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Abstract The first unequivocally successful bone marrow cell transplantation in humans
was recorded in 1968 by the University of Minnesota team of Robert A. Good (Gatti et al.
Lancet 2: 1366—1369, 1968). This achievement was a direct extension of mouse models of
acquired immunologic tolerance that were established 15 years earlier. In contrast, organ (i.e.
kidney) transplantation was accomplished precociously in humans (in 1959) before dem-
onstrating its feasibility in any experimental model and in the absence of a defensible
immunologic rationale. Due to the striking differences between the outcomes with the two
kinds of procedure, the mechanisms of organ engraftment were long thought to differ from the
leukocyte chimerism-associated ones of bone marrow transplantation. This and other con-
cepts of alloengraftment and acquired tolerance have changed over time. Current concepts
and their clinical implications can be understood and discussed best from the perspective
provided by the life and times of Bob Good.

Keywords Tolerance - Alloengraftment - Organ transplantation - Bone marrow
transplantation - Clonal exhaustion-deletion - Immune ignorance - Immunosuppression -
Chimerism - Microchimerism

Introduction

How do we remember the man to whom we pay homage this week? My assessment more
than 10 years ago was as follows: ‘“Bob Good, more than any other individual, is
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acknowledged to be the Father of Clinical Immunology. The pattern of essentially all of his
achievements explains why. He invariably started by seeing disease in its human victims.
Haunted by the appalling sight, he sought to understand the true biologic meaning of these
disorders. Frequently, he started with a clean slate in that the diseases were ‘mystery
afflictions’ of unknown cause. Finally, he evolved cures or palliation, not once, but many
times. Other great men have done one or two such things, but rarely, if ever, on such a
grand scale”’.

After describing Good’s accomplishments, this letter of nomination for an important
honor concluded: ‘‘It may be that the very diversity of Dr. Good’s contributions
diminished recognition of their individual importance. That is like saying it is easier to
watch the stars than to gaze at the sun. Others understood the galaxies, but Good
understood the universe. What he did for 50 years was to freely distribute intellectual
gems, with no thought of credit or return. While being one of the most cited scientists in
the world, he radiated nobility and humanity’’.

What better reasons could there be to have a Robert A. Good Immunology Society?
Most, if not all, of its founding members were under Bob Good’s sphere of influence at
sometime in their professional lives. They, and members elected from succeeding
generations, will make certain that he lives on.

Proposed axiom: organ engraftment is a form of tolerance

Acquired immunologic tolerance was one of Bob Good’s most enduring preoccupations. It
also has been the ‘‘holy grail’’ dreamed of by organ transplant surgeons ever since the
classical experiments of Billingham, Brent, and Medawar [1, 2] and Main and Prehn [3]
showed that tolerance to allografts was strongly associated with donor leukocyte chime-
rism. Here, I will defend the concept that the successful engraftment of an organ means that
the recipient has developed some degree of leukocyte chimerism-dependent donor-specific
tolerance, and that the completeness of this tolerance can be inferred from the amount of
immunosuppression necessary to maintain stable function and structure of the graft.

The bellwether kidney transplant cases in Denver

The evidence for this axiom has historical roots that can be traced back more than 40 years
to two observations summarized in the title of a 1963 report from the University of
Colorado [4]. The first finding was that kidney allograft rejection was highly reversible,
rather than being inexorable as had been previously assumed. The second observation was
that the reversal of rejection frequently was succeeded by what was construed to be
variable acquired tolerance. The patients described in this report had been treated with
azathioprine (Imuran®) for one to 4 weeks before as well as after transplantation of kidney
allografts from familial donors (not identical twins) (Fig. 1A). The rejections that occurred
in almost all recipients were diagnosed by increases in serum creatinine, following good
early post-transplant function. About 15% of the grafts were promptly lost to acute
rejection despite the addition of steroids. But in the other cases, the rejections were
reversed with large doses of prednisone (Fig. 1A). The ability after successful treatment of
a rejection to wean immunosuppression to very low levels in many recipients (Fig. 1A) was
interpreted as evidence of donor-specific tolerance. Although controversial, the descriptive
use of the word ‘‘tolerance’’ proved to be appropriate. Nine (19%) of the 46 familial donor
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Fig. 1 An historical shift in policy of immunosuppression for organ transplant recipients. (A) During 1962—
1964: azathioprine monotherapy was given before and after kidney transplantation at the University of
Colorado, adding prednisone postoperatively only to control and reverse breakthrough rejections. Surrogate
immune monitoring was done with serum creatinine tests. (B) Mid 1964-onward: In most centers,
pretreatment was omitted and heavy prophylactic therapy with prednisone (plus additional drugs as these
became available) was started at the time of transplantation. More than a third of a century later, it was
recognized that these management changes essentially eliminated the possibility of achieving drug-free
tolerance. Tx = organ transplantation

allografts transplanted during 1962-63 at the Denver center functioned for the next 4
decades, each depicted in Fig. 2 as a horizontal bar [5]. In seven of the nine recipients, all
immunosuppression eventually was stopped without rejection for periods ranging from 7 to
more than 40 years (Fig. 2). The eight patients who are still alive after 42—44 years bear the
longest continually functioning organ allografts in the world [5]. Inexplicably, no
comparable cohort of drug-free kidney recipients was produced again, anywhere in the
world, in the next 4 decades.
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Fig. 2 Drug-free tolerance in long-surviving kidney allograft recipients of 1962-1963 whose immuno-
suppression was administered as shown in Fig. 1A. Light portions of transverse bars: off immunosup-
pression. By permission of Starzl et al [5]
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Hepatic *‘tolerogenicity’’

However, drug-free human recipients of cadaveric liver grafts continued to be observed,
some of whom have been off all immunosuppression for more than 30 years [5, 6].
Importantly, such liver recipients were produced only in three historical periods during
which light immunosuppression was used [7]. More recently, a drug-free state has been
frequently reached after parent to offspring live donor liver transplantation under minimal
immunosuppression in Kyoto, Japan [8].

