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A B S T R A C T Exposure to supralethal total body ir-
radiation and transplantation of bone marrow from a
DLA- and pedigree-identical donor have regularly pro-
duced successful engraftment and the establishment of
stable long-term chimerism in beagles of the Coopers-
town colony. Bone marrow allografts performed in pairs
of dogs bearing identical DLAhaplotypes derived from
different pedigree origins (i.e., different classes of the
same haplotype) yielded two different results. Depend-
ing upon the particular haplotype pedigree combina-
tion lused, such transplants either led to long-term
chimerisnm or to failures of engraftmenit, secondary dis-
ease, anid death of the recipients (i.e., pedigree-incom-
patible combinations).

Radiation chimeras given bone marrow from a DLA-
and pedigree-identical donor were challenged within
8-12 h after marrow transplantation with a renal allo-
graft obtained from another DLA- and pedigree-identi-
cal donor. The recipients have remained unresponsive
to such renal allografts and have sturvived indefinitely
with normal renial f'unction. In conitrast, renal allografts
obtained from donors bearing the samie DLA haplo-
types derived from pedigree-incompatible sources
were rejected within 25-50 days after transplantation.
The long-term surviving recipients have also been un-
responsive to skin allografts obtained from their donor
of marrow and the kidney donor. Skin grafts obtained
from other DLA- and pedigree-idenitical dogs were re-
jected within 13-41 days, and grafts fronm DLA-incom-
patible donors survived for 10-25 days.

Received for publication 28 Februiaryl 1977 an d in revised
form 28 September 1977.

These results highlight the potential importance of
genetically controlled histocompatibility determinants
other than DLAin conditioning allograft reactivity. The
determinants uncovered in the present study appear to
be linked to the DLA complex, as demonstrated by the
ability of the pedigree origins of DLA haplotypes pres-
ent in individual dogs to serve as an effective marker
system for such non-DLA antigen(s). The restults also
point to the potential usefulness of the early postirradi-
ation period for the induction of allogenieic uinrespon-
siveness in large adult mammals.

INTRODUCTION

The selectively bred lines of' beagles miainitainied at
The Mary Imogene Bassett Hospital in Cooperstowni,
N. Y., have provided an animal resouirce in which the
transplantation of' bonie marrow from genotypically
DLA-idenitical donors into irradiated littermate and(or)
nonlittermate dogs bearing DLA haplotypes derived
from the same pedigree origins can regularly produce
long-term stable chimerism, with no evidence of a graft-
versus-host response at any time after transplantation
(1-5). Challenge of'the recipients with kidney (1), heart
(6), lung (7), liver (8, 9), pancreas (8, 9), or skin (3) allo-
grafts obtained from the donor of marrow within 3-6
mo after irradiation and marrow reconstitution has
demonstrated, in addition, that such chimeras are un-
responsive to other allogeneic tissues obtained from
that particular donor. The individual specificity of this
state of tolerance was shown by the ability of the chi-
meras to reject skinl grafts from other DLA-identical
and(or) DLA-incompatible sources at a rate siimilar to
that docuimented in uintreated dogs (3).
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It is the purpose of this report to present a series of
studies aimed at providing ftirther insight into the role
of genetically determined histocompatibility factors in
affecting the outcome of transplantation in the canine
species. A continuing series of bone marrow allografts
in the Cooperstown colony between DLA-identical
donor-recipienit coml)inations bearing the same pedi-
gree origins is used as the basic reference standard.
The data are compared with the ouitcome of bone mar-
row allografts in pairs of animals which bear the same
DLA haplotypes, but where such haplotypes were in-
herited from different pedigree sources. In the latter
instaniee, some pedigree combinations have produced
long-term stable chimerisnm, while certain other pair-
ings have resulted regularly in failures of engraftnment
or secondary disease, and death of the recipients.

The results of this study also demonstrate that the
state of allogeneic unresponsiveniess produced by ir-
radiation and bone marrow transplantation canl be
lbroadened to inelude not only tissues obtainied from
the donor of marrow, but also allografts from another
donor, provided that (a) transplantation of an organ
from that other donor is perfornmed within a short period
(20-24 h) after irradiation, and (b) the organ allograft
is obtained from a donor bearing the same DLA haplo-
types, derived froimi the sam-ie pedigree origins as the
recipient. 12 of 14 renal allografts performed unlder
suich conditions ecurrenitly survive with normal fuinetion
for 113-949 days. In contrast, kidney transplants ob-
tained from donors l)earing DLA haplotypes which
typed alike, but were derived from different pedigree
origins, were rejected uniformlyx within 25-150 days.
The long-term renal allograft recipienits prodtuced in
this fashion were also uinresponsive to skin allografts
obtained from the donor of marrow and from the kidlney
donor. In contrast, skin grafts from other sources, in-
clutd(inig donors bearing the same DLA haplotypes, de-
rived from the saime pedigree origins as the recipienit,
were rejected at a rate similar to that observed in
uniitreated anlilimals (3).

MIETHODS

Selectiotn of dotnors antd recipients. The animnals uised
throughout this study were adult male and female beagles of
the Cooperstown colonv wveighing 17-27 lb. Donors aind recip-
ients were selected for transplanitation oni the basis of precise
genotypic and pedigree data on the origin.s of each of their
DLA haplotypes. In earlier sttudies of the iniheritaince of DLA
anitigen(s) in the Cooperstown colony (10), the gaimetic uinit
which tranismits infformation for the DLA comiiplex vwas dle-
finled as a haplotv-pe. Each haplotvpe is believed to carry in-
fi)rmation for at least two and probal)yl three serologically
detectable (SD)' loci, ancd onie LD locus, althouigh there is still

l Abbrev ia tions ulsed in this paper: GVH, graft-verstus-lhost;
LD, lymphocyte suirf'ace detectable; MLC, mixed leuikocvte
culture; SD, serologically detectable.

some ambiguity as to the precise number of genetic loci (SD
or LD) which exist within the system (11).

