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Sinei; 1000, prodigious effort, has been expended on the problems of
tissue and organ transplantation. Initially, progress was slowed by
failure to differentinte the behavior of autografts from that of homo-
grafts or heterografts, Holman,® Loeb,' Guthrie! and others had pointed
out that homografts initially behaved ne differently than autografts but

that in a short. time they were repudiated by the host organism. [law--

ever, even at the beginning of the Sceond World War, many people still

" believed that homograft failures were piimarily due to technieal inacde-

quacies.

Failure to recognize the scope of the problem was partly due to lack
of a precise explanation for homograft or heterograft incompatibility.
Since 1910, invaluable information has beeome available which has not
only aliowed quantitation of the details of rejection of foreign tissue, but,
which has also provided a rational explanation for this incompatibility.

In addition, teehnieal advances in tissue trausfer and inereased knowl-

edge of o1z storage have expedited both research and elinieal use of
grafting procedures, The applieation of these physiologie principles,
insofar as they govern the use, suceess and fnilure of various kinds of
grafts, is the subject of this report. Fmphasis will be placed on the
transplantation of living tissue rather than on nonviable grafts which
act as prostheses.

* Aided by Grant A-3176 from the United States Publie ealth Servico, Betheada,
Maryland. . ™
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PROBLEMS INHURENT IN TRANSFER OF TISSUL AND ORGANS

Certnin peoblems ave common (o o)l living genfis whether they e
from the same individual (outogealt), from o different. individunl of the
same species (homogealt), or from u different specios (heterograft), Some
gralts serve as senffolding (hone, cartilage) or ns eonduits (blood vessels)
aned ave evenluadly hattressed or replineed by host, tisstie, Here, it is
immaterial whether the tissues are dend or alive,

Problems of Yschemia

If tissne viability of the graft is essentinl, the most eritical of the
requirements is to prevent, lethal ischemia and neerosis of the tissue
during transfer and vevascularization. The necessity for prompt, restora-
tion of nulrition varies according {o the resistance of the tissues to
ischemia and the bulk of the graft. Cornea, conncetive tissue, cartilage
and skin are geafted without immedinte restitution of the bload supply.
The mass or thickness of tissue is usnally not great, but in addition,
these tissues are resistant to anoxia, After graft placement, the revasen-
larization of skin occurs from the graft bed in a few days. With eornea
and cartilage, particularly the former, metabolic requirements may he
permanently met by diffusion, and ingrowth of hlood vessels may never
oceur,

In contrast, complex or bulky tissues, especially whole organs, require
prompt re-anastomosis of the major vessels, When free trangplantation
of such tissue is attempted, o few peripheral cells may survive, but the
entire eentral mass undergoes necrosis.'” The duration of permissible
ischemia is measured in minutes or hours. The Jwvor, kidney, heart and
hollow viseera are among the most sensitive organs, while endoerine
glands and lung are somewhat more resistant, Reduetion of metabolism
of grafts by cooling increases resistance to ischemia, and will be disenssed
under the scetion on procurement and storage,

Problems of Inncrvation and Lymphatic Drainage

.

In grafis that are completely removed from continuity at the donor
site and transfevred, all lvmphatie and neural conneetions are severed,
Ifree grafts, such as skin, have progressive re-establishment. of Jymph

channels and incomplete and disorganized ingrowth of nerve fibers,

Organ grafts, in which vaseular continuity is restored by anastomoses,
have functioned well for long periods despite these defieits, Lymphatic
drainage of whole organg may be served by regeneration of lymph
channels'® or by Iymphatico-venous conneetions such as those deseribed
by Blalock.? In the actual transplantation of very large homografts, the

state of denervation and consequent Joss of vascular tone may be

responsible for the goquestration of larvge quantities of blood in the graft,
leading to congestion and immediate technical failure,*
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The Function of Living Grafts

