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Transplancation has significantly advanced in the past 30 years. The availability of
T-cell-ditected immunosuppressive agenrs (FKS06, Rapamycin, Cyclosporine,
Azarhioprine)has allowed pancrearic ransplantacion tobecome sn accepted thempeucic
approach for treatment of diaberes. In recenc years, the development of procedures to
isolate large numbers of pancreatic islets bas made it possible ro initiate clinical trialy
for cellular replacement of pancreatic endocrine function. ¥ Tmasplantacion of pancre-
atic islees is the most focused approach to trear diabetss and may offer 2 mumber of
advantages over transplantation of the whole pancseas ayaprimatily 'nsculanzcd graft.
In addicion to che potential for cryopteservation and islec “banking”, in vitro pretrear-
ment of free cellular grafts is more feasible than with sohd organs, Finally, one can
eliminate the requirement for vascular and ductal anascomoses which must accompany
the rransplantation of solid pancreas grafes.

Tt is well recognized that all pancress grafts are highly antigenic."® Alchough one
might predict chac free cellular grafes would be les antigenic then a primarily
vascularized solid organ greft, the opposite has proven to be true.* Cellular grafts are
even more antigenic than the whole pancreas if one uses rejecrion-free survival and
function as the criveria for judging graft immunogenicity. Approaches to reduce
immunogenicity of the isler grafts, including graft pretrearment with monoclonal
antibody,™*!* in vitco cultuce ucd-nmqus."'“’ ultmvmlet ircadiation of the grafts, 6
microencapsulation,”™ and isolarion of hand-picked B-cells® have resulted in
prolonged grafc survival, bur these approaches have not reliably prevented graft
rejection. The induction of donor-specific transplantation tolerance across MHC
disparitics, or even species bartiers, has been suggested as a pocencial = ©
overcome the limitacionof grafc rejection. Todate, the only srareof true systemicdonor-
specific transplanration tolerance has been that associated with chimerism, the engraft-
mencof bone marrow stem cellsinaconditioned recipient. Theassociarion of chimerism
and rolerance will be the focus of chis chaprer.

‘The recognition thar bone marrow stem cells possess a unique propercy to induce
systemicand permanent eransplantation tolerance to donorc histocompatibility antigens
was made in the late 1940s and eacly 1950s. Owen dececred mixed red blood cell
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chimerism in fracernal cwins which shared a

common placenca (freemartin caccle) and con-
cluded that chis was possible only if henaropol-
etic stem cells had been exchanged in utero.®
‘This effect persisted in chese animals throughout
their lifespan, The implicarions of this phenom-
enon for ransplantation immunology would
prova to be profound: if donot bone marrow cells
could be engrafced in normal recipients, chey
would not be rejected, but instead would persist
in a mucual scate of corolerance.

Contemporaneously, Billingham, Brenrand
Medawar became aware of Owed’s observation
when they were asked by the Agdculeural Re-
search Council todevelop 8 model to distinguish
monozygoric from dizygocic cattle twins. It wss
importaat to the ¢artle industry because “free-
marein” (chimeric) cacele were victually always
serile and therefare not economical to mise.
Billingham, Brent and Medawar had developed
a method to use skin grafting vo pecfoem hisco-
comparibilicy typing. They had demonscrated
skin graft téjection in the presence of histocom-
pecibiliry differences. However, to their sucprise
they found that dizygotic freemartin cactle ac-
cepred skin grafts from cheir sibling just as
readily asdid moncygotic(identical) cwins, The
presence of donor chimerism had rendered the
recipients tolerant. They immediacelyartempred
to cransfer bone maseow cells into newborn mice
o determine wherher donor-specific skin grafe
survival could be achieved. This led to the report
of “actively acquired tolerance of foreign cells” in
which trensplancation of Major Histocompat-
ibility Complex (MHC)—disparare bone tmar-
rowster cellsinto neonatal recipient miceinduced
specific and systemic tolerance to the donor with
preservation of immunocompetence to reject
genetically differenc third party graftsfrom other
donors.* Moreover,the rolemnce was swble and
persisted into che adulc Life of the recipient.