The method of preparation of antisera and techniques for
serological typing by the lymphocytotoxicity technique have
been described in earlier reports (12, 13). Since 1972 (14-17),
such serological studies have been extended to include mixed
leukocvte culture (MLC) tests for the identification of DLA-D
products within the Cooperstown colonv and in mongrel dogs.
NILC tests were performed by a modification of the technique
of Hartzmani et al. (18). For this purpose, 1 x 105 purified
peripheral blood lymphocytes from the responder animals
were incubated with 3 x 105 mitomycin-treated stimulator
cells in 0.2 nil of RPMII 1640( medium, supplemented with
20 mmol/nml of L-glutanmine, 100 IU/ml of penicillin, 50 ,ug/ml
of streptomycin, 50 IU/nil of heparin, and 20% pooled dog
serumii obtained froni 20 normal Cooperstown dogs. The mix-
tures of responding and mitomycin-treated cells were incu-
bated in 5%CO2balanced air at 37°C. On the 7th day of incuba-
tion, I ,Ci of [ mlethyl = 3H]thymidine, 1.9 Ci/mmol (Schwvarz/

Ianni Div., Becton, Dickinson & Co., Orangeburg, N. Y.) was
added to each culture well. The cells in each culture were pre-
cipitated 16 h later Usinlg an autoniatic multiple harvester.
The radioactivity of each sample was measured in a scintilla-
tion spectromiieter. The degree of stimulation of responding
lymphocytes was measured on the basis of the rate of incor-
poration of [3H]thymidine, expressed in counts per minute.
All MLCtests were performed in quadruplicate, and informa-
tive tests were repeated at least once at a different time. In
each experiment, individual aliquots of responder cells were
cultured simiiultaneously with the appropriate controls and
with stimulator cells obtained from DLA- and pedigree-iden-
tical donors, DLA-identical but pedigree-different donors, and
DLA-inconmpatible donors. Two-way NILC tests were also per-
formed in each experiment, utilizing the method described
above, except that treatment of cells with mitomvcin was
omitted.

With the antisera currently in use in the Cooperstowvn
colony, somiie haplotypes (represented symbolically in Table I
as E, *, _, and V) appear to carry more than two SD specifici-
ties; one haplotype (A) carries three defined specificities, and
so far, the haplotype represented as " " is detected by only
one antigen. The superabundance of apparent antigenis on
some haplotypes (e.g., 0, which appears to transmit no less
than five SD antigenis) may be due to cross-reactivity or to the
lack of ability to distiiiguish between public specificities
which are comimiiloIn to several alleles and private specificities
which have a very restricted distribution (10). Similarly, the
dletectioii of only oiie product of the "l " haplotvpe may be
a conse(quience of the lack of c.ompleteness of the repertoire
of available anltisera.

The assignmiient of haplotypes to individual members of the
Cooperstown colony was made possible through family stud-
ies (10). Some haplotypes appear to be particularlyz frequent
in the colony, while others are rare. Haplotypes that appear
to be serologically idetntical may, however, be biologically
distinictive; as a consequienc.e, the phenotvpe may fail to iden-
tifs the genotype, and a giveni set of SD aileles niay be associ-
ated, on haplotypes of distinctive ancestry or pedigree, with
different sets of LD or other as vet undetected alleles. The
uniii(qtueiness of these haplotypes has been established by de-
tailed geiiealogic anialvsis of the pedigree of the whole
Cooperstown colony, with serologic stuidies of 1,439 offspring
of 307 consecutive matings, followed by l)one niarrow trans-
plantation. The initial colony consists of 17 (logs that couild
have conistituited 34 different DLA haplotypes. Of these 34
possible haplotypes, 23 have been declined; the reniaining
11 haplotypes have either lbeen lost froni the colony throuigh
processes suelch as genie drift, or canniiot be distiniguiished from
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the 23 recognized haplotypes. These 23 identifiable haplo-
types fall into the six patterns represented symbolically as
m, *, -, V, I, and A, so that in certain instances, many
haplotypes may have been assigned to the same phenotype on
the basis of serology. From pedigree analysis, a unique assign-
ment could then be given to each haplotype within a group,
by adding a digit to the symbol (A5, for example, indicates
the fifth entry of this particular haplotype into the colony
from one of the original founder animals). Because the animals
came from the same (beagle) category, some degree of consan-
guinity may also be assumed in the ancestors. The exact num-
ber of unique haplotypes within a given group is therefore
unknown. The minimum number of distinctive haplotypes
is 6, however, and the maximum is 23, while the bone marrow
transplantation studies outlined in this report indicate a value
which lies between these extremes. Table II illustrates the
current interpretation of the serologic and pedigree analysis of
the DLAhaplotypes observed in the colony, and lists the cor-
respondence of the detected DLA antigens with the new
nomenclature adopted at the 2nd International Symposium on
Canine Immunogenetics (11).

Method of irradiation and bone marrow transplantation.
The method of supralethal total body irradiation has been
described previously (3). Briefly, each recipient was exposed
to 1,200-1,400 R of continuous irradiation from two opposing
60Co sources, at a source-to-target distance of 2-2.5 m, with
an exposure rate of 3-4 R/min. 12-18 h later, bone marrow
was obtained from the prospectively selected donor and trans-

planted into the recipient by a modification of the standard
technique, consisting of the intravenous infusion of a suspen-
sion of 3-3.5 x 109 nucleated bone marrow cells obtained by
needle aspiration of the long bones and sternum of the donor
(3). Leukocyte and platelet counts were performed three times
weekly for the first 21 days and at weekly intervals there-
after. The return of leukocyte and platelet levels to normal
values and the absence of any evidence of graft-versus-host
(GVH) disease were interpreted as evidence of successful
engraftment and proliferation of the transplant (3). Persistence
of chimerism was confirmed at regular intervals by the con-
tinuing presence of donor erythrocyte group antigens in the
recipient and by the appearance of the sex characteristics of
donor cells in the recipient's peripheral leukocytes.