The fnetional capacity of geafted fissue hns been of gread inferest.
Phis is often difhieult. to measure, espeeially inits subtler aspeets, The
Kiduey, heeause its exeretory produets ean be aeeurntely evaluated, hes
provided some of the most precise information on graft. funetion and
ean be used as o prototype. The bulk of evidence indientes that renal
autogealts, transferred with good technique, perform as well as normal
Kidneys In contrast, vennl homogralts which aro transferred by the
same teehniques to unalfered reeipients initinlly  display good gross
funetion, but. in general lose the enpacity for completely normal electro-
Ivte manipulation, and never function as well as autotransplants,
When the reeipient subjeet. is sueeessfully altered to prevent a rejection
response, the homograft probably functions ag well as an autograft,

TISSUE COMPATIBILITY

Technivally, it is possible to transfer virtually all tissues or organs
from one site to another in the samo or another subjeet. The central
problem in suceess or failure is whether or not the grafled tissue is
biologieally compatible with its host. With autografts, in which the
fransplant. is made to a new loeation in the snme individual, permanent
graft survival is the rule. This fact has allowed wide elinieal use of auto-
grafts with skin, eartilage, fat, muscie, bone, tendon, fascia, nerve, blood
vessels, bone marrow, endoerine tissue and intestinal segments, In the
case of identical twins (monozygotic), tissue can be permanently grafted
from one twin to the other (isologous graft). From u biologieal point of
view, this is a special form of autograft, since the two subjctis ‘aro
genctically identieal.

The Rejection Phenomenon
When a graft. is transferred to o site in a different subjeet of the same

(homograft) or a different (heterograft) species, it is in time destroyed
.

and sloughed by the host. Ior a few days, the alien gralt aets in n manner
indistinguishable from an nutogeaft, both anatomically and with respeet

to gross funetion. After three to five days, mononuclear cells, chiefly
L}

plasma cells and lymphoeytes, infiltrate the geaft. (I%g. 1, A). Fingorge-
went, rapture or thrombosis of small vessels may be prominent. These
vasenlar changes are not, prevented by anticongulant therapy. The graft
hecomes enlarged and firm, and the quantity of blood transmitted by
the organ is reduced. Funetion ecases a few hours or days Inter, The
histologic charneter of the graft is distorted, and eventunally destroyed
(Mg, 1, 13). With free grafts, the regionnl lymph nodes are enlarged and
pacted with large lymphoid, rljeulum and plasma cells,”™ while a
gimilar inflammatory reaction is scen in the subjacent graft bed. In organ
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Tig. 1. Stages in the rejection of a canine liver homograft. A, Tarly atage, after b
days, with intact architecture but with diffuse and focal mononuclear cell infiltrate.

B, Late stage, after 13 days, with disorganized parenchymal pattern and massive '
cellular infiltrate. 4

grafts attached by vascular anastomoses, no consistent host changes may
be found, although in large grafts, widespread round cell infiltration
and proliferative changes have been noted in the host reticuloendothelial
system.?® The rapidity of rejection is related to the degree of genctic
difference between graft and host. Thus, heterografts are rejected more
violently than homografts. Similarly, homografts do not last as long

when transferred begyeen unrelated subjects as they do with inbred -
strains. ;
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The Explanation of Rejection

T 100 and 19405, Medawar?® * published the first of aseries of articles
which provided stromg evidence that. the rejeetion phenomenon was duoe
to an immunologie reaction of the host to the foreign tissue (g, 2).
The key observation in support of this coneepl. was the faet, that onee a
homogralt had been placed, o second gralt. from the same donor was
destroved in an aceelernted fashion (xceond sel reaction), suggresting the
acguisition of immunity. The immunity conferred by contact with the
first graft was permanent. or of long duration, and applied to all tissues
subsequently teansplanted from the same donor. The sensitization was
speciic inasmuch us homografts from other donors were not usually
rejeeted in an accelerated manner. A feeble quantitative effect was noted
by Medawar, with more rapid rejection of larger than smaller grafts.

