita supgesting adaptive differentistion was avar,ﬁf stringent, and that the trus -
situation may be more one of ‘environmental rniﬁint‘. in which extrathymic influences
ﬂ:nﬁ dif ferentistion may hl of critical importance

Sprent, u;ing in wm positive selection to antigen of F, cells in a parental
environment, found that H-2 restriction was imposed during the selection process, a
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result not compatible with ours (Sprent. 1978). The same authors, using cells from stem
cefl chimaeras. have reported urvestricted T - B cell cooperstion. T and B cells derived
frcm two-way bone merrow chimaeras were used in an adoptive transfer protocol
similar to ours, although with an F, host and thus F, APChﬁmsamlﬁgﬁﬁsp.
The interaction batween T and B cells under these conditions was not restricted by the
'H-2 genotype. but did reflect the phenctype of the cells, a result which they interpreted -
in terms of /n situ priming of ﬁ‘fcaﬂ mbﬂts by both APC types (von Boshmer et a/,
1975). In a subsequent study, parental ceils derived from P + F, > F, chimaeras were
shown to comprise two functionally distinct subpopulstions, with cooperative
préferences dictated by t%6 H-2 type of the APC with which priming occurred. /n situ
priming hare is with both P and F, cells, the latter in sufficient proportions to give the -
overall picture of unrestricted cooperation (Sprent and von Boshwmer, 19791 Both of
ﬁnrcmﬁﬁmiﬁttﬁstﬁdiﬁtrﬁsaf APCéTéi“ and T — B cell restriction, as is

f:a cooperation. APC - B cell restriction is not seen in this situstion, however, as the
hosts for the adoptive transfers are themseives nonrestricting F,'s

Shih et a/ (1980) and Sihger et a/ (1979) have both demonstrated a lack of T - B
cell restriction /n vivo and in vitro, and further have claimed to find T cell — APC :
restriction It is dif ficult to reconcile this last observation with our findings, other than on
the basis of differences in axperimental conditions. it em; be argued that their system
tends to reveal manifestations of T cefl - APC restriction ; for :xaﬂplé an H-2 restricted
stimulation or restimulstion of helper T cells, while our protocol is@ﬁfﬁs‘i sml.!riy
MHC-restricted cooperative event between APC and B celis. Such a possibility is slso
suggested by the work of Howie and Feldmann (1978), and Boswell et a/ (1980a.b.c), the
latter showing an APC requirement for the activation of the Lyb 5+ B cell subpopulstion
by both TD and TI antigens. ,

We are thus left to reconcile our findings with those in the existing fitersture. It is
unlikely that an overall synh:is;:m be achieved.; nonetheless, certain unifying points

scqsntndAPE Tcnu:ndT B cell restriction, afmﬂamnﬁdﬂafAPC B cell
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decide between these two siternatives definitively, myin: evidence is, we feel,
more consistant with APC - B cell restriction, and the absence of T - B cell restriction.
Our results thus support the notion that the T cell, ftﬁm ;ﬁpr@wdn
mﬁuh-p
rmashmafmsmtgﬂsmmmaffmﬂyméﬂ t\-T
and B celis must be mutually— Mﬂfﬁmmimm;rmmfﬁﬂ
mn the /n vitro B cell response ta TD antigens (Mosier and Coopleson. 1978). and APC -
trated for the. Tl antigen response (Hodes ef &/, 1981).

3
antigen—specific but H-2 urrestricted heip, to a B cell populatic

B cell restriction has been
Although these results can be imerpreted in terms of the gﬁm- hy'pﬁth!!lfaf H=2
restriction of T cell - APC, and T - B cell imteractions, this snalysis requires certain

ons not supported by our dsta.