Method of kidney and skin transplantation and criteria
for the assessment of allograft survival. A renal allograft
obtained from another donor was transplanted into each recip-
ient within 8-12 hr after infusion of bone marrow. Two differ-
ent categories of renal allograft donors were used. The first
consisted of DLA-identical donors bearing DLA haplotypes
derived from the same pedigree origins as the recipient and
the corresponding donor of marrow. The second group con-
sisted of kidneys obtained from a DLA-identical donor bearing
DLAhaplotypes derived from pedigree origins which differed
from the origins of the DLA haplotypes present in the recipi-
ent and the donor of marrow. The method of kidney trans-
plantation into the iliac fossa of the recipients and criteria for
the diagnosis of allograft rejection have been described in

TABLE I
DLA Genotypes of the Initial Members of the Cooperstown Beagle Colony and

Correspondence with the New International Nomenclature

Postulated Symbols for
Dog Relationship between DLA Correspondence with new DLA each
no. individual animals haplotypes nomenclature (by haplotypes) genotype*

Cl Littermates gl/"nul" DLA-A2,B5/"nul" Al/"nul"
C7 } liermates gl/bkhfm DLA-A2,B5/DLA-A10,B13 A2/E1

Cll Same sire as C6,C7 gl/bkhfm DLA/A2,B5/DLA-A10,B13 A3/E2
470 Unrelated bkcdn/X DLA-A7,Bl3/X,X *i/X
684 Unrelated gl/X DLA-A2,B5/X,X A4/X
709 Unrelated e/X DLA-A3,B12 (or 6) + /X,X l1/X
794 Unrelated gl/bkhfm DLA-A2,B5/DLA-A10,B13 A5/E5

1,000 Unrelated gl/bekm(f) DLA-A2,B5/DLA-A7,B12 (or 6)t All/-1
1,184 Unrelated bekm(f)/X DLA-A7,B12 (or 6) + /X,X -2/X

1,189 Littermates gl/X DLA-A2,B5/X,X *6/X1,193 J gl/glo DLA-A2,B5/DLA-A3,B5 A7/V1
1,196 Unrelated bkcdn/X DLA-A7,B13/X,X *2/X
1,202 Damof 1,206 bkhfm/X DLA-AlO,B13/X,X *3/X
1,206 Offspring of 1,202 bkhfm/gl DLA-A10,B13/DLA-A2,B5 E4/A8
1,208 Unrelated gl/X DLA-A2,B5/X,X A9/X
1,209 Unrelated gl/X DLA-A2,B5/DLA-A3,B5 A1O/YX
1,284 Unrelated bekm(f)/X DLA-A7,B12 (or 6)t/X,X -3/X

The symbols refer to the six different DLA haplotypes detected in the Cooperstown beagles.
The numbers opposite to these haplotypes in the last column of this table refer to the
different individual origins of each of these haplotypes. gl, A; bkhfm, *; bkcdn, *; e, l;
bekm(f), -; glo, V.
* The symbols listed in the last column refer to the different DLA haplotypes detected in
the Cooperstown beagles (gl, bkhfm, bkcdn, e, bekm(f), and glo). The numbers opposite
each haplotype symbol refer to the individual origins of each of these haplotypes, i.e., the
different parental lines or pedigrees from which such haplotypes are derived.
t DLA-B12 and 6 are extremely cross-reactive and are not yet separable by currently available
antisera.
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TABLE II
Bonie Marrow; Tratnsplantation in Prospectively Selected Irradiated DLA-Identical Beagles Bearing DLA

Haplotypes Derived froml the Same Original Ancestral (Pedigree) Solurces

Pedigree backgrouniid of the DLA
DLA(SD) genotyl)e of' Survival of

Recip- genotype donor hone marrowr
Donior ielt Relationship and recipienit Donor Recipienlt transplant

days

25-33 25-36 Littermates bkcdn/gl *1/A7 * 1/A7 > 1,145
25-89 25-85 bkcdn/glo *I/VI 1l/vI >936
26-13 26-11 gl/glo AlO/Vi AlO(/V1 >906
26-40 26-38 bkhfm/bkhfm E4/*4 *41E4 >704
25-45 25-44 bkcdn/bkhfm * 1/E4 *1/04 >695
23-23 23-24 gl/gl AlO/AIO or 1 A10/AI() or 1 >392
23-52 23-54 gl/glo A3 or 10/V1 A3 or 10/VL >316
23-56 23-55 gl/glo A3 or 10/V1 A3 or 10/VI >315
22-80 22-82 gl/gl A10/A3 or 8 AIO/A3 or 8 >291

25-52 25-43 Nonlittermates bkhfrn/bkhfim E4/12 or 5 *4/12 or 5 >964
25-55 25-42 bkhfin/bkhfmn *44/2 or 5 *4/E2 or 5 >948
24-56 24-64 bkhfm/bkhfm *2 or 4/E5 *4/E5 >908
26-05 24-63 bkhfm/bkhfm E4/E4 *4/E2 or 4 >903
26-62 26-77 bkcdn/bkhfm *1E/4 *1/E4 >636
23-46 23-51 bkhfm/bkhfm 04/02 *4102 >338
25-96 25-82 bkhfm/g1 *4/A9 *4/A9 >310

detail previously (19). All recipients underwenit removal of
their own kidneys within 29-54 (lays after renal transplanta-
tion. Renal function tests were performed at periodic intervals
in all recipients. Each surviving recipient wvas tested with
skin allografts at 6 or more months after kidney transplantation.
Skin grafts were obtainied from four different souirces, includ-
ing: (a) the donor of marrow; (b) the kidney donor; (c) another
donor bearing DLA- and pedigree origin-identical DLAhaplo-
types; and (d) a DLA-incompatible donor. The technique of
skin grafting has been described previously (3). Briefly, it
consists of the transplantation of full-thickniess 2 x 2-cm seg-
ments of skin (3), using the pannictulus carnosus layer as the
graft bed in the recipient. All transplants are performed in
duplicate and are examined daily after the 7th postoperative
day, using standard criteria for the diagnosis of allograft rejec-
tion (3).