The delay between exposure to a foreign graft and rejection has
prompted comparisons between homograft, immunity and the delayed
tubereulin type sensitivity. IHowever, the details of homograft. and
heterograft immunity are not. known. The nature and location of the
antigen and of the resultant antibodies are matters on which there are
conflicting opinions. There is abundant, evidenee that the reticuloendo-
thelial system plays an important role in rejection (Iig. 2). The relation
of the graft to cellular activity in the regional lymph nodes hag already
‘heen alluded to. All vascularized homo- and heterografls are invaded by
Iymphoeytes and plasma cells during their rejection. Work by Algire!
points to the small lymphoceyte as the cellular agent of destruction,
Finally, paralysis of the host reticuloendothelial system by irrndiation

N

1 Plasma cells
2.Ly mphocytes
3. Antibodies
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system as “seif |

o Yeaction. LN
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immune gystem a3 "non-gelf” with
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Iig. 2. Response of the immune nmghdftism to autografta (I) and homografta (1.
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or extotoxie drugs is the most effeetive method eurrently availnble 1o
potentinte homograft. survival in ndult, subjeets,

Attenuation or Paralysis of the Rejeciion Response

Use of donizing ireadiation to reduee or abolish the immunologie
competenee of the host is the subject of o vast literature, and is the
method for abrogation of the host versus graft reaction thal has received
the greatest ehinieal and experimental study. Unfortunately, the dose of
irradiation upon which graft survival depends eanses the lethal combina-
tion of general immunologie paralysis and bone marrow suppression,

To avoid this, (he irradiatea host ean be provided with new reticulo-
cndothelial and blood-forming systems by means of a free hematopoietic!®
and/or spleen? graft. At a subsequent time, a kidney or other tissues
from the same donor ean he grafted with permanent or prolonged
survival." ‘The resultant, composite subjeet. is termed an irradiation
chimera. As Burnet® has pointed out, the chimera is an unstable prepara-
tion in which the immunologie reactivity is direeted by the donor tissues,
Iventuudly, the remaining host reticuloendothelinl eells, which have
survived irradiation, may recolonize the lymphoid tissue and tolerance
to the graft is lost. If the graft cells remain in ascendencey, thea ntigens
of the defenseless host may provoke an antibody response from the
graft with a consequent graft versus host reaction.

The importance of the latter possibility will be diseussed subsequently,
but for the moment, the most encouraging indication that this quandary
may not be insoluble was provided by Woodruff® and Hume." Hume
has shown that prolonged survival of an ireadiation chimera is possible,
Woodrull has presented evidence that™ n homograft can be maintained

for a certain eritieal period, mutual adaptation and eventual suceess

can be achieved even in the nbsence of histocompatibility between graft
and host.

In clinical practice, employment of x-irradiation to contraveri the
immune response has allowed limited use of bone marrow and renal

.
.

Water

Elecirolytes

Serum proteing
Humoral antibodies

Top view Cross section

Fig. 3. Schenatio representation of diffusion chamber used in homograft studica.
Cells canifft, penotrate millipores (#0.45 microna) but nutrients and humornl anti-
bodices can. :
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homografts. Most experience has been acquired with renal homografts
used in conjunetion with hematopoietic groafts and, in at least one ecase,
arenal homograft has sustained life for more than a year.? Hematopoictie
grafts alone in the treatment of wradiation disease and of leukemia
heve had limited elinieal trial.

Under certain other specifie eircumstances, there is abrogation of the
host versus geaft response with the use of homografts. If free grafts are
eneased in millipore ehambers through which fluids, but not cells, ean
pass (g, 3), rejection does not oceur.! Homografll viability under these
conditions may be analogous to corneal and 1o n Jesser extent, eabitage

“homogralts and to various grafts fo the anterior ehamber of the eye,

v hose survival continues only as long as they are not vaseularized from
the host. Millipore chambers eneasing endoerine tissue have had a
limited elinieal trial but without notable suceess.™

Constitutional disorders of the host ean also lead to prolonged survival
of homogrifts. This has been noted in patients with uremia® or Hodgkin's
disease.®® It is thought that the potentintion of graft survival is due to
deterioration of the host immune mechanism and reticuloendothelial
systen, In cases of agammaglobulinemia and hy pogammaglobulinemia, '
homograft.: of skin have lived for more than a year. These paticnts have,
in addition to reduced or absent. gnmma globulin, lymphoid hypoplasia
and inability to develop plasma cells (IMig. 4). Capacity to react to some
but not all other antigens is similarly reduced (I%ig. 4).