The higher frequency of drug-freedom in human liver compared to other kinds of
organ recipients was not surprising. In canine experiments performed in the early 1960’s
with unrelated outbred donors and recipients, long or lifetime liver engraftment was
observed much more frequently than kidney engraftment when post-transplant azathio-
prine therapy was limited to 120 days [9]. Prolonged ‘‘acceptance’” of liver grafts
subsequently was reported after only one or 2 perioperative doses of antilymphocyte
globulin (ALG) [7, 10].

Moreover, lifetime survival after liver replacement was demonstrated in the mid-1960’s
without any treatment at all in about 20% of experiments with outbred unrelated pigs
carried out in France [11], England [12-14], and the United States [15]. Such spontaneous
tolerance later was demonstrated in all liver transplant experiments done with selected
strain combinations of inbred rats [16] and mice |17]. Importantly, heart and kidney
allografts also can self-induce spontaneous engraftment, although in much fewer rodent
strain combinations [17, 18].

The contrasting roles of immunosuppression for organ and bone marrow
transplantation

Since the foregoing clinical and experimental examples of ultimately drug-free, or entirely
spontaneous, engraftment were exceptions to the usual rule of rejection, they had
essentially no influence on the remarkable progress in human organ transplantation that
took place worldwide after 1964. Instead, this progress was almost entirely dependent on
the development of more potent immunosuppressive drugs. Both the old and new drugs
were applied in remarkably divergent ways for organ and bone marrow cell transplantation.

Organ transplantation

Kidney transplantation already was a well established clinical service, and the first
successful human liver [19] and heart transplantatons [20] had been accomplished by the
time of the first unequivocally successful clinical bone marrow cell engraftment by Gatti
et al. [21]. Progress with kidney transplantation had been slow at first. Between January,
1959, and the spring of 1963, there were only seven examples in the world of >1 year
survival of kidney allografts (summarized in Ref. 22) (Table 1) [23-26]. Patients 1 and 7
were treated in Boston. Recipients 2—6 were in 2 competing Paris centers (Table 1). Since
these were rare exceptions to the usual outcome of patient death, renal transplantation
reached a temporary impasse until the 1-year milestone was reached by most live donor
kidney allograft recipients treated in Denver during 1962-63 with azathioprine and
prednisone [4, 27]. Dozens of new renal centers opened during 1963-64 in the United
States and Europe, all using the double drug combination.
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Table 1 Kidney transplantation with >12 months survival as of April 1963

Case City [Ref] Date Donor Survival (months)®
1. Boston [23] 1-24-59 Frat twin >50

2. Paris [24] 6-29-59 Frat twin >45

3. Paris [25] 6-22-60 Unrelated® 18 (died)

4. Paris [24] 12-19-60 Mother” 12 (died)

S. Paris [25] 3-12-61 Unrelated® 18 (died)

6. Paris [24] 2-12-62 Cousin® >13

7. Boston [26] 4-5-62 Unrelated >12 (failing)

All patients received cytoablation with total body irradiation except number 7 who was given azathioprine

? The kidneys in patients 1, 2, and 6 functioned for 20.5, 25, and 15 years, respectively. Patient 7 rejected
his graft after 17 months and died after return to dialysis

® Adjunct steroid therapy
Boston: J.LE. Murray (cases 1 and 7)
Paris: J. Hamburger (cases 2, 4 and 6), R. Kuss (cases 3 and 5)

Beginning in 1964, however, changes were made in the way the two drugs were used.
First, large doses of prednisone were added to azathioprine in most centers from the time of
transplantation (Fig. 1B). The shift to heavy prophylactic treatment was caused by the 15%
rate of kidney losses to non-reversible rejection when steroids were added only as needed.
In a second modification, the prolonged pretreatment with azathioprine was omitted or
deemphasized, in part because there was no time for this in cadaveric organ recipients
(Fig. 1B).

When ALG [10, 28], cyclosporine [29, 30], and tacrolimus [31, 32] were added to the
therapeutic armamentarium, they were introduced clinically by reverting back to the
strategy depicted in Fig. 1A. Cyclosporine and tacrolimus were begun as monotherapy,
adding steroids only to treat breakthrough rejections [30-33]. When anti-human ALG was
first used in 1966, it was administered in a short perioperative course that included
pretreatment, or was given postoperatively as a substitute for prednisone to treat ste-
roid-resistant rejection [10, 28] The use of all these drugs promptly drifted to heavy
prophylactic immunosuppression in the same way as had occurred with the original
combination of azathioprine and prednisone, and for the same reason: i.e. not all rejections
that developed under baseline post-transplant monotherapy could be reversed and con-
trolled. By the 1990’s, a bewildering array of stacked drugs, begun at the time of trans-
plantation, was in use worldwide (Fig. 1B), with the stipulated objective of reducing the
incidence of acute rejection to zero.