The fetus and newborn possess & peivileged
stare in which no conditioning is required to
achieve engrafiment of bone merrow cells in the
form of chimerism. In the mouse, this scem cell
engrafrment can be achieved until 72 hours after
birth. In the humnan fetus, this occwss until 16
weeks of gesmation. After thac, approaches to
condirion che recipient or “make space” vo allow
bone mamrow stem cells to epgraft must be
vrilized (conditioning).
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Afterthe pioneering work of Billingham et
ul inneonaral mice, approaches to achieve similar
chimerism in adule recipients were reporced.
Conditioning approaches to allow engraftment
of donor stem cells included total body irradia-
tion,®* total lymphoid irradiation,” and
pharmacologic cytoreductive approaches, ie.,
cyclophosphamide ® With each of these ap-
proaches, donor-specific transplancacion toler-
ance to subsequent solid orgen or tissue grafis of
donor-type was achieved. The tolerance induced
was stable, systemic, and specific for the donor. Ir
did not require the use of chronic nonspecific
immunosuppressive agents, Hence cthe recogni-
tion thar chimerism was associated with coler-
ance for tissue and solid otgan grafts.

Icis now well accepeed thar fixll replacement
of the immune syscem of the recipienc wich chac
of donor (fully allogencic chimerism) results in
syscemicdonor-specificamnsplancacion olerance.
However, this stace is complicared by a relative
state pf recipient 4
not T-lymphocyres which develop in the recipi-
ent are resrricted to interacting wich
satigen-presenting cells(APC) of the host. Wich
fall replacement ofall bone-matrow-derived cells,
only donor APCsare present. Asa result, primary
immune responses which rely on APCs, includ-
ing antibody production,® antiviral responses,”®
and survival ere significancly impaired, resule-
ing in a state of relarive recipient
immnnoincompetence.” Thetefore, rolerance
and immunocornperence are two independent
vigiables.

“The presence of syngeneic bone marsow cells
incoexistence withallogeneicbone marrow(mixed
chimerism) results in similar systemic donor-spe-
cific rransplancation tolerance for solid organ
gralts with che advaneage char recipient immu-

nocompetence is preserved. Theappropriatehost-
derived APCs ace present and a stace of murtual -

corolerance is induced. The donor and host bone
macgow stem cells co-engrafe and funcrion to
prodiuce mulrilineage mixed chimerism. A mix-
ture of donor and recipient red blood cells, place-
Iets, B-cells, T-cells, NK cells, macrophages and
other APCs, granulocyees and monocyres can be
detecred (manuseripe submitted). In striking
concrast tofully allogeneic chimeras, mixed allo-
geneic chimeras exhibir superior immunocom-
perence for antibody production, antivical
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responses, and suevival.*!** Most importantly, a
relecive resistance to grafe versus host (GVH)
disease is present [n mixed allogeneic chimeras
due o mechanisms which have not yet been
elucidared. #3132 Similar resistance o GVH
disease has been reporred in human recipients of
allogeneic bone marrow who by chance reconsti-
tuted as mixed chimeras.

Mixed chimerism can be achieved by
coadministracion of syngeneic plus allogeneic
bone martow following conditioning wich coeal
body itradiation (TBI),” transplanmcion of
untreated allogeneic bone mamow following ro-
tal lymphoid irradiation (TLI),? or following
adminiscration of uncreated (T-replee) bone
marrow inconjunction withlow-dose irradiation
plus cyclophosphamide® or monoclonal sad-
body.® In each of these widely different ap-
proaches, the induction of donor-specific
emasplantation tolerance plxs resiscance o GVH
disease was observed, reinforcing the strong asso-
. cistion of tolerance with chimerism. Most im-~

poreantly, the presence of chimerism, no matcer
how low che level, conferred stable systemic
donor-specific tmasplanmtion tlerance. The
wlerance induced was notincremental, but racher
20 all-or-nome cffect.
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Figure 2