VIl. General Discussion snd Conclusions

This thesis decribes the development and use of two model systems to explore :m '
aspects of H-2 restriction of cooperation of immunocompetent celis. |

The grestest potential complication in analyses of this sort is alloreactivity
between the cooperating cell types. |f not recognized and adequately controlled for,
spurious results reflecting nonspecific enhancing or suppressive effacts may be
obtained )

Historically, a number of approaches have been taken to minimize these so-cafled

sliogeneic sffects, most inv

have beén used for this, the former including /n situ irradiation of primed mb-r celis to
minimize the potential for stimulation-by alloantigens (Katz er /. 1970a); /n vivo negative
selaction to H-2 n a ic host (Ford snd Atkins, 19?1)mmwc¢nx

responding to ;Ib:mgans invitro by sxposure to BUdR and light All of these

techniques are relatively mec»nvemant, and provide no assurance that all alloreactive cells
have been eliminated

Chronic tglar;ﬁce induction has been used in the great majority of recent studies
on H-2 restriction. Kindred (1975) initially described the eaap-aratwe preferences of cells |
prac:edurg. snd von Boshmer ot 8/

rendered neonstally tolerant by the classical Billingham
(1975a) were respcr;siblg for popularizing the stem cell/irradiation chimaera Originally,
the latter animals were viewed simply as a means of tolerizing cells to foreign H-2
antigens (Sprent and von Boshmer, 1975a). It has subsequently become clear that the
behaviour of cells from thase animals is .rlfhsr mﬂr&tﬁgwa; than would be expected on
this basis, and they have proven particularly useful in studies on the cooperative
preferences of cells which have undergone lymphoid differentiation in a foreign
_environment b

Jn t:.;ur’\” studies, lethally—irradiated heterozygous (F,) animals were reconstituted .

with stem cslls of ona &r both parents. A number of factors affect the 'gquality’ of tha
chimaeras obtained, including the use of adequate ‘doses of rrradistion, the stém cell v
source, mhmy of depletion of refatively mature cefis from the reconstituting

* inoculum (Longo and Schwartz, 1980a). Our stem cell chimaeras were initially constructed

- 122



with 16 day foetal liver cells, a regimen subsequently changed to anti-Thy ?E%;S;tad 13
day FLC, as the importance of complete elimination of postthymic cells was better
spprecisted |
T celis from one way |4 or 8 -> (A x BF,] and homozygous 4 or 8 T cells
purified with slloantisera from two way (A + 8 -> (A x B,] FLC primed /n situ behave
identically in our hands, showing apparent clear—cut restriction to self H-2 in the
macrophage dependent T.cell proliferation assay. Nontolerant T celis gave comparable
results in at least some strain combinations, but in others, MLR~like effects masked any_
antigen specific proliferation (Chapters IV, V. and Brown et 8/, 1979). '
The H-2 restricted behaviour of celis from one~way. b::t not two-way FLC is to
be expected in view of tha work indicating the dusl influence of the thymus and
reticuloendothelial system on the T cell reperioire. Qur rosun_s with two~-way chimaeric
cells are nconpatibie hOv;avor, avith both i;\e'ory and certain experimental resuits
obtained with a T cell proliferation assay by Schwartz et a/ (1978) and Longo ;nd
Schwartz (1981). Erb et a/ (1978, 1979) have obtained resuits equivalent to ours with
cells from two-way BMC, in the APC dependent generation of T helper cells /n vifro.
We feel that technical differences, as diécussed n Chqater'v, are sufficient to
accbmt’for the discrepancy between our fmdongs and those of Schwartz and his
‘coliesgues. We therefore conchxde that acutely—primed T cells derived from two-way
FLC show at least a ‘self preference in our assay system Our studies thus far do not
allko’us fo determine if this is in fact an absolute H-2 restriction, but we do not favour
this interpretation, particulsrly in light of Katz' recent work on 'environmental rgstﬁiﬂt’
Katz et o/, 1979, 1980a; Katz, 1980). :
More recently, we have studied a iimited number of tetraparental mice 4 <-> 8,
derived by /n vitro fusion of H-2 incompatible eight cell stage embryos (McLaren et a/,
1976) The very esrly induction of chimaerism, and the relatively normal ontogeny of the
immune system in these animais provides, we feel, a more physiological model for the
analysis of H-2 rosu-k-:-tiodpattoms than is the case with bone marrow chimaeras. Our
work indicates this viewpoint may be correct, as our preliminary evidence indicates that
ooperative preferences of T cells from these animals casn be modulated away from
. In chimaeras having approximatély equal representstion of both« émtig haplotypes.
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A spparently unrestricted T cell - APC cooperatio.n is observed; whils n 'unbalanced
anWs. restriction to the predominant somatic haplqype is seen. These results re'qﬁta
different from ours with the stem cell chimaeras, and are again f:ompatibte with those of
Erb et o/ (1979), using tetrquental cells in the /n vitro induction of helper T cells. A
number of factors may account for the dif ferences between stem celi and smbryo
fusion chimseras Perhaps the most important is that lymphoid 'difforontiation from stem
cells in an irradiated semiallogeneic adult host is quite different from that obtained under
physiological conditions of ontogeny. The influence of iong-lived host derived celis on
hmmwmhMMWuloﬂwmm, 1980) cannot
be discounted The other major point concerns the nature of the stem cells, and the
extent to which they have been influenced by the donor environment prior to their being
harvested for reconstitution. The importance of thorough depietion of mature T cells
-from the donor marrow cells to prévnt GvH disease has long been apprecisted, sithough
it is only comparatively recently that the effect; of immature postthymic T cell
precursors (PTP) have been recognized (Stutman et a/, ]978). We feel that FLC offer
substantial advantages over bone marrow in this respect, as it is possible to obtain stem
cell populations in good yield shortly after the onset of lymphoid development in the
thymus, beginning at 13 days of gestation. Nonetheless, even though these cells should
be essentially prethymic, they are less satisfactory than the fusion chimao.ras.