The preemptive use of multiple drug immunosuppression was spectacularly
successful insofar as acute rejection became almost a non-problem. Better short and
medium term patient and graft survival was accomplished with all transplanted organs,
epitomized by stepwise improvements in our own liver transplantation experience [34].
There was, however, a dark side. Chronic rejection and the devastating morbidity and
mortality of long-term immunosuppression had now become unresolvable problems.
Moreover, the drug-free tolerance that had not been rare in the earliest organ recipients
(and just after the clinical introduction of ALG, cyclosporine, and tacrolimus) was
almost never seen again.
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Thus, 4 eras of transplantation were delineated by the introduction of a drug:
azathioprine (1962), ALG (1966), cyclosporine (1979), and tacrolimus (1989). In each era,
the new drug was soon incorporated into increasingly complex multiple drug regimens.
Inexplicably, the best long-term results were obtained at the beginning, when the new
baseline drug was started alone as in Fig. 1.

Bone marrow cell transplantation

In contrast to the lifetime commitment to daily immunosuppression for organ recipients,
the stipulated goal after human bone marrow cell transplantation always has been drug-
free tolerance. Other differences between the two kinds of transplantation were equally
striking. The best known features of bone marrow (or other hematolymphopoietic) cell
transplantation were a high risk of GVHD, and dependence for a good outcome on
HLA matching [21, 35-39]. These and other characteristics of bone marrow trans-
plantation did not remotely resemble those of organ transplantation: e.g. organ trans-
plantation was almost free of GVHD risk and was routinely feasible without HLA
matching (Table 2).

Potential mechanisms of organ engraftment

Almost from the beginning, the differences between organ and bone marrow trans-
plantation prompted two questions. First, why had organ transplantation been feasible at
all, seemingly in violation of all immunologic rules? Second, what was the relation (if
any) of organ engraftment to tolerance? These eventually became 2 of biology’s most
enduring mysteries. The root cause of the intellectual cul-de-sac was disconnection of
organ transplantation from the scientific base of donor leukocyte chimerism shared by
the mouse tolerance models [1-3] and their clinical analogue of bone marrow trans-
plantation [21, 35-39]. Since successful organ transplantation had been accomplished in
the presumed absence of donor leukocyte chimerism, organ engraftment ostensibly
required explanation by separate and distinct mechanisms. What were these mecha-
nisms?

Table 2 Historical view of differences between clinical organ transplantation and bone marrow
transplantation

Feature Organ transplantation Bone marrow transplantation
Host cytoablation No Yes*

HLA matching Not essential Critical

Principal complication Rejection Graft-versus-host disease (GVHD)
Immunosuppression-free Rare Common

Term for engraftment Acceptance Tolerance

Leukocyte chimerism No® Yes

* It was not fully recognized until the 1990’s that this therapeutic step accounts for all of the other
differences (see text)

" The discovery in 1992 of microchimerism in organ recipients meant that this notation should be ‘‘yes’’
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Immune ignorance

One of the scientists who tackled the question was the young surgeon, Clyde Barker at the
University of Pennsylvania, who joined forces in 1967 with Rupert Billingham. In 1968,
Barker and Billingham reported that skin grafts were not rejected when the grafts were
placed on an island of recipient skin that had been detached from lymphatic drainage but
was nourished by a vascular pedicle (Fig. 3) [40]. The simple experiment exposed at least
one way in which an allograft may escape rejection: i.e. failure of the immune system to
recognize the presence of antigen that fails to reach host lymphoid organs (immune
ignorance).

The concept that immune activation cannot occur unless antigen reaches lymphoid
organs is a crucial element of the hypothesis that clonal exhaustion-deletion is the seminal
mechanism of acquired tolerance (next section). However, more than a quarter century
passed before the conclusions about immune ignorance by Barker and Billingham were
formally validated. The reason was the difficultly of preventing mobile alloantigen (i.e.
leukocytes) from reaching host lymphoid organs in a clinically relevant transplant model.
The definitive experiments were done at Yale University by Lakkis [41] in mutant aly-aly
mice that possess fully competent cytotoxic T lymphocytes (CTL), but no secondary
lymphoid organs except the spleen [42]. Although these animals are immunodeficient, they
can reject heart allografts. But after the spleen is removed, heart transplants are not rejected
because their presence is no longer detected in the absence of all organized host lymphoid
collections [41].

"~ v ot e S0 —4“!\}.\\:
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Fig. 3 Failure of the immune system to recognize and reject skin allografts whose mobile antigen
(i.e. passenger leukocytes) is prevented from reaching host lymphoid organs. By permission of Barker and
Billingham [40]
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Clonal exhaustion-deletion

In 1969, we postulated that the seminal mechanism of successful transplantation of the liver
or any other organ was clonal exhaustion-deletion. We also proposed that prolonged allo-
engraftment, with or without the need for immunosuppression, was a form of variable
tolerance (Fig. 4) [43, 44]. Although the overall hypothesis was correct, there were too many
missing links at the time for it to be credible. First, elucidation of the mechanisms of antigen
recognition by Zinkernagel and Doherty lay 5 years ahead [45, 46]. Moreover, the transport of
donor antigen to host lymphoid organs was ascribed to macrophages (Fig. 4) rather than to the
dendritic cells described by Steinman and Cohn [47]. Finally, clonal exhaustion-deletion, like
immune ignorance, was only a theory. And like immune ignorance, it vanished from the
literature until its existence and importance were formally proved in the early 1990s [48, 49].