The mansplencacion of bone marrow cells
acrossyenogeneic barriers hasbeen demonstraced
to produce bone marrow rescue following lethal
imradiation.’*3? As in allogeneic chimerss, the
presence of xenogeneic chimerism is associated
with the induction of donor-specific transplance-
tion tolerance to solid organ or tissue grafis. 4!
Until recently, xenogeneic chimerism was lim-
ited by transient engraftment of the donor bone
marrow cells and inferior recipient survival,®4
It has now been reported that the adminiscravion
of 40 x 10° untreared rut bone marmow cells inro
B10 mouse recipiencs condirioned wich 950 rads
of TBI (tat — mouse) (Fig. 1) resulred in stable
fully xenogeneic chimetism, excellent sutvival,
resistance 10 GVH disease, and the induction of
stable donor-specific transplantarion tolerance ¢
Rat T-cell maruration proceeded in a phenotypi-
cally normal fashion in the chimeric mouse re-
cipients, as evidenced by an immature-stsining
profile by flow cytomerry in the thymus sad
mature profile in the periphery (Fig. 2). Most
importantly, the mt-derived lymphocyres were

" Junctionally tolesant to both recipient mouse and

donor rar antigens, yec fully-reactive co MHC-
disparate third party mouse and rat antigens
indicating that mouse and ratz axe mot scen as
generic species bur instead in an MHC-strain-
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specific fashion when rolerange is induced actoss
a species barrier (manuscript in preparation).
Mixed venogeneic chimeras(mouse + rar =
mouse) have been prepared by coadminiscering
T-cell-depleved syngeneic mouse plus untreated
mtbone marrow to mouse recipiencs condicioned
by TBI(Fig. 3).° Stable xenogeneic multilineage
chimerism nnging from 1% to 569 rac for
individual recipients has been demonstrated. As
in muoed.a.llogenelc chimeras, any level of detece-
able xenogenenc chimerism was associated with
swble, systemic donor~spec1ﬁc unnsplantation
tolerance in vivo and in vitro. Most importantly,
mixed xenogeneic chimeras exhibived superior
immunocompetence, probably for reasons simi-
lar to those observed in mixed allogeneic chime-
ras, Alcthough uncreated rachbone marrow cells are
administered, there is no evidence for GVH,
suggesting that chere is a resistance to GVH
acrossaspecies barrier. Mixed xenogeneic chime-
tus accept donor-specific skin grafes, but reject

MHC-disparare thitd party mouse and rar skin’

graftswithatime coursesimilarrounmaniputared
mice,®

Although significant progress has oocurred
in transplantarion in the past 30 years, twomnajor
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limirarians exist: (1) there is a cridiéal shortage of
allogeneic donors; and (2) rejecrion occurs in
spice of conventional mulrimodal immunosup-
pression. These limitations are especially crue for
cellular grafts. The induction of donor-specific
cransplancacion colerance across species dispari-
ties has been suggested as a potential approach to
overcome chese limirations.

Recendy, fully xenogencic chimerism was
applied to induce colerance for pancrearic islet
xenogrfts. Permanent, rejection-free graft sur-
vival (> 9 months) was demonscrated when
nophandpicked pancreatic islec xenogmafes were
transplanted in fully xenogeneic (rat = mouse)
chimerss.? In this experiment, chimeras were

prepared and typed for chimerism ar 6 weeks ~

(Fig.4). Diabetes was then induced nsinga single
dose of intravenous streprozotocin (165 mg/kg).
After 5 to 7 days of documented hyperglycemia
(Glood glucase > 300 mg/d)), either 2 donor-
specific ar MHC-disparate third party isler xe-
nograft placed under the renal capsule.