Our resuits, comparing FLC with tetraparentals, suggest that the former have an
inherent seif preference, which is not-completely overcome by influences of the
chimaeric host environment during ontogeny, at least in the unprimed or acutely primed
state. Chronic or vigourous /n situ priming, as shown in the work of Mastzinger and
Mirkwood (1978} and of Erb et a/ (1978, 1979) can, however, overcome this re§triction.
By contrast, tetraparentals show patterns of cooperation chiefly influenced by the host

The second major part of our studies examined H~2 restriction of
T cell — B celi - APC coéperation in vivo. For reasons discussed,ubove, we used T and B |
cells derived from FLC primed /in sftu, to minimize the potential for alloreactivity between
the coopersting celf types. in addition, we rigourously depfeted APC from the T and B
celis, so that the only-'functional APC were defived. from the adoptive transfer host By



the use of both of these approaches, it was possible to use homozygous immlls (or
.parent -> F, chimaeras) as adoptive recipients, without the complication of alloreactivity,
and thus to delinaste the role of the APC in cooperation

Wae described H-2 restriction between the APC and B cell, without a
corrasponding T cell = APC, or T -~ B cell restriction. H-2 restriction between B cell and
APC has been previously described, but only in the /n v/itro response to Ti-2 antigens
(Hodes et a/. 1981), or in the in vitro raspf.hse to certain TD mtlgans in which helper T
cell function is replaced by sd:eptlmnl mts af the Tl—1 antigen, LPS (Garezynskl
et a/, 198@) The racent work of Baswgll et a/ (1980a-c), has made it clesr that TI-2 and
TD antigens both activate the same Lyb 5+ B call subpopulsation, via'sn APC dependert
pathw:y. It does not surprisl us, therefore, that svrmlzr genetic constraints should apply
©mnthe raspanses to the two classes of antigens. |

The apparent lack of genetic rastriction batwaan T cells and APC is rather
puzzling to us, in light of fha naar universality qf this finding by othars. We boloevg that
this T cell — APC restriction represents a need for restimulation of helper T cells by
antigen. in the particular experimental systems used Most studies of this sort have relied
on short term adoptive priming in irradiated ra«:ipiéﬁts: as discussad above, this may be
insuf ficient to overcome 'seif preference’ in the T cell population, which thus sppeasrs to
be H-2 restrictad Long terr priming with adjuvants r{_ﬂy by contrast, alow theclonal
expansion and axprassran Qf an urrastricted T cedl cm:pgﬁtwa phenotype; or it may
circumvant the rmm for H=2 restricted restimulation of T helper cells by APC
associated #htigen in the ;dcptnvg recipient. Persistence of antigen in the primed donor
may also be involved in this apparant lack of restriction

T ST L T e
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Appendix |. Is scquired immunological tolerance genetically transmissible?