Homograft Tolerance After Inoculation of Neonates and Embryos

Despite progress with methods of altering the host response, there

are at present no means of consistewfy assuring persistent, vmhlllty of

homografts in the adult subject. It has been found in various spcclcs,
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Fig. 6. Frythroeyte cehimerism in eattle twins. Cross tolerance to formed blood
clementa and other subsequent grafta following intrauterino eirculatory exchnngn in
dizygotic twinsa.

however, that, permanent immunity {odissues of an adult, donor ean he
obtained by exposure of the fetus or newhorn to donor cells, The initini
observation in this development was made by Owen? who noted that
dizygotic calf twins, whose cireulation in utero communieated freely,
had each other's formed blood elements which persisted indefinitely
(Fig. 5). On the basis of this, Burnet” suggested that expositee of the
fetus to donor tissue might confer immunity persisting after birth to
subscquent grafts from the same donor. hypothesis was copfirmed
by Billingham, Brent and Medawart i ind has gubsequently been
extended to other species. '

The explanaiion for this nequired tolerance appears to be related o
exposure of the host to donor antigens at a time when its immune mech-
anism is incapable of recognizing the praft tissue as foreign. With
maturation of the immune processes, the graft is nol recognized ns
alien, nor are other tissues irom the same donor. While of no immedinte
clinieal value, these disclosures are of great biological importance. They
have strengthened the hypothesis of acquired immunity sinee similar
fetal expgwire to other known antigens, such as foreign proteins, hns
resulted in immunologic toleranco to these substances.

N et

e o ~p Ty PP g Sdia g bt M ik 1o ot Lk Lids D ia il acu et e

ta

T



g ——— 8 e o

T e e

B T

)

The Cransplantation of Tissues and Organs 63

“The Graft-Versus-Host Reaction

One vesult of this type of experiment. has heen (o reawaken interest
in the question of what the gralt reaction is against, the host, In 1957,
Billingham and Brent? desevibed abnormalities in the development, of
mice which had been inoculated in utero or at birth with Tymphoid
tissue from an adult donor and termed these events the “runt syndrome.”
The mortality rate of the mice was high and those that lived often did
not develop, had diarrhen, were subjeet to infection, and often had
hypoplasia of the lymphoid system. A similar adverse effect, on adult
animals subjected to massive irradiation and given hematopoictic homo-
grafts has been observed by Trentin® and termed “sccondary homol-
ogous disease.” In both civcumstances, it has been suggested that the

injurious eficets are due to action of the graft antibodies on the defense-

less host.

The potential clinieal importanee of the graft versus host reaction is
great since most clinienlly oriented routes of resenrch today are directed
at renderving the host incapable of immunologic response to the graft,
The successful transplantation of o vital graft would be of little value
if its unopposed antibodics were to visit a debilitating iliness or death
upon the host. The seriousness of this problem has yet to be clarified,
but the findings of ITume™ in the dog and Murray® in man suggest that
‘successful renal and hematopoictic grafts may be tolernted for very long
periods without harm to the host.

PROBLEMS OF ORGAN PROCUREMENT AND STORAGE

.. . . . . e
With all viable grafts, a crucial technical problem is to restore nutri-

*iional exchange within the permissible time limits of ischemia. Although

the response to ischemia varies with different tissues, the necessity for
prompt transfer imposes sharp limitations on all grafting procedures.
Efforts to render grafts more tolerant to removal, or to allow their
storage in tissue or organ banks, have followed several avenues of
research.

Cooling of Grafts

Some of the simpler methods involve lowering the graft temperature
with a consequent reduction in its metabolic activity. As an average, the
oxygen uptake of tissucs falls exponentially with reductions in tempera-
ture so that at 15° C. it would be reduced to roughly 12 per cent.!
Cooling without freezing protects all tissues, and extends the viable
interval many times. It has been used clinically for the preservation of
skin grafts, bone, cartilage, kidney, endocrine organs, and eornca nmongst
others. With tissues like skin, cooliugrallows survival for several weeks.
With complex experimental grafts such as liver and bowel, the permissible
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ischemin is extended o several honrs, The details of refrigerntion range
from total body cooling ol the living or dead donor to repgionnl curfaee
cooling of the prospective geaft, (o perfusion of the geaft, with eold
solutions, The disadvantage of this type of refrigernbion is that, the
protection afforded is of sueh limited degree and duration that it does
not. permil. the establishment, of organ banks.