RESULTS

Background data; bone marrow
transplantation in DLA-identical donor-
recipient pairs bearing DLA haplotypes
derived from the same pedigree origins
Table I outlines the DLA genotypes of the original

17 members of the Cooperstown colony. The symbols
which appear in the last column refer to the different
DLA haplotypes detected in this colony. The number
opposite each haplotype refers to the specific individ-
ual source of each haplotype and corresponds to the
original canine member of the Cooperstown colony
from which it was derived (i.e., numbers are used to
denote the specific pedigree or ancestral origin of each
DLA haplotype in the dogs under study).

Table II presenits a group of heretofore not reported
additions to the base-line series of bIone marrow trans-
plants performed under coniditions of DLA haplotype
and pedigree identity withini the Cooperstown coloniy
since 1970 (1-5). The series has grown at present to 22
littermate and 15 nonlittermiiate donor-recipienit pairs,
with suceessful engraftmenit and survival of the irradi-
ated host in each of 37 consiecutive instances. Persist-
ence of chimerism was confirnmed in informative pairs
by the appearanee of donor Swisher erythrocyte aniti-
gens and leukocyte sex characteristics in the blood cells
of the recipient. No maniifestations of GVHwere ob-
served in any of the animilals.

Bone marrow tranplanttation in DLA-identical
donor-recipient pairs bearing DLA haplotypes
derived from different pedigree origitns
DLA haplotype pedigree differences associated

wvith successful enigraftmenit and long-terml chitnerisnm.
Table III illustrates the results of bone marrow trans-
plantation in donor-recipient pairs bearing the same
DLA haplotypes, where stuch haplotypes were tranis-
mitted to each animiial fromii a different pedigree souirce.
The DLA haplotype pedigree combinations tested in
this particular series ineluded A3, A7, AIO, and *2,
*4. Successful engraftmnent and establishment of chimer-
ism occurred in all A3, A7, AlO donor-recipient com-
binations, with current survival of the recipients for
725, 638, 375, 335, 308, 306, 284, 264, and 261 days,
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TABLE III
Bone Marrow Transplantation in Prospectively Selected DLA-Identical Beagles Bearing DLA Haplotypes Derived from

Different Original Ancestral (Pedigree) Sources: Donor-Recipient Combinations Associated with
Successful Engraftment and Long-Term Chimerism

Pedigree background of the DLA
DLA(SD) genotype of Haplotype Survival of

Recip- Relation- genotype of donor pedigree bone marrow
Donor ient ship and recipient Donor Recipient differences transplant

days

24-67 24-40 Litter- bkcdn/gl *1/A3 01/A10 A3 * 10 >725
25-22 25-25 mates gl/gl A7/A7 A1O/A1() A7 A10 >638
25-29 25-90 bkcdn/bkhfm *l/E4 *1/E2 *4 *2 >579
23-31 23-48 bkhfm/bkhfm *4/-4 *41/2 *4 -* 02 >469
24-78 24-30 bkhfm/bkhfm 04/04 *41/2 *4 02 >385
22-79 22-77 gl/gl A1O/A3 A1O/A7 or 10 A3 *A3 or 10 >375
24-69 24-55 bkcdn/gl *1/A3 *1/A7 A3 - A7 >335
23-44 24-77 bkhfm/bkhfm *2/E4 04/04 *2 *E4 >310
22-45 22-93 gl/gl AlO/A3,7 or 10 A7/A3 A10-- A7 >308
22-54 22-47 gl/gl A7/A3 A1O/A3,7 or 10 A3 A10 >306
23-45 23-57 gl/gl A7/A7 A1O/A3 A7 *A3 >284

A7 A10
21-85 21-82 gl/gl A7/A3 A1O/A3,7 or 10 A3 A10 >264

A7 A*10
21-86 21-84 gl/gl A7/A3 A1O/A3,7 or 10 A3 *Al0 >261

A7 A10
23-30 23-43 bkhfm/bkhfm E4/E4 E2/E4 *4 *2 >254

respectively, in nine consecutive instances. The same
result occurred in *2, *4 combinations, with survivals
of 579, 469, 385, 310, and 254 days, respectively, in five
animals. No evidence of GVHdisease developed in
any of the recipients. Review of the pedigree origins of
DLA haplotypes A3, A7, and AIO (see Table II) indi-
cates that the three founding members of the Coopers-
town colony from which these haplotypes were in-
herited (dogs Cll, 11-93, and 12-09) were unrelated
animals. The same is true for the origins of DLAhaplo-
types 02 and E4 (dogs ClI and 12-06), which were
also unrelated.

DLA haplotype pedigrees associated withfailure of
engraftment and(or) acute secondary disease. The
successful establishment of chimerism associated with
bone marrow transplantation in A3, A7, A10, or M2,
*4 donor-recipient combinations (Table V) did not ap-
ply to certain other donor-recipient DLA haplotype
pedigree relationships tested during the present
study. As shown in Table IV, bone marrow allografts
performed between dogs bearing DLA haplotypes Al
or A8 on the one hand, and A3, A7, or A8 on the
other, produced failures of engraftment or acute sec-
ondary disease and death of the recipients within 7-40
days. The same result occurred in two E5 recipients
of *4 marrow, which succumbed at 23 and 60 days,
respectively.

The data presented in Tables III and IV indicate that
the outcome of bone marrow transplantation in donor-

recipient pairs which are otherwise indistinguishable
by currently available DLA typing techniques is pre-
dictable on the basis of the DLA haplotype pedigree
origins in such dogs. DLA- and pedigree-identical bone
marrow allografts had uniform success, and transplants
performed with (A3 = A7 - A10) or within (E2 - 04)
combinations survived in similar fashion. In contrast,
bone marrow allografts performed between Al or A8
and A3, A7, or A10 dogs, or between *2 or E4 and
E5 dogs failed. Preliminary studies in progress at this
time suggest, in addition, that bone marrow allografts
performed between Al and A8 dogs are tolerated
uneventfully.

