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ABSTRACT

[ a \ )
Specific and consistent means of achieving long-term or perma -
: nent survival of a]]bgrafted organs remains an elusive goal. The
exper1menta1 induction of allograft tolerance has been studied most
extens1ve1y in mice with skin grafts, in rats with repal a1lografts and
in larger outbred spec1es wi th & variety of organs Xerlments in
outbred snec1es are oftsn difficult to 1nterpret and the advantages of
:the def1ned h1stocompat1b1l1ty systems in the mouse and rat are ev1dent
" Rat renal allografts are, however, technically d1ff1cu1t and time & |
{ consum1ng, and the inordinate ease with which kidney surv1va1 max be
) obtalned afross the Ag- -B Tocus, make general corclusions suspect. Skin
l' 7allografts are, on the other hand, technically .simple but are difficutt.
to evaluate functionally. They contain numerous cell types, 1nc1uding .
lymphocytes, and, exposed.as they are to the chrob\:l environment,
‘may become infected and valueless -in the presence of 1rrad1at1on or-
other :non-specific forms of immunosuppression. |

| \ For these reasons transp]antat1on 1mmun1ty and tolerance have
been studied in the mouse, using fetal card1ac allografts. Fetal
hearts removed from Balb/c mothers after 16-18 days gestation were ;"
transplanted into the subcutaneous ear tissue of syngeneic or a11ogene1c
~(CBA) adu]t mlce.» Evaluation by- electrocardiography and visual obser~
"vation of pulsatlle act1vity permitted precise funct10na1 assessment

'v,of graft surv1va1 While syngene1c grafts survived indef1n1te1y,



allogeneic grafts (Balb/c-CBA) were rejected within seven days and
repeat graft; elicited an anammestic response. Histologic evidence of
graft rejection ogcurred later than functional death, es.did peak
levels of humoral cytotoxic antibody. Spleentce11s removed from heart
allografted animals at varying periodsAatter transplantation were tested.
zn vitro for their ability to effect cell med1ated killer act1v1ty |
Single heart a]lografts did not engender suff1c1ent host ce]]u]ar

| 1mmun1ty~to produce significant release of 5!Cr from radiolabelled

" Balb/c tumor cells <n vitro. X

Permanent survival of Balb/c card1ac allografts in adult CBA

hosts was produced in several ways. It was found that ]ethal]y

- irradiated (950R), heart allografted mice reconstituted with syngeneic
bone .marrow would reject an él1ograft heart within four to five.weeks.
Recon;tjtution was subéequent]y performed with:stem cell .rich ‘fractions

- of spleen and bone:merrow, derived by ve]ocity sedimentation cell |
separation techniques Reconst1tut1on of 1rrad1ated a]]ografted
an1mals w1tn“stem cell rich fractions of spleen but not bone marrow,

produced small but consvstent numbes of an1ma15 bearzng funct1ona1

~allografts beyond"12 weeks Further, 1f‘m1ce reconst1tuted w1th

‘l

' syngene1c“marrow were. treated within the f1rst few weeks post-

,rrrad1at10n with heterologous or homo]ogous antisera or the gamma

ey

globu]pn fract1on thereof. 1mmunosuppress1on was obta1ned Depending
~on the treatment, varlable numbers of an1mals reta1ned functlona]
a1TOgrafts 12 weekg post graft1ng Such an1ma1s, not subJect to

contwnu1ng n?nunosuppress1on did not subsequently reject the1r allo-

3



v, {g o
grafts and were consiqeréd tolerant.*

. Spleen cells from tolerant animals were fully immunocompetent
and, in vit;o, could be sensitized in the presence of graft'alloantjgehg
(Balb/c tumor cells) to effect subséquent kili r activify.i This
sujgested that a serum factor(s) or cell prevehted immune gxpreséion of
potential a;tigen recognition <n vivo. Sera from tolerant animals were,
according]y:.added to allograft type (Balb/c) fibroblast monolayers'

- -subjected to CBA-spleen killer cell-attack. Tolerant serum did not:
prevent the immune destruction.df fibroblasts by sen;itized cells.

gma]l numbers of lymph ﬁbde cells (2-10x106) removed from tolérant\
animals did, however, coqgistehtly transfer tolerance when injected
into ;yngeneic jrradiated aliografteé mice reconstituted with whole

bone marrow.

\
S

s

therefore considered as an oper-.

| *Allograftfto1é¥ance_1n.this4thesi§

-

- allograft survival. P

.

ationa}“term;‘not,necessarily'descriptive‘of-afyniqué mechanism for - . B



e ' . :PREFACE

.

The subject of'this thesis relates to.a matter of increasing
b1olg1ca1 and clinical interest, that of producing spec1f1c host unfe-
sponsiveness or tolerance to a foreign graft. The very large body of
knowledge pertinent to this topic is difficult, indeed, to summarize
with satisfaction The first chapter of this text attempts, neverthe®
,‘]ess, to document certain relevant concepts and experimenta] data in
this regard. The second chapter provides a detailed description of
thevnaterials and methods encountered‘throoghout the text so»that, in
the interests of the reader, subsequent brief mention will suffice.
fhe remainingchaptersconstitute.the “benchwork" of the thesis; each
has been constructed individually as a study in depth of one aspect of
the major WOrk: The concluding chapter details sﬁmmari]y the_percep-
tions of this researcn; proposes further avenues of’inyestigation and
attémpte to reconcile_this particular endeavor within the context of /
major inquiry 1nt5 the deve]opment of tranSplantat1on tolerance The
zappendlx contains data whlch have emerged, in branch fashion, from the

trunk of the thesis effort
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CHAPTER 1
[} {

STUDIES'IN TRANSPLANTATION TOLERANCE - AN OVERVIEW

A. Introduction

Clinical organ transplantation has achieved remarkable success .

in recent years. Transfer of a kidney from either a living related -
donor or a cadaver to a patient with end stage renal;disease has now |
become an accepted therapeutic measure. As the techn%cal problems in
transplantation surgery become ever less burdensone; it is clear thata
the jmmune response of a'patient to a foreign graft persists as the
major obstacle preventing widespread allotransplantation therapy of a -
variety of diseases. The imnhnologic factors,important in allograft
~acceptance appear to be threefold and inclhde‘proper donor selection.
effective 1mmunosuppreSSion and the induction of immunologiCal toler-

ance. The, benefit of histocompatibility between donor and’ recipient

is indicated by several analyses of the results of tissue typing in

renal allograft patients (Patel, Mickey et aZ,-1968, Festenstein. Sachs

et al, 1971). As more antigenic groups and immune resbonszygenetic
* loci are identified however, the probability of finding fully"com-
patible donor recipient pairs will diminish ln the unrelated cadaver

t -donor situation a re51due of histoincompatibiltty must be neutralized.

| either by immunosuppression or the inductionpof tolerance. The immuno- ’
' 'suppressive agents now in use& however, are non-selective and seriousﬁ?

impair host re51stance to the microbial environment, suppress vigilant

AN

B




, )
immunologic surveillance méchanisms and are associated with unique
toxicity problems

The 1nduction of specific graft directed tole>ance is thus the
ultimate goal of the transp]antation biologist. This chapter will §
briefly survey 51gn1ficant work in this regard, describe 1n some detail
laboratory systems which permit the induction of specific unrespon51ve-
ness both in vivo and in vitro, and conclude with Speculations which

detgrmined the subsequent research described in this text.
B. “Antigen Recognition and the Origin of
'Immunoconpet‘ent Cells L

1. The LJymphocyteJ the Spearhead of rmmune Deflnce

The ]ymphoid system constitutes a speCific adaptive mechanism
Whereby confrontation with an extrinsic antigenic molecule provokes
lymphocytes to discriminate‘between “self" and "foreign" and leads to
the production of antibody forminq cells and/or speCific #killer“ ce{is
capab]e of destroying foreiqn tissue on direct contact. Only a sma]]

‘ proportion of lymphaid cells are genetical]y committed to react against
iﬁg given antigenic spec1fic1ty (Burnet 1959), ‘and ‘Medawar (1960) has .
defined an 1mmunocompetent cell as one capable of. recognizingeintigen.
‘Once activated by antigen. these cei]s eniar&w divide and differenti{
B into a population df pyronin- positive celis which eventuaily give rise!
: noto~£upther»sma11'lymphocytes (Gowans, McGregor et aZ 1962). In the
":? case off foreignfgraft tiSSue. this progeny of specifical]y sensitized |
”ﬁllymphocytes is cOncerned with the actual destruction of the transplant s

_i_;:f(cell-mediateg_immunity) Other responses are eXpressed through




’:;‘antigens or antigenic determinants on cell surfaces.- Hhat are tﬁe :

3

{ .
circulating antibodies derived from descendents of another class of

lymphocytes which have, through di?ferentiation and multiplication,
deve]opeg the'intrace11ular machinery necessary for antibody production

(humoral Smmunity). The end point of this process. is the antibody

Secreting plasma cell. ’

»

-*Certain lymphocyte; develop within the thymus and are termed

T cells, &hile.others differentiate within bone marrow, independent

of thymic inf]uence, end are designated as B cells. For most, but not
all antigens the?cooperation of these two cell types is necessarykfor |
an antibody response (Miller and Mitche]i, 1969; Davies, 1969; Cleman
and ChaperOn, 1969; Taylor, 1969)., T cells evidently,serve in a helper

-capacity in presenting antigen to relevant B cells, which are the

“immediate precursors of antibody forming cells {Nossal, Cunningham

et aZ,']968); Other T cells become specifically activated upon contact .
with antigen and are the effector ce115.in'ce11;mediated immuni ty
(Cerottini, Nordin et.af, 1970; Miller, Brumer et al, 1971). Neonatal -
thymectomy thus greatly|depresses both cell- med1ated immunity and

humoral 1mmunity to those antigens which require T-B cell cooperatlon

(Miller, 1961 M111er and Osoba, 1967) Certain ant1gens do not requ1re _

T cell help and humoral 1mmun1ty in these “instances remains 1ntact ‘
;,’following thymectomy (Mil]er and Osoba, 1967). Thege cpnsiﬁeratiqns

~are schematically represented in F1gure 1.

To 1§1tiate the events leading to either humora] antibody

.prqduction or specifically sens1tized “kﬂler" ceHs, 1munoconpetent

;cells must be tiggered by foreign molecu'lar structures, e’lther Saluhle

R T T e
: [
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entities on lymphoid cells-capable of discriminating between "self"
.and “"nonself" and how does this recognition operate?' The Tymphocyte
,\ sé%face can_be regarded as a switchboard from whichbsignals are
o transmitted,into the cell interior! Signals originate from‘molecz;:r '
structures termed antigen-recognition sites, which are sterically
~ complementary to the structure of antigen molecules In the case of
B-cells, these recognition 51tes are of monomeric immunoglobulin IgM
~in character and are probably 1dent1cal in basic structure with anti-
r - body. Helper T cells also appear to havg specific surface receptors
,.for antlgen but T.cell surface antibody is not readily demonstrable\
'rlvand differs from that found on B cells both qualﬂtatively and quan-
titatively (Greaves and Hogg, 1971). - There is evidence, however, that
immunoglobulin liqht chains form a part of the " cell receptor for |
antigen. eAntil1ght chain sera‘pretreatment of T cells can inhibit .l” -
the specific "irradiation suicide“ of such cells subseauently incu- -
| bated w1th¢1251 labelled antigen (Basten, Miller et al, l97l) Cooper
and Ada (l972) have also reported that.antilight chatn. sera could -
: inhibit the suicide of T cells involved in delayed type hypersensi-

"tivity reactions. _*_f

? Origin of the Immnoconpetent Cell

o Hhat is. the origin of’lymphoid cells capable of reCOgnizing R
: Va particular antigen and how is this potential generated? All celis
of\the hematopoietic and lynphoid systems are derived from self | o
ﬁ;;[_w‘ Derpetuatdng bone marron stem ce'i‘ls,f G"ﬂifing of'bone m,,rov 1"to an
gﬂnimagiw;f”n;;has received} Tethal x-'imdmif,_;;'f(_'"j_. th consequent

mtgfpotetic tiSSue) =1’.’ 'a‘ lii"e savtng

destructionv of‘r" 1ts own




et al, (1956)4“ d Gioberson and Auerbich (]967) showed that bone

. marrow has téz capac1ty to recoionize not only bone marrow, but also
the thymus Jh peripheral iymph01d tis§hes Fukther studies by wu,

Till et al® (1968) demonstrated that single stem ceiis ‘were capable of
differentiation along iymph01d erythroid granuiocytic and megakaryo-
" cytic iinis o '

. o It is evident that somewhere aiong the deveIOpmentai pathway,
from a few precursor ceils (F1gure 2) to the immensely large pool of
specific immunocompetent ceiis in the lymphoid system, there occurs a .
criticaﬂ phase during which the lymphocyte acqu1res the capacity to

,' recognize a particuiar antigen and becomes immunocompetent Since -
there arg, at the very 1east, severé? thousand antigenic structures_and‘

b each Iympﬂﬂcyte reepﬁnizes oniy one antigenic specificity. ue are ‘f

faced with“the probiem that a singlé iymphocyte precursor must beariilg:f _;t

genetic tnformation for the synthesis of severai thousand different;;Ff

Tt TTm el

recogndtion shtes The hypotheSis of Burnet (1959) has prov1ded an u-,,_?'ﬁ\

LT

ansuer to the diiemma h iimited nUmber of genes undergo random

PO

*i somatic Mutatirn during iymphopoiesis.‘ The iarge number of mutant ;fJ}'~i

I rs.gdi“hocytes produced in this way“are each geneticaliy Capable of

"*~11 récognizing,a.specific antigen’ fhe potentiai for synthesis of




Figure 2 The origfn of imunocqnpetent cens., A, B C -

L et and D are 1mnunocompetent cells belonging s
B /different cel] .clones.  Each clone posses: es :
- recognition sites specific for'only one ant1gen. "

}b’ Sp! cfzfic antigen 1nteracting with m -‘Wmuno- L
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(1973) have, in fact, monitored the ontogenic development of
1mmunocompetent cells in the mouse, and have found that a full antigen
«Irecogn1tion spectrum is expressed within 20 days of clonal expansion

from a single embryppic stem cell.

’
. . - o
¢ 7 : o

®  C. specific Suppression of the Immune’Response

1. Immunological Tolerance

%g' a. §eit tolerance
' ' Immunological toIerance has been defined by Dresser and
'f ﬂitchison:(1968) as a §tate of partia? or complete incapacity to }
respond to an immunogehﬁc stimu1us’brought about by prtor contact wﬁth |
. antigen. The best example of th1s,1nnmnological unresponsiveness is-
the tolerant state ue maintafn toward our own body constituents. ’5l*§mi;
“»Attention was ffrst‘directed to this phenomenon bx.Owen in 1945 who -
. observed that dizygotic cattle twins dre general]y chimeric with o ‘
o respect to their red blood ceT1 txpes due to sychorial placental | »ll'
_‘anastomosis. which would permit free exchange of feta1 blood vn utero. B
Vtu;zBurnet and Fenner (1949) postulated shortly thereafter that a func?jv '

27of the-1ymphoret1culoenhothe1fal system dur1ng embryonic lffb uls tbﬂgld_

Vﬂjfdetfﬂguish self from'nonself c0nstituents

. :ConsequentIy. the presen-e
fiﬁf;tﬂtf°“ °f“f° _1gn materialtto the develoning embryo before 1t has




'b
-
£

\c
‘parturitlen (Scb1nkell and: Ferguson 1953).,

L]
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period during which tolerance may be induced during ontogeny of the
immune system varies accord1ng to spec1esi the to]erance responsive
period extending severa1 weeks after b1rth 1n rats (Woodruff and

S1mpson 1955), \wh11e Sheep embryos become 1mmunocompetent well before

-
s

The role of ‘the thymus in the induction and maintenance of the
to1erant-state has ot yet been nequivocajiy established, but it is
clearly importanf Burnet'(l9622 squested that one of the thymic

functions was e1ther the e‘vminat1on or 1nact1vat1on ‘of self reactive
- clones. Ant1gens presented to the thymus w0u]d therefore be °
;recognlzed as "self" and mot subject to immune’ attack. In accord with

thps concept a number of -dnvestigators (Staples Gery et al, 1966;

Isakov1c Smi th et al, 1965; Taylor, ]969) have been able to produce

to]erance by direct intrathymic 1n3ect1on of antigens, The importance "

of this data is unclear since antigen specific tolerance can be -induced
in adult thymectomized animals (Mitchison, 1967) and the thymus dqes
'contain small numbers of’]@mphocytes capab]ehis';nihiat1ng an immune
response (Mitchell and Miller, 1968) The suggeﬁtlon is, therefore.

that mature 1mmunocompetent lymphocytes represent target cells in toler-
ance 1nduction and that the thymus ls pot the on]y site available

for this 1nteractlon.

!

2. Methods of Inducing'Tolerance In Vivo

In experiments 1nvolvihg extrinsic antigens, séveral factors

have been found important for tolerancebfndqttieg The route of antigen o

toferance is indyced more

m:'
/ ei;ily fo]lowing intravenous adnnnistratfo ;
\?‘* § ' ' . . .. . \.v ; . 9

L4 Lo ) - M . T . Py
e : . ) %

administration 1s 1mportant, for: exa'
'the antigen rather than

kg

f’ . s © a

i
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subcutaneous, intradermal or‘intraperitoneai injecticn. The experiments
of Triplett (3962) have suggested moreover, that the permanent pres-
ence of antigen is necessary for the maintenance of tolerance. This is

true probabiy because immunocompetent cells are generated throughout

life and may replace tolerant cells unless they are rendered unrespon-

(%

~sive themselves.

Ty

Ever since the experiments of Smith and Bridges (1958), two
factors have been found critically important in tolerance induction:
concentration and the molecular structure of the antigen used. For

many antigens, there exist two distinct zones of concentration which

‘can induce tolerance, a high and a Tow dosage zone, while intermediate

concentrations provoke an immune response. This phenomenon has been

characterized in experiments done with bovine serum albumin in adult

i2§{ce and rabbits (Mitchison, 1964; Thorbecke and Benacerraf, 1967) and

ith the Salmonella flagellar antigens in. rats (She}]am and Nossal,
1968; Ada and Parish, 1968). Immunological tolerance corresponding
to these two zones has been-defined asfhigh zone and low‘zone tolerance.

| The molecular state of most antigens i§ of paramount importance

in determining the caquity to: 1nauce tolerance, Dresser (1962), for
example showed that monomeric (deaggregated) human gamma globulin,
when inJected into certain 'strains of mice rendered  them unresponsive
to subsequent injections of the aggregated human gauna globulin, a .
potent immunogen. Parish, Wistar et al (1969) have regs_ted the
isolation of fragments of cyanogen bromide treated flagellin (mol wt
40,000) of Sulmonella adeZazdé .One of the fragments (Fragment "A"
mol wt 18,000) retains the unin antigenic activity of fiageilin and

9
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tolerogenic or ‘
tolerogens can be'%on@erted‘into immunogens by nonspecific means such
as by mixing them with adjuvants, Dresser (1963) -has suggested that
immunogenic antigens have properties caiied "adJuvantic1ty" which, in
the case of the bovine gamma globulin system, could be separated as

aggregated material. " .

Tolerance to normaiiy immunogenic suhstances can be induced in
A0

~adult animals By administration of the antigen alonzj?#!h x-irradiation,

" immunosuppresgive treatment (including antiiymphoqy globulin) and by

mechanical iymphocyte depletion (thoracic duct cannulation). Tolerance ,
induction and immunity, though alternative effects at the single cell

level, often coincide in adult animals A balance between the two

.phenomena can apparéntly swing toward tolerance induction by nonspecific

removal of immunocompetentecelis. ‘This situation is most akin to that of
the developing fetus: apparently a'stage'of immunocomoetence most suscep-
tibie for tolerance indugtion during which stem ceijs“proliferate and .
differentiate into mature 1ymphoid elements. Mitchison (1967) has

shown that the threshoid,of antigen concentration for induction of |
tolerance under such conditions was io'aﬁ for several different anti- o
gens. It has been caicuiated moreover, that the dose of antigen per
kilogram of body ugight neceSSary to 1nduce tolerance in an adult irra-
diated animal is comparable to that required in thc neonate (Smith 1961)

5.

As for potential clinicai use, antilymphocyte serum as a means
of immunosuppression during tolerance induction has been favored over

xeirradiation for obvious reasons.ﬂ Eor instance, .rabbit anti-mouse
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antilymphocyte serum produces prolonged and profound 1ymphopen1a and
grossly deficient immune reactivity when inchted<£ﬁ;o mtce. Animals
treated in this manner can be rendered tolerant to trahspléntatian anti-
gens of another mouse strain by injecting theh with a]iogeneic spleen f
cells, similar to the phenomenon descfibed in the neonate (Billingham
and Brent, 1957). Recipients will thén specifical]y retain skin grafts
of the donor spleen cell strain. Since, as discussed ear11er, thymec-
tomy results in immunologic deficiency, tolerance is most easi]y 1nduced
by treatment of adu]t thymectomlzed mice with antilymphocyte serum prior
to the administration of the tolerance inducing spleen cells (Monaco,
Wood et al, 1965).A,Adu1t thymectom1zed-ALS-treated mice rendered
tolerant by large doses of allogeneic lyhphoid cells exhibit stab}e
1ymphoid chimerism {Monaco, Wood et aZ, 1966) and a long-standing tol-
erance.. In contrast, non-thymectomized mice rendered toierant by ALS
treatment accompanied with donor mdrrow infusion-do not demonstrate

1ong-stand1ng 1ynpho1d cell chimerism and the tolerant state is of
short duration (Hood Gozzo et al, 1972) '

a. Are both T and B cells involved in tolerance?