Abandonment of immune ignorance and clonal exhaustion-deletion left a vacuum that
was promptly filled with numerous alternative engraftment mechanisms (See later in
Table 3).

The relation of leukocyte migration to alloengraftment and tolerance
Misinterpreted early clues

Discussions of organ engraftment mechanisms in the 1960’s took place in a restrictive
anatomic context. The parenchymal cells, vascular components, and passenger leukocytes of
an organ were all viewed as stationary targets of the host immune response. With this
assumption, a crucial observation in the Colorado kidney transplant experience of 19621963
could not be correctly interpreted. In essence, positive tuberculin and other skin tests of
delayed hypersensitivity in the kidney donors were found to have been transferred to
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Fig. 4 This illustration and caption (in quotes) were published in 1969 to explain organ engraftment.
‘‘Hypothetical mechanisms by which non-specific immunosuppression may lead to selective abrogation of
the host immune response. Special susceptibility to these agents of a fraction of the lymphoid population
could lead to exhaustion of a clone and, hence, tolerance. Since maintenance of such cell lines [clones] even
in adult life is apparently thymic dependent in experimental animals, thymectomy would be expected to aid
the process; this appears to be true in rodents, but such an effect of thymus removal has not been detected in
dogs or humans’’. The concept proposed in 1969 was for the most part correct, but was not considered
credible because of lack of scientific support. By permission of Starzl [44]
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previously negative recipients [50, 51] (Fig. 5). Although this prima facie evidence of adoptive
transfer indicated that donor immune cells had survived, it was thought that the donor leuko-
cytes were still in the graft. Therefore, the findings were ascribed to a hypothetical humoral
substance (*‘transfer factor’’) rather than to donor cells that had migrated into the recipient.

Further clues about leukocyte migration surfaced in 1969 when karyotyping studies were
done in human female recipients of livers that had been obtained from male donors. After
100 days, the hepatocytes, duct cells, and vascular endothelium of the hepatic grafts retained
their donor (male) sex whereas most of the bone marrow-derived passenger leukocytes of the
liver were replaced with female (recipient) cells [53]. Although this was an important
observation, the resulting composite cellular structure of the graft (part donor, part recipient)
was considered to be a unique feature of liver transplantation until it was demonstrated in the
early 1990s that all other established organ allografts underwent the same transformation [52,
54, 55]. In the meanwhile (between 1982 and 1992), it had been demonstrated that large
numbers of graft passenger leukocytes migrated into the recipient [56-60]. Even then,
however, it was generally assumed that the donor cells missing from the graft had undergone
immune destruction with selective sparing of the specialized parenchymal cells.

An epiphany

A pivotal step toward connecting the dots was taken in 1992 when multilineage donor
leukocyte microchimerism was demonstrated in 30 of 30 liver, kidney, and other kinds of
human organ recipients whose grafts had been functioning for up to 3 decades. The study
was an extremely simple one. Using sensitive immunocytochemical and molecular
methods, sparse numbers of the donor leukocytes were found in the blood or one or more

DONOR RECIPIENT RECIPIENT

Positive Negative Positive
Skin Tests Skin Tests Skin Tests
n=61 n=47 (77%)

Fig. 5 Prolonged transfer from donors to recipients of positive tuberculin, coccidioidin, or other delayed
sensilivity skin tests in 1962—63 cases of kidney transplantation at the University of Colorado. Although
inexplicable at the time, these observations of adoptive transfer were consistent with donor leukocyte
migration and relocation in the recipient. By permission of Starzl et al. [52]
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of the tissue samples taken from multiple recipient sites (skin, lymph nodes, bone marrow,
heart, bowel) [52, 61-64]. Biopsies of the grafts also were examined. The findings
mandated a change in the perceived landscape of transplantation immunology.

The paradigm shift

An engrafted organ previously had been viewed as an island in a hostile sea in which the
leukocytes were solely those of the recipient (Fig. 6, Panel A). The revised view depicting
microchimerism in various non-lymphoid and lymphoid recipient sites is shown in Panel
C. In the reverse image of bone marrow transplantation, the ideal result had been con-
sidered to be complete replacement of all hematolymphopoietic cells (Panel B). However,
in 1991, Przepiorka and Thomas in Seattle had detected a trace population of recipient
leukocytes in essentially all such ‘‘perfect’” bone marrow recipients (Panel D) [65]. Now,
it was evident that organ engraftment (Panel C) and bone marrow cell engraftment (Panel
D) differed fundamentally only in the proportions of donor and recipient cells [66].