Freczing of Grafts

I'reezing teehniques to temperndures of —10 to —200° C. offer more
promise of Jong-term tissue preservation sinee metabolic requirements
could be reduced to near zero. TTowever, numerous difficulties presently
preehude more than limited applieability of these methods, Tor one
thing, freezing causes a variable injury to tissue and the exact mecha-
nism of this effeet is not known. A teaditional view is that slow freezing
eauses ice erystal formation within the cells, with eonsequent. rupture
of the cell membranes. Reeent evidenee, however, suggrests that, the ice
erystal formation with the nsunl freezing teehniques is exelusively extra-
cellular, and that intracellular erystallization oceurs only with rapid
freezing.® An alternative explanation is that the cellular injury nfter
freezing is due to altered concentration of cleetrolytes and other sub-
stances within the eells or in the extracellular spaee due to rapid removal
of water in the form of ice erystals! Clarifiention of these issnes will
undoubtedly promote more efleetive freezing techniques. At present,
cven the proper rates of freezing and thawing are matters of dispute,
although the preponderance of evidenee fuvors slow cooling with rapid
thawing.

Of great interest is the diselosure of Rolge, Smith and Parkes? that,
exposure of tissue to 10 to 20 per cent glyeerol before or during freezing
protected the cells from damage. The mechanism of this profeetion
appears to be imbibition of water by glyeerol with consequent. reduetions
in the amount of water available for erystallization and in the degree of
dehydration.® This technique has been suceessfully applied to the
preservation of animal sperm, haeterin and hematoppictic grafts. Results
with complex grafts have been less enournging, although autologous
parathyroid tissue has been preserved in the frozen state for as long ns
78 days with unquestionable viability after insertion s a free graft.?
To day, freezing with various lechnigues has heen most applieable to
cells or to small bits of tissue. With bulkicr preparations, homogeneous
preservation is difficult to achicve particularly in the control part, of the
speceimen,

Tissue Culture

Mecthods other than refrigeration have heen used for long-term preser-"

vation of vi‘g.l,)io tissue. "Tissue culture, in which the graft is placed into
o nutrient medium and -intermittently harvested, has allowed main-
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tenanee of life for years, The method is limited, nol. only beeause of its
complenity, but beeanse only cells or tiny fragments of lissue enn meed,
theie nutritional requirements by tho diffusion upon which the method
depends.

Organ Perfusion

The perfusion of organs through their vaseular pedicles may have
great future use. This method was first, investigated by Carrel and
Lindbergh,® and some of its inherent, problems are still unsolved even
with modern pump oxygenators and the availability of anticoagulants,
With present methods, perfusion for o number of hours results in edema,
progressive blood entrapment, and eventual architeetural damage, Toven-
tually, pump oxygenators in conjunction with hypothermin may allow
longer preservation, Perfusion with substances other than blood may
also eventually be of use. In this conneetion, Blalock and his nasoci-
ates?™ M have demonstrated that perfusion with oxygen alone could
sustain life in whole organ kidney and heart grafts for several hours.

SUMMARY

The surgical and physiologic prineiples involved in the trannsplantation
of living tissues and organs has been veviewed. Many of the problems
encountered are common to autografts, homografts or helerogralts.
These inelude surgical techniques, avoidanee of irreparable ischemia,
and stornge.

The greatest deterrent to further development in tissue and organ
gralting is the problem of tissue incompatibility. Natural donors whose

tissues can be permauently aceepted by other individuals of the same

gpecies do not exist, unless the donor and recipient. are identieal twins,
Natwal recipients are exceedingly rare, and nehieve this stale only by
constitutional discase such as agammaglobulinemin, or by prior fetal or
neonatal exposure to the donor's tissues.

The probable reason for homograft and heterograft. rejection is the
development of a delayed immunity by the host which is provoked by
the graft antigens and served by the host reticuloendothelinl system.
The abolition or mitigation of the host immune response with ionizing
irradintion or cytotoxing has permitted limited, and for the most part
unsuccessful, exploration with the clinical use of homografts,
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