. MHC-disparate third pacty grafts wete mpidly

rejected (median survival cime = 9days)inatime
coursesimilar tounmanipulated B10 mice while

donor-specific isler grafts were permanently ac-

~
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cepred (Fig. 3). To documenc that glucose ho-
meostasis was mainrained by the islec xenografts
and was nocdue ta regenerarionoffuncrion in the
paclve pancreatic endocrine rissue, transplant
nephrectomy was performed ac selecred time
points(Fig. 6). Inall recipients analyzed from 90-
270days (n=8), hyperglycernia recusred, thereby
confirming funcrional incegrity of che islet xe-
nografts (Fig. 7). The islet grafrs and native
pancreas were examined immunohisrochemically
using immunoperoxidase stains ro decece insulin
production. Normal sppeacing pancreatic islet
tissue posicive forinsulin production waspresent,
supporting functional integrity of the xenografes.

No evidence for mononuclear cell infilerates
could be detected. As expected, the narive pan-
creas bed no evidence for insulin production,
confizming that glacose homeostasis was indeed
maincained by the islet xenografts. Similar long-
term rejection-free graft survival and nocmal
funccion of donor-specific islet xenografts has
been achieved in mixed xenogeneic chimeras

*(mouse + rat — mouse).“ Hence, this approach

for colerance inducdon has proven effective ro
allow pecmanear sucvival and funceion of islee
grafts. - .

It has become appatent chet although T-
cell-directed antirejection therapy has mede a
significant improvement in geafe susvival, per-
manenc rejection-free grafe survival has not yet
been achieved. Agencs directed at other media-
tors in the complex rejection pathway, i.c.,
cyrokines, antigen-presencing cells, or B-lym-
phocytes, in combination with T-cell ditected
immunosuppressiveagents(FK506, cyclosporine
A, Rapamycin) may offer the optimal combina-
tion ¢o achieve permancat rejection-free graft
susvival. If not, che use of one cellular grafc (bone
magrow) to induce twlernce m stzain 2nd even
species disparities may provide an appeoach to
achieve permanenr, rejection-free survival of ocher
cellular grafts, i.e., pancreatic islets.

‘The creasplanrarion of bone marrow cells o
treat malignancy, scem cell failure, and gepetic
defects represents the fist successful clinieal
application of cellular cransplantation. After
the demonstration thar tescue from lechal irra-
diation could be achieved using the intravenous
injecrion ofbone macrow cells, evidence accumu-
lated that the “barrier” to eransplantation previ-
ously described by Alexis Carrel, may in fact noc
beromally impenerrable, The neonaral chimetism
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fl::-mm inMedawar's experiments gave fur-
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- 3Ppore i che puadigm that che hiscocom- ARE THE XENOGENEIC
o paribility barrierco transplanation was not rorally ISLETS FU
. insurmountable. The pioneering work of Dr. E. NCTIONAL ?
- Doanall Thomss and colleagues spplied these
observations to the cansplantacdion of cellular C%”"’ "4@& ¢
booe marrow grafts for crearmentof hematologic tr | wolse
malignancy and che field of bone marrow trans- TYPE FOR CHIMERISM AT 6 WEEKS
plancazion became & clinical reality.® ¥
Aldiough bone marrow transplantation de- iggg?:ﬁﬁi
vel%ped igogmllel and sometimes divergent '
pathway solid organ transplanracion, @ se- TRANSTLANT RAT
cenr murual recognition has led to 2 merging of &"g““m
; these two areas so that the lessons of each can be !
: shared by both. In this way, icis quiteappropriate g%a-
2 ¢o speculate that the use of ane cellular graft, i.e. . = N ERE
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received HLA-maxched living-selareddonorbone ~ Figure 6
marrow grafts for hemawologic malignancy de-
veloped renal failuce as a late complication of

their chemotherapy. Both were given a renal
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allograft from the same bon¢ marrow donorand
have expecienced rejection-free gmaft survival
withourimmunosuppression. Inpioneeting stud-
ics, Barber et al reporced prolongation of renal
allograft survival when cadavee donor bone mar-
row was administered 10 days following place-
ment of the renal grafr in conjunction with low
dosecyclophosphamide, A dignifiqncimprove-
ment in graft suevival was observed and most
importantly,nosignificant morbidity, i.c., GVH,
was observed when T-cell replete donor bone
marrow cells were administered.
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