The double immune response

In both kinds of transplant recipient, the surviving cells of the minority populations obviously
were progeny of precursor or pluripotent stem cells that had survived a double immune
reaction years or decades earlier, during the first few days after transplantation. We deduced
that alloengraftment occurred when “‘...responses of co-existing donor and recipient cells,
each to the other, resulted in reciprocal clonal exhaustion, followed by peripheral clonal
deletion” [61] (Fig. 7). Exhaustion-deletion of the host versus graft response during the first
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Fig. 6 Basis of a paradigm shift (see text). (A, B) Historical perception of organ and bone marrow cell
recipients. (C, D) revised view of transplantation recipients
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Fig. 7 Contemporaneous immune responses following allotransplantation: host versus graft (HVG, upright
curves) and graft versus host (GVH, inverted curves). In contrast to the usually dominant HVG reaction of
organ transplantation shown here, the GVH reaction usually is dominant after bone marrow cell
transplantation to the irradiated or otherwise immune-compromised recipient. Therapeutic failure with either
type of transplantation implies the inability of immunosuppression 1o control one, the other, or both of the
responses. By permission of Starzl and Zinkernagel [67]

few post-transplant days or weeks of maximum migration of the organ’s passenger leukocytes
explained both the reversal of rejection, and the development of variable tolerance that had
been first observed in kidney recipients 30 years earlier (Fig. 1A).

The host response (the upright curve in Fig. 7) was the dominant one in most cases of
organ transplantation, but there also was a usually invisible graft versus host (GVH)
reaction (the inverted curve). If the GVH response was not also exhausted and deleted, it
could be expressed as clinical GVHD. GVHD was unusual, and when it occurred, it usually
was in recipients of a leukocyte-rich organ (a liver or intestine) [52].

Host irradiation or other methods of cytoablation/cytoreduction in bone marrow
recipients [35, 37-39], or the preexistence of immune deficiency disease as in Bob Good’s
first cases [21], simply transferred immune dominance from the host to the graft. The high
risk of GVHD, the prerequisite of HLA matching to avoid this complication, and all of the
other major features that distinguished bone marrow from organ transplantation (Table 2)
were readily explained.

A unified view of tolerance models

With this paradigm, organ engraftment in the spontaneous tolerance models of organ
transplantation discussed earlier could be readily related to the freemartin cattle
observations of natural tolerance by Owen [68], the mouse acquired tolerance models that
began in 1953 with Billingham, Brent, and Medawar [1], and the parabiosis models of Bob
Good [69] (Fig. 8). Experimental evidence supporting various elements of the new para-
digm was systematically compiled in Pittsburgh and elsewhere throughout the 1990s, using
experimental rat and mouse models (summarized in refs. 6, 67, 70-72).

The King-Pin leukocyte

The reason why the leukocyte always seemed to be the indispensable tolerogenic cell was
explicitly stated in the final sentence of our original 1992 Lancet article: ‘“The key event



Immunol Res (2007) 38:6-41 17

Owen Billingham/Brent Martinez/Good Organ
Freemartin Cattle Medawar Parabiosis Transplant
(1945) (1953) (1960) (1966)

Fig. 8 The relation of organ engraftment to classical models of spontaneous donor leukocyte chimerism-
associated tolerance. By permission of Starz) et al [6]

[in allograft acceptance] is cell migration and relocation’ [61]. As already emphasized,
antigen that does not reach host lymphoid organs is not recognized to be present (immune
ignorance). The only mobile antigen in organs consists of passenger leukocytes. Migration
of these passenger leukocytes to organized lymphoid collections presumably was a
prerequisite for the seminal tolerance mechanism of clonal exhaustion-deletion.

The stages of leukocyte migration

By 1992, the kinetics of the migration had been delineated in mouse, rat and human studies.
The cell movement occurred in two stages [55, 58, 60, 73-77]. In stage !, the donor
leukocytes migrated selectively to host lymphoid destinations where immune activation
occurs. The second stage began after 1-3 weeks when cells that had escaped initial immune
destruction moved on to heterogenous sites that included skin and other non-lymphoid
locations. This second phase, which could culminate in various levels of leukocyte chime-
rism, was essentially complete after 30-50 days [55, 73-77]. All of these migratory events
were essentially the same as those of the infused leukocytes of bone marrow cell infusion [78].

The pace of the two stages was frozen in time: i.e. it remained constant throughout
mammalian evolution without regard for species size, gestational duration, or interval
between generations. As a consequence, one alloimmune response curve fit all extant
species (Fig. 9, bottom). The first few weeks after organ allotransplantation corresponded
with the maximal acute dissemination of the donor leukocytes to the host lymphoid organs,
and coincided with the greatest risk from rejection. This period also provided the window
of greatest opportunity for our postulated seminal mechanism of acquired allotolerance
(i.e. clonal exhaustion-deletion).

The migration of non-cytopathic pathogens

What was not known in 1992 because their work was not published until the following
year, was that Zinkernagel and his associates in Zurich had come to an explanation of
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Fig. 9 The pace of development of a donor-specific response fotlowing organ transplantation in different
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acquired tolerance to pathogens that was essentially the same as that of our allotolerance
paradigm. In the 1970’s, Zinkernagel and Doherty showed that the MHC-restricted
cytolytic T cell response induced by non-cytopathic microorganisms was the same as that
induced by allografts. These studies were done in highly controlled experimental models of
infection with the lymphocytic choriomeningitis virus (LCMV) and other intracellular
parasites [45, 46]. Their subsequent investigations of tolerance were done with the same
models and described in 4 landmark articles between 1993 and 1997 [79-82].