_From the studies of Chil]er. Habicht et al (1970), it appears
that both B and T cells can be rendered to1erant Neither thymus nor-
bone marrow ceIIs from A/J mtce injected thr3% weeks previously with

‘tolerogenic human ganna globulin couId with their normal counterpart. |
v};reconstitute secondary irradiated syngeneic recipients. With extrfnsic
?proteins. both Mitchison (1971) and Rajewsky (1971) have found that.
.  €the response of nﬂce which exhibited f'b zone to]erance could be |

frestored with the transfer of activated T cells but . ”f,high,zonef
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induced tolerance was unaffected, Hioh zone tolerance may thus be due
to specific inactivation of both T and B cells with low zone tolerance
induction dependent only on T cell 1nactivation. In agreement with
this, Chiller, Habicht et éz (1571) have found that T cells could be
rendered tolerant in vivo to human ganno globulin with concentrations
of antigen far too low to specifically inactivate B cells,

Studies on tolerance induction in vivo have not answered the
fundamental question as to the fate ot th@'tolerant cell. Irreversible
inactivation or cell death has been regarded as most-consfstent with
' current<immunologic data but there. is recent alternative evidence which,
in fact, considers at least certain types of immunological tojerance as
}“ an active state of cell repression rather than elimination'(McCu11agh,
TQZOa,b; 1972). Normal syngeneic iymphocytes could not restore immu:e

reactivity when transferred to hosts tolerant to sheep erythrocytes and

were, indeed, rendered unrespons1ve themse]ves A]]ogene1c 1ymphocytes

. exposed to to]erant lymphocytes could, however, restore the immune re-

sponse suggesting an "unmaskingf of immunocompetent cells. In accord
with this concept Gershon, Cohen et ai (1972) have found T cells capable
of specific 1nnunosuﬁpression Nisbet (1971) Ha5<produced ‘tolerance by
parabiotic union of parental and F, m1ce and has been ab]e to selectively
transfer tolerance by injecting large numbers of tolerant thoracic duct
‘lymphocytes or spleen.cells.into neonatal recipients,-subsequently given

a.skin graft.

-3, Antibggx*ﬂediated Enhancement and. the Immune Response
: _f, The presence of humoral antibodies directed toward graft antigens
. can sometimes facﬂitate the growth of foreign tumor %ﬁls which

) l
o .
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would normally be rejected (Kaliss, 1956; 1958). Enhancing antibodies
can be raised in respense to. nor&3] immunization prqcedures (active
“enhancement) or the sera of animals previously exposed to tumor antigens
may be passively administered to second graft recipients (p;;sive
enhancement). Kaliss (1956), for example, showed that serum from tumor
bearing mice would promote tumor growth in secondary hosts if |
administered up to one week before or after the tumor inoculum,

Although initial work on enhancement involved allografted tumors in
rodents, the phenomenon has becore relevant as a means of specifica]]y

facilitating the survival of allografted organs,. Three main possibil-

ities have been proposed as mechanisms by which enhancement may work:

a. .Afferent blockage

Graft directed antibndies may cover antigenic determinants
on foreign cells, thereby preventing activation of.re1evant fmmuno-
competent cells (Uhr and Mdl]er, 1968). For example, Snell, Winn et al
(1960) stud1ed the lymph nodes dra1n1ng the site of anallogeneic
tumor, If mice were.1n3ected with hyperimmune antitumor antiserum
before the tumor was transp]anted the lymph nodes were less react1ve
~ to the tumor thereafter, suggestmg t@ the ant1 serum had, indeed,
covered tumor cell antigens. On the other hand, several workers
(Terre§ and Wolins, 1961; Segre and Kaeberle, 1962) have demonstrated
that spec1f1c ant1body adm1n1stered together w1th antigen may increase
rather than d1m1n1sh ant1qen 1mmunogen1c1ty Slm1lar1yQ2piener and

Feldmann (1970) showed that po]ymer1zed f1age111n from the bacter1um

ﬂsalmoneZZa adelatde n the presénce of ant1body excess d1sp1ayed an

4 4 -
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in vitro immune response comparable to controls stimulated with antigen
alone. Uhr and Baumann (1961) in work with the tetanus toxoid antigen,
cou1dbinhibit an antitetanus response with antibody, -but with a
quantity of antitoxin sufficient to cover only a §ma11 fraction of
antigenic sites on the administered toxoid. Haughton and Nash (1969)
provided further evidence against peripheral enhancement. The number
of antibody mo]eéules,necessary to cover the antigenic sites of

'5x108 sheep erythrocytes was 100 fold greater than that Qfeded to
suppress the immune response. Tumor al]ografts, moreover, can-be
enhanced by administration of antiserum at the time of peak rejection
response (Kaliss, 1958) and, as ghown by Moller (1965), smaller dos&s
of antisérum were generally more effective than large doses in
promoting:tumor growth .- Enhancing antiserum, moreo?ér, suppressed

the lymphocytosis accompanying allograft tumor immunity, idvéases.

where surgical excision of .tumor was ineffective (Takasugi and

~ Hildemann, 1969).

b. Central innmnasuppression ,'

Humoral antibodies may act d1rect1y on 1ﬁmunocompetent cells
-to spec1f1ca]1y decrease 1mmunolog1ca1 react1v1ty. This has been
demonstrated conv1ncinq1y by Amos, Cohen et al (1970) using a.
tranSplantable<;nuse tumpr. Tumor cells were 1ncubated with antiserum,
‘washed freé<of excéss_serum, and then mixed w1th lymphoid cells from )
mice sensitiied against the'tumor. When these lymphoid cel]s were | ?
- added to fresh tumor, ce1is and 1njected into recipient- mice. tumor

:, growth was enhanced. Control exper1ments with 1ympho1d ce115 exposed
e S e o
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to tunor and-nonimmune serum, failed to facilitate tumor orowth. The
work of Rowley, Fitch et al (196§a,b) is confirmatory and suggests

that antibody may directly reduce the number of immunocompetent cells
initially responsive to antigen.

‘¢» Efferent enhartement .

’ Humoral entibodies bound to"the surface antigens of foreign
cells considered as targets conceivably protect such cells from the

| killing activity of.sen51tized.lymphocytes. The first clear demon-
stration of efferent enhancement was given by Moiler (1963) who

grafted two identical homolOQOus tumorsysimultaneously into the same
nonsensitized mouse. One greft had been exposed in vitro to specific
antiserum and'this showed enhanced growth;fthe second, untreated graft
was-rejected in normal fashion. ‘Further support for efferent blockage
has been given‘by the recent work of the Hellstroms. In tumor systems,
sera of animals (Hellstrﬁm and Hellstrom, 1969; Hellstrdm, Evans et at
1969; Hellstrom. Hellstrdm et al, 1970a) or patients (Hel1strom,
Hellstrom et al, 1970b) bearing antigenically distinct'tumors were shown
to. contain a factor that’ specifically inhibited the in vivo antitumor
activity of lymphocytes from the tumor. bearer or lymphocytes from

v, specifically-sensitized animals. Similarly, the sera from female mice
mated with allogeneic males inhibited the in vztro activity of lympho-
'> cytes sensitized to paternal strain tissue (Hellstrom. Hellstrom et aZ

) 1969) A serum factor that abrogated the activity of sensitized T
t'-:lymphocytes has been demonstrated in chimeric dogs and mice (Hellstrom. =
i :Hellstrom et az 1970c, Hellstrqm. Hellstrom et al, 1971) and renal

-

A
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allografted humans (Quadracci, Hellstrom et dZ, 1971; Hgllstrom and
Hellstrom, 1972a).

| Although the initial proposal (Hellstrom and Hellstrom, 1970)
was that the serum factor inhibiting the in vitro activity of sensi- ,
tized lynphocytes was an ant}hody which combined with antigens;on
the target cell surface (efferent erihancement), a central form of )
immunosuppre551on was later postulated (Hellstrom and Hellstrom, 1971)
for the so-called “blocking antibody". Ingenious experiments of
- Sjogren, Hellstrom et al (l97l) 1nd1cated that blocking antibody might
in fact, be a complex of antigen and antibody '

EnhanCinq sera_from mouse sarcomas were absorbed by tumorﬂcells,

which were spun down and resuspended in buffer. After mixing in buffer
for one hour, tumor cells were disecarded and the supernatant was passed
through an ultrafilter which would retain molecules of molecular
, weight greater than 160 000. The. filtrate was then passed through a
second filter capable of retaining molecules of molecular weight
greater than 10,000. Only a 1:1 combination of the material retained
by the two filters' optimally prevented lymphocyte mediated lysis of
target cells. and nefither of the two fractions alone were fqlly

immunosuppre551ve. It was suggested that the two components separated ‘

. by the: molecular filters may have represented antigen and antibody and

.that uniting these two had led to blocking antigen-antibody complexes.
_;5This interpretation is supported by other experiments, in particular

-Mthe nork of Stuart and colleagues (Stuart Saitoh et‘al 1968. L
B Stuart. Bastien et’al 1970) Rat F 1 hybrid kidne_ys were. grafted to

g ‘parental strain animals. Graft recipients were 1noculated with spleen; :
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cells of graft donor type in combination with homologous antiserum
directed against graft alloantigens. Maximal allograft enhancement
was achieved only when antiserum treatment was combined with the
administration of donor spleen cells and, with this regi ‘n, permanent
survival of the transplanted kidneys was obtained in man?recipients.

'French and Batchelor (1969) transplanted allogeneic (F, to
parent) rat kidneys in simiiar'manner, but could enhance graft survivai
with passive administration of graft directed antiserum alone. It M
is possible however, that draft derived éntigen_itseif may have
permitted antigen-antibody complex formation. “Enhancéd graft survival
. has been obtained, moreover, in transplantation of skin, kidneys or
cardiac allografts in several iaborator} species by injection of donor
blood or bldod elements at different intervals before and after grafting
(Halasz, 1963; Marino and Benaim,-i958;'Haiasz, Orloff et al, 1964;
Marquet, Heystek‘gt al, 1971). ‘Since the antibody response to rat
renal aTiografts is not abrogated'by passiue edministration of graft
directed antisera (Lucas, Markley et al, 1970); donor’biood may indeed
provide a readyvsource of antigen for complex formation with antibody.
In the tumor cell system of Amos, Cohen et al (1970), ‘described above,

a 51m11ar combination of tumor cell antigen and specific antibody

exposed to lymphocytes suppressed their ability to kill new cei]s. The ‘ -

‘ combination of tumor plus antibody was more effective than exposure to
ei ther tumor or antibody‘alone. These studies were facilitated by

‘a tissue culture system which a]lowed the meintenance of dispersed mouse 3

' lymphoid ceils in vztro

The concept of serum mediated b]ocking factors preventing the
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expression of cell mediated immunity is now firmly established in

-tumor and graft systems. The relationship of this phenomenon to the
induction of neonatal tolerance or to normal self tolerance is not
clear, There is, however, recent evidence that mice may react against
antigens present on their normal (brain) cells in vitro, and expression
of such induced cell mediated immunity is prevented by blocking factors
present in normaifsera‘(Heiistrom and‘Heiistrdm, 1972b). This eridently
contradicts the classic explanation for both neonatally induced
tolerance,and normal tolerance to self antigens, whereby lymphoid
clones geneticaliy capabie‘of immune reactivity are eijminated during
embryonic development. | | i T

A new concept in specific immunosuppression emanates from the

" work of Rapseier and Lindenmann (1972). Their work in the-field of
acguired toierance may be relevant to seif tolerance between lymphocytes.
Antibodies can be raised against specific antiaen receptors present
on 1ymphoid cells, in their notation termed anti-RS, where RS 51gn1f1es
recognition structure. Jhe specrficity of these antibodies has been d
demonstrated in the following way. Fy hybrid mice were immuniied with -

‘repeated small doses of - parentai lymph01d cells, testing the subsequent Ai
serum for antibodies to histocompatibiiity antigens. ‘They reasoned N
that F1 ce]ls woqu’not bear receptors for either parenta] ce11 types .
»but that parental ceils themselves wouid bear receptors for the other
"uparent " This parental recognition site directed toward the other

| {parental iymphocyte would be the oniy unique structure that F1 progeny

Qg,jecouid recognize and produce antibody against The presence of these

;‘;,;ﬁanti-Rs antibodies has been demonstrated in several situations. The
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most convincing finding was the ability of anti-RS sera to inhibit
\ gratt-versuséhost reactions (Joller,‘1972). These anti-RS sera did
not, however, inhibit mixed lymphocyte culture reactions. - The relation

of antA-RS sera to Blocking factor is not yet clear but”may conceivably

be important; especially in transplantation of lymphoid tiSsues.

8, In Vitro Manipulation of the Immune Response

. a. Tolerance‘induCtion in vitro
~ The abundant in vivo data’ relative to 1mmunoregulat1ve mechanisms
have led to a number of 1nterpretations which are conceptually dis-

turbing. This_asislerompted experlmentation by,Diener and colleagues

tify the'tole, at the‘cellularﬁleyel ‘of free

Aen-antlbody complexes in immune suppression.

.e on dﬁsPersed lymphocytes from mouse spleen which

lng a tissue culture system devised by Mag%rook f<\ ; o

_ Spleen cells in an adequate medium were placed ln o

.” closed off at the bottom by a dlalysls membrane,

n placed inan Erlenmeyer-type flask contalning

sufficient‘i ”eue culture medium to equal the fluid leve] of the cell
suspension ln the inner cylinder.. Cultures were malnta ned ln a k

\\\ humddifled iNcubator at 37°C wlth a constant flon of a as mixture *,d

of coz, 0, and @ (mshell and Dutton. 1967), Dlrect

1nteraction of splenlc lymphocytes witN antlgen and/or antibody was
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. Figure 3 Tissue Cu’lture Flask: DTSpersed mquse\Spleen

. cells are suspended in tissue culture medium
fnside an ipternal tube. The hpftom end of

the tube isi closed off by a dialysis membrane‘

- and permits' passage of nutriengs from the
- -reservoir across the membrane. L

Tua
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monomeric flagellin (MON; mol wt 40 000) and Fragment “A" (mol wt
18,000), isolated from the cyanogen bromide digest of flagellin
(Parish,- wistar et al, l969) Al three forms of the flagellar antigen
share antigenic specificites but they . express different dégrees of
immunogenicity and tolerogen1c1ty in vive and even more so in vitro.

In initial experiments, CBA mouse: spleen cell suspensions were
cultured in vitro for four days in the presence of polymerized flagellin
(POL), mongmeric flagellin (MON) and Fragment "A" Following the ‘

, culture riod cells were harvested and the number of antibody forming g

cells (AFC) /w termined ( {ener, 1968) The degree of immunogenicity
correlated wjth the molecular w ight of the antigen POL was the

strongesti ; cgen, MON was intermediate in effect and Fragment “5

-was virtually nonimmunogenic (Diener and Feldmann. 1970) The effect _
of increasing concentrations of POL on the primany in vttro response
was studied (Diener and Armstrgng. 1967‘ l969) CBA mouse spleen_cells
ﬂewere cultured for four days in the presence of varying concentrations
of POL To control for antigen specificity, immunogenic concentrations }‘
A of antigens different from SaZmoneZZa adblazde were added to the same
’l cultures. It was found that a mere tenfold increase in POL concenefsfgzaj ‘
: tration would convert an optimal tn mtro imung response to virtually 3

7:;complete unresponsiveness. This phenomenon of antigen induced unrespon-f

\mf~fsiveness £n v?tro fulfilled the. criterion of tolerance since ’t ”‘s

| "}antigen specific as indicated hy the normal response to unrelated anti-
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concentrations of POL appeared analogous to the phenomenon of in vivo
:h19h zone tolerance referred to earlier. Because ofvthe antigen dose
relationship for tolerance induction, it had been suggested that

the direct interaction of immunoconpetent cells with more than a
.critical number of antigen molecules results in‘tolerance. The quality
of the antigen POL, with available smaller’antigenic units (MON and
Fragment "A") promp ted D1ener and Feldmann 11970) to test this hypothes1s.
When CBA spleen cells were 1ngubated in tissue culture with variable |
dose ranges ofﬁﬂQNAor Fragment "A" for six hours and were subsequently

- challenged with an inmunogenic‘concentration of POL MON proved signif-
icantly less effective 1n its tolerance inducing capacity than POL, while
Fragment "A", an excellent tolerogen in vtvo, entirely failed to indue
tolerance w1th1n the wide concentration range tested in vitro. Tﬁe »
‘conclusion was that non-polymeric antigens such as Eragment "A" must
requlre a mediating mechanism not present in tissue culture. Antigens
such as POL, bearing repeated antigenic determinants, h°"92§f could
become attached securely to the cell surface by vlrtue df a firial
combination of repeated identical antigenic determinants w1th a large
number of recognition sites randﬁpﬂy arrayed over the cell surface
~{Diener and Paetkau, 1972). Indeed the studies of Feldmann (1971) using
the dinitrophenyl group (DNP) conjugated to S&Zmonella flagell1n polymer
iﬁonclusively demonstrated that at least two groups, Qer monomeric unit
N of flagellin were required for th1s hapten-carrler unit to be tolero- |
genic, In other words, high hapten .or ligand density permits closely
spaced bonding to antlgen sensitive receptors on the surface of the |
-ilmunocompetent cell Since, in contrast to the above zn vctno studies,

i, e
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monomeric antigens most easily induce specific unresponsiveness in vivo
(Ada aod Parish, 1968) it was reasoned that.(i) microanatomical or
A2) humoral factors wgre operative in the intact animal but absent under
conditions of cell culture. - | o
‘ Studies of Dresseo and Mitohison~(]968) in adult animals, and
Sterzl and Trnka (1957), and Sterzl (1966) in newborns had detected
traﬁsieot antibody production in pivo‘foliowed by an unresponsive
st;fe. “This work suggested that the oelevant humoral factor mioht
" *indeed be anfibod} which‘gthld facilitate the mechanism proposed for
POL by interlinking MON antigenic units. Given that the recognition
antibody structures on the ceii,participate in this framework, the
_.fnalogy.become; complete oince cell surface recognition sites could
become interlinked to the extent required for tolerance induction.
Thus a iaotice of’antigen and qgtibody»could build up at the surface
of immunocompetent cells. Ige'degree of linearity of such a complex
would be'détermineq by the molar ratio of _antigen to aniibody; The
{ conditions for the formation of linear antigen-antibody compiexe§
(simulating the linear structure of POL) occur most readily under
conditions of slight antigen excess (Pauling, 1940).

These hypothetica1 considerations (Diener and Feldmann, 1970)
are illustrated schematically in Figure 4 and proved verifiable in
_culture. Spleen cells were cultured with MON or Fragment "A" and
. various dilutions of specific hyperimmune antiserum for six hours g
and were subsequently challenged with an imunogenic concentration.of
POL. As predicted (Figure 5) there was a distinct an;igen-antitody j
concentration ratio ‘which reodered.inmunocompetentiiymp‘hoid cells.

»

[



25

¢«

\

Figure 4 Schematic drawing i1llustrating different ways of inter-
action on the cell surface between antigen or antigen
and antibody, with antigen recognition sites.

(a) Attachment to the qécognition sites of a polymeric
antigen. ' - R

(b) Attachment to the recognition sites of a monomeric |
antigen. T

(c) Attachment to the recognition sites of a monomerte.. -
antigen in the presence of spgcific*antibody. %\\%\
Note: In situation (a) and (c) antigen-recognition sites
become “interlinked by the antigen alone or by antigen-
antibody complexes, respectively. - )
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AFC (% VALUES)

w0 10 w0 10 w0
CONCENTRATION OF ANTIBODY

Figure § Induction of tolerance to an inmunogenic concentration of
~ polymer of S, adelaide flagellin (POL) in mtna in the
presence of varying concentrations of specific ‘antibody.
Spleen cells were incubated in vitro for 6 hours in the
',presence\of antigen and antibody, followed by challenge

in vitro for 4 days with POL. - Each value represents the :

mean of 8 c\ntures $S.E.M. 5 _

Anti-POL: \Antibody to’ poiymer'lzed ﬂage'llin

AFC: Antibody forming cells. -
® Preincub: tion ‘with POL and ‘anti -POL followed by cu]ture :
with POL.

D Preincuba 1on with sheep erythrocytes fo'llowed by culture
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unresponsive (Dfener and Feldmann, 1970). Evidently tolerance induction
in vitro results from the direct interaction of immunocompetent cells -
with antigenat.the level of surface recognition sites. The conditions
which determine tolerance or immunity depend on the degree of interlinkino
of recognition sites by antigen. Interlinking beyond a certain level
results not in immunity but tolerance. The conditions of tolerance

induction are most easily achieved with polymeric antigens because they

bear repeatingra?tigenic units which can attach to large numbers of
specific recognition sites. Monomeric antigens may be rendered "poly-
meric" by interlinking them with bivalent antibody. With initial attach-
ment of monomeric antigen to recognition sites, antigen and antibody at
-defined concentration ratios will readily form a lattice or complex on
the surface of the lymphocyte. This focussing mechanism permits intet;

Tinking of receptors sufficient for tolerance induction.