These data point to the association of certain histo-
compatibility determinants other than currently detect-
able products of the DLA complex with certain DLA
haplotypes, whose pedigree origins can serve as
markers for such hitherto undetectable determinants.
Such non-DLA determinants may or may not be shared
by unrelated animals (such as Cll, 11-93, and 12-09 in
Table II, for example). Unrelated animals sharing
"compatible" non-DLA determinants (as demonstrated
by the success of bone marrow transplantation) might
thus be considered as belonging to the same "group"
of non-DLA products (A3, A7, and AIO, for example),
in contrast to unrelated animals sharing "incompati-
ble" determinants (such as Al and A8), which might
include a second group of such antigen(s) within the
overall category of dogs bearing DLA haplotype A. A
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TABLE IV
Bone Marrow Trantsplatntationi in Prospectively Selected Irradiated DLA-Iden tical Beagles Bearinig DLH Haploti pes

Derived from Differetnt Originial Anicestral (Pedigree) Sources: Donor-Recipient Combitnatiotns
Associated wcith Failtures of Engraiftmenit antd (or) Actitc Seconldarty Disease

DLA(SD)
genotype Pedigree background of the
of donior DLA genotype of Haplotspe Survival

Recip- anid pe(digree Fatte of blone narrow of recip-
Donor ielt Relaitioniship recipienit Donor Recipient differeniees allograft ient

22-73 21-58 Nonlitternmate gi/gl A lO/A7 A7/A8 A10 A8 Failure of engraftnient 19
22-28 22-12 Nonlittermnate gl/gl AlO/A10 AO/AI A*10-o AI Failure of engraftnient 11
22-41 22-53 Nonlittermate gl/bkhfm A3 or 7/04 A7/15 N4-E5 Secondary disease 60
22-76 22-80 Nonlittermate gl/gl AlO/A8 AIO/A7 or 10 A8 - A7 or 10 Failure of enigraftnient 12
22-82 22-81 Litternmate gl/gl AIO/A8 AIO/A3 A8 A3 Failuire of engraftnment 13
24-82 24-13 Nonlittermate gl/bkhfn) A8/E4 A7/E2 A8 -o A7 Failure of engraftment 13
19-51 24-42 Nonlittermate bkhfmn/gl *5/A3 or 10 *4/A3 *4 E*5 Secondary disease 23
25-00 24-98 Litterimiate gl/bkhfni A8/N4 A3/E4 A8 -- A3 Failure of engraftment 12
25-00 24-99 Littermate gl/bkhfm A8/M4 A3/E4 A8-+ A3 Failure of engraftment 12
25-97 25-00 Nonilittermnate bkhfmn/gl *4/A3 *4/A8 A3 - A8 Failure of engraftment 7
25-21 25-20 Littermiate gl/gl AIO/Al AlO/AlO Al -o AIO Failture of engraftmiient 11
25-70 26-26 Nonlitternate gl/gl A1O/A7 A8/A3 AIO,A7 - A8 Secondary disease 27
25-75 26-84 Nonlittermate gl/gl Al/Al or 10 A7/A7 Al - A7 Secondarv disease 40
26-25 27-00 Nonlitterrnate bkhfnm/gl *2/A8 *4/A3 A8-* A3 Secondary disease 24

similar reasoining cani be applied to 02 and 04 vs. *5
animals.

Role of nioni-DLA histocomplatibility variables
in conditiotnitng the respuonse of radiation
chimeras to kidn ei atnd skini allografts

The genetic background of all donors anid recipienits
presented in this study is listed in Table V. 63 clogs
were uised in 21 con;secuttive experimenits, where ir-
radiated recipients were reconstituited with bone mnar-
row obtained fronm 8 littermate aind 13 nonilittermiiate
donors, and then received renal allografts obtained
from 8 other littermaite and 13 other nonilitterimiate
sources. 17 marrow donors bore DLA haplotypes de-
rived from the same pedigree origins as the recipients;
the DLA-identical haplotypes of four other mnarrow
donors were derived from pedigree origins which had
been found previously to be compatible for bone miar-
row transplantation. Recipienits in this category in-
cluded dog 25-25 (a AlO/AlO dog reconistituted witlh
A7/A7 mnarrow); dog 25-90 (a *1/E2 dog given 01/04
marrow); dog 25-73 (a A10/A1() dog given A7 or 10/A 10
marrow); aind dog 25-78 (a *1 or 4/A1O dog given El
or 4/A7 or 10 marrow). As note(l in Table V, successful
engraftnmenit occurred in everx instance; there Wlas n1o
evidence of a GVHreactioni in the 14 recipients stuidied
for a period of time (259-1145 days) stufficienit to permiiit
this comiiplicationi to (levelop. Table V"I presents the re-
sults of kidnev tranisplanitationi in irradiatedl (logs recon-
stituted with bonie marrow% obtained fromii aniother
(lonor. Txvo differenit groups of recipienits aire pre-

sented. The first inciludes recipients given a DLA haplo-
type anid pedigree-identical renal allograft; the second
coonsists of dogs tranisplanited with kidneys ol)tainedl
from (lonors bearinig the same DLA haplotvpes as their
corresponding recipients, but where stuch haplotypes
were inherited from different pedigree origins. 12 of 14
kidneys transplanted under DLA haplotype- and pedi-
gree-identical conditions cutrrenitly survive with nor-
mal rencal ftunctioni for as long as 949 days; txvo allografts
stuffered a chroniic rejectioni at 260 anid 385 days, respec-
tivelv. In contrast, six kidneys transplanted under DLA
haplotype-identical but DLA pedigree-different coondi-
tions were rejected withini 25-56 days, anid one kidney
survived for 150 days, with death of all recipients in
renal failure.