The kinetics of destructive immunity

Figure 10A, C shows how the migration of non-cytopathic microorganisms determines the
induction at host lymphoid organs of the T-cell response. The tropism of the specific
pathogen then determines the targets of the response. For example, the principal spread of a
hepatitis virus in a non-transplant patient is to the liver (Fig. 10A). With a cytomegalovirus
(CMV) infection, the main infestation may be in the lung (Fig. 10C). Importantly, the liver
(panel A) and lung (panel C) in these separate and distinct infections are not where the
antiviral response is induced. Instead, the response to both pathogens is induced at host
lymphoid organs to which viral antigen is carried by a relatively small number of infected
antigen presenting cells. The virus-specific T cells generated at host lymphoid organs then
destroy infected host cells wherever these ‘‘non-self’’ cells are located. The main T cell
target is therefore the heavily infested liver (Fig. 10A) or lung (Fig. 10C).

The principles are the same after organ transplantation, although the details are simpler
(Fig. 10B). The allograft’s ‘‘non-self’’ passenger leukocytes migrate preferentially to host
lymphoid organs and induce donor-specific T cells that target passenger leukocytes that
have left the graft as well as all cells of the outlying source organ. The resulting acute liver
graft rejection is therefore analogous to a bout of acute hepatitis (compare panels A and B).
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A Hepatitis Virus

V = HCV Virus / Peptide
B Liver Aliograft

D = Donor Antigen

C CMV pneumonitis

A

C = CMV Virus / Peptide

Fig. 10 How the spread and localization of antigen determines both the induction at host lymphoid organs
of adaptive immunity, and then the target of this immunity. (A) hepatitis virus (B) migratory passenger
leukocytes of a transplanted organ (here a liver) (C) cytomegalovirus (CMV) localized to the lung

In the comparable CMV analogy, the immune response that eliminates a pulmonary
infection (Fig. 10C) is fundamentally the same as rejection of a lung allograft (not shown).

No matter what the infection, and no matter what kind of transplantation, the analogies
between the destructive immunity against non-cytopathic microparasites and allografts
were always identifiable. Moreover, it was this highly specific adaptive immune response
against allografts, or against infectious agents, that was exhausted and deleted in both the
transplant and infection hypotheses of tolerance.

The spectrum of transplantation/infection analogies

Recognizing that the Pittsburgh and Zurich investigations were on parallel pathways, a
cross-over review was undertaken in 1997 and published in a December 1998 issue of the
New England Journal of Medicine. The concept that had been independently developed in
transplant and infection models was generalized in the following way: ‘‘“The migration and
localization of antigen govern the immunologic responsiveness or unresponsiveness
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against infections, tumors, or self—and against xenografts or allografts’” [67]. The out-
comes under all these circumstances were determined by the balance established between
the amount of mobile antigen with access to host lymphoid organs and the number of
antigen-specific cytolytic T-cells (CTL) induced at the lymphoid sites (Fig. 11) [67].

Non-response

If a virus remains localized in non-lymphoid sites or spreads by extralymphatic routes
(e.g. the human papilloma [wart] virus), no immune response is induced (immune
ignorance, Fig. 11A). Transplant analogues in which immune ignorance is the dominant
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Fig. 11 Analogies between infection by non-cytopathic microparasites and the scenarios of transplantation.
The outcomes are governed by the migration and localization of the respective antigens (refer also to Fig.
10). The analogies have been obscured by the presence of contemporaneous host-versus-graft (HVG) and
graft-versus-host (GVH) responses after transplantation and the additional factor of therapeutic immuno-
suppression. (A) The presence of a pathogen that fails to reach organized host lymphoid tissue is not
recognized (immune ignorance). Consequently, there is no immune response. The relation of immune
ignorance to clonal exhaustion-deletion must be understood to comprehend alloengraftment (see text). (B) A
highly infectious but asymptomatic and stable carrier state may be reached when a rampant non-cytopathic
microorganism exhausts and deletes the antigen-specific immune response, (e.g. viral hepatitis). The
transplant analogy is ‘complete’ repopulation of an immunodeficient or cytoablated bone marrow recipient
without the penalty of GVHD. (C) Complete elimination of a non-cytopathic pathogen by an immune
response that then subsides without memory. The transplant analogy is rejection of an organ’s passenger
leukocytes and the outlying source graft (refer to Fig. 10). (D) Instead of the outcome in Panel C, persistence
of small numbers of microorganisms may maintain cellular plus antibody ‘memory’ (protective immunity).
In the transplantation analogy, residual microchimerism may result in a ‘‘presensitized’’ state that renders a
transplant candidate ‘‘crossmatch positive’” with most donors [83, 84]. (E) Disease carrier states in which a
balance is established that favors pathogen load over pathogen-specific T cells. The corresponding spectrum
of transplantation analogues is delineated by simply substituting ‘‘donor leukocyte’” for pathogen. For organ
transplantation purposes, an umbrella of immunosuppression usually is needed to keep the various balances
in stable equilibrium (see also Fig. 12). (F) Refractory infection syndromes in which neither adaptive
immunity nor therapy with antimicrobial agents can achieve the kind of disease control shown in Panels C
and D or the asymptomatic carrier state sometimes seen in Panels B and E. The treatment failure analogues
of transplantation occur when the opposite objective (sustained dominance of the migratory alloantigen over
an aggressive antidonor T cell response) is not achicvable with immunosuppression or other means
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component include the engraftment of bits of parathyroid or other endocrine tissues in
privileged non-lymphoid sites [85] or encasement of these tissues in a miilipore chamber
that allows passage of nutrients and humoral molecules but not donor or host cells [86].
Pure or predominant immune ignorance has been an unattainable objective for purposes of
whole organ or hematolymphopoietic cell transplantation.