5.. Experimental Allograft Tolerance In Vivo

The permanent survival of allografts has been extraordinarily
djfficult to'achieve across a major histocompatibility barrier in
adult‘eXperimental animals, unless5large doses of immunosuppressive
agents are administered continuously, throughout the life of the graft.
Specific immunosuppﬁession and/or allograft tolerance 1nduction in

~adult animals remains an elusive goal. There are, of course,.the

x already described experinents of Stuart, §§?th et al (l968) and |
i.fFrench and Batchelor (1969) involving rat renal allografts enhanced . -~
: with specific alioantiserum. It appears that the two- criticisms applied
to these models, namely the special complement system in the rat and
i§§é fact that grafts Are “semi allogeneic (i e. Fl to parent) may be. |

~

i
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pertinent. Renal allografts, for example, cannot be enhanced perman-
ently in an outbred species such as the dog. (Williams, 1973). 1In work
with small laboratory animals Monaco, Wood et al (1966) and Lance and
Medawar (1970) have been able to establish tolerance to rat and mouse
skin allografts by ALG treatment and establishment of lymphoid chimerism,
Notab]y‘absent, however, are reports dealing with adult-induced trans-
plantation tolerance in species other than the rat, without concoh}taq¢
lymphoid chimerism and using other ergans.. A singular exception existy
in the case of porcine liver a]lografts (Calne, White et al;7]969)2
It has been suggested in this regard, that allografts of pig ]iver2

" survive well because ihe liver hrovides a good source of tolerogenic
transplantation antigens and, possibly, thét the normally reversed
architecture of the pig lymph node, reminescent of the early stages. of

\deyelopment of the mouse lymph node (Willfams, 1966), may facilitate,,
tolékance induction,

s

D. Justification for Thesis Research
’ .

The\literature‘survey‘ﬁresented, descriptive of antigen, anti-

body and 1ymphocyte interactions in tolerance induction, is COntroyersiél;

especially with regard to the in vivo phenomenon ofxﬁpecific allograft
4»isurviva1. For the purpose of further exploring to]erance 1nduct1on
~in vivo 1tlssuggested that: ;
1. All animals specifice11y bearing an allograft of long dur-
: ation be considered operationally to1erant The mechanics.
of this achievement are undoubtedly subtle and complex. i

The observed phenomena of humoral antigen. ant1gen-antibody

J
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complex, antibody mediated immune suppression and central

_failure of lymphocyte reactivity may all obtain. The data

are not necessarily individually exclusive. Variable
observations reflect, most probably different assay systems,

each bearing singular focus.

ATiograft tolerance is best studied within the well defined

histocompatibility systems of the mouse.

Skin a]]ografts, while they have served immunobiologists
well, may not be an optimal graft choice for tolerance
studies in vivo. Skin allografts are difficult to function-
ally evaluate, and constitute an indeterminate antigen lToad
as they contain significant numbers of lymphocytes and other
cells. A skin al]ograft therefore represents the intro-
duction of a]]ogeneic Tymphoid cells (with the possibility
of local graft-versus host 1nteract10ns) plus skin spec1fic
and H-2 tranSpiantation antigens. Exposed to the microbial
env1ronment as they are, skin grafts are susceptible to

infection, most notably in the irradiated animal

There s a need for a defined gl]ograft system in the mouse

‘15wh1ch is technically simple and permits functional evaluation.

‘“Iunnnity within ‘such a system (fOr instance the fetal heart

graft mode} explored in this text) must first he estab]ished
ﬁ‘

»Thereafter the mechanisms whereby experimental to]erance o

may - be procured in vivo may elucidate the differential
function of - antigen, antibody and lymphocyte in graft
acceptéhce. L
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Subsequent chapters describe an éllograft mode] whichjnormally

prompts early and'specific rejection, but in which allograft acceptance

can be established. The nature of this tolerance is explored with

various techniques.
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CHAPTER 11
MATERIALS AND METHODS

The following provides a brief description of the laboratory
animals and techniques which were used during the course of experiments
described in this thesis. Where appropriate, further explanation is

given in the relevant'cheptef or provided in the Appendix.
A. Mice

CBA/HI (H-2k), Balb/c (H-Zd),(CBAxBaTb/c)Fl and C57B81 (H-2b)
mice of indicatedésex,'bred at Ellerslie Animal Famms, University of
A]berta. 70-120 days old here used‘turouguout' Pregnant'6 10 week old
Balb/c mice (mated to Balb/c males) were used as a source of fetal
hearts after 17-19 days gestation. Gest&tion date was atsessed by the
vaginal plug method Animals were housed 5-6 per cage, fed Pur1na

Lab Chow and provided with water d@,Zibitum.
?B;, Tissue Culture

| The method of Diener and Armstrong (1969) as recently described .
,by Feldmann and Diener {1971b) was used, Mouse spleen cells were placed '
on a dia!ysis membrane sealing of f the end of a glass tube which was |
1mmersed in an ErTenmeyer flask containing 50 ml t1ssue culture medum.

'The culture medium used was @ modified Eagle s minimal essentia] medium A
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with non-essential amino acids {Grand Island Biological Co., Grand

Island, New York) supplemented with 10% fetal calf serum and 100 pg/ml

each of penicillin’and streptomycin.

C. Cell Suspensions’

Mice Qere killed by cervical dislocation and the spleen or

femoral bone marrow was transferred into cold (4°C) Leibowiti medium.
Splenic tissue was minced with fine scissors and oelis were gently _‘
expressed through a stainless.steel sieve using a glass pestle.
Bone marrow was oitrated with a pasteur pipette and oel} clumps were
allowed to settle out of suspensfon over a~period of .15 minutes. In
certain experiments lymph nodes were removed from axillary, cervical,
mesenteric and inguinal node regicns and were handled in the same

fashion as spleen.

D. Cell Counts.

[N

Cell counts were performed with a haemocytometer under phase ¢
contrast optics except in caees where 1arge numbers of'samples Were
to be counted For the latter purpose, cell counts. were performed
with a Coulter Counter Model B (Coulter Electronics Inc., H1a1eah

F1or1da) whqch was fitted w1th a 70 u diameter aperature.

© E. Irradition E
- N
M1ce were 1rrad1ated dn a 'Gamma Ce]l 40* (Atom1c Energy of

.'Canada Ltd > Ottawa, 0ntar1o) at an absorbed dose rate of 126 rads per

{
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minute emitted from two 1000 G sources of Cs!37. During the v ray

; ‘evxposure 25-30 mice were housed in a circular plastic container which
"~ fits ﬁghtly into the drawer of the irradiation unit. Air is supplied

to the drawer and container durinov the irradia‘t%o’n period. This type

of irradiation-unit and its ose is described in detail by Cunningham,

Bruce et al (1965). Mice received 950R é]e body irradiation (Fig. 6).

F. Titrations

1, Hemagg]uti‘nating antibody titres were performed us'iawé.
athist of Stimprng (1961). B

2. Cytotoxic antibody titres were performed as descmbed by

\ Terasaki and McClelland (1964).

G. Preparation of Antisera
’ ' AN

1. Rabbit Anti-mastocytoma Serum (RAMS)

Adult ma]e San Juan rabbits (EVlerslie Animal Farms, Universn;y

of A]berta) were given three subcutaneous neck 1nJect1 ons of 109 washed
'Balblc mastocytoma cells at ‘three week 1ntervals. Rabbits were exsan-
‘guinatea' h&cardiac punctur&lo days foHowing the last 1nJection.
vC'lotted blood was p]aced in"a 37°C incubator for one hour, in a 4°C
"co'ld room. overnight and the serum was pipetted of f the ce]l pellet o
~ foﬂowi ng centrifugation at 2000 rpm for 10 mnutes. Serun derwed

1n this manner was used whole or as a source of rabbi t anti—mastocytoma ,

‘ ": lgG'

L
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Figure 6 Survival of 66 adult CBA/HI mice after 950 rads

whole body irradiation. MNene of the animals
survived longer than 17 days post-irradiation.
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. 2. CBA Anti Bal_[cS%[ X
) © Adult oXIe or female CBA/HI mice were given three intraperitoneal
1nject10ns of 108 washed Balb/c spleen cel]s three weeks apart and were

" bled by cardiac puncture 10 days foHowing the final injection. Serum |
was handled as RANS. | ' o

‘3. Horse Anti Mouse Tb_ymoc_yte Serun (HAMTS)

The Medical R,esearch Council of Canada kindly made avaﬂable
. 300 m1 of active HAMTS. This was prepared by the Insti tut de Micro-
biologie et d'Hygiene de 1 Univehii te de. Montreal Laval-des—Rapxdes,

- Quebec ; D "\ . '\-\ \
v | N\ '
H. Preparatioh of Ig6

e ) . . - o \ - : .D ) !".

N
) - Rabbit IgG o - \ o \
}“ . Gamma globulin was precipitated from\ serum b; the add1tion of

j':«30% amnoniun sulfate at room temperature The\precip‘itate was dissolved
; {f{’“uin deionized water and reprecipitated three time\ f:l?naﬂy the precipi- '
! . tate was d1ssolved in phosphate buffered saltne (PBS) in approximately |
~ one half the original serun 'volune. This was applied\slowly, by means

of a motor driven syringe, onto a Sephadex 6200 colunn equilibrated with
1,ipss at 4. The colunn was equipped ;?"?f‘n;automatic fraction collector
and ultraviolet detector at 280 }vp to detennine protein concentrat‘lom- ‘.--‘“

The second protein peak uas taken as IgG and was dialyzed oveimight

,'.,"';_'{;'f"subsequently freeze dried Igs was reconsti twtedﬁ"ln" PBS to-‘:vv'
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prevent freeze thaw denaturation.

2. Horse IgG T o | o

The procedure for rabbft IgG.pneparation'was followed nith
certaln exceptions Ammonium suffate pnecipitates were dissolved fn::
PBS instead of defonized water. During Sephadex 6200 separation,
merthiolate (1/106) was present'tyu:revent'bacterial gmowth The IgG
_fract1on was reprecipitated three times thh 50% ammonium- sulfate in
‘qPBS after Sephadex 6200 separation This removed merthiolate 'Ihe; B
_final precipitate was dissoIved in.a serum equivalent of PBS BSA (]%) -

| was again added to stabine the protein content

3. Mouse IgG |
| LR Ten ml of mouse serun were appHed directly to the Sephadex
6200 co'lunn - The second protein peak was again collected and repre:-‘}:
" cfpitated thNee times with 50% anmon1 um sulfate in PBS. The ﬁna1 ? K

. 7 )
: vo'lune was adjusted to. approximate the starting serun volune '

1. Cell 'Separation-byc\[e?bé‘ltj__ Sedimenta'v_y Yon % SR -
Theor_v of Ve'locity Sedimen\tation S &

“Ve!oci ty- sedimentation Qs a technique wm’ch can be used ‘t0. '

characterize d'lspersed ceH popu]ations on the bas*ls of sfze. . CeHs
& ,.';_may be considered as approxmate‘ly sphericaT pant*l cles. which obey

~ Stokes' m. which deﬁnes the terminal veToc'lty of such' ‘"f-pamcle
T,;,,'_suspended in ﬂuid. R P | |
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N N ‘ _‘ " °
/ A .
) Stokes' Law .

3 2gr2 (d_ - d.)
s = L
9n
where

s = final velocity
g = force of gravity
r = radius of the particle
d. = density lof particle ‘ o
d} = density of fluid
n -

coefficient of viscosity of the fluid medium o

“ According to this formula then, if cells are subjected to

un1t gravity in a med1um less dense than all ce]ls settling will occur
toward the bottom of the sedimentation vessel. Viscosity of the fluid
ni]l exert.a drag fonEe\on falling cells and thus decrease the rate

at which they settle. If the difference between the density of cells |
and f1u1d med(um (d - df) is relatively constant for the gradient
used, the rate of settling is determlned most significantly by the
radius?. of the cell. In other words velotity of fall is most
'dependent on cell size. Cells of large size will fal] and reach
the bottom of a sedimentation vessel most qu1ck1y If, however,
serial fractions are removed from the bottom of the vessel ngone _gﬁ
this:,diffeFEnt cell populations wiif be'charatterized‘by their unique

S : [ : ;
sedimentation velocities, corresponding to cell.size. - .

2. Components of the System

.

The system used 1s pictuned 1n Figures 7 and 8 and is essentia]ly

[}



Gradient Generating Components

Colleclion Components

Staput

ﬂ'— Support

Boffle

Flow control
volve

Figure 7 Schematic i]lus;ration of the "staput" apparatus
- for separationt 0f dispersed cells by velocity

sedimentation.

38



Figure 8 Actual photograph of vélocity sedimentation

apparatus in 4°C cold room, prior to gradient
. formation. - ‘

A ]
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that described by Peterson and Evans (1967) and later used by Kraft
and Shortman (1972) and Armstrong and Kraft (1973).

a. Baffle - stainless steel hemisphere with threevequidistant legs on
the undersurface; functions to prevent turbulence of fluid
moving in and out of the staput vessel and evenly distrib-¢

utes fluid flowing up through the staput port.

b. Bottles - three steri]izab]é bottles connected As shown.. The
bottles contain 400 ml 30% FCS, 400 ml 15% FCS and
50 ml 5% FCS in phosphate buffered saline (PBS) from
left to right respectively. .The,third bottle is tightly
corked to maintain a constant volume. Four clamps are
positioned as shown to regu]éte fluid movement. The
bottles are connected by short lehgths of silastic tubing
and a flow control valve is positioned between the |
so]ution bottles and thg:§tapu§'vgssel. The second and
*  third bottles are positibned on met6r~driveﬁ stirrers and
| contain teflon coated stirrer bars. A1l bottles are kept

at the sahe level, which is above that of the staput.

'c. Staput - an autoclavable glass cylinder 16.5 an in diameter which

. ~ tapers to a cone. The bottom of the corie is fitted with
| a vertical outlet port; the top of the cylinder is fitted
 with a lip, penm%tting support of the vessel inside a

wooden "box with*é ‘holé in the top as shown. ’_. :
. /1 e
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d. Tubes (fraction collection) - 15 ml collection tubes are required
action

along.with several graduated cylinders or flasks.
e

"e. Y-piece - glass component positioned close to the control valve.
The vertical component of the Y-piece permits fraction
collection and is connected to a piece of tubing into ’
which a pasteur pipette is inserted. The tubing is
clamped until fraction collection when the tubing that

-connects with the third bottle is clamped shut.

\ 3

3. Operation of the System

a. General
The system shown merely provides a means of generating a non-

linear, soallow density gredient comprised of 3 to 30% FCS in‘PéS.
The three connected bottles contain differing concentrations of FCS
as mentioned above and the gradient is removea\hx\gravity flow from
“the third bottl:into the stapdt at a rate of approximately 30 ml/min.‘
A total of 107 cells or less per ml are placed in each staput in a
solution of 3% FCS in PBS Once the grad1ent is formed cells are

A sedimented at 4°C for var1able periods (2 5 hours in exper1ments in
this text) after which 15 m fractions are collected from the bottom of
the staput. A1l FCS used in the system is centr1fuged at 500 G for 20

min before use to remove parttculate matter

b. Specific .
(i) The system is arranged as shown in Figure 9.
(11) Bottles #l, . and 3 are filled with 30% (400 ml),

¥

*
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(400 m1) and 5% (50 m1) FCS in PBS respectively. Clamps
"are placed as noted and Bottle #3 is tightly stoppered.
Stirrers operative.
(iii) Dispersed mouse spleen cells in 3% FCS in PBS (concentration
5-10x10% cells/ml). are poured into the bottom of the
_ staput vessel. |
(iv) Clamps #1 andA#Z are released. The flow control valve is
opened and time is noted. %he rate of fluid inf]ux
monitored at 25-30 m1/min.

(v) Time records are kept:

1 - when f1ufai1eve1 reaches top of staput cone

2 - ét beginning of fluid efflux (collection)

3 - when falling fluid level reaches the top of'fhe cone
4 - when collection of'f]uiadéomp}etg.

o

"

4. Determination of Cell Velocity

If cells start to fall from the top of the fluid gradieni and
if the time elapsed before collection of fractions is known, a
sedimentétion velocity can be calculated for each, fraction. Knowing
the vertical depth'ggcupied by one fraction (depth per fraction) will
permit.calculationvbf‘an s value for each fraction. The following |
‘fo;mu]a ﬁs used_on a compqter p}bgrém (Kraft, 1972) which yields a .

i printout with an s value for each fraction: /

60 (Xc - X) D | L
g = . ‘ .
T
.TS + ____Q__ (x-1)
_ Xy ,
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where
L s = sedimentation velocity in ml/min
XE = effective number of fractions collected
X = actual fraction number, e.g. fraction number 3
. D = depth per fraction
T, = staput standing time (hours)
L collection time (hours)
XT = total number of fractions collected
\\ihj}his formula
Xe = X¢ = ¥ where Y = 3 - )
E-°T 22
/
with n = sample volume or loading volume )//,/) '
fraction volume
TS = the time froh vhen gradient liquid (on influx) reaches the t&p

of the staput cone to the time when fluid removal begins, i. e. the time
that fluid occupied the vertical section of the staput PLUS ?- of the ‘
cone time. The cone time represents the time fluid ;pengs f1111hg the
cone until the vertical po}tion'of the §taput begins to fill PLUS

the time fluid, leaving the vessel, spends emptying-from the base of

)

the vertical cone section until the cone is empty.

Tc = time wheri fluid removal cdmmencee to the time when the~top of the'
grad1ent f1u1d reaches the base of the vertical section of the staput
(1 .e. the time requiﬂ.d to empty the vertical section) ‘

Th1s fonmu]a takes into account the fact that the staput

represents not just a cylinder but a cy11nder w1th a cone attached
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Once the gradient is formed and the staput is full, the cells in
suspension initially‘introduced into the vessel are no longer at the
top of the fluid layer:) Cells wi{l have fallen during staput~fi111ng
and will no longer occupy a narrow starting band. Factors XE and D

attempt to determine cell position. Since cells continge to fall

T
during collection, the factor —— (x- 1) is included in the formula to
e T

account for this time factor.
J. The Brunner Assay

Cellular immun1ty induced in vtvo and in vztro was studied with
the aid of an in vitro system measur1ng the cytotoxic effect of
sensit1zed lymphocytes on >1Cr labelled target cells. Inbred fe a]ev
mice_of Balb/c Strain served as donors of mastocytoma cells. The
‘mastocytoma tumor, originally obt&iﬁe& from Dr. F. Wunderlich, Naiiona]
Instltute o6f Health, Bethesda, Maryland USA, was maintained by serial
passage in asc1t1c form. Tumor cel]s were suspended in Lelbowitz
- medium containing 10% FCS (L/FCS) and the suspensions were adjusted to
8-10x106 viable cells/ml. To 0.4 ml of cell suspension 0.05 ml of a
solution of ra&ioactive.sodium chromate (5!Cr sodium chrométe, 1 mCi/mi, -
: .spe;iffc aCtiVity'100-400 u Cifug of chfomiym; Radiochemjcal Centre,
Amersham,_England)lwas‘added; and fhe cells Were;incubatéd_for 30‘
mfnuteé‘at 37°C. The cells were-theﬁfwéshedithree times by centrifu- -

vgatibn'in L/FCS'a Vadjusted'to 105 viéble CeIIS/ml Volumes of 0.5 ml |
©oof reaction m1xtur S containing a standard number of target cells \

:(leo“) and 1x105 of either sensitized or normal 1ymphocytes were

|
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placed in 5 ml Falcon tubes. After nine hours residence in an incubator
at 37°C, 1.0 m of L/FCS was added to each tube, followed by centri-
fugation at 450 G for 7.5 minutes. Taking care not to disturb the
sediments, 1.0 m1 volumes of the supernatant fluids were tﬁgh removed
with a 1 ml pipette. These samples were placed in 74x12 mm round
bottomed glass tubes for measurement of'radioactivity in a well-type
scintillation counfer (Packard Tri Carb Scinti]iation Spectrometer
" model 3002, Downersgrove, I11inois, USA).

Calculations were based on the total amount of radioaﬁgivity
released into the supernatant relative to the total amount of activity
presenf. Total activity was obtained by(counting both supernatant
aliquots and the tube containing the p}gcipitate and remaining super-
natant. ©

1. For each sample the percentage of 51Cr release was calculated

according to the formula:

% supernatant release. = test supernatant release - control release x 100 p

| *!Cr available - control release

Qhére | |
test supéina;ant release = SiCr release in 1 ml of the-superQ
natant tested
_control re]gase;% Sicp release in 1 m1 supernatant of control
| : sample; the coﬁtro]fsamble consisted~df Balb/c,
. ‘or nonreactive; celfs incubated withf51cr»

,,‘QIabelled;BaTB[c masfoqytomd cells over 9?hbﬁrs.
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S1Cr available = the'S1Cr label present in 0.67x10“ labelled

\ , 'mastocytoma cells alone subjected to 9 hours

incubation.

The remaining precipitate, after withdrawal of 1 ml supernatant,

‘was also counted.

In a trivial example:

Supernatant Precipitate

Count " Count
(1) CBA sensitized to Balb/c + SlCr
labelled mastocytoma cells 60 40
(2) Balb/c cells + 51Cr labelled - |
“mastocytoma cells » 10 100
(3) SlCr labelled mastocytoma cells | -80* 35+ .