The immtunological specificity of the state(s) of allo-
geneic uinresponisiveness produced unider the condi-
tions of this study was assessed by challenge of the
host with skin allografts obtained from four different
souirces, includinig the donor of l)one marrow anld the
kidney donor, aniother DLA-identical dog sharinig the
same DLA haplotype pedigree origins as the recipienit
and the donors of mnarrow and of kidney, and a DLA-
incompatible donor. As noted in Table VII, skini allo-
grafts obtained fronm the corresponidinig dconor of miiar-
row currently sturvive in nine irecipienits foi over 2200
days, while skin grafts froml the kidney dlonor cutrrentlv
survive in simlilar f'ashioni for 206-236 days in these
recipienits. In contrast, skiin grafts fromii a thirdl (lonior
bearing pedigree-ideintical DLA haplotypes were re-
jectedl by eight of nine recipienits within 13.5-41 daxys;
one graft survived for 84 dlays and one for 132 (lays.
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TABLE V
Genetic Backgrountd of Doniors anid Recipients Selected for Bone Marrow and Kidney Allografts anid Results of

Bonte Marrow Transplantation after Suipralethal Total Body Irradiation

Relationiship between

Bonie Bone Survival of
marrowv KidneN~ Recip- inarrow Kidnev Reci p- Bonie miarrow Kidney bone marrow

(lonior dionor ient donior donior en)t Doniors anid recipienits dlonor donor Recipienit transplant

days

25-33 25-35 25-36 LNI* LM I'm DLA-A7,B13/DLA-A2,]35 *I1A7 *I/A7 *1I1A7 > 1, 145
25-45 24-91 25-44 LM NL,M* LM D)LA-A7,B 13/DLA-A1IO,B 13 *1I/E4 *l/E4 *l/E4 >695
25-52 25-26 25-43 N1AIM NL. NLIM DLA-AlO0,B 13/DLA-Alt),B3 13 *4/U2 or 5 *4/U2 or 5 *4/E2 or 5 >964
2.5-5.5 25-56 25-42 LM LM NLN DLA-A 10,B 13/DLA-A 10,B 13 *4/E2 or 5 04/02 or 5 *4/E2 or 5 >948
25-89 25-86 25-85 LM LMI LMI DLA-17,Bl3/DLA-A3,B35 @I/VI 0l/VI 01/VI >936
24-56 25-28 24-64 NL\1 NLM NLNM DLA-A 10, B13/D)LA-A1I0, B13 *2 or 4/05 *4/M5 M4/E5 >908
26-13 26-t)9 26-11 ilk LMI LMI DLA-A2,B5/DLA-A3,B5 AIO/VL A10/V I A10/VL >906
26-05 26-08 24-63 LMI LNI NLM DLA-AlO,B13/DLA-A11),]33 *4/E2 or 4 *4/E4 04/04 >903
26-40 26-39 26-38 LI LMI LMI DLA-AIO,B13/DLA-A10,B13 *4/U4 *4/U4 *4/U4 >704
25-22 26-83 25-25 LMI NLM LM DLA-A2,]35/DLA-A2,l35 A7/A7 AlO/A10 AlIO/AlO0 >638
26-62 26-66 26-77 LM LMI NLM DLA-A7,B 13/DLA-A 10,13 13 *1/E4 *1/E4 *I/U4 >636
25-29 22-72 25-90 NLMI NLM1N NLM DLA-A7,1313/DLA-AlO0,B 13 01/04 01/02 01/02 >579
24-48 26-74 26-70 NLMN LNI LM DLA-A7,1B13/DLA-A It), B13 01/04 01/04 *1I/U4 >259
25-31 22-84 25-4 1 L\M NLNM L\ DLA-A 1O,1B13/DLA-AlO0,B 13 *4/E2 or 4 *5/U4 *4/E2 or 4 >149
25-96 25-974 25-82 LMl LMN NLM1 DLA-A1O,B13/DLA-A2,]35 04/09 *4/E9 *4/U9 >310
25-91 25-92 25-93 LMN LMI LM DLA-A2,B5/DLA-A2,B5 A1IO/A3 AIO/A8 A10/A3 >55
25-18 25-75 25-73 NLUM LM LMI DLA-A2,B5/DLA-A2,B5 A7 or 10/Alt) AIO/Al Alo/AlO >41
23-28 25-77 25-78 NLMI LMN L\1 DLA-A10,B13/DLA-A2,B35 El or 4/A7 or 1)) Ml or 4/A8 El or 4/A10 >31
24-51 24-56 25-98 NLMI NLMI NLM DLA-AIO,B13/DLA-AIO,B13 *4/E2 or 4 M51E2 or 4 *4/E2 or 4 >30
25-47 24-0)1 23-65 NL,M NLM NLM DLA-A1O,B13/DLA-A2,B5 *4/Al *0 4/E8 04/07 or 10 >30
24-63 25-31 25-54 INLM NLMI NLMI DLA-A1O,B13/DLA-A1O,B313 04/02 M4/U5 04/02 >24

LM\ = littermiate; NIMI = nonilitternmiite.

TABLE VI
Response to Renial Allografts Obtained.fromi a Third-Party Donor in DLA-Identical Bone Marrow Chimeras