The ‘‘complete carrier’’ state

If a rapidly expanding viral load cannot be controlled by the virus-specific T-cell response,
the response may be exhausted and deleted with a resulting disease carrier state. The
asymptomatic ‘‘complete carrier’’ is analogous to the idealized bone marrow recipient who
has near total hematolymphopoietic chimerism (Fig. 11B) [67].

Disease control vis-a-vis transplant rejection

In most infection experiments, sufficient numbers of virus-specific CTL are induced
[79-82]. If this results in complete elimination of the virus (the fall to zero of the solid line
in Fig. 11C, the response ceases without T-cell memory (the fall to zero of the dashed line).
This was comparable to rejection of an organ allograft including total elimination of the
graft’s disseminated migratory cells. However, such complete sterilization of virus was
almost never seen in the infection models.

Instead, small amounts of live virus usually persist in non-lymphoid niches that are
relatively inaccessible to host effector mechanisms. From these sites, residual virus may
periodically migrate secondarily to host lymphoid organs and stimulate continued virus-
specific immunity (Fig. 11D). The ongoing virus-specific protective immunity is analogous
to the presensitization states that frequently are associated with residual microchimerism
after a failed transplant procedure [83, 84]. Once microchimerism is established in an
organ recipient, elimination of the donor leukocytes is extremely difficult [87].

Compromise outcomes

Persistent mobile antigen was, in fact, a double-edged sword [67, 88]. In some infection
models, very small quantities of virus migrating between non-lymphoid and lymphoid sites
could maintain the exhaustion-deletion induced at the outset (Fig. 11E): i.e. a balance
favoring viral antigen over anti-viral CTL. In Panel E, the lowest combination of solid and
dashed lines also represents the analogous balance between mobile alloantigen and the
CTL response reached in experimental models of organ-induced spontaneous tolerance.
Here, the exhaustion-deletion achieved at the outset is sustained by microchimerism [67,
88]. Importantly, stable maintenance of any of the alloantigen dominant balances shown in
Panel E may require immunosuppression, even when the donor leukocytes are at the
macrochimerism level. Panel F shows a spectrum of transplant treatment failures in which
no amount of clinically acceptable immunosuppression is able to maintain the desirable
equilibrium.

Thus, tolerance, with or without an umbrella of immunosuppression, merely means that
the mobile antigen outweighs the antigen-reactive T-cell response. Although the
probability of tolerance increases with higher levels of chimerism, no arbitrary amount of
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chimerism can be equated with tolerance. Thus, leukocyte chimerism is a necessary
condition for, but is not synonymous with transplantation tolerance. In this view, all of the
scenarios that develop after experimental or clinical transplantation are analogues of
infection outcomes. Moreover, all examples of prolonged allograft survival, whether
immunosuppression dependent or independent, are analogues of infectious disease carrier
states [67, 88].

The microchimerism controversy

Such analogies have generated controversy, primarily because many authorities have
considered the microchimerism of organ-bearing recipients to be an epiphenomenon
secondary to graft acceptance by T-regulatory or other alternative mechanisms (Table 3).
This ‘‘cause or effect’”” question about the role of microchimerism was answered
definitively in a report by Zinkernagel’s team in the January 2006 issue of the Journal of
Clinical Investigation entitled: Microchimerism Maintains Deletion of the Donor
Cell-Specific CD8+ T Cell Repertoire [89]. Those experiments formally proved that
leukocyte chimerism, even at a micro level, is essential for perpetuation of allotolerance,
and by the seminal mechanism of clonal exhaustion-deletion. The study did not exclude an
accessory role for the immunoregulatory mechanisms shown in Table 3. It did indicate,
however, that the alternative mechanisms are not essential.

Therapeutic implications for transplantation

The simple concept that balances between mobile antigen and antigen-specific T-cells
govern immunologic responsiveness and non-responsiveness has profound therapeutic
implications (Fig. 12). Tilting the balance in favor of antigen by ratcheting down the
cognate T-cell response with immunosuppression has been the principal means of perpe-
tuating organ alloengraftment. The price has been loss of immune surveillance against
infections and malignant neoplasms [43, 90, 91], just as Bob Good had demonstrated
earlier in patients with immune deficiency diseases.