*1 ml sample was taken after 9 hours mastocytoma cell incubation
- without precipitation

+0.5 m1 sample rema1n1ng after 9 hours mastocytoma cell incubation
without precipltation N

Applying the formula to the test sample of the sensitized

CBA + mastocytoma mixture -

-

60 - 10 50

g:, % release = é-o-———.i—o-'sﬂ 70 = 71.4%
2. However pipetting errors are evident in that supernatant and

f Q

uprecipitate counts totalled, ‘are not equal throughout One can, there-
: fore, for each two values of supernatant and precipitate. determ1ne

~ the percentage of 51Cr released into the supernatant
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(Supernatant Release) % 100

Supernatant . Precipitate
" Release Release

Supernatant Total Release (STR) =

*The 1y factor is introduced since the supernatant counts //

are done on 1 ml of a 1.5 ml mixture of supernatant and

! ’ '
precipitate. .
For the figures given then p
o o
sTR= 460015 . 90 109 - gpg
60 + 40 100
These can be ¢calculated for each test tube. /
3. If the control experiments (mixtures of Balb/c or unresponsive

cells mixed with 51Cr labelled’mastocytoma cells) are considered as

baseline figures, a Converted Total Release (CTR) can be determined

for test samples u51ng the following formula.. . ' o

G Q. .‘
STR (test sample) - Control STR x 100
- 100 - Control STR

Converted Total Release (CTR) =

S or, in tne example noted::

90.0 — 13.6 _ 76.4
100-13.6 ~ 86.4

CTR (test) = x 100 = 86.1% = -
' Expression of ResUlts as.% Supernatant'ReleaSe; %-Supernatant Total: o L
- Release and Converted Total Release reflect d1fferent means of expressing |
'_the release effected by test cells in the Brunner assay The first
nformula 1s most* s1mple and does not take 1nto account p1pett1ng errors,
ﬁ?the fprmula for Supernatant Total Release 1nd1v1duallzes ‘the results for

Lo
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each sample without considering control effect.' The final value,
~Converted Total Release regards the release“ef(ggted by control or
nonreactive cells as a baseline value and compares all samples to thlS

, Paseline | ' | A\

vf : ) _ K. The Hellstrom Assay

The technique used was essentially that described by Hellstrom,
Hellstrom et al (1971).  Mice derived from the same strain (Balb/c)
| that contributed fetal hearts for allotransplantation were used -as
-sources of fibroblast target cells. These fibroblasts derived from
footpad tissue or fetal lung were maintained in tissue culture in
waymouth 3 solution containing 23% FCS (W/FCS): Subsequent to trypsin

removal and reconstitution in W/FCS, fibroblasts were plated 1nto the

~;wells of 2040 Falcon Microtest II plates (96 wells/plate) at a

| . constant number per well in a given experiment Approximately 200

‘ fibroblasts in 0. l WIFCS were plated of whdch approximately 100

i became- adherent to the bottom of each well. After 24 hours incubation
at'37°C this medium was discarded and diluted serum in whole'waymouth‘s
solution (from tolerant or normal mice, quantity 0.05 or 0 l ml) was :
1added for a 30 minute incubation period at 37°C This serum was then
discarded and then 0.1 ml of a spleen cell suspension c0ntaining 1x105
icells in Haymouth s medium was added to each well. After a further B

30 minute incubation an additional 0.1 m of H/FCS was added to each/well"

and the plates were incubated overnight at<37“c Thereupon ail * 5 .al»""?'

-

Vmedium was decanted wells“nere_rinsed tu&ce with Leibowitz solution

fand oells were stained with,erystal violet. Crystal violet was washed
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away by rinsing with water and the plates were dried in the incubator
'~:t 37°C for approximately two hours. 'The plate§ were subsequently

. examined under a microscope for the number of remaining fibroblasts

per wellQ
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- CHAPTER II1I

DEVELOPMENT OF'}HE EXPERIMENTAL MODEL:
TRANSPLANTATIOU OF THE.FETAL yOUSE'HEART
A. 'Intreqution | . e
The 1n1t1a1 difficulty in developing a mode] for studying
\ transplantat1on to]erance was the choice of an a]lograft de common
graft systems have been used in the laboratory, nqmeiyﬁfkiptgrefts in
_ rodents and rehal allografts in rats and’'dogs. Each of these have
particular d1sadvantages Skdn grafting, while techn1callg easy, .
does not penmlt accurate evaluation of graft function and does not. have o
ﬁfa precise rejection end point Renal allografts, on the other hand
can be fo110wed funct on 1y but are tedious to 1mpTement. 1nvolv1ng '
,microvascular anastdmoses, and- are thus fraught with techn1ca1 diffi- —;—f
‘ culties, They are further of dubious value in transplantation " |
; studies since 1ong term kidney survival can be obta1ned in rats allo- -
;“grafted across the major (Ag-B) histocamﬁatibility barrier witiout ' f\wt\\
?;1mmunosuppressive treatment (Sa]aman. ]97] Daniller, 1971) BecauSe ‘ff‘?f”
_fof the obvious need for an allograft system in sma11 anima1s which was :
v; both technica]ly'simpie and’ napid, whi]e'permitting functional eV’Tna\-
;gation, attention was turned/to fetal cardiac allografts as a transpIan~'

tatfon model. Electrocardiography. a-precise measurement of the

persistence of functioning car 1ac tissue. would seem a convenient

means of evaluation "»'L.'{}’ Ll ;fffééeﬁ; ;g)7'{;i'_i'7

‘f;ia; . f”fL¢
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Free grafting techniques have been used to study transp]anted
whole hearts in the hamster (Poor, 1957), chick embryo (Katzberg, 1959),
~platyfish (Weinstein, 1960) and mouse (Conway, Griffith et aZ 1958,
Fulmer, Cramer et al, 1963). Only recentﬁy, however, has the model
received attention as a means df.monitoring transplantation immunity
(Judd, Allen et ai, 1969). These authors transplanted newborn and
. fetal hearts of-indeterminete age and assesSed~the effect of an anti-
lymphocyte Yerum to erqlong visual pu]sati1e3§C¢ivityf Further‘work
in developing this system seemed cogent since the fetal heart bears

transplantation antigens (Schles1nger, 1964; Simmons and Russell, 1966),

is tolerant to hypox1a and conveniently small to work with.

B. Technique of Cardiac Allografting and
Subsequent Evaluation

The origingl technique of neonatal or fetal heart fransp]antation
in the mouse, as described by Fulmer, Cramer et al (1963) was modified.
As shown in Figure 9, hearts are removed from fetal mice in utero,
after 16-18 days gestation by gentle, blunt dissection under a stereo-
microscope. The beating hearts, which measure approximately one milli-

" meter in diameter are placed fn colﬂ (45C) Leibowitz solution. Adult
recipient animals are anesthet1zed by the intraperitoneal injection of
. '6x10'2—mgm7§m.mouse sodium pentobarbital (Diabutal, Diamoﬁd Laboratories,
Des Moines, lowa) diluted“iﬁ Leibowitz medfum. Using a tuberculih_ ]
4syninge'}ﬁth etteched.és gauge needle, 0.1 mlgof Leibowitz solution is
injected subcuianeous]y 1nto>the anterior aspect of the mouse ear, /f
" raising a small fluid filled bleb. This bleb is opened along its

A ]
I3

/

- e
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Techn1que of cardi c allografting in the mouse.

1 - subcutaneaus ear paocket formed by 1n3ect1ng a small
amount ofﬁsal ne

2 - bleb thug,fonwed is opened along-outer margin
3 - insertion of;18-day gestation fetal mouse heart
4 - graft in place. \

(Jirsch, Kraft et al, 1973)
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outer margin with sterile scissors and the fetal heart is introduced
with forceps into the subcutaneous space. Here the 55611 graft is

nourished by surrounding tissue fluid and serum until capillaries begin

s

to grow into marginal myocardial tissue’ some da;s later.

Allograft cardiac function following transplantation is
evaluated primarly by eiectrocardiographg with visual confirmation of
‘graft pulsation through fhe thiﬁ overlying skin of the external ear

(Fighre 10). The limb 1eads of a standard ECG machine (Electronics

' _i-tor Medicine, Model DE 3562, White Plains, New York, USA) with high
R ’ T " \
sensitivity and rapid paper speed (to accommodate 'the mouse heart-rate

of 400-600 beats per minute) are attached to anim3ls momentariiy

anesthetized with methoxyflurane (Penthrane, Abbott Laboratories,

Montreal, Canada) by means of small spring-]oade&_copper clips

‘

(Technical Services Workshop, University of AIberta)A(Figures 11 and
12). A smaller clip is attached to the peribhery of the mouse ear
containing the fetal heart graft and is connected prpximally to the

Vrlead or search e]ecfrode. In this manner, the electrical activity

generated b} both the adult host heart and that.of the heterotopic

—

fetal graft are recorded simultaneousty as-two distinct sgts of inde-
pendent rhythmical electrical activity (Figure'13). Whether or not
a]]ograft”e]ectrica] Jctivity is present provides a stringent and

precise index of graft survival.

C. :Results of Grafting

- Ina series pf 20 adult CBA mice which received Balb/c fetal

heart allografts, 19 jof 20 mice began to show electrical activity on the

A}
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pram ey pae

Figure 10 Fetal heart graft as visualized with magnifi-
cation. The small discolored area represents
the graft in gitu. At higher magnification
pu]‘sqt_:,ug‘_g,gtjyjty, is apparent through the

“6Yerlying skin.

-

e
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MOUSE EAR |
CONTAINING FETAL -,
' HEART TRANS PLANT ~ ' VLEAD
ALL AIR
@ eolReE NOSE CONE |
URC | s
LEADS

LIQUID
. | METHOXYFLURANE

SPRIIG LOADED COPPER CLIPS

Figure 17 Schematic representation of method of anesthesia

- and electrocardiography permitting evaluation of
card1ac graft activity.
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3

Figure 12 . Photograph of an anesthetized mouse with spring
loaded copper clips attached to the extremities
(1imb leads) and a smaller clip (V lead) attached
to the relevant 4&?‘ containing a fetal heart .

gr‘t .

L]




L

F1gure 13 Typical electrocardiogram obtained from a
cardiac allografted mouse

a - elecfrical activity generated by the .

heterotop1c graft
b - adult heart e]ectr1ca1 activity

57
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fourth day following transplantation (Figure 14). This activity fél]
precipitously on the seventh day after allografting due to immune
destfuction of the heart, reflected histologically thereafter as a -
diffuse mononuclear cell infiltrate with gross disruption of myocardial
fibers (see Figurés 15-17). Second Balb/c grafts inserted in either

the séhe‘or opposite ear 6f these mice reflected an anamnestic or

memory regponse (Figure 14). Thus, dn]y 50% of second grafts evér
established electrical activity ahd, in these, rejection was more répid
with major loss of e]ecfrica] activity on the fifth day post-allografting.
Fetal hearts'transplanted into twelve identical strain mice developed
visible pulsation and detectable electrical activity in 11/12 instances.
These grafts did not reject and survived in&efinitely. Visual monitor-
ing of graft electrical activity was most rewardiﬁg in these cases, for
postoperative tissue swelling and bruising made direct observation of-
cardjac activity difficult in the first ﬁeék after surgery. Syngeneic
grafts did not grow to any significant extent, most probably due to

the absence of a work load, but pulsation and,electr%cal activity “

‘persisted indefinitely. 9]



100y INITIAL ALLOGRAFT (BALB-C SECOND SET GRAFT
INTO CBA)

2 X

.\SW*'

.

HEART ELECTRICAL ACTIVITY (%)
]

Qo
P

1 2 34 5 6 7 8 1234567
DAYS AFTER ALLOGRAFT

Figure 14 Primary and secondary cardiac al]ograft survival
and rejection. See text.
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Figure 15 Normal histology of a syngeneic fetal heart
graft after five months heterotopic residence
(Balb/c feta) heart into -adult Balb/c mouse
ear).. Magnification x160; Gomori's trichrome
stain. ’ ' '

'
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-

Figure 16 Represeritative histologic section of a Balb/c
- allograft fetal heart transplanted into the
subcutaneous ear tissue of an adult.CBA mouse.
This section (magnification x160; Hematoxylin &
Eosin stain) reveals a diffuse cellular infil-
" trate with near total destruction of myocardial
. . tissue ten days after transplantation.
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e
Figure 17 Representative histologic section - a Balb/c
fetal heart resident in an adult CBA mouse
~ear after four months. Tolerance to the fetal
%rt was induced by methods described in
‘ pter VI. Note retention of normal myo-

. cardial architecture and absence of a signif-

icant cellular infiltrate. Magnification x100
Gomori's trichrome stain, o
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CHAPTER 1V

~ IMMUNE EXPRESSION AND HETEROTOPIC
. TRANSPLANTATION OF THE MOUSE HEART

The prec{sion with which allograft hearts were rejected
suggested that this was indeed a sensitive transplantation model. It
was dacided to monitor the development»of'ce{lumediated and humdral
immunity ip allograft reeipients at variOus‘intervals followingrgraft
insertion. This would compare the functional sensitivity of the heart

~allograft model with the expression of cellmediated immunity in vitro
h(Brunner,,Mauel et dal, 1968)tand the humgfal expression of graft

\«.___o ’
directed antibodies.

A. Methods.

V. InVitro Assay of Cell Mediated Imunity - .
The Brunner assay has been described Spleen telis from mice
which had rece1ved either intravenous 1nject1ons of Balb/c sp]een cells;

fjggJe or multiple Ba]b/c fetal hearts or adult sk1n grafts were tested
’. %ih' CBA spleen cells were incubated with 5x10" SICr labelled Balb/c
\_.' :

'gtistocytdma ce]ls for nine hours Subsequent Sltr release into the

y

- supernatant was measured L

o

Spleen cells were tested from .
(a) 3 to 8 heart al]ografted mice (Balb/c onto CBA), 5, 7 10

- and 14 days foIlowing heart transplantat1on -
N

e
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. (b) 6'anima}s which had/received flank skin a]iografts (Balb/c
onto CBA; abproximate]y 0.5 cm? area) were 'tested within
10 days of transp]antatioh |
(c) 10 CBA mice which had received two ihjections of 20x106
Balb/c suleen cells 14 days apart . ( o
(d) 4 mice were.given multiple heart grafts;ahd_were tested | A

within 10 days of the final graft.

- 2. In Vitro ASsay of Humoral Immunity : R ‘ -

The deve]opment of humoral 1mmun1ty was assayed using pooled

 sera from normal and heart grafted animals at days 4, 7, 10 and 14 after
| transplantation. The microcytotoxicity tesE;%f Terasakléand McClelland
(]964)'was used. Balb/c lymph node cells, prepared as déscribed in
Chapter 11, were suspended in Leibowitz solution, washed twice in -
Leibowi tz (4506x7.5 minutes) and resuspendéziin McCoy's medfum at a
-concentration ot 2x}08 cells/ml. One 1 of serum was ‘added to microtest
plates (Terasaki miiroteSt'p1ates #3034, fFfsheh borator1es, Don Mii]s, '
lOntar1o) ‘with one alff Balb/c Iymph node ce]]s. After 30 m1nutes |
‘ :(room temperature) 51 of rabb1t compTement !hbsorbed for one Hour
‘against an equal volume of packed CBA erythrocytes) were added to celT
wells, Following one hour 1ncubat1on at room temperature, 5% e951n in | ‘
; .dist111ed water (3 3 A) was added w1th subsequent forma%dehyde—fixation..t

“Percent cell death was then determlhed on the bas1s of dye 1ncorporation

in 51x wells tested per serum sample.



(‘ | ‘ v - - . | |
. . ¥ 65
B. Results

1. Cellular Immunity In Vitro

. Representative experiments from each of the above groups are
. . » . N

v

detailed in Appendix, Section 1. N
-*Spleen cells from mice given'single, multiple or even repeat -
allografts to the ear failed to show consistent;ﬁensitization. Flank
skin a]lograff.recipients‘showed low but consistent levels of sensi--
_ tization within 10 day§ of transp]antatidn. Intravenous immunization
of CBA mice with\Balb/c spleen cells i4 days apart caused a 60% orr

greater rg]ease of SICr.  In vitro sensitization of CBA spleen cells !

’

with Bé]d}c mastocytoma cells also resulted in a large degree of °!Cr

release (49:14%) within a four day incubation period (Figure 18).

~

@

/

2. Humoral Immunftg ,
\ ‘ Results of microcytotoxicity testing are out]ined'in TabTe 1.
’ Norma] CBA serum was not cytotox1c but cytotoxic activity developed
w1th1n four days of transplantat1on. Th1s perststed w1th re}atlvely
constant activity on days 7 and 10 post -allograft insertion. A nFTked
, ‘Jncrease in cytotox1city was apparent on day 14 when jerum, prev1ous]y

andlluted rema1ned markedly cyto;gx1c at d11ut19ns of 1/32 and 1/64

®

-

o Y . e - »
5 .

\i"., R A . C. QfRiscussion -
. ' . ) ‘ e .
) R ,

’ 1.; Cellular Immun1ty In Vitﬁo ~)._ o

-

/

. Jdhe 51Cr re]ease éssay for cel]ular 1mmun1tynwas ev1dent1y

»
0‘

- capable of dete;tmq sens1tlzed sp]een cel]s since. intrlvenous Balb/;

sp1een ce]ls elwcitea'sign1f1cant 51Cr release. TAe a1lografted heart

—_ . . -



66

L
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. !

Figure 18 Comparison of sensitization achieved with hdart graft trans-
plants with other procedures, as determined by the S5!Cr
release assay. (1).Two injections of 20x16® Balb/c spleen

" cells 14 days,apart; (2} in vitre culture of 20106 CBA 1
‘ "~ spleen ce]ls'%‘th‘}xwﬁ 8a1b/c mastocytoha; (3) flank skin
v allografts 10 dayqa;afté',r::émmp}antation’; (4) multiple ear .
_heart allografts “10"days affer frinsplantation; (5) single
“/.7ear heart allografts 10-days after transplantation. "

1 ~ - . ‘ E . u-“ \'
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- .

Cytotoxicity Value

(Each Figure Represents

One Well)

Normal CBA Serum 111
4 Days Post Balb/c Graft 666 ch 4 //
7 Days Post Balb/c’ Graft 466666 o
10 Days Post Balb/c Graft 666666
14 Days Post Balb/c Graft* 88 8 .

]
Legend: 1 - no cytotoxicity-
' 4 - cytotoxigity >10%<25% cells
6 ~'cytotoxicity >25%<90% cells
8 - cytotoxicity‘gggz,ceyls~

"14 day serun diluted to,1/64 still positive -

(eytotoxicity value = 6)- ',
f} ) t

£

™ ~T : T

/

TA&LE 1 - Cytotoxicity of CBA.serun for Balb/c lymph node cells in
: normal, and Balb/c allografted animals._. At,intervals.
following transplantation whole sepa,'poo1gd from four
- animals sacrificed .on appropriate days, were assayed for .

Cytotoxic actiyity against Balb/c ‘l1ymph node cells in
the presence df rabbit complement. *

!
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however, failed to elicit meesurab]e sensitization. These results were
confirmed by Kraft (1972) using an immungoinhibition technidue similar
to that described by Hirano @and Uyeki (1971). In this assay the
secondary in uztro respdnse of CBA spleen cells to sheep erythrocytes
can be inhibited by the addityon of Balb/c cells sensitized against

CBA alloantigens. U51ng”h1ce from the test groups subjected to the

>ICr release assay, no sjgnifi nt inhibition.was obtained-with spleen

cells from cardiac allograf ed animals, s indicates that the heart

A S

graft model is a moremsensitfve indicator transp]antvrejection than
two current in vitro assays forvce]]u]ar immuni ty,

The lack of sensitization with feart a]lografts cou]d be
attr1butab1e to antigenic differences éetween heart tissue and the
. target celis used in the in vitro assay®y as suggested by the recent
data of Barker Lubaroff et a7 (1971) or to the relatively small and
locallzed amount of tissue transp]anted If antigenic differences
between the sens1t1z1ng tissues and target ce11s do not explain the
* lack of cellular 1mmun1ty observed, current assays for ce11u1ar 1mmun1ty'

(
£

may be too 1nsens1t1ve , . *

2. Humdra] Immunity In Vitro s

Cytotox1c activity in the sera of a]]ografted anlma]s was pre-
sent four days’ f0110w1ag~tranSp]antataon. At the t1me of overt graft
reJect1on (7 days as assessed by e]ectrocard1ography) however, there
was no abrupt‘h1se 1n'Cytotox1c potentlal Two weeks fol]ow1ng
xransplantation marked humora] cytotox1c act1v1ty was present 1n the
serum.~ Ft 1s poss1b1e that at the t1me of observed graft reJectlon.

i

LY
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the majority of cytotoxie antionies hadvbeen absorbed by the allograft,
and were not present in sera for assay. In other wllﬁs evaluation of
humoral cytotoxic antibodies did not correlate with graft rejection.

Electrocardiographic-evaluation of graft fﬁnction thus appears
to be a mQre sensitive indicator of transplantatkon immunity than
either (1) an in vitro assay for cellular immunity or (2) serial

evaluation of cytotoxic graft directed antibodies.



CHAPTER V- -

EARLY ATTEMPTS AT.TOLERANCE INDUCTION AND ENHANCEMENT

e
A. Antigen-Antibody Injection Im Vivo

The molecular model for tolerance established by Diener and'~
colleagues in vitro suggeeted that administration of alloantigen
and appropriate antiserun in vivo deserveq trial. For this pur‘pose' _—
Balb/c erythrocytes col]ected in A]sever S so]ut1on and washed 4 PB&,
were used ‘as a convenient antigen. An homologOUS CBA anti Batb/c
serum (prepared as described in Methods, HAT 1/1024) was used as an__
ant1serum to administer 1n serial d11ut1ons after adm1n1strat10n of

antigen, in an effort to determine whether there was a cr.t1ca]_nat1d ,
of alloantigen to antibody which would render recﬁpient‘animals |
tolerant. H ‘ | " | _ o

The fermat of the exper1ment is depicted in Tab]e’Z CBA

4
adu]t mice were g1ven 1ntraper1tonea] 1nJect1ons of 4 106 Balb/c

¢

erythrocytes in PBS every second day for one month To appropr1ate :

»

‘groups 0.1 ml of 1og 10 dilutions of ant1sergm_were added thereafter .