Pedigree of Kidney
Recip- Relation- Source of third-party allograft

Donior ietit ship D)LA genotype of donior ani(l recipient Donor Recipient renal allograft survival

days

25-35 25-:36 LM* DLA-A7,B 13/DLA-A2,B5 * 1/A7 *1I1A7 Kidney donor shared the >949
24-91 25-44 NLM* DLA-A7,B13/DLA-A1O,B13 01/04 01/04 same DLA haplotype >500
25-26 25-43 NLMI DLA-A1O,B13/DLA-A1O,Bl3 04102 or 5 *4/E2 or 5 pedigree origins with >768
25-56 25-42 NLM1 DLA-A1O,B13/DLA-A1O,B13 M4/E2 or 5 04102 or 5 the irradiated recipienit. >752
25-86 25-85 LM DLA-A7,B 13/DLA-A3,B5 @11,1 @11,1 >741
25-28 26-64 NLM DLA-A1O,B13/DLA-A1O,B13 *4/E5 *4/M5 >712
26-09 26-11 LM DLA-A2,B5/DLA-A3,B5 A10/Vi AIO/Vi >710
26-08 24-63 NLM DLA-AlO,B13/DLA-A1O,B13 *4/E4 *4/E4 >707
26-39 26-38 LNI DLA-A 1O,B 13/DLA-AIO0,B 13 04104 M4/E4 >508
26-83 25-25 NLMI DLA-A2,B5/DLA-A2,B5 AIO/A1() AlO/A1O >442
26-66 26-77 NLI IDLA-A7,B 13/DLA-A 1O,B 13 01/04 *1/E4 >440
25-97i 25-82 NLMI DLA-AIO0,B 13/DLA-A2,B5 M4/A9 M4/A9 >113
22-72 25-9() NLM1 DLA-A7,B 13/DLA- I10,B 13 01/02 *l/E2 3851
26-74 26-70 LMI DLA-A7,B 13/DLA-ALO0,B 13 0 1104 01/04 2604

22-84 25-4 1 NLM1 DLA-A 1O,B 13/DLA-A 1O,B 13 *5/E4 *4/E2 or 4 Kidney allograft obtained 1504
25-92 25-93 LMI DLA-A2,B5/DLA-A2,B5 AL10A8 A1O/A3 from dogs hearing the 564
25-75 25-73 LMI DLA-A2,B5/DLA-A2,B5 AlIO/AlI AlO/A1O samie DLA haplotypes 424
25-77 25-78 LMI DLA-A1IO,B 13/DLA-A2,B5 01 or 4/A8 Ml or 4/A10 as the recipienit, hut 324
24-56 25-98 NLI D)LA-A1O,B13/DLA-A1O,B13 02 or 4/E5 *2 or 4/04 where such haplotypes 314
24-01 23-65 NLMI DLA-A 10,B 13/DLA-A2,B5 *4/A8 *4/A7 or 10 were derived fromi dif- 314
25-31 25-54 NLM1 DLA-A1O,B13/DLA-A1O,B13 04/05 04/02 ferenit pedigree origins. 254

*LN1 = littermiate; NLM1 = noilittermiate.
4Rejection and deathl of' the r-ecipienit.
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TABLE VII
Reactivity to Skin Allografts in DLA-Identical Botne M\arrotw Chimeeras Bearinlg a Kidney

Allograft from Third-Party Doniors XVhose DLA Haploty pes WVere
Derived from the Same} Ancestral Originis

Survival of skinl allografts obtained from

Aniother donor
Bone with sanme DLA DLA-

Bone marrow marrow Kidney genotype and inicompatible
donor Kidney donor Recipienit donior donior pedigree origins donor

days

25-33 25-35 25-36 >236 >236 40 16.5
25-52 25-26 25-43 >206 41 17
25-55 25-56 25-42 >206 >206 132* 21
25-89 25-86 25-85 >233 >233 31 24
24-56 25-28 24-64 >226 >226 17
26-13 26-09 26-11 >208 37.5 14
26-05 26-08 24-63 >226 >226 13.5 13
26-40 26-39 26-38 35 25
25-22 26-83 25-25 >215 >215 84 10
26-62 26-66 26-77 >229 >229 20 13

* Chronic rejection with slow progressive shrinkage.

Skin grafts from DLA-incompatible donors were re-
jected by the same group of dogs within 10-25 days.

DISCUSSION

The potential biological importance of genetically de-
termined histocompatibility products other than those
of the main histocompatibility complex has gained in-
creasing recognition in recent years (3-5, 20-23). The
cotntinuing absolute dependence of clinical transplan-
tation on immunosuppressive therapy (24), in spite of
progress in our understanding of the HLA system (25),
have lent particular urgency to the need to develop
new in vivo and(or) in vitro techniques applicable to
systematic studies of non-main histocompatibility com-
plex determinants in the mammalian host.

Earlier studies of this question in the canine species
have provided suggestive evidence for the existence
of at least one and possibly more as yet undefined non-
DLA histocompatibility locus(i) for which the individ-
ual DLAhaplotype pedigree records and the associated
DLA genotypes can serve as a useful marker in the
Cooperstown colony (3, 4, 10). The studies of Storb
and associates (20, 21) and of Vriesendorp et al. (22)
have provided additional evidence for the activity of
such non-DLA histocompatibility complex(es) in ca-
nine transplantation. The present study has applied
data on the immunogenetics of DLAhistocompatibility
within the restricted genetic pool of the selectively
bred lines of the Cooperstown colony (10) to a system-
atic program of biological testing of the role of non-
DLA histocompatibility determinants in transplanta-
tion. The individual pedigree origin of each DLA hap-

lotype available for testing within this colony has been
used as a marker for the assessment of the allogeneic
activity of non-DLA products under conditions of
donor-recipient identity for products of the DLA com-
plex. As noted in earlier reports (1-5), bone marrow
allografts performed in DLA-identical dogs bearing
DLA haplotypes derived from the same pedigree
sources have regularly resulted in stable long-term chi-
merism with no GVHcomplications. The results ob-
served in dogs bearing the same DLA haplotypes (i.e.,
haplotypes which type alike but are derived from dif-
ferent pedigree sources) depended upon the particular
pedigree origins of the DLA haplotypes involved. Cer-
tain donor-recipient combinations (A3, A7, or A*O; 02
or E4) produced uniform success of engraftment and
stable chimerism; in contrast, others (Al or A8 to A3,
A7, or A10; E2 or *4 to *5) resulted in failures of en-
graftment, secondary disease, and death of the recipi-
ents. Whenthe pedigree origins of the DLAhaplotypes
in question were traced to their original sources in the
Cooperstown colony (Table I), there was no record of
a common ancestry between the original dogs bearing
compatible histocompatibility pedigrees (dogs C11, 11-
93, and 12-09 for DLA haplotypes A3, A7, and A10;
and dogs Cll and 12-06 for 02 and *4). The original
dogs bearing incompatible pedigrees were also not
known to be related. Taken together with the results
of biological testing, these data are consistent with the
possibility that the non-DLA histocompatibility prod-
ucts under consideration may be distributed in group
fashion in the canine population.