A. Introduction

The recent work of Gorczynski and Steele (1980, 198 1) has indicated that
mw tolerance to major histocompatibility antigens can be vertically transmitted
through the male germ line for at least two generations, a finding which appears to
violate Weisman's doctrine of the separation of soma from germ-line. As a possible
mechanism for this phenomenon, Gorczynski and Steele propose a variant of Temin's
hypothesis concerning the possiblerole of C-type RNA viruses in the transduction of
genetic material (Temin, 1971, 19764

' In view of the q;'ut importance of such a finding, if verified, we have attempted

to reproduce this phenomenon, athough with a somewhat different system. in our
protdcol, the tolerant male was a C3H/HeJ <—> Balb/cCr tetraparental mouse and was
mated to normal C3H/HeJ females. The homozygous C3H/HeJ progeny were
subsequently tested for tolerance of H-20 MHC antigens by their ability to reject
Balb/cCr foetal heart grafts and by the kinetics of clearance of "' IUdR-labelled L 1210 .
leukaemia cells. We find that the first—generation progeny are indistinguishable from
normal age—matched homozygotes in their firs{fsot rejection of cardiac allografts, and in
their ability to be primed for immune clearance of tumour bearing the releyant antigen in
vivo. Similsr results were obtained in limited studies on heart graft rejection by the
progeny derived from mating separ:tod pra.biont males with normal femaies. Thus, these
resuits place strict limits on the general applicability of Steele's theory.

8. Materiais and Methods .

Mice. C3H/HeJ, DBA/2J, and Balb/cCr mice were obtained from the Small Animal
Breeding Progcam, The University of Alberta, Edmonton, Canada Plugged female mice of
strains C3H/H§J’, and Balb/cCr, and pseudopregnant females of strain ICR were obtained

- from the same source. |

Tetraparemal chimeras Tetrsparental mouse chimeras were made according to

 standard procedures (Wegmann, 1970; McLaren, 1976). Briefly, eight;;:ell stage embryos

of strains C3H/HeJ and Balb/cCr were obtained by flushing the oviducts and proximal
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uterine segments of female mice on the second day of pregnancy (day of plugging = day
0). The zonae pellucida of the recovered embryos were removed by brief exposure to
pH 2.5 Acid Tyrode's solution, and pairs of embryos were aggregated in drops of
Whitten's WK - 14 medium under a layer of mineral oil. After /n vitro culture for 24-36

fostering the litters onto lactating ICR femasles.

Parabiont mice. Adult maie mice of strains DBA/2J and (C3H/HeJ x DBA/2JF,
were surgically parabiosed by suturing the wound margins of opposed longitudinal
incisions in the skin of the lateral thoracic and abdominal walls (Shaw et a/, 1974). Aft;:r
spproximatety three months of p:r.b.om the animals were surgically separated under
penthrane snaesthesia, and the skin wourds closed by wound clips.

Fetal heart grafting. Seventeen day Balb/cCr or C3H/HeJ foetal hearts were
implanted subcutaneously in pockets at the base of the axternal ears of the recipient

ansesthetized animais by electrocardiography, using glifféranea electrodes inserted
through the pinnae. This technique, developed by Dr. K.G. Pearson of the Department of
Physiology. The University of Alberta, allows recording of the electrical activity of the
graft, without interference from the host hesrt Spontaneous electrical activity could be

L

detected in_grafts by'7— 10 days; in case of reajection, no impulises could be recorded
after 14-17 days.

Tumor c/earance in vivo: The mouse leukaemia L1210 was ﬁi:ss,iggd invivoin.