‘ (also 1n3ected 1ntraper1tonea]1y) After 30}d3y5 of thlS pretreatment

~all mice were grafted w1th a Balb/c fetal heart 1n standard fash1on

. In br1ef, none of the a11o§!afts surv1ved Tonger than seven days; the .

. f?smaJorlty were rejected within five da§s'0f graft1ng or ¢ d1d not . =

N S
' - <

.deve]op graft e]ectr1ca1 act1v1ty at all This was not altogether

#
unexpected. Ihe dwfferentlal mechanrsms of ant1gen and¢ant1body
.t . - . ) . . -A— .
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\

: l ﬁetiproca] Titer (HAT) of

“ Intraperitoneal of, Homologous Antiersum Animals
“Group Antigen q2d Ad%1n1stered Thereafter Per Group

A . 4x106 Balb/c RBC 1000 C 5

B ... ! . 100 5

C " - 10 5

D _ " . : 1 5~

E . PRI : C o0 . 5

F Lo S [ 5

G " A 107° 5

1 4 ‘ ) .
H " ' v \__ ANo antiserum - 5
/. BN N — ) .
J . No antigen “ 100 ' 5

/

TABLE 2 - Ant1gen -antibody pretreatment of CBA mice.. Groups
A mice were given separate intraperitoneal injection ’
washed Balb/c erythrocytes and serial dilutions CBA anti
Balb/c antiserum (Hemagglut1nat1on Titér = HAT) every second
day for one month prior to insertion of a Balb/c fetal .
_cardiac allograft. .Control groups received, respectively,

antigen (erythrocytes) but no antiserum and a representative

dilution of ant1serum w1thouu erythrocytes
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capture in vivo, with the problem of non-uniform dispersal of either,

likely precluded the events possible in pitro and resulted in sensi-

”

.B. Transplantation Antigen In Vitro

_ The availability of a sma]l‘quantity of purifjed Balb/c H-2
antigen (courtesy of Dr. S, Nathenson, Bethesda, Maryland)'prompted
in vitr; testing analogous to the POL-anti POL experiments. To 25;106
w‘\ashed‘CBA spleen cells in 1 ml of MEM/10% FCS, 0.1 ml of the protein

transplantation antigen was added. Serial dilutions of rabbit anti

-Balb/c antiserum (prepared as described in Methods) were added to

ebpropriate cultures as depicted in Table 3. After 24, 48 or 72 hour

incubation in Marbrook f1asks 1!511 cu]tures were harvested and 10x106

“‘v1able ce]]s from each group were 1nJetted into (CBA x Balfy Fl animals

subgected to lethal 1rrad1ation Appropr1ate CBA ce]] samples of
culture flgsks were 1ndependent1y used and subjected to the sheep red
celliinhibition assay (Diener and Kraft, 1972). When 1nJected into
1rrad1ated animals. graft versus- host death resulted within eight days
This exper1ment was repeated many t1mes and homologous |
(CBA anti Ba]b/c) ant1serum was used in several added attempxs. Ai no |

‘g

time was there evwdence for to]erance induction in vitro US1;'gthe ;

"o

_pur1F1ed H-2 ant1qen available to us. A]thougﬁ the transp?an t1on"

'anthen avallab]e was effectxve (1 e.” 0. 1 m] of 100 ug/m1 samp]e added

ﬂto CBA ant1 Ba1b/c 3nt1serum HAT 1024 wou]d reduce the tqter fourfold)

_ the purity of thé proté1n was unknown "The heterogene1ty,of this '\f‘,’
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> ,

5 — ‘
. . - Irradiated (950R)
Purified Balb/c - Reciprocal Titers (HAT)  Animals
sH-2 Antigen of Heterologous Anti Per Group
Group _ in ?Eﬁigf’\\‘ Balp/c Antiserum (CBAxﬁalb/c)Fl
A 1 g 1%00 | 5
B o . 10,000 | 5
' q
C L 100 A 5 .
D " e 10 ) 5
. VI |
E " 1 "5
F o107t | 5
- \ ) ‘
- -
G 10 ugY - :'.{fi‘kr . . 5 N
H 1 ug ) !ﬂ Coe- 5v ,
J -- " 100 5
K - -- ' 5
* \ A‘
. - . ‘
TABLE 3 - In vitro treatment of CBA spleen cells with.transplantation
" antigen and antibody. 20x10° CBA spleen cells were exposed .
to micrdgram quanttties of Balb/c transplantation antigen ~°*
and serial dilutions of -heterologous anti.Balb/c antiserim.
Following 72 hours incubation - 10x106 harvested cells were
- injected into irradiated animals to determ1ne'graft-versus-
. host kiTler act1vﬁty» A T :



74

%*

mixture may have precluded the antigen-antibody lattice formation

necessary for tolerance induction in vitro.

C.. Enhancement Studies

)

The successful enhancement studies with rat kidneys prev1ous]y
referred to prompted testing of the fetal heart in this regard
Accordingly, 18 day (CBAxBalb/c) F, hearts were transplanted” into

. . - v
Balb/c adult recipients. Eight animals received 0.5 ml_whole CBA anti

Balb/c serum (HAT 1/1024) intravenousl}.upon'éogei\f;pﬂ/Of grafting,
and 0. 5 m] intraperitoneally’ ;;11y for the first four days after surgery .,
Graft surv1va1 was not significantly prolonged. O0f six graftsfwhvgn
developed e]ectrlcaI dctivity five ceased to functidn‘on the eighth‘f
postoperativeyday and the remaining graft succumbed op the}tenth déi
following surgery. This .regimen was roughly comparab]e,gé that used’by
French and Batchelor (1969) in securing permanent renal survival 1nL%§v’
rats given an'(August X AS) kidney That the ant1serum adm1n1stered-to

these animals was of minimal tox1c1ty was demonstrated in a further
'g_

instance explor1ng the poss gdlrﬁyﬁgf a. pghﬂpheral enhancement effect

" Eight fetal hearts were‘pi‘ iéd i, qﬁralco tube contammg MEM/10% ch

to which suff1;1ent homologous anfi&erum had been added to establ1sh

. a HAT of’l/lOO "After eught hours 1n¢ﬁbation at 37°€ al] hearts were

beating rhythm1ca11y These were subsequently a1logr§fted but under-
went a normal neJect1on pPOfI]e The general va11d1ty-of enhancement
faﬂure with @gns approach has recenﬂy been tonfmned, Svehag and

Schi]ling (1973) found sﬁgnif1cant prolongatlon of neonata1 spl1t

cardiac allografts in the mouse,. dependent upon r jpient 1njegtion f

.;*o
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“with F(ab), alloamtibodies (thus devoid of cytotogié potential) along
with prednisone. - . ’ .

The failure of antigen—ahtibody mediated tplefénce induction
in vitro and in vivo, the current state of purificafion o% transplan-
tation antigens and the faiidre of enhancement studies prompted the
approach to-tolerance induction outlined in subsequent chapterst
‘ Although somewhat disheartening, 1nit{a1 failures atlspecific,inmuno-
suppression with the fttal heart graft model served to dgzunenf the

réther;stringent requirements of the system. . :
‘ ; . . :
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CHAPTER VI

I3

. HEART ALLOGRAFT SURVIVAL AND VELOCITY
SEDIMENTATION CELL SEPARATION .

’ ‘ ' e e
S -+ A, Introduction -
Lymphoid cells have a limited ‘Tife span and the immune system -
must be pennanently replenished by’ bone marrow stem cells. Th1s requ1res
the cont1nuous development of new 1mnunocompetent cells as a result of
fé’é’somat1c mutatlon, implying that self- reactive clones are generated as '
part of the process ensur1ng recogn1t1on of a large number of different
antigens The general lack of self react1v1ty'1s probably acquired by
B those lymphocytes which happen to carry recogn1t1on sites qomplementary
to a self antigen. Although the actual mechan1sm of self tolerance is
unknown, ev1dence suggests that it must occur before the’ relevant cells
:’.have reached complete 1mmunocompetence

Th}s suggests that tolerance induction may be attempted follow1ng

the rat1onale deplcted 1n Figure 19.. Lethally grrad1ated (950R) CBA _ ?
/ mice will die w1th1n a few days from hematop01et1c failure 1f they are ;
ifenotoreconstituted wlth syngeneic bone marrow. Cons1der two groups of -
‘”mice transplanted with Balb/c fetal hea‘ts just fol1& irradiation f

at’a time when they are immunologically ncompetent If ‘the. flrst L
Y grigp of mice are reconstituted w1th wholé\bone marrow. wﬁlch includes

: both stem cells and imunocompetenttcells and the second lgroup recelve )

' stem cells albne, the fate of the allografts 1n each tase-w1ll I o

__‘ T M“"'

- o : T
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Figure 19 Repopulation of an irradiated heart allografted -

L animal with syngeneic bqrie marrow eventuates ‘in
allograft rejection. lRepopulatiqn with' purified
hematopoietic stem cells should induce tolerance I
in stem cell progeny with cardiac allograft )

" survival. oot L -

ﬁ i o . : ] ‘a

L4
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theoretica]fy, differ. CBA graft rec1p1ents g;/en syngenelc whole
P

marrow'\ should reject a Ba]b/c heart dﬂheto the resence of 1mmunocompetent

lymphocytes in the reconst1tut1ng marrow. HoweveF, 'Ba1b/c hearts placgd
\\1n CBA recipients 1njected with hematopoietic stem. ce]ls alone should )
sutyive indefinitely, becoming permanently accepted as self as prolif-

eration and differentiation of stem cells in the presence of ‘antigen

determines tolerance g ’

.
]

The prob]em revolves then, around,the isolation of the pr1mord1a1 K
stem celd and exc1ud1ng it from fmmunocompetent ce11 progepy. - Quite °

_apparent]y this approach to exper1menta1 tolerance 1nduct1on ;slre1evaﬁ!

to the clinical and Iaboratory prob]ems seen in graft-versus- host -
L d1sease In al]ograft1ng§qyole marrow or other Iymphojd t1ssues the*
_ 1mmgnocompetent cell ineculum recogn1zes foreign ant1pens adﬁ mounts an
'1mm;§e’response Spec1f1c deletion_af 1mmunocompetenh cells- has for‘

this reason a]one become a pr¢m1s1ng experimenta] deve]opment

Pharmacologac agents may be useful in thws regard ImmunoA -

’

competent cells can be st1mu1ated by nonspec1f1c mitogens soch as

SOV

.,phytohemagglut1n1n (Nowell 1969), concanava11n A (Kn1ght and Th rbecke,

’

k ,‘971) or by SP€C1f1C transplantatwon ant#gens (Re1sfef" |
iz, Degan1 et al, ]958) Consequent pr011feratlon ?-, n_<77-$’ ?
.- them suscept1ble to phanmaco1og1c attack by agents which int
,"9"“31 nucleic acid synthesis and results in‘%he spec1ficlf1,m,nat,onj

_of responsive cells * In recent experiments both radibactive trit1ated |
ﬂthym1dine (Sa]mon, Krakauer et az 1971) and 5-bromoggoxyur1d1ne (BuD$451 -_—

K
-The author s exper%ments in thlS regard are docuMented 1n Appendix
Section II

.b-. L *;
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Zoschke,and Bach, 1971) have been used to se]ect1vely remove st1mu]ated

(immunocompetent) lymphocytes in vitro. Cell cultures.treated .1th.qyto-
‘A‘ .

'tox1c agents act1ve during cell d1v151on will, at an appropriai% dosage

A

1eve], retaln stem tell activity, This is so because stem cells diwide.

rather slow]y and remaih v1rtua1]y unaffected (Bruceu Meeker et al, 196@;

t
3

L&jtha, 1967)
More extensive, however, have been experiments designed to pur-
1fy bone ‘marrow stem cei]s by phys1ca] means. These have been hased on

d;fierences between 1ympho1d cells w1th respect to svze (M111er and

A (Rhl]]}ps, 1969) and den51ty (Turner, S1m1nov1tch et al, 196?°'Norton

McCulloch'et aﬁ 1969). The exper1ments of Ph1]11ps and Miller (1970)

demonstrated that cells in mouse and bone marrow and spleen which were
)}
capablr of graﬁt«versus Hbst act1v1ty cou]dee def1ned as a popu1at1on of

£ ’ { <
/

,'§ﬁi]1, s]ow]y sed1ment;ng ce]]s which fell through a feta] calf serum

+ L

g?ad1entuw1th a rate of moda] dvstr1but1on of, abbut 3 mn/hr, Stem cells,
or c§1ls dpf1ned by tHe1r abtWity to farm hemat0p01et1c ¢olonjes in the 4
spleens of 1rrad1ated m1ce (Ti11 and McCu]]ocH 1961) tended to be lar-
ger'JrV%1ze and sedimented more-quickly (figure 26). Afthough c11n1qe]}
trials with bone marrow subjected to separdtion pcocedures[(Speok, Pooren

i

et al, 1971) have enjoyed only 1imited success, it was decided to test

" whether stem ce]lsrcbuld be'isolated from-immunocompetent oe11s. The

- y ( .
assay system (graft-versus-host activity) of Phillips and Miller (1970)

. permitted only short term assessment of cell reactivity; reconstitution

of the irradiated allografted mouse wouid permit long-term evaluation of
the effect of cell separation. Stem cell purification would, apparently,

permit reconst1tution .of a Iethally frradiated mouse with acceptance as

e
-

"setﬂ of an allogeneic fetal heart
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Figure 20 Velocity sedimentation cell separation of mouse

80
" N
60 |-
40+
20
AW AN L oo 1 )
0V 23 s e 7 s o
SEDMENTATION \{ELOCITY (rn/he)
, ’
rd

W

bone marrow and spleen: the modal distribution
of {mmunocompetent (GVHD) and stem (CFU) cells.

Purified stem cells. sediment most rapidly and .

may be separable from tmmunocompetent cell
fractions. S

 [Adapted from Miller and Phillips, 1970.]
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4;3i According]y, CBA mousé marrow and spleen were subjected to

.cell separation on, the basis of veloc1ty sedimentation. Fractionated y
{
hematopo1et1c t1ssue was then used to reconstitute syngeneic irradiated

and~heart.allografted mice.

B. Methods A

- 1. Cell Sepéggtion
| {The technique of velocity sedimentat}on ce11lseparation has been
described. After sed1ment1ng the cells for 2.5 hours at 4°C, 15 ml
'fract1ons were cogiefted Fract1ons Q;;e pooled on the basis of

‘ caqu1ated velocity of sedqmentat1on values as 1]1ustrated in F1gure
21. Th1s separation has been independently applied to the study of
nnnunocompetent cells by D1ener, Kraft et aZ (1973) and found to g1ve

similar values ‘to those descrlbed by M111er and Phillips (1970)
\,

2. Reconstitution of -Irradiated An?ma]s o

Mice were reconstituted one day aften:irradfatioh'(QSORj~witn an
intravenous injection of lymphoid ce]ls Reconst1tutrng 1nocu4a of

“1ympho1d cel]s consisted of (a) unfrac 1onated bone marrow. (b) unfrac-

tionated bone marrow plus sp]een cells. (c) unfract1onated marrow p]us ‘

fract1onated spleen cells, and (d) fract1nnated sp]een Cells

73: Heart A]lograft Insertion and Subsegyent Evaluation

On the. day of irradiation CBA mice were transpianted n1th a
Balb/c fetal card1ac graft to the right ear as described in Chapter II <
_-In initial experlments loss of fetal heart\act1v1ty in 1rrad1ated
repopulated mice did not occur in the f1rst several weeks fo]low1ng

o
rgraft 1nsertﬁon For this reason, and to permit an1ma1i‘££523eover

4
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VELOCITY (mm/ hr) .

. A typical velocity sedimentation distiibution profife of:

A - Normal spleen nucleated cells. A pobled sampie'of
300 million total cells, from two mice, was applied
in 30 ml 3% FCS PBS to the staput.

" B - Normal ‘bone marfow non-erythroid cells. A pooled

. sample of 90 million cells from three mice was
applied in 15 ml 3% FCS PBS. ,

" The dotted line encompasses the velocity ranges used for

.. pools of: a - small, b - medium,.-c - large cells. G

Fraction a contains the majority of 1mmunocompesent ce11s, .
fractions b and c are sten‘ce11 rich ‘ o

i
* »
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from irradiation,'electrocardiOgrepny was first performedﬁtWO wedks .. ¢
. . % %

after‘a]]otransp]antatiﬁn Those animals in which. grafts had "taken"

and euh1b1ted\e1ectr1ca1 act1vity we? then fo]lowed by ser1a1 e]ectro—

card1ography at one week intervals.

. .

" C. Results
1. Whole Marrow and’ Spleen -
When 1rradiated CBA mice were reconstituteL‘th 0.1x108

Co_ ke
syngenexc bone marrow cells, the mean rejection time was four weeks
(F1gure 22A) Since rejection was presumab]y due to the presence of

mature }mmunocompetent cel]s (ICC) in the 1noculum, similar experiments

o wére then performed add1ng 2x106 (or a twentyfold 1ncrease) of

1

syngeneic spleen Ce11s to the marrow inoculumi The add1t1on of sp]een
- cells, :nown to contain a larger proport1on of‘ICC than bone marrow
did not, however, increase the rate of al]ograft rejection (F1gure 22A)
In f}et/’in further exper1ments, repopulat1on of an1mals with 10x106
20x106 and 50x108 5p1een cells did- ﬁotweppear to affect the ability of
: al]pgrafts to survive <n the four week 1nterva1 fol]owing transplan-
tat\on Cell separation experiments were thus 1ndicated to proof/the
spec1f1c effects of ICC and stem cell enr1ched fract1ons i the regection

| process.

2. fFractioneted ﬁarrOW and4§p1een ' S

Reconstitution of animals with 0 1x106 ICC enriched bone- '

marrow (Figure 228) was no more effective 1n rejecting the allograft

”~ heart than other fractions presumably devoid of these cells. This

'suggested that celTsother ‘than’ mature ICC were involved fﬁ‘graft

.
)
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PERCENT GRAFT SURVIVAL -
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.Figure 22 Cardiac transplant-survival in mice lethally ixradiated, °
allografted and reconstituted with hematopoietic tissue:

A a-Unfractionated 4bor.1é‘ marrow
(0.1x706 cells; 33 mice)
" o-Unfractionated bone marrow plus’spleen ' N
' (0.1x105 bone marrow cells; 2x106 spleen cells;
’ 15 mice) o L :
‘ . B D-FrjaCtidn'ated b:)‘ne ‘mar'-ro;l small -"ceﬁs’
4 -~ (0.1x108 cglls; 27 mice) 5

O—Fractidnated bone mar"row, medium cells
(0.1x10% cells; 20 mice) R

- e-Fhactionated bone marrow, large. cells
(0.1x106 cells; 36‘mice) T
? o
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reJect1on in this system one poss1b1]1ty being that ICC precursors

" Wwere present i the bone marrow 1nocu1um in the stem cel] r1ch
sed1mentat}on fract1on When stem cell r1ch fractions of sp]een, either
a]one or w1th bone marrow, were used to repo7u1ate allografted mice the
results -were qu1te d1fferent (Figure 23A&B). . Grafted animals which
recelved only the large or rapidly sed1ment1ng spleen cells maintained
their grafts ]onger than rec1p1ents of bone marrow alone. In add1t10n,
this hlgh ve]oc1ty fraction"gave evidence of 1nh1b1t1ng the rejection *
process since three.animals carried functional al]ografts Tonger than
four months fol]ow1ng reconStltutlon with both large spleen cells and
bone marrow S1m1]ar]y, reconst1tut1on of irradiated animals without
syngenelc bone marrow but with large spleen cells a]one permitted four of -
17 heart grafted anima]s to retain allograft function up to 12 weeks

post 1rrad1at1on S1nce mice_which had successfully ma1nta1ned an

' allograft heart for 12 weeks post/)rrad1ation and reconstvtut1on did -~
" not subsequent]y reject the allograft they were eons1dered, 1n effect,
tolerant of their allografts, Such animals are referred to, in sub-

sequent experlments as tolerant mice. ~
’-
D. D1scuss1on

"The 1n1t1a1 f1nd1ng ‘that syngene1c~bone4na row. cells 1n very

?small numbers used to reconst1tute a CBA mouse su ected to 1rradiation

and card1ac a]lografting eventuaily lead to reJ tion allows several
' p0531b111t1es The cells wh1ch u1t1mate1y Cause reJectlon may have
.been mature ICC,~ *present in smal] .numbers 1n th bone marrow 1noculun. |
‘whith;reQuired~4-5 weeks for suffiéient‘clonal eXpansion to‘reaect the

N N S
. L . .
u‘.i . L ‘
. B @
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Figure 23 Cardiac transplant survival Yn mice lethalf;
irradiated, allografted and reconstituted
with hematopoietic tissue:

~ A—- Unfractionated bone marrow 0.1x106 cells plus
.+ 0-2x10° small spleen cells (17 mice)
0-2x10® medium sized spleen cells (14 pice)
®-2x105 large spleen cells (10 mice)
B e-Large spleen cells alone (2x106 cells; 17 mice)

\ ¢ . o
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? v .
. the graft. Alternativély, theémajority of ICC, present at the time of
rejection, may‘have been differentiatinn;products of precursor cells in’

one marrow. Since the addition of 22105Asp1een cells to-the recon-
;tifuting inoculum did not accelerate graft rejection: the small
nnmbers of ICC in bone marrow at the time of reconstitution were
apparently not a limiting factor. Indeed, veTacity sedimentation~of'
bonhe marrow shawed‘that the ICC enriched fractions of marrow were no
more eﬁfieient at rejecting the‘graft thanAthenfasterisedjmenting, stem
cell rich fractions. The situation wiﬂﬂ'sbieen cell reconstitution was
different. Irradiateq mice which received only the large or rapidly -
'sedimenting spleen cells {without bofie marrow) showed allograft
surviva? eignificantly 1onger than in necipients of whole or fraction-
ated marrow. In addition, the high velocity spleen cell frattion gave ;
evidence of inhibiting the rejection process, since tnnee of ten anima]i
carr1ed functlonal allografts 1onger than four months fo110w1ng recon-
stitution with both large spleen cells and whole bone marrow. In
contrast then, bone marrow cells permitting allograft rejection were
spread over the entire range'of velocity sedimentation va1nes‘invest- j
}igated but sp]een ce]]s d1ffered the 1arge cél] fraction: thereof
prolonging a11ograft funct1on with permanent graft survival, (>12 weeks)
in 25-30% (7727) of an1ma1s. Immunocompetent precursor cel]s may thus*
'Be preaent;in the high»Veloeity eedimentation fractionkpf.bone'marrbw
and absent in spleen on 'aTternattvely, a class of large spleen cells.