Increasing the amount of mobile alloantigen with infusions of donor leukocytes
(Fig. 12) has been shown empirically to improve allograft survival in numerous
experimental transplant models. However, large-scale trials of adjunct leukocyte infusion
have yielded disappointing results in human organ transplant recipients [92-94]. In these

Table 3 Mechanisms of acquired transplantation tolerance and alloengraftment

Seminal mechanisms (starzl-zinkernagel, 1998)
Clonal exhaustion-deletion Immune Ignorance

Alternative mechanisms

Special cells T-regulatory, suppressor, veto
Antibodies Idiotypic, enhancing
Cytokine Self-perpetuating profiles
Graft secretions Soluble HLA antigens
Antigen presentation Defective or deviant

Anergy Absence of second signal
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Fig. 12 Balance between antigen with access to host organized lymphoid tissue, and the antigen-specific
cytolytic T cells (CTL) induced at these lymphoid sites. A balance favoring the migratory antigen over the
antigen-reactive CTL (Upper teeter totter) may be achieved for transplant purposes in some models by
simply adding adjunct donor leukocytes. In standard clinical practice, however, the desired balance is almost
always maintained by reducing the specific CTL response with immunosuppression (discussed in text).
Tilting the balance in the opposite direction results in immunity (lower teeter totter)

clinical trials, bone marrow cells, or stem cell-enriched peripheral leukocytes, usually were
given on the same day as organ transplantation under conventional multiple drug
immunosuppression. In a second review with Zinkernagel [88], it was suggested that the
heavy post-transplant immunosuppression may have been responsible for the lack of
efficacy.

It also was suggested in this review that the worldwide policy of heavy post-transplant
immunosuppression for conventional organ transplantation was antitolerogenic. Our
argument was that the strong immunosuppression used to drive the rate of acute rejection
to near zero systematically subverted the seminal tolerance mechanism of donor leukocyte-
driven clonal activation, exhaustion, and deletion. The result was the narrowing of the one
time only window of opportunity for tolerogenesis in the first few posttransplant weeks
(Fig. 13). We proposed avoidance of this undesirable consequence of over treatment in all
conventional and leukocyte-augmented organ recipients by application of 2 therapeutic
principles, singly or together: recipient pretreatment and minimal post-transplant immu-
nosuppression.

Minimal post-transplant immunosuppression

In the experimental organ transplant models of spontaneous tolerance (Fig. 14A), no
treatment is needed because the antidonor response is too weak to eliminate the donor antigen
and is exhausted and deleted. The deletional tolerance is then maintained by leukocyte
microchimerism. In numerous other rodent models, the normal outcome of rejection can be
regularly converted to the same kind of lifetime tolerance by capping the anti-donor response
with a few post-transplant doses of a single immunosuppressant [95] (Fig. 14B). However,
histocompatibility and other confounding parameters in the outbred human population make
it impossible to predict the effect of such treatment in any given patient.
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Fig. 13 Weakening or elimination of the clonal response by excessive post-transplant immunosuppression
to the extent that efficient exhaustion and deletion of the clonal response is prevented. Subsequent graft
survival is permanently dependent on immunosuppression

Recipient pretreatment

By reducing global immune reactivity before arrival of donor antigen, deletion of the anti-
donor response is both easier and highly specific (Fig. 14C). This is what is routinely
accomplished with the pretransplant cytoablation or cytoreduction of conventional bone
marrow transplantation, but with the predictable penalty of GVHD. Less drastic conditioning
with ALG and other lymphoid-depleting antibody preparations has been known since the
1960’s to be an effective form of pretreatment with a relatively low risk of GVHD [10, 28].

Combined application of tolerogenic principles

Beginning in 2001, the therapeutic principles were combined in Pittsburgh for the
treatment of conventional organ recipients: i.e. without adjunct leukocyte infusions
(Fig. 15) [96]. A single large dose of antithymocyte globulin (ATG, ThymoglobulinR) or
alemtuzumab (Campath®) was infused before graft revascularization. After transplantation,
treatment was restricted to daily tacrolimus unless breakthrough rejection mandated
additional agents. After about 4 months, the time between doses was increased if possible
to every other day or longer intervals (spaced weaning). This strategy drastically changed
the face of organ transplantation at our center.

Intestinal-multivisceral transplantation
The greatest impact was on the procedures with the most troubled histories. Intestinal

transplantation alone, or as part of an abdominal multivisceral graft, had been a target for
criticism because of the high short and long-term mortality. With a 25% gain in survival,
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Fig. 14 Principles of tolerogenic immunosuppression. (A) Experimental organ transplant models of
spontaneous tolerance (no immunosuppression needed). In these unusual models, the host versus graft
immune response induced acutely by the migratory donor leukocytes is too weak to eliminate the donor cells
and is exhausted and deleted. The deletional state induced at the outset is then maintained by
microchimerism. (B) Organ transplant models in which the recipient response that normally would cause
rejection (dashed line) is reduced into a deletable range (continuous thin line) with a short course of early
post-transplant immunosuppression. Neither the mechanisms nor the ultimate result are different than in the
spontaneous tolerance models of panel A. (C) Models in which the global recipient immune responsiveness
is weakened in advance, thereby making deletion easier of the subsequently induced donor-specific T cell
clone. This pretreatment (conditioning) principle is the essential basis of bone marrow transplantation. It has
not been systematically exploited in organ recipients. Tx = Transplantation

intestinal transplantation promptly became a genuine clinical service [96, 97]. The improved
patient and graft survival (Fig. 16) was largely due to avoidance of the infections and
oncologic complications of heavy immunosuppression. After 3-5 years follow-up of the first
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Fig. 15 Combination of the two principles shown in Fig. 14B and C in a ‘‘tolerance friendly”’
immunosuppression protocol routinely used since 2001 at the University of Pittsburgh Medical Center [96].
Lymphoid depletion was done before organ allograft revascularization. Weaning from post-transplant
monotherapy was systematically attempted (see text). The usually silent graft versus host (GVH) reaction
depicted in Fig. 7 is not shown here. Tx = Transplantation