Batb/cCr mice. Three days prior to labelling. a final in vivo passage was carried out by

irijecging 10’ cells /p into Balb/cCr recipients. Fifty to 100 microcuries of *"UdR in
Hank's BSS at pH 7.0 to 7.3 was injected /p into each tumour bearing mouse, and 4-6
hours Iatér. the labelled celfs were recovered. and washed extensively to ramove
unincorporated label. 10¢ cells, contgining approximately 10° cpm of label, were injected
nto each of the mice, which had in el instances been heert—grafted 2 1 days previousty.
Clesrance of tumour was quantitated by daily whole body gamma counting with a

Beckman Bio—Gamma counter, and counts were adjustad for decay of the isotope during
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the course of the experiment All mice were maintained on water contsining 0.10%(w/v)
“Nai to prevent re-uptake of relessed !l by the thyroid

C. Results {

Experimental Design During the course of other studies, we identified a male
C3H/HeJ <-> Baib/cCr tetraparental mouse, which despite an overall chimerism of Balb
80: C3H 20), showed a pure C3H germ line, as assessed by mating with Balb/cCr ferales.
All (58/58) of the progeny of these test mafings were agouti. This animal, which is most
likely an XX/XY chimera (McLaren{1975, 1976, thus afforded us an exceptional
opportunity to test the hypothesis that tolerance to H~2 antigens resulting from the
chimeric state can be transmitted through the maie germ line He was subsequently mated
to 10 different C3H/HeJ females, and the surviving progeny were all tested for tolerance
to Balb H-2d antigens as detailed below. ) ~

To compare the state of tolerance induced in adult snimals with that oﬁtained
during foetal devélopment, separated DBA/2J parabiont males, which showed stable
tolerance to (C3HHeJ x DBA/2JF, skin (Drell and We . 1979}, were mated to
normal DBA/2J female mice. Tolerance to C3HHeJ tigens in the offspring was
assessed by their ability to mount a first set reaction tod2 24 foetal heart grafts.

) Results of heart grafting. The data in Figure 11 show the survival of heart grafts
as determined electrocardiographically in age matched control and putatively tolerant (tol)
animais derived from the tetraparental matings. One hundred percent of Balb/cCr controls
showed acceptance of Baib heart grafts at 14 days after grafting, which no C3H controls
ahd 1/18 putstively tolerant progeny had fu\;tioning grafts at that time. Graft activity in
this one animal had disappesred by day 17. Additionally, C3H and C3H(tol) animals did not
appear to differ with redhect to the kinetics of rejection.

Parabiont mating studies gave comparable resuits, with similar kinetics of
rejection for C3HHeJ allografts (Figure 12). - -

Tumour c/earance. ‘Balb/cCr apimals showed slow clearance of the L1210
leukaemia, conS'istent with failuu:e of rejection indeed, all animals eventually went on to
die from the tumour. By contrast, C3H and C3Hitol) animals showed a rapid loss of Iabel:

consistent with second set (accelerated) rejection. The slopes of the clearance lines for
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normal and putatively tolerant ammals did not differ from each other Figure 13), arguing

Thus, the ability to mount both first and second set aliograft responses was not
impaired in the progeny of the mating of an tetraparental tolerant male with a number of
normal females, as compared to normal syngeneic animals. Similar findings with respect
to first set responses were obtaned in matings with the parabiont male.

The work of Gorczynski and Steele (1980, 1981) finds & substantial precedent in
the studies of Guttman et 8/ (1964). and of Kanazawa and Imai (1974), the former group
having also studied the heritability of induced immunological tolerance. and the latter, that
of Fﬁn@*ZWmemngpﬁafmﬁmﬁmm
influences comes from the classic studies of Evans and his collaborstors, who described
nuclear changes associsted with induced phenotypic changas in the flax variety Stormont
Cirrus Evans, 1968).

. All of these results are consistent wﬂh » Lamarckisn interpretation, yet the '
immunological studies leave mw:rad certain key points, chiefly technical aspects of
tolerance induction and assay, and the mmby which induced changes become
fixed in the germ—line.