-which is absent 1n bone marrow may be 1nh1b1tory, promot1n§ graft

survival, , " g Coe



. ) " CHAPTER VII

- IMMUNOSUPPRESSTON AND ALLOGRAFT SURVIVAL

)

A. Introduction

In the previous chapter it was shown that card1ac a]lograft \\\\
reJect1on in an irradiated animal repopu}ated with syngeneic marrow
occurs within four to f1ve weeks Apparently ;1th1n th1s t1me-1nterval
" sufficient 1mmunocompetent cells are generated to destroy the a]]ograft
‘heart. Since pro?onged graft survival has prev1ous]y been noted in
renal a]]ografted r%ts treated with (1) homologous antiserum (French
and Batchelor, 1969; Stuart, Saitoh et al, 1968), (2) short term anti-
iymphocyt1c serum (Guttnann, Lindquist et aZ, 1969), these modallties .
could, conce1vab]y; prqduce long standing graft survival in the
irradiated mouse model. It is to be noted that }ong standing graft
surv1va1 w1th e1ther ALS or homd]ogous antisera has been routinely
documented only with F, to parent renal a]lografts in rdats and, ~—
ocoasiona11y, with can1ne k1dneys transplanted across an. indeterminate |
hlstocompat1b11yty barrier (Shanf1e1d Nolf et al, 1973) |

- The possib]e influences of homologous graft dlrected ant1sera
>héve been.descr1bed prev1ous]y Ant11ymphocyte globulln preparat1ons
are Tess spec1f1c in the1r effects but have demonstrated a var1ety of
| immunosugpressive activi es. They may destroy, most part1cu1ar1y,
“the c1rculat1ng 1ymphocytes (Levey and Medawar, 1966 James, 1967),

\

.render lymphoqytes 1mmunolog1ca]1y 1nact1ve (Boak Fox et az 1967) or'f

i F- L \ ‘ . . . VI.
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coat lymphocytes, effecting thelr s bsequent removal from the c1rcu]at1on

(Martin and Miller, 1967). ‘ )

The purpose of the investigations descr1bed in th1s chapter was
to 1nvestvgate whether or not dlfferent ant1sera given in short term
. discontinuous fash1on cou]d deter the norma] re3ect1on response and
: produce long term card1ac a]]ograft survival. ’The model system agaln
employed CBA mlce wh1ch were 1;tad1ated (950R), cardiac a]]oqrafted and

reconst1tuted with 0. }x106 syngeneic bone marrow cel]s

»

B. The Effect of Different«AntiSera

V—

1. Horse Anti Mouse Ihymogyte Serum and Glpbulin

Duringhdrradiatﬁon recovery mice were injected with 0.05 m1 -

HAMTS intraperitonea%ly\(lP)_at wéeksiz, 3, 4 and 5. The dosage of

HAMTS (Hemaoglatinin titer 500 ,000) was selected emp1r1cal]y as the
‘.m1n1ma1 amount which would permlt surv1va1 of the irradiated mouse.

The stem cell tox1c1ty of such pr%Parat1ons is well documented (Gal]agher,

R1chie et al, 1972) and may, in fqtt be removéd by absorption with

sp}een cells (Trent1n and Judd 1973) The exper1ence w1th a small

group of mice treated w1th HAMTS (ngure 24), demonstrated however,

that long term surv1va1 could be obtalnedgnlth whole serum. A larger

/‘

/) group of 45 mice w .treated WIth the Tess toxic IgG (HAT 500 000)

preparat1on adnlnasteted IP 2 m] once weekly e1ther at weeks V4 and 3

“or weeks ‘2-5. Much the’;ame 1mmunosuppress1on was obta1ned in th]S
gr0up of an1mals.'with 17% of an1ma1s bear1ng grafts beyond the twelve

"week per1od The i undsuppresswon obtatned wi th HAMTS IgG 8 weeks o
s ) “

"‘fgfflh~

., .' -"0.{4{-‘" £ - » . : > Ny e

L



-

100
-

50+

PERCENT GRAFT SURVIVAL

\
Figure 24 Effect of horse anti mouse thymocyte serum (HAMTS)
oo . on.allograft survival. CBA adult mice were T
» . irradiated (950R), allografted with a Balb/¢ fetal
- heart and reconstituted W th 0. 1x106|syngene1c\bone
marrow cells.. -

- B0.05 m1 HAMTS 1ntraper1toneal 1n,je tion weeks
o 2, 3, 4, 5 post rrradiation, 5 mice ,

. ®0.2 m{ HAMTS IgG one intrapéritone 1 injection - r |
‘weeks 2 and 3-or weeks 2,'3, 4. 5 ost irradiatwn, a

* 45 mice

s === normal pattern of rejection withou treatment, :
s 33 mice A

At 8. weeks post irradiation the 1mnu suppression
“~obtained with HAMTS IgG treatment 1 s very significant '
(p<0 001, x2 test) - R L

-

5&&:’,
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post irradiation was very s1gn1f1cant (p<0.001) compared with fon-
treated control an1ma]s. e * - '

e ) v
2. Rabbit Anti Balb/c IgG

Antiserum prepared im rabbits in response to_inatétions of -
Ba]b/c mastocytoma cells was used to obtain a rabblt ant1 Balb/c IgG.
(RAB 19G) preparatlon In an initial exper1ment three animals treated
with 2.0 m] of the IgG preparation (IP’injeetion weeks 2-5) retaineqv
indefinite allograft activ%tyz Further‘preparatioﬁs were not as effec-
tive, however. The grapﬁ depicted in Figure‘ZS"iépa'shmmary of sewen‘
‘subsequent experiments depicting the loss of aliograttffunction in 84
animals demonstrating initja] cardiac aotivity.~ The hemagg]ut1nat1ng
'v act1v1ty of thése preparations was. comparab1e to that of tRe HAMTS IgG
but a larger-volume (2 0 ml) was adm1n1stered on weeks €, 3 or 2, 3,
4 and 5. The, act1vity of RAB IgG was much 1ess potent than HAMTS 149G,
andrgnly two grafted anﬁmals retained a]lograft act1v1ty beyond twelve’
- s

'weeks post 1rrad1at1omﬂ | o . _ 3 oL

‘v

3. Effect.of CBA Ant1 Ba]b/c Serum, Igﬁ and LgM

\ - The 1ntraper1tonea1 1njection of 1 m] of whole CBA anti. Ba]b/c

serum (HAT 1512) at weeks 2 and 3 post irrad1at1on 51gn1f1cant1y
. &
_preVented re3ect1on in 18~an1mals but on1y during the period ‘of adm1n—'

,1strat1on (Flgure 26). Administrat1on of 0.5 ml of the 196G fraction
of this serum at weeks 2 3 4 5 was. not markedly effective but did.

' e
‘produce one long term graft bearIng animal Adm1n1strat10n of the IgM
» .

’tfract1on in ‘the same manner was 1neffect1ve

\ :
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* . :
25 Effect of rebbitanti Balb/c (RAB) Igs) on allograft’
’ survival. CBA adult mice were irragfated (950R),
allografted with a Balb/c fetal heart and recon-
ted with 0. 1x10% syngeneic bone marrow cells.

’ @ 2.0 ml RAB IgG intraperitoneal injection weeks

. ‘ 2, 3 or 2, 3, 4?post -irradiation; 84 animals

——- nor‘mal pattern 0 regectmn without treatment;

33 animals,
At 8 wegks post 1rrad1at1on the mnunosuppresswn

obtained with RAB- "IgG treatment is not s1gmf1cant
(x2 teSt); ‘ v ,

« s . ' /
N P ,
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Figure 26 Effect of CBA anti Balb/c serum, IgG and IgM on allograft

- survival. CBA adult mice were irradiated (950R), allo-
grafted with a Balb/c fetal heart and reconstituted with
0.1x10% syngeneic bone marrow cells. y

D1.0 ml CBA anti Balb/c serum intraperitoneal injection
weeks 2, 3 post-irradiation; 18 animals

A0.5 m) CBA anti Balb/c IgG intraperitoneal injection
weeks 2, 3, 4, 5; 5 animals ;

©0.5 m1 CBA anti Balb/C IgM 1ntraper1tonea1 1nJect1on
weeks 2, 3, 4, 5; 5 animals

- nonnal pattern of rejection without treatment; 33 animals

At 4 to 6 weEks post irradiation the 1mmunosuppress1on
obtained with CBA anti Balb/c serum treatment is
significant. (p<0.01; x2 test) .
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C. Regopulation of Thymectomized Animals

Ten CBA mite‘were adult thymectomized (Miller, 1961) one month
prior to irradiatidn (950R), cardiac ellografting and repopulation with -—
syngeneic whole bone marrow. As expected, this proved to be markedly "1
immunosuppressive and permitted 60% of animals to bear permanent cardiac
allografts (Figure 27). This c‘nfirms the established role of the
thymus in maintaining cell mediated immunity. The fagt that four of
the ten animals' did reject their allografts may suggest either (1) thymic
regenerationroccurred_in these animals (incompf;te thymectomy), or
' (2) that there %Fre suffitient graft reaetive cells present in the bone
marrow inoculum to etentua]ly expand éufficient]y to effect graft _
rejection. For the purposes of this study, however, graft survival in
thymectomized animals is\insut;icient since aduit’thymectomy'produces

non-specific cellular immune deficiency (Mil]e} and Osoba; 1967) .
D. Immune Status of Animals Treated with Antisera i\

] ~ +

1. Repeat A1lografts

The most effective means of producthg graf to]erant mice was
by administratton of HAMTS. In order to demonstrate that immune
recovery had occurred after'this treatment, a total of 16 animals were
selected after they had shown no graftceTectrical activity for three
successive ‘weeks. These animals were then given‘a second Balb/c heart
graft in the opposite ear. In none of these animals was graft

electrical activity apparent beyond one week fol]ow1ng the second graft

1nsert1on. In other words, in anlmals which despite HAMTS treatment

\
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Figure 27 Effect of thymectomy prior to reconstitution.

9 ~ CBA adult mice were thymectomized, Ope month
later they were irradiated, allografted with
a Balb/c fetal heart and reconstituted with

0.1x10% syngeneic bone marrow cells. a

® CBA mice treated with prior thymectomy; 10 animals .

--- normal pattern of rejection without thymectomy; e
33 animals

A Beyond 4 weeks post- -irradiation the influence of
prior thymectomy is signif1cant (p<0.01; x2 test)
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- rejected their'grafts, immunologic recovery was ev1dent such that a

second a]lograft did not show prolonged survival,

{

2. Immunocompetence of Tolerant Mi€
. As with tolerante induction b} elocity sedimentation techniques,
mice which had permitted allografts to snrvive Tonger than 12 neeks
beyond initial irradiation ano~subsequent antiserum‘treatment were
considered operationally tolerant. The 1mmunocompetence of such mice
was tested in vitro; Spleen cells from tolerant mice could reaCt
normally in tissue culture; as out]1ned 1n -the fo]]ow1ng chapter,
Tolerant mice were thus 1mmunocompetent. Tolerant animals were effecs
tlvely glven a second Balb/c heart graft by the studies described in
Chapter IX. Lymph node cells from tolerant mice transferred tolerance
to secondary irradiated rec1p1en§s reconst1tuted‘wath whole bone
marrow, Several tolerant anima%s given a "third party" 665781) graft

were capable of reJectlng this graft while ma1nta1n1ng Balb/c aTTegraft

“activity, | ‘A -
i\ ¢ '

-E. Conclusions

Long-term cardiac allograft survival cag be obtained by

adm1nlstq§i;on of either. heterologous or homologous antisera. In those
'.“‘treated animals whlch reject the1r graft, subsequent repeat allografts
result 1nhear1y re;ectlon (w1th1n 7 days) indicat1ng the return of
1mmunolog1c competence in these an1ma]s Those an1ma]s wh1ch reta1ned
their grafts ]onger than 12 weeks post-1rrad1at1on were fully "\

reactive in vttpo and thus 1mmunocompetent In these Stud]es the
B S . ~o
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L]

injection schedules, sources of antisera and routes of administration
i

*

were, of necessity, emp 1cally selected Certainly investigation of -

these factors would 1mprove the number of animais spec1fica11y tolerant
of allograft hearts. Short term discontinuous treatment’of 1rradiated

<

mice with heterologous antlsera did not prevent the subsequent develof-

ment of immunocompetence. | .
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CHAPTER VIII
RECOGNITION OF ALLOANTIGENS IN TOLERANT MICE A
A. Introduction

Early researchers in the<fje1d o? transplantation tolerance
(Billingham, Brent et al, 1956) formed the opinionAthat tolerance was
du; to a central failure of the immune response rather than to inter:’
| fergnce-with a normdlly reactive immune system. This dogma has per-
sisted without challenge until the last several yearsf It has recently
been proposed that tolerﬁnce‘is in réa]ity due to the interposition"of
some‘protectivé'serum factor befween an aggressive lymphoid cell and
the targef it would otherwise act upon. For example the Hellstrtms
(1970a), Voisin, Kinsky et al (1968) and Ceppelini (1971) and their
.associates have suggested that some'types of tolerance may be effected

A

by ant1bod1es which somehow suppress ant1gen1c recognition by immuno*
logical]y competent cells. ' ’ |

This implies that immunologically competent cells exist in toler-
ant animals and that removal from a tolerance susta{nfﬁg milieu would .
deﬁonstratesimmune responsiveness There are a'numbér of re1evant
studies in this regard. Mintz and Silvers (1967) have. shown” that
al]ophenvc mice, ch1mer1c since the eight éel] stage because of. whole ’ 3

~hembryo fus1on, are operat1ona11y tolerant to themselves and to both

parental strains. Neverthe]ess, they possess bbth 1mmune cells capab1e
. U : . ] d‘a .
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of epecifical]y destroying ‘parental strain fibrob]ests in vitro and
specific serum b]ock1ng factors capable of preve;;1ng that destruction
(Wegmann Hellstrom et aZ 1971). On the other hand\\studles by Atkins
and Ford (1972) in rats rendered tolerant to transplantat1on ant1ged§
by the neonatal injection of F; hybrid marrow, have shown -that tolerant
| thoracic duct Tymphocytes (TDL) do not effect the gpaft-veksus-hosf
potential of normal TDL and are presumably nonreactive. Simf]ar studies
by‘B1Tdsoe and Ford (1971) have established that sp]en1c lymphocytes from
ratgﬁpendered tolerant by marrow ce]l 1nfus1on at birth were inactive~
in the pop11tea1 1ymph node assay for graft-versus-host d1seqse
The s1tuat1on in animals rendered to]erant to allografts
- (defined ae permapent graft survival ;i;hout cgptinuing immuno-
suppression) is equally unclear. Hellstrom, Hellstrom et al (1970c)
heve demonstrated thaf canine f?radiation_chimeras possessvlymphoid
_cells which kill host fibroblasts in vitro and that serum can A
specifica}]y abrogate "this cytotoxic effect. On the other hand &Grant,
Leuchars et al (1972) have studied murine irfadiatfooochimeras Sp]een
. “cells. removed from tolerant animals were unable to kill. ‘tumor cells of
gghost antigenicity in vitro and that further, serum taken froqsfhese
’ chimeras did not prevent immune cells of doggr genotype being cytoto
‘ to host target ce]ls For an1mals bear1ng ‘permanent grafts fo]low1n;‘
treatment with homologous ant1sera. the situation is somewhat more
'_”'consistent-.. swm. Fitch et aZ {1971) and French, Batchelor e al
l11971) both demonst?ated that rats bearing permanent renal allografts
,..;follow1ng short term antfserum treatment were capable of . mounting a

N ,cell med1ated response to graft antigens. Indeed the earlier studies

S
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_of Voisin, Kinsky et al (1968) had shown that highly tolerant animals do,

-

in fact, develop immuno]ogical Teactions against the transplantation
pntjgens of the tolerated lines and fhat, further, the appearance of
-;ignificant levels of anti H72 antibodies in the tolerant mouse did rfot
signaf the rejection of the graft. ~ Sera from highly tolerant animals
were.found to contain speC1fic enhancing antibodies ab]e to passively
| transfér to normal m1ce.the ab1l1ty to tolerate a graft from the
donor strain.

| The purpose of fhe in¥estigatibns described in tnis chapter was
to determ1ne the specific respons1veness of adult CBA mice operation-
ally tolerant to Balb/c cardiac allografts. Since tolerant animals w
obtained by a variety of means fo]]qw1ng irradiation, (including |
syngeneic stem cell reconstitution, which is perhaps analogous to the
“induction of selﬂagolerance during ontogeny), the system invited

investigation in this regard.

B. Methods

' The basic plan of the experiment was to compare the capacwty of

spleen cel]s from ‘normal and from tolerant mice to become sensitized

" in vitro to Batb/c mastocytoma cells and subsequently effect 51Cr
'release from Iabelled mastocytoma cells ‘

CBA spleen ce]ls, prepared as previously described, were |
obtained from normal and tolerant mice. 20x106 spIeen cells were
cultured in vttro in the presence of lxlo“ Balb/c mastocytoma cells 1n
MEM/FCS Afifr 96 hours incubation cells were harvested and washed |
“ with L/FCS (4506x7,5 min) and were reconstituted with 10 m1 L/FCS

o f . Ty

Q
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Spleen cell gcounts were obtalned‘and after further -centrifugation
(4506x7.5 min) the cells were suspended in MEM/FCé. Control cultures
consisted of spleen cells derived from normal CBA and Balb/c.nﬁce with
and without addition of mastocytoma cells during the inqubation period.
Radiolabelled (>!Cr) Balb/c mastocytoma_cells.were'prepared as described
in Chapter II. Reaction mixtures (0.5 m1 MEM/FCS) ‘containing 1x105®
labelled mastocytoma cells were incubated. with lxlo6 cellsigfrived from/
tissue culture.  In further control experiments\introduced at this
stage, the Brunner assay was carried out with fresh (non-cultured) CBA
and Balb/c spleen cells, as well as with test culturedecells All“
experiments were carrned out in tr1plicate or quadrupl1cate reaction
mixtures. After nine hours 1ncubatlon the previously described calcu-
lations determined (1 percent supernatant release, 12) supernatant total

release and (3) converted total release of 5!Cr. ‘,e;l

a C. “Results P 'Q e

B £ ﬁﬁ‘ e T
e data obtained from a single representative experlmeﬂt arg?Tiomn
in Table 4, Since 1ncubation of spleen cells 1n t"lssue culttfre *@s done
- with several flasks per test procedure, and the reactlon mif%Ure! derived -
~ from single culture flasks: were read in triplicate samplés. supernatant -
‘ and.preclpitate caunts represent mean flgures with standard dev1ations.
Converted total releaSe (CTR) and mean CTR figures (from triplicate
.,.procedures) are. finally computed. Mean CTR percentages compare the
51Cr release of control or nonreactive. mixtures (usually normal Balb/c
for CBA cells 1n tlssue culture without mastocytoma cells) wlth the |

A.reactlvity of CBA spleen cells cultured in the presence of Balb/c : "‘T: .

-
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mastocytoma gg{ls for tour days. As shown in this table, normal
CBA spleen ée{ls, sensitized to Balb/c alloantigens in vitro, are able
-to subsequenfly effect 51Gr release (i.e. exh{g;t killer cell activity)
from radiol;helled Balb/c mastocytoma Yells wever spleen cells
derived fhom a CBA mouse tolerant to a Balb/c cardiac allograft, sub- ’
Jected to‘the same mastocytoma exposure _also effect release of label
.. from target tumor cells,
» : Data from eleven such experiments a:e summarized‘in Table 5.
Spleen cells from both normal and Balb/c heart graft tolerant m1ce,
upon’ exposure to Balb/c alloantlgens in vttro were able to subsequently
express killer activ1ty against Balb/c tumor cells In fact, there was '
‘no statlsticdlly significant difference between the cell mediated ’
1nmun1ty~demonstrated by spleen cells of either normal or tolerant mige.
In contddkt, howevbr, exposure of spleen cells to mastocytoma allo-
' ant1gens ﬁn vztro rendered them capable of maJor killer activity, s1g-
: n1f1cantly d1fferent. in all cases, from (1) CBA sploen cells cultured
' without: tunor (2) CBA spleen cells freshly prepared from a nonnal .
mouse, (3) Balb/c cells cultured‘ln the presence of tumor cells or .