The present study points to the existence in dogs of
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DLAhaplotypes which type alike by all currently avail-
able in vitro criteria (02 and M5, for example), but
which differ by a number of histocompatibility deter-
minants that are not yet amenable to laboratory detec-
tion. The resulting different "classes" of otherwise
DLA-identical haplotypes have been uncovered by in
vivo testing with irradiation and bone marrow trans-
plantation in the Cooperstown colony. A close linkage
has been observed between the "non-DLA" antigens
present in different classes of the same DLAhaplotype
and the actual products of the DLAcomplex. This link-
age provided the basic marker system for studies of the
allogeneic activity of such non-DLA antigens. In the
course of these studies, different "classes" of the same
DLA haplotype were actually observed within a single
litter of Cooperstown dogs. This finding may be of di-
rect relevance to the observation by Amos (26) of the
same phenomenon in a population of old order Amish
in Indiaina, where different forms of the same HLA
haplotype (HLA-A2, B12) were shown to occur within
a sinigle family unit.

The successful use of the pedigree origins of individ-
uial DLA haplotypes in assessing the degree of donor-
recipient non-DLA compatibility for bone marrow and
kidney transplantation in the Cooperstown colony sup-
ports the conclusion that the determinants of such non-
DLA products may be genetically linked (or in quasi-
linkage) with the DLA complex. It must be noted in
this regard that findings of HLA or DLA (SD) and (LD)
identity between any two given siblings do not con-
stitute a guaranty of donor-recipient identity for the
products of all other genetic determinants present on
the same chromosome which bears the HLA or the
DLA complex. The greater the distance between such
other determinants and the DLAcomplex (as measured
by recombinant units), the greater will be the probabil-
ity that recombinational events involving such deter-
minants will occur. Although a number of studies have
postulated that non-DLA genetic determinants are lo-
cated oIn chromosomes other than the particular chro-
mosome bearing the DLA complex (21, 22, 27), the
results of the present study suggest that the presence
of such determinants on the same chromosome cannot
be ruled out at this time (4). This consideration may
provide an alternative approach to the understanding of
the failure of bone marrow transplants performed under
conditions of HLAor DLAgenotypic identity in sibling
or littermate donor-recipient pairs of subjects.

The results of kidney transplantation presented in
this report have provided an additional opportunity to
assess the role of non-DLA determinants in the induc-
tion of allogeneic unresponsiveness. In earlier studies
of the induction of allogeneic unresponsiveness by su-
pralethal total body irradiation and bone marrow trans-
plantation, recipients were allotted a recovery period

of 43-120 days after reconstitution with bone marrow,
before challenge with a test kidney allograft obtained
from the donor of marrow (2). The resulting state of
immunological tolerance extended to all donor tissues,
including kidney, skin, heart, lung, liver, and pancreas
(5), but was limited to tissues obtained from the donor
of marrow (3-5). Such individual-specificity, taken to-
gether with the hazards of GVHdisease in non-DLA-
identical donor-recipient combinations, appeared to
constitute a serious obstacle to further progress in the
application of irradiation and bone marrow transplanta-
tion techniques to the production of allogeneic unre-
sponsiveness in large mammalian species. The possi-
bility that the phase immediately after supralethal total
body irradiation might constitute a useful period for the
induction of allogeneic unresponsiveness (22) has,
however, suggested an alternative approach to this
question. In this context, irradiated dogs were recon-
stituted with bone marrow in the usual manner; instead
of waiting for 1 or 2 mo, however, each dog received a
renal allograft from a second DLA- and pedigree-iden-
tical donor within 8-12 h after marrow transplantation.
Such recipients were rendered tolerant to tissues (skin
allografts) from the bone marrow donor, as well as to
kidney and skin allografts obtained from the other
donor. The recipients retained the ability, however, to
reject skin allografts obtained from other DLA- and
pedigree-identical donors, pointing to the specificity of
the induced state of tolerance and to the host's immuno-
logical competence. Under the conditions of this ex-
periment, allogeneic unresponsiveness to tissues from
"third party" donors was induced in the recipients only
if the donors were DLA-identical, bearing DLA haplo-
types derived from the same pedigree origins as the re-
cipient and the donor of marrow. Organs obtained from
DLA-identical but pedigree-different donors were uni-
formly rejected by the recipients. This result suggests
that the same broad spectrum of non-DLA histocom-
patibility determinants operative in affecting the out-
come of bone marrow transplantation may also play an]
important role in conditioning the induction of unre-
sponsiveness to solid tissue allografts in the canine
population.

The mechanisms implicated in the production of al-
logeneic unresponsiveness by irradiation and bone
marrow transplantation remain uncertain. The observa-
tion that the state of allogeneic unresponsiveness ob-
served in long-term radiation chimeras may be due to
an active inhibition of the clonal proliferation required
to produce antigen-reactive lymphocytes (5), and re-
cent reports of the ability of suppressor T cells to pro-
duce allogeneic unresponsiveness in other species
(28-31) point, however, to the possibility that the states
of allogeneic unresponsiveness associated with irradia-
tion and marrow transplantation may be related to the
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active production of populations of suppressor cells in
the tolerant host.

Taken together, the data suggest that further progress
in the understanding of genetically controlled histo-
compatibility variables other than the currently known
products of the main histocompatibility complex is an
important prerequisite for renewed advances in trans-
plantation. Supralethal total body irradiation and bone
marrow transplantation have provided a useful in vivo
test system for the analysis of non-DLA alloantigens
in the canine species. Further progress in this area
would appear to await the development of new in vitro
techniques for the detection and charactcrization of
non-main histocompatibility complex determinants in
various mammalian species, including man.
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