Our own studies reported here give a contrary view, namely that the H-2 tolerant

- state in stable tetraparental mouse chimeras is not heritable, despite the fact that ’
nerism axtends throughout most tissues of the body. None of the progeny of the

tetraparental matings were tolerant of Balb/cCr MHC antigens, as measured by
prolongation of hesrt allograft survival Although 1/18 of the putatively tolerant progeny
had a weakly functioning graft at 14 days (but not by 17 days), we do not consider this
evidence of significant hypérmaﬁsivm;ss F > 0.1 by the fourfold table tast). Similarly.
the kinetics of rejection of trie L1210 leukaemia were identical for ‘tolerant and control
animals, and were ;rfsctyiétic of second sat (accelerated) rejection

Our parsbiont mating stuties afso Clesrly show that heritable tolerance cannot be
fixed in the germ—line of male animais tolerized to foreign histocompatibility antigens by

parabiosis to semiallogeneic partners. No evidence was found amongst these animals for

= . i e e i = R iy iR s
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Figure 13 Clesrance of *'{UdR-labelled L1210 tumour cells in vivo béhn‘t afted
control and tetraparental—-progeny animals. Balb/cCr controls; -3HHeJ controls;
tetraparental progeny. ) ,
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variation in the ability of different males to transmit toferance, as reported initially by
Gorczynski and Steele (1880), and clsimed by Steele (198 1) in the dats of Brent er o/
{198 1)

It is possible that differences in experimental conditions may account for the
discrepancy botwoon'our results and those of Gorczynski and Steele. The time
relationship for tolerance nduc;on and perhaps its mechanism, is strikingly different in
tetraparental as opposed to neonatally-tolerant arwmals, and it may be postulsted that,
uniike the active tolerance of the Billingham and Brent model (1956), the
‘passively' —acquired tolerance of the tetraparental mouse is incapable of being fixed in
the germ—iine. If, as suggested by Steele (19789), environmental pressure is of particulsr
importance in forcing genetic transduction, it may further be supposed that the repeated
injections of semisfiogeneic cells used by these authors to maintain the chimeric state
(Gorczynskiif\d Steele, 1980, 198 1) would tend to favor this process. Nonetheless, the
work of Guttman et &/ (1964) suggests that a transmissibie state of tolersnce can be
induced by a single injection of tolerizing cells immediately after birth, aithough this
tolerance tended to wane with time. The means by which tolerance is assessed is aiso of
importance. Guttman's studies employed direct /n vivo assays of skin graft acceptance
and tumour take (Guttman et o/, 1964), while Gorzynski and Steele’'s work relied on a
mor; indirect criterion, the ability to generate cytotoxic T-lymphocytes agsinst the
putatively tolersted H-2 type jn vitro (1980,198 1), an assay which has been claimed to
corrclat.e with /n vivo graft rejection (Gorczynski et 8/, 1978). in the prosfnt paper. we
have used /n vivo assays simitar to Guttman's, aithough more accurately quantifiable,
which allow Qs to discriminate between first-set rejection, and the ability to be primed
for accelerated rejection of a second graft Our ro‘sults with both assays argue strongly ~
against the possibility of soma —> germiine transmission of tolerance, at lsast in our
experimentsl system. ' '

Recently, Brent et a/ (198 1) and McLaren et a/ (198 1) have reported resuits
similar to ours, with neonatally-toterant and tetraparental male mice, respectively.

The Brent paper (1981) is significant in that includes s direct comparison”of the in
vitro CTL and in vivo skin graft rejection assays, obtaining .concc;rdmt and negstive
resuits in both systems. it therefore seems unlikely that our failure to rod:oduce the
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Gorczynski and Steele (1980, 1981) results is a reflection of our assay systems
Similarty, McLaren et a/ (188 1) found no evidence for vertical transmission of
immunological hyporesponsiveness in breeding studies with tetraparental males, sssayed
by the /n vitro generation of CTL. -
Thus, the work suggesting that acquired tolerance can be transmitted through the
male germ-iine does not appesr to represent a general phenomenon. Our resuits,
together with those in other recent reports, piace apparently strict limits on the
conditi;ans under which it can be observed, particularly with physiological assay systems.
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