(4) Balb/c cells freshly prepared from a normal donor.
. * ‘ ‘/i '
D.,,Discusajon and.Conclusions

¢y ) ® ; :
oo Voo
N A
. . i "“
\\.

CBA mice rendered tolerant tO'Balb/c fetal cardiac allografts
by a vhrlety of methods did not exhibit.d1m1nished or absent immune .
reactlvity to tre alloantigens of the graft It follows that the
persistence of graft functlon may be due to either a. change in graft
immunogenicfty Lgraft adaptation). or to‘cellular or humor?l medhanismsl-‘d'.
o AR o | ‘ R

; .
-/ 4
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present~in the tolerant animal, preventing graft destruction. That

graft adaptation is probably of little significance has been suggested

by the tudies of Stuart, Fitch et al .(1971) and Warden, Reemtsma et al

(1973)./ Allografts h‘ch enjoy permanent survivalrjgllowigg homologous
anti;erun treatment in the rat are normaiiy rejected upon'transplantation
into a secondary untreated.recipient. *
This work agrees then, with the‘findings of the.Heilstrﬁms
and eoiieagues, referred to‘earlier; Criticism of experiments in which
‘simfldr immune reactivity has been demonstratedlin animals bearing
perm?nent functionai grafts may, -however, be possible. One might
suggest; for.imstance, that immune.reactivity‘towards graft'antigens
v in such animais, though demonstrable at a time .long past that expected
for graft reJection, eventua]iy wanes and disappears In other'wurd§;1:<
for pennanent graft acceptance, c]aSSical enhancement phenomena may be '
a, stage ‘preceding the development of centrai toierance There is .
. certain ev1dence suggestive in this regard Thoenes and White (1973)
~studied rat rena] allograft survivors established by initial postoper- o
ative treatment with homo]ogous antiserum During the ]ong course of
jba]lograft recipient surviva] there was a .slow decline in demonstréﬁ’%
antigraft antibodies. Subsequent to this, skin. aiiografts (histocom- ~
patible with the 1nitia1 renal allograft) were accepted by the animal |
‘fsuggesting that a state of auto—enhaqcement is foiiowed by specific non-‘ '
'freactiyity Sinﬁlariy Marquet and van Bekkum (]973), studying enhanced
.ahéterotopic heart aliografts in rats, found that the antidonor activ1ty
'f;of peripherai b]ood lymphocytes was inconstant 1fpending on the time .
:d of graft surviva] Unmodified or increased 1ymphocgﬁe reactivity was o
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followed by a loss of reactivity, suggesting that, at least for the rat

&

strains involved, graft surviyal is temporarily associated with a
response. Following this train of

‘central failure\of the immun

{

w' thought then, reduced alloantigen reactivity in heart graft tolerant

-

mice, could be apparent at a later stage of survival.

Bl
. . R
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CHAPTER IX
TOLERANCE TRANSFER WITH LYMPH NODE CELLS

A. Introduction

*

The normal reactivity of splenic lymphocytes in heart graft

tolérant animals suggested that either cellular or humoral immune
-mechanisms were thwarting an expectea rejection response. There are,
in fact, several studies which sugéest that tolerant lymphocytes or
products of tolerant lymphocytes may interfere wjth an expectea immune
response. As mentioned earlier, Nisbet (1971) has produced tolerant
mice by an eight week period of parabiotic union. Spleen cells from
adult CBA mice (carryiné the 76 marker chrpmosome) rendered tolerant

) (CBAxCSH)FI hybrid mice by long-term parabiosis.were injected into\
newborn.syngeneic animals. This injection rendered the newborn CBA
mice tolerant to a subsequékt (CBAXC3H)F, skin graf%, p1éced in the
neonatal périod. A small fraction,bf ﬁoninjected animals reacted simi-
larly, however, and netained Fl skin grafts, apparently due to the weak
:;nt1gen1c d1fferences involved and, perhaps. rec1pient 1mmuno]oglc
immaturity. The studies of McCullagh (1970;1972) are, once more,
encouraging. Rat hosts tolerant to gheep erythrocytes render normal
syngeneic lymphocytes specifically tolerant. Tolerance to sheep
erythrocytes could be efféCtgd by pqrabiosjs of tolerant and normal -
rats or by the transfer of défl‘suspensions from a tglerant gbnor to a

©

normal recipient. .Ihoracic'duct lympBocytes and spleenlcelis.ffom
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m‘

] ”1,

| y
tolerant donow *5

58 t1ve~1n tnafsﬁerr1ng tolerance, but
bone marrow cei& f

; 1ack1ng in this capac1ty McCullagh

tolerant cells in wh1ch a particular reactivity has been repressed; so
called repressor cells. )

If immunological to]erancé is an active state of repression
in vivo, it would be predicted that tolerant lymphocytes might transfer
this effect on exposure to (f) the tolefogen (i.e. the heart grafff and

- (2) sufficienfly small numbers of relevant immunocompetent cells

(i.e. the irradiated mouse repopu]ated with syngeneifgagﬁ: marrow).

B. Methods |

The 1ymph node tissue from accessiblefsites (axillary, mesen-
teric aﬁd inguinal sites) was removed from Baﬁb/c heart graft tolerant
‘ CBA mjce at the fime of sacrifice. As outlined inChapter II, a ]ympﬁ
node suspension was obtained. Lymphocytes thus prepgred were suspended
in Leibowitz solution and injected in variable numbers (1-1OXI65 lymph
node cells) into irradiated (950R), cardiac-allografted syngeneic -
recipients which receivéd, in addition, a recéhstituting inoculum of

0.1x10% normal bone marrow cells.
v C. Results

Table 6 depicts the results to date. With tolerant donor
animals derived as outlined, transfer of tolerant Tymph

node tissue in relatively small numbers of cells has been immuno-
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suppressive in every instance thus far. Eight anima]é reconstituted

-~ With syngeneic bone marrow and tolerant lymph node cells have become
permanently graft tolerant (defined as >12 week survival of the allo-
geneic heart). A remaining five animals continde to exhibit-graft /
activity at the time of writing and two animals, given 1 and 5x10°
tolerant spleen cells with syngeneic bone marrow continue to show

graft survival six weeks post-irradiatiop. In only one instance has
functional allograft activity stopped and this occurred nine weeks post-
irradiation. Since, with bone marrow reconstitutfon alone mean rejection
occurs within 4-5 weeks post;grafting, transfer of tolerant lymph node
cells confers a definite and highly siggificant immunosuppressive effect.
Lontrol experiments (11 animals) in whioh lymph oode cells in smal?®®
numbers were derived (5x106 cells) from normal animals have demonstrated

that, in fashion similar to whole bone marrow reconst1tutlon alone,

rejection of the cardiac a]lograft occurs within five weeks post grafting.
D. Discussion

Transfer of small numbers of to]erant 1ymph oode cells, in the
. system descr1bed, permlts prolonged and, in most cases, permanent

(>12 weeks post- 1rradiat10n) allograft survival. The mechanism whereby
'th1s effect is achieved remalns obscure. The transferred l}mph’node
cells may produce a serum b]ocking factor which prevents immune .
destruction of the graft at least in the 1n1t1a1 post- transp]ant Period
A]ternately, the . suggest1on of McCul1agh (1970a) must be considered,

i.e. tolerant 1ymphocytes can func§1ona11y repress ngrma} (immuno- ’

' competent) 1ymphbcytes such as would occur. 1n the rébeneratlng :

~

- § . .
: e
. . .



N m

lymphoid system of the irradiated reconstituted mouse. This repression
could, conceivably, be effected by the product1on of c1rcu1at1ng
humoral factor (blocking factor mediating central enhancement’é or
might require direct interaction between repressor (tolerant) and
. normal cells, I

While the bulk of evidence would favof humoral factor produced
by tolerant lymphoid tissue as the most likely meannism for tolerance
transfef, there are other data_dhich suggest that cell dopulations
can %hemse]ves suppress oe entagonize the response of another cell
type. A tolerent cell in this event, could, for‘instance "turn off"
a specific. immunocompetent ce11. Gershon, Cohen et al (1972) have
found, in this regard, thatﬁhistocohpatible thymocyte pdpulatioﬁs can
interact in a negative fashion, suppressing antigeh induced immune
reactivity. Allison (1971), Jacobsen, Herzenberg et ai (1972) have AR
similarly attributed other types of immune suppression to the direct
influence of thymus derived lymphocytes. The 1atter authors, for

 example, showed that chronic allotypic suppression in mice was an

(-/A
active process: repopulation of such mice with nonsdppressed syngeneic

spleen cells did not result in the ex«riision of the pertinent allele.
Aiternetely. when‘spleen celis of suppressed mice were transferred

= into normal irradiated hosts there was a short_term period of prbduc-
tion of the pertinent allele, fnd{eating'fhe'existehce of progenitor
cells. Synthesis of the. suppressed allotype terminatedZB1thin severa1
weeks. Evidently the Spleen cells: of suppressed animals contained not
~only cells capable of expressihg the al]otype but, in addition a o

population of cells.capable of pneventingsprogenitor cells from .
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expressiné their potential. Whether the suppression was exerted by
direct cell to cell interaction or due to a humoral factor was uné?éar.

Phillips and Wegmann (1973) have produced more definite
evidence for direct cell to cell interaction as a means of suppreSSing
immune reactivity. Spleen cef]s from tetraparental mice did not respond
to parental cells in vitro and, in addition, were capable of preventing
immunocombetent'parenta1 spleen cells from réspondind eithéﬁ to the
opposite parent or toﬁthe tetraparental ce]is themselves in mixed
- lymphocyte culture. This agreed with the earlier observations of
| Ceppellini (1971) that maternal cells could suppress the p}oliferation'
of paternal Tymphocytes in response to newborn cells in mixed 1yﬁ;ho-
cyte culture.

A number of experiments in rat chimerés do not provide evidence
for cell td éel] suppressfon as a mechanism of tolérance. :For example,
Wilson and Nowell (1970) found that the addition of Baib/c_tolerant
thymus ce]ls_did not diminish the in vitro sensitizatibn df‘Sp]een 4
cells to Balb/c alloantigens. 55 the previous discdgsibn sugge;ted,
perhaps an alloantigenic stimulus to the tolerant animal prior to thymic
cell harvest, could induce demonstrable $uppressor cell activity — *
in vitro. Search for a serum blocking'factér_in the sera of_tqlerant |
animals is the Subjec;fgf the‘fol1bw1ng chapter. o |

Y
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CHAPTER X
THE HELLSTROM ASSAY AND SERA FROM TOLERANT MICE

- . ™ A, Introduction

-

Chapter I dealt in sﬂﬁe detail with the work of Karl and
Ingegard Hellstrom and associates. ﬂe]]strﬁm and Hellstrom (1970)
pub]isﬁed gvidence that 1ymphocytes of tumor bearing patients a§e
cytotoxic towards their tumor ce]ls;‘bﬁt‘under certain circumstances,
a serum factor may annul their action. This work has since been |
extended and now contends that the pro]ongéd or permanentosurvival of
- an allograft of‘tumor is due to the specific immunosuppressive effect
&'of”; serum blocking factor, probably composed of graft derived antigen

and antibody, preventing potential lymphocyte attack.
B. Materials and Methods

The details of the Hellstrom aﬁsay have been documented in
Chapter II, Brfefly,utarget mouse fibrobiasts aghere'tO‘the.poitoms
of microtest wells and can be‘Subjecied‘to the specific cytotoxic
activity of lymphocytes sensitized aga)nst target cell alloantigens
Hellstrom, He]lstrom et al (1971) have demonstrated that addition of
serum containing blocking factor to the~f1brob1asts, for as little as
30 minutes,. will subsequently prevent ki!ler cell activity and fibro-} ,

zblasts survive 1ncubation. o
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C. Results and Discussion

Sera from norm&] CBA mice and CBA mice tolerant to a Balb/c
- heart graft were exposed to Balb/c fibroblast monolayers. . The fibro-
blasts were subsequently subjected to immune attack by CBA spleen cells
which had been sensitized in'vitré, by 96 hour incubation with Balb/c. _‘
mastocytoma cells, In an initial experiment O.i ml of serum (diluted
- 1/5-1/7) was plated onto ‘the fibroblasts (Table 7). In the presence
of béth normal serum and tolerant serum from fiyé animals at this
concentration, the sensitized CBA spleen cells effected signififant_
ifibrob1ast killing, compared with control fibroblastsuexposed to cul-
tured Balb/c spﬁeen cells. In other words, the serum from tolerant
animals did not block the cytﬁtoxic activity of sensitized CBA sp]eeﬁ
cells. i Q
In a sub%eﬁuent series (Table'8) tolerant sera from a further
‘ five animals were addéd (0.1 ml of a 1/8 dilution) to fibroblast
monolayers 30 minutes following the addition of 1x105 Eens{;ized spleen
cells or control Balb/c spieen cells. The sera from both np?malcand
tolerant animals in\this experiment were not subsequently decanted,
but'ingubéted with lymbhocytes and fibroblasts for 17 hours. ‘ Again
specific killing of the'target fibroblast upon presentafion to a specific
| lymphétyte was ndt prevented by<the pfesence of Gl;ﬁ;g tolerant serum.—'
'These~resu1ts sugéest that blocking chtérs‘dre net present
4in the serum of tolerént'énimals in'thé éérdiac.allografted mouse model.
Thgyé aré, however;°other considergtions. -The seraiu5ed'in ihese. |
experimentglwas di{Lte and @bre congehtrgtéd sera might ref1éct;bTobking'

al
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activity. A1ternate1y, if one considers that blocking. factors act

centrally to prevent expressiom of killer cel]gkct1v1ty, the amount

~of blocking factor detectable in serum may be greatest at the time

of expected rejectjon. Once central 1mmun2§uppress1on, or even peripheral

enhancement phenomena had been effecteo, there wou]d‘be‘very little
need for excessive amounts of this factor in serum, Further, the pres-
ence of blocking factor may be antigen dependent oé wo]] as time depen-
dent. The relatively small cardiac allograft (which does not elicit

spleen cell sensitization detectable in vitro) may require only small

amounts of humoral factor to prevent cell mediated'immunity, Perhaps

‘augmentipg the en load by a repeat cardiac allograft prior to

serum : evate b]ockingtfactor activity.

| bn may even be akin to that of haturally occu{ring
toleranc_ _Btigéns. The irradiated animal repopulated with
stem celtr ‘tm11ar1ty to modets of ontogenlc developmgnt Burnet
(1972) has{
QVen as the correct explanat1on for naturally occurring
self tolery Micklem (1971) Cohen, Globerson et al (1972), Cohen
and Wekerllz r972) Pierce (1972), and Yung, D1ener et al (1973) have
shown that "forb1dden clones" may 1ndeed exist in normal an1mals.
Block1ng factors in th1s regard have not yet been- emonstrated they

may not occur 1n noncggmer1c an1mals to]erant to n tural]y occurring

~,'"sélf“ ant1qens.

t]y observed that his “forbidden clone" hyp?thes1s has

)

R
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CHRPTER' KT
’ TOLERANCE AND TRANSPLANTATION OF THE
FETAL HEART: A SUMMARY \

This concluding chapter mi11 briefly (1) summarize the,Work
presented 1n the thes1s, (2) suqqest further re]evant studies, and
(3) attempt to reconcile the observations of this thes1s within

current hypothetica] cansiderations.
A. Summary of_Thesis‘Contentf' €§3 '. S

Allografts of fetal cardiac t1ssue into “the subcutaneous ear

_tissue of syngeneic or a1logeneic mice prOV1de a convenlent and prec1se

| " model” for studying tran5p1antat1on immunity: -and the induction of '

'toierance in'vivo.' Functional graft activity can be fo]lowed prec1se1y

by spec1a11zed e1ectrocard1ography and v1sua] observat1on ¢ The model

‘ is consistent with basic innmnobio]oglc concepts Syngeneic grafts 2

are accepted permanehtly while a]logeneic grafts are. reJected within

ia spec1f1c time interval and exhibit chﬁ?acter1st1c histopathology. '

Repeat a11ografts moreover, elic1t an anamnestic response with -

accelerated reJect1on,

A : et : , -
'«prpendix III documents another use of the graft model, - Balb/c hearts
 were deep frozen (-196°C) and subsequently. rewarmed by microwave
- thawing (Mr. R. Rajotte). They were subsegquently grafted into syn-
" . geneic mice and monitored by the ‘author. Frozen hearts were tolerant -
“to.deep hypothermia ‘and- microwave thawing qgggsubsequently established
- functional graft activity. :
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In vivo function of the allografted heart is a most precise
indication of transplantation imhunity. “The fetal allograft heart does
e]ieit_the production of humoral cytotoxic antibody but this does not

occur in accord with rejection. There is little evidence for spleen
; ‘ ~
cell mediated killer activity in vitro following single cardiac allo-

~ grafts, B

-

Tolerance can be produced in pivo across a major. histocompat-

ibility barrier. This to]erance is un1que in that it ¥s induced in the ,

adult mousey doefs not ’nvolve Fy.to parent grafting or estab]wshment of

-~

lymphoid ctfimerism. The model for tolerance 1nduct1on 1nvo]ves the use
of an adult CBA mouse subJected'u)QEthal 1rrad1atlon and g1ven 'a
Balb/c cardiac allograft. If such mice are repopulated with syngeneic

~ whole bone marrow or spleen, allograft rejection occurs withih 4-5 weeks. ,
Several methods can produce‘a1lografts which survive beyond 12 weeks

A

and mice bearing such allografts are cons1d9red tolerant. The stem cell
rich fractions of spleen used to’ reconst1tute 1rrad1ated a]lografted
mice will perm1t sma]] numbers of card1ac allografts to survive, even

in the presence of who]e bone marrow. ~ Spleen ce]]s subJected to ye]o-

| c1ty sedimentat1on separat1on may be, more amenab]e to separat1on of ‘
| ‘stem and 1mmunoc0mpetent ce]]s or, alterngtely, the spleen cell fraction
| ‘hrjchv1n stem cells may.contain a subpopu]at1on of spleen cel]s w1th
.immunoSupprqgsive‘aciivify Tolerance can s1m11ar1y be produced by

treating an1mals post-1rrad1at1on with short term 1nqgctions of homol-

>

' ogous ant1sera and’ the IgG fract1ons of these sera.

1'..

Anama]s wh1ch reJect an al]oqraft heart foliow1na 1rrad1atlon

reconst1tut1on etc. qu1ck1y destroy a repeat Bhlblc graft and-are thus

Tor
" e

o~
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\
immunocompetent. Mice tolerant to a Ba1b/c fetal heart are simiiar]y
immunocompetent: spleen cells from such animals react in vitro with
. the H-é alloantigens df the graft andtbecome sensitized killer cells.
Despite demonstrable alloantigen reactivity in vitro, lymph node ce}ls
taken in small numbers -from Balb/c tolerant animals specifically transfer
tolerance upon injection into secondary recfpients. The mechanism
whereby this transfer is effected is unclear, The most.recent and
abundant literature ;ou1d favor the producqlen of humoral blocking
factor by traﬁgferred Tymphocytes., Certain other evidence suggests
that tolerance induction and specific immbnosuppressicn in vivo may be
active processes and.involve direct contact of tdlerant (repressor,
suppressor?)'and‘immunocompetent ce]ls.r Apparently these mechanisms
are not mutual]y-exclusive; both may operate and their identification
may depend oh sensitive assay systems In exper1ments performed thus
far with sera from tolerant an1mals, blocking factor has not been

ev1dent since dilute sera did not prevent the cytotoxic activity of

CBA-killer cells on fibroblast monolayers of allograft qﬁg gﬁentity.
B. Future Approaches

The work described in thjsnthesis has estabTished several
bbints,of°key interesc- A]lograft tolerance in the adult mouse can be
obtained without lymphoid ch1mer1sm ~The tolerant situation persists
F% the presence of alloantigen responsive cells and;?further, tolerance
~can be transferred by tolerant Tymph node cells. The nature of research
is such that once a po1nt is made the unknown Becomes more';bv1ous

questions abound~and suggest future work:-
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Aspects

a.

.C.

Are allograft directed cytotoxic and hemagglutinating anti-
bodies apparent in the sera of tolerant animals?
Is blocking factor evident in tolerant animaIS'usipg
(i) more concentrated sera '
(i1) prior alloantigen stimulation, e.g. an additional
allograft some days prior to serum assay .

(i11) heart cell fiSrob]ast monolayers as a target cell.
Is b1ocking‘£:ctor present in irradiated allografted mice
given tglerant Tymph node cells (clonal expansion of
relevant cells)?

Can the sera of tolerant mice prolong graft survival in vivo,

.such as administration of homologous antiserum to the

"irradiated, allografted, marrow reconstituted mouse?

oy
Cellular Aspects A )7‘

a.

Do lymph node cells from tolerant animals suppress mixed
lymphocyte cultures (or other short term intercellular
interactions) between recipient and graft strain lymphoid

cells?

Do Tymph node-cells cultured in vitro lose their capacity -

to transfer tolerance? P o ///
Do lymph node celis cultured Zn vitro in the presence of
alloantigen retain their ability to transfer fo]ehance? .

Is the suppressive activity of tolerant 1ymph.nodeﬂcells due to

.
»

|

y
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the pre;eﬁce of T cells? Does anti-o treatment remove
the capacity of lymph node cells to transfér tolerance?

e. Does alloantigen recognition in vﬁ;ro eventually wane in
al]ograftutolgrant mice?

f. ‘What happens to tolerant lymph nodé cells jn the irradiated
mouse in terms of number and geography (T6T6 marker , .
studies)? |

g. Can a]]ogréft tolerance be broken by injecting syngeneic

or allogeneic lymphocytes into tolerant mice?

-3, Graft Studies . >

a. Would allografts which cross react (share a number of
alleles) with long surviving allografts enjoy prolonged

survival?

L

b. Does heart allograft tolerance confer tolerance to H-2
identical skin allografts? |
c. Does removal of a graft from a tolerant mouse produce

“  normal reactivity to a second allograft placed some time

‘ thereafter? e o , \\\\\~—~
d. Do thymic grafts from tolerant mice, placed in previdusly

thymectomized recipients:promote tolerance induction?

4, General [

a. Is neonatal1yvinduced tolerance characterized by alloantigen

recognition in vitro and.can lymph node cells from animals
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rendered thus tolerant transfer tolerance?

Is adult induced irradiation chimerism associated with
agraft tolerance only as long‘as the state of chimerism
persists (T6f6 marker stud{gs) and are blocking factors

more demonstrable where lymphoid chimerism exists?

C. Hypothetical Considerations

Examination of the work described in this thesis must attempt

to resolve certain data.

1.

Stem cell enriched fractions of spleen, but not bone marrow,

will permit prolonged and even permanent heart allograft X

survival when used to reconstitute irradiated allografted

mice.

Irradiated, allografted animals qgconstitutéd.with whole

| bone marrow reject their allografts within 4-5 weeks.

Permanent heart allograft survival can be achieved with
short term discontinuous administration of homologous or

heferologous antisera, or the IgG component thereof.

‘Lymphogytes.from tolerant}anfmals, exposed to alloantigens

in vit?o, respond to them and.becbme sensitized ki]1ér cells,
Lymph\pode cells from tolerant agfmals yill transfer toler-
ance t&kseconda#y graft recipients.

fo]]owiﬁg hypofheses may be considered:

Innmnocoégetent cell precursors are gresent in both bone

marrow an&xspleen and these-pré presentlthr9ughout the -

' velocity ségimentation spectrum of lymphocyteQ. Fraction-
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“

ation procedures can only enrich the relative numbers of
stem cells per fraotion; stem cells alone cannot be
f; isolated. The large cell fraction of spleen (sedimenting
at a rate >455 mm/hr) coptains many stem cells and immuno-
competent precursor cells. In addition, however, it
con{ains 2 subpopulation of thymus derived cells, not found

in bone marrow, wh1ch have specific 1mmunosuppress1ve

acfiv1ty and may be cal]ed suppressor T ce]]s. It is the

selective operation of this subpopulation of cells which

can prevent emergent immunocompetent cells in both spleen.
and bone marrow from effecting graft rejection. ..

2. Antiserum treatment of irradiated, a]]ografted an1ma15
reconstituted with whole bone marrow (conta1n1ng immuno-
competent cells) permits:

a. Graft survival due to enhancement type phenomena'(per-
ipheral enhancement; antibody mediated suppression of
the immune response). | /

b. Graft survival due to effective removal of the immuno-
oonpetent cells that mediate graft rejection. |

c. Accumulation of that subpopulation of thymus derived
celas with suppressive activity‘(suppressor‘T,ce]1s).

d. Accumu{ation of humoral factors (blocking'féotops)
~ Once" the short term antiserum treatment is finished, the

combinat1on of suppressor T cells and b]ocking factor mdy be suff1c1ent

to overpower immunocompetent cells responsive to graft al]oant1gens.

@ T
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The re]atioﬁship‘between suppressor T cells and blocking factor produc-
tion is unclear. Suppréssor T cells mgy bear a specific immunoglobulin-
type of receptor with avidity for circulating graft alloantigen. The

T cell bearing antigen may be directly immunosuppressive by presenting
antigen to relevant immunocompetent cells in a manner sufficient to
elicit the Dienér;Fe]dmann phenomenon with subsequent unresponsiveness.‘
Suppressor T cells may provide the information to re]evantAB cells for
specific antibody formation. This antibody, coupled with free a]]o-k

antigen (perhaps T cell derived) constitutes humoral blacking fastor.

3. Spleen cells from tolerant mice respond to alloantigens
in vitro since they are effectively removed from the
immunosuppressive mechanisms operative in vivo. Blocking
factor is removéd by the conditions of cell culture and the .
@ excess of al]oﬁntigen under culture conditions overrides
the activity of suppressor T cells (most likely peripatetic
in vivo) and'direcf]y stimulates immunocompetent cells.
4, The lymph mode céias of'tolerant migé contain suppressof
T cellﬁl Their transfer into an adult irradiated aqjma]
given small numbers gf bone marrow cel]s provides ampTe
time and room for their multiplication in the presence of
alloantigen, The numbers of such cells are,sufficient to
dverride the small inoculum of fmmunocompetent ce11s in
the bone marrow and display their suppressive act1v1ty.
There are bone marrow cel]s present in the inoculom with g*
which they can interact to produCe hqmoral blocking antibody.

-
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The summation of these events produces spec1fic tolerance
in vivo, and the a]]ograft is not rejected despIte demonstrab]e 1mmuno-
conpetent cells. One may postulate further, that given sufficient time
the inifia]ly stimulated clones of immunocompetent cells will fall
susceptible to circulating complexes of antigen and antibody and will
be removed from the responsive ce]] pool via receptor interlinkage,
The above hypothesis stresses the de]1cate ba]ance between tolerance
and imunity in terms of antigen, antibody and immunocompetent cells.
The experimental tests for its validadion are eﬁtire]y feasible. It -
may well prove insufficient, or incorrecf; but the fotus imposed by
such postulates can only further dispel_the mysiekies of transplantation

tolerance. -
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CELLULAR IMMUNITY IN VITRO

Spleen cells from CBA mice given either (1) single or multiple

Balb/c, cardiac allografts or (2)’single flank skin grafts (Balb/c) were
assessed for killer cell activity using the °!Cr release assay descr%bed
in‘thapter_ll. Results of a typical series of.experiments are detailed
in Table 9.4 Tn vitro culture (96 hours) of 205106 CBA spleen cells with
5x30% Balb/c mastocytoma cells.produfgd ki]lef cells capable of signi%i-
cart SICr release. Skin allografts produced much less cytotoxic activ-
ity when tested at various intervals following transplantation, and the
in vitro effect of spleen cells harvest?d at various intervals following
cardiac allotransplantation was minimal.

| ~The results were confirmed by Kraft (i972) using a.modification
of the sheep erythrocyte inhibition technique of Hirano and Uyeki (1971).
In this assay the secondary in vitro response of CBA spleen cells to
sheep erythrocytes can be inhibffhg by the addition of Balb/c ge]ls
sensitized against CBA alloantigens. CBA adult mice .were priméd three
days prior to splehectomy with 0.1 ml of a 1% solution of erythrocytes
injected intravéndus]y. Primgd CBA spléen cells were then cultured in‘
vitro in the presence of 0.1}m1 ofclé sheep erythrocytes and sensitized
- éalb/c spLEen cel¥s using a modified: Marbrook- (1967) cultﬁre teéhnique.
The total number of cells cultured per flask was 20x108 and the ratio |
| of,Balb)t:CBA spleen cells was either 1:1 or-1:4. Following incubation
the antisheep'fed,blood cell response was measured by counting th? ‘

number of plaques using the Cunningham (]965) modification of the

. y S
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Jerne-Nordin technique (1963). From these figures the degree of
inhibition caused by the addition of sensitized Balb/c cells was

determined.

3 .

Kraft (1972) found that intravenous immunization of Balb/c
mice with two injections of 20x10° CBA spleen cells 14 days apart

sensitized the Balb/c spleen ge]ls. Their .addition to CBA spleen

3 -
o

cultures responding to sheep erythrocytes was' totally inhibitory. CBA

allografts were ‘transplanted heterotOpically into Balb/c mice and the

' :
" X.Balb/c spleen cells were harvested at intervals thereafter. Their
0 i . ‘. \

addition to CBA spleen cultures responding to éﬁeép erythrocytes did

not significantly inhibit the in vitro antisheep_erythrocytes response

\ .
~ at any period following allotransplantation.

-

0
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‘ IMMUNOCOMPETENT CELL/DELETION
BY PHARMATOLOGIC MEANS

Bruce, Meeker et al (1966) found that rapidly proliferating
lymphoma cells were more sensitive to certain anticancer drugs
(5-%luorourac11, actinomycin D, cyclophosphamide) than normal hemato-
poietic colony forming cells., They postulated that this différential
sensitivity was due to‘tﬁe fact that, normally, stem cells were in a
resting stage of the generation cycle and were nof as susceptible to
anticancer drugs as proliferating cells. This suggested that anticancer
agents might be used either in vivo or in vitro to selectively deplete

’jﬂggggfompeteng’celTs, while maintaining §tem cell activity. The
- specific depletion of stimulated immunocompetent cellsfafter BuDR .
exposure noted by Zoschke and Bach (1971) supported this contention.

A number of experiments were done in orjer to test this hypo-
thesis. 50x106 irradiated (1200R) CBA spleen ce]ls'in Leibowitz solu-
"tion were injected intravenously into normal male Balb/c mice, age
6-8 weeks, At various intervals thereafter the Balb/c mice were.given

.,)-2 mgm 5 fluorouracil (5FU) intraperitoneally. This WQuld;\iﬁ theory,
remove the Balb/c ée]ls proliferatfng in response to CBA alloantjg?ns.
There were three groups of contro]s‘to each experimént: one group of
Balb/c mice‘feceived cells but no 5FU, a second gfduﬁ received'SFU alone
gnd a third group received ngither cells nor 5FU. Spleen cells were

hafvested from Balb/c mice at various intervals and 20x106 cells were

injected intravenously into (CBAxBalb/c)F, mice (males, age 8 weeks).
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The activity of the injected Balb/c spleen cells was then determined
for each group of five Fy animals by spleen wt/body wt ratios reight
days following injecfion (Cohen, Fischbach et qi, 1970).

As expected, stimulation of Balb/c mice with a large number of
CBA cells (irradiated so they could not respond) plus subséquent in vivo
treatment with 5FU could dep1ete‘cells active in the graft-versus-host
responsé in F; mice. Figure 27 details one such experiment. The ;116-
antigenreactivityéf spleen cells from animals which received an
initial injection of the antigen plus 2 mgm 5FU at 72, 96 and 120 hours
and were harvestgd at 120 hours was markea]y less than that of control
groups. This depletion of immunocompetent cells was highiy repeatable
and the spleen wt/body wt ratio of the test group of animals does not
signjficant]y differ from that of normal (noﬁihjected) (CBAxBalb/c)F,
mice When Balb/c spleen cells from test groups were tested to deter-
mine whether they retained stem ce]l activity, however, this had dropped
.precip1tously Using the colony. form1ng assay of Till and McCulloch
(1961) an injection of 1.5<10° normal Balb/c spleen cells into eight
irradiated syngenejc recipfents (900R) invariably gave rise to 15-30 .

splenic colonies per mouse ten days thereafter.” Spleen ¢

animalsvhich had received even a single injectidn of 2 mgm SF
ﬁdrvest'24-96 hours thereafter gave rise to no colonies or ‘the occas-
ional single colony per mouse in irradiated recipien£s.+

Dropping the ‘dose of SFU admﬁhistered tenfold was necessary to retain
demonstrable stem cell activity following a single injection. These -

quantltles of éFU were. 1neffect1ve in reducing the graft—versus host

~ tgroups of 8 animals were injected with 1,5x 106 syngeneic spleen ce]]s
from both control (normal) and 5FU treated m1ce.
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Immunocompetent cell depletion by pharmacologic means.
Balb/c mice were given an intravenous énjection of
50x106 CBA spleen cells (1200R) and subsequent 5 fluoro-
uracil intraperitoneal injection.

Grohp A - CBA cells + 2 mgm 5 fluorouracil IP at
72, 96, 120 hours _

Group B - CBA cells alone
6roup C - 2 mgm 5 fluorouracil IP at 72, 96, 120 hours
Group D - no cells, no 5 fluorouracil

Spleen cells from each group harvested at 144 hours,
20x106 cells injected into (CBAxBalb/c)F; mice (5 mice
per group). Spleen/body weight ratios determined

8 days thereafter, : 7 "

-
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compeggnce of stimulated spleen cells. From these results it was .
reasoned that the very large amounts of 5FU required were due to the
fact that relevant immunocompetent cells stimulated by antigen were
variable in their time and rate of response to alloantigen (i.e: asyn-

chronous) and required prolonged exposure to a cytotoxic agent for

effective removal. This exposure was sufficient to deplete splenic

stem cell activity. Because of the stem cell toxicity of 5FU treat-
ment, this approach wae considered ineffective in specific deletion

of immunocdmpetent cells,
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SURVIVAL OF ELECTRICAL ACTIVITY OF DEEP FROZEN
FETAL MOUSE HEARTS AFTER MICROWAVE THAWING

Long-term preservation of organs is likely only to be achieved
in the frozen state. Certain multicellular structures have already been
successfully preserved after freezing. Thus, chickiémbryo heart prim:
ordia were successfﬁ]]y frozen for short periods and recovered from
liquid nitrogen by GonzaTes and Luyet in 1950 using ethylene glycol (EG)
as a cryoprotective agent. Whittingham, Leibo et al (1972) froze 2-8
cell mouse embryos to -196°C and -269°C at slow cooling rates (0.3 to

" 2°C/min)gand then thawed them slowly at rates of 4° to 25°C/min, with
subsequent survival of '50-70% of 2500 such embryos developing into blas-
tocytes on cd]tu;e. When these were placed in pseudo pregnant méthers
1‘&65% became implanted as pregnancies, and of tﬁese over 40% became fetuses
or went to term. Dimethylsulfoxide (DMSO), at M concentration, was
about twice as effécti¢e as an equal conceptration of glycerol. .There
¥ was an optimum céoling rate and a probable need for slow as wei] as.
controlled thawing rates. |
Supercobléd amphibian hearfs haye resumed beating (Smith, 1957,
1965;‘Karow, 1969; Barner, 1968; Ch¥lds and Lower, 1969), but prior to
the work of Offerijns and Krijnen in 1972 and Rapatz in 1970, attémpts
to freeze adult mamma11an hearts hai‘iet with Tittle success. A
detailed review of the sGbJect has been given by Luyet (1971).
Rapatz (1970) obtamed partial resuxymon of actbny‘m all
parts of aduit frog heiits after freez1nq to be]ow 55°C using

et’ene g]ycol as a cryOprotectwe agent Electron mlcroscope exam-

-, ,
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ination of ice crystals in the tissues showed the extent to which
ethylene glycol -had penetrated the thick-walled ventricle compared with
the thinner atria and sinus venosus, using two different freezing.
methods. In the first, hearts were immersed in gradda1$y increasing
concentrations of EG to 11 Molar while the tissue was cooled, step-wise,
to -55°C. Some hearts were then immersed in liquid nitrogen for five /
minutes and then returned to 11M EG at -55°C. In the second and more
successful method, which also involved step-wise decp€ases in tempera-
ture and increases in EG concentration, hearts were \31so perfused witn
frog Ringer's solution at variouslsteps both in cooling to -55°C and
during rewarming. Without Ringerfs perfusion, sino-afrial node activ-
ity resumed in 90% but normal atrial activity resumed in only 35%;
with Ringer's perfusion, spontaneous ventricular contractions also .
returned. ‘ ) )
Offerijns and Krijnen (1972) added DMSO to. perfusate.of
isolated adult rat hearts.. Revensible disturbances in atrioventricular
conduction occurred at'nnrmal temperatures with DMSO concentrations
.below 2.8M or even up to 3.5M (25% w/v) if DMSO concentration wae
increaeed slowly. With super-cooling to temperatures not below -18°C,
all hearts Survived in 2 1M DMSO. With freezwng to -30°C, young rat
 hearts (10=16 days o]d) also recovered, but older hearts did not,
,,possibly because of less tolerance of adult hearts to high concentra-
tions of extracellular NaC1.

This communication reports our* experience with fneez{ng of the

fu]]y différentiated fetal heart of ‘the mbuse, which can be re1mp1anted

*Work done in conjunction with Mr, R. Rajotte, E]eetrical Engineerfng
Department The University of Alberta. : S )

~

&
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in the ear of an adult syngeneic mouse and studied e]ectricai]y over
o
a long period of time. Microwave energy (25 2450 MHz) was used as one

method of thawing, a method which provides uniform heating of the
medium in which hearts were frozen, at a rate that can be controlled.
Th1s thawing technique may well be essential for larger organs, as it

/
may be the only way to achieve un1form1ty of heating.

' Seventeen to 19 day embryos were removed from the Qother
(Jirsch, Kraft et a7, 1973) and their hearts placed in prechilled Cross
solution (Cross and Taggert, 1949), . g&qle's minimum essentia] medium
(MEM) or in McCoy's 5a medium (the latter two. also conta1n1ng Hepes
buffer and, in most groups, 10% fetal calf serum) Over a per1od of
20 mlnutes, increasing amounts of DMSO, DMSO with pluronic and fluoro-
carbon (FC47), or glycerol were then gradua]]y added to .give the final
concentrations which are 1idted for the various groups in Table 1Q.

-

¥ : . ,
Each heart, in 5 ml of Aolution (Table 10) was placed in %ass bottle

L]

and placed in a prechfilled freezing unit (Linde BF:A—I); e freezing

rate was at 0.5 to 0.XC/min, controlled by differential thermocouples,
down to -100°C. The samples were then placed in the vapour of 1liquid-
nltrogen and coaj’? at 5- 10°C}m1n down to -196°C and stored for 72~
216 hours at this temperature before being rewarmed.

Frozen hearts were rewarmed eitﬁer-by being simply placed in a -
"water bath raising the temperature to 25°C at a rate of 100°C/m1n or
a mlcrowave system, 51m11ar to that recently reported for thaw1ng
t1ssue culture ceTﬁs at different rates (Voss, Warby et a, ]973) fn

thlS system frozen samp]es are rotated horizontal]y on a tef]on arm

A

y-_.y . e - L e
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° solution A - Cross Solution, 10% DMSO

.
MEM (Eagle) with Hepes Buffer, 10% FCS, 1 % DMSO

Solution B -

Solution C - MEM (Eagle) with %es Buffer, 10% DMSO, 1% pluronic,

| ~ 20% Fluorocarbon (FC47) o
Solution D.- McCoy 5a Medium with Hepes, 10% FCS, 10% DMSO

Solution E - McCoy 5a Medium with Hepes, 103 FCS, 10% Glycerol

TABLE 10 - Solutions in which hearts were frozen. ..
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' aftached to a shaft which is moving up and down vertjca11y, movement in -
each plane being powered by motors external to the cavity. The cavity
i; fed by means of a stripline radiato} from a 2450 MHz magnetron, the
power output of which can be varied from 0.4 to 2.0 kw. ~The cubic

' .cqvity is designed to resonate in a ]arge number of .modes (Jemes, Tinga
et al, 1968). To proiect tﬁe magnetron, energy not used to warm the
samples is absorbed by four beakefs’of water placed in_the corners of‘
the cavity. Heating rates for any frozen sample can. be vafied.by
changing the level of power imput, the amount of waierAin the beakers
and the degree of coup]ing‘from the magnetron to the cavity.

'A]theugh a highipercentage of the‘éﬁergy is reflected back to
the magnetron, the technique brovides a useful method for uniform
heating of samples of different shapes and sizes. Heating rates of
200°C/min were used to thaﬁ the hearts fk%ﬂ -196°C to 10fCth°C.'
Following thawiné, the embryonic hearts we;e reimbiahted directly into
the ear of the rec1p1ent mouse (J1rsch Kraftﬂa} al, 1973)... DMSO was
not removed befor%g§e1mp1antat1gn as it was felt that this concentrat1on‘
would not harm the tissue. L v C .

| Heartveurvival fol]ow1ng reimplantation, was detected and then
monitored, by electrocardlograms (J1rsch Kraft et aZ 1973) on varioes
occasions frdm day 5’up to day 35 as shown in Table 11,
| The resu]ts of Table 11 show that Cross solution with 10% DMSO
(solutron A) and McCoy s solution w1th 10% g]ycerol (Solution E) were
1neffect1ye in preservation of e]eetr1ca1 activity underrthe other

9

- conditions of these eXperiments. Similar conclusions can prbbhb]y.be"
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made from the single group of hearts treated with MEM, Hepes, 10% DMSO,
1% pluronic and ZO% fluorocarbon (FC4;), (solution C). However, solu-
tions B and D, both of which contain‘lo% FCS, 10% DMSO and Hepes buffer,
in either MEM or McCoy's 5a medium have preserved electrical activity.
It is with these two solutions, then, that comparison is made of the
relative merits of the twd methods used for thawing.~rThe probable
éyperiority of the m#crowave system over water bath imme;;ion is shown
By the ear]ier return of electrical activity in experimental group 3
comparedito group 4, and the higher proportion that survived ub to 20
days in experimental groups 7, 9 and 13 compared with 8, 10 and 14,
although two hearts of group 7 ceased beating after day 28, and there
was a very late recovery of one heart in group 8. Survival after
freezing in solutions B or D, compared favourably with. that obtained
from transp]anfed embryonic hearts which were not frozen (Jirsch,
Keaft et aql, 1973). Some hearts have survived for sevgral months. .
Embryonic hearts at day 17-19 can withstand freezing and resume

beating after thawing. The ébove system permits the testing of various

profective agents and different freezing and thawing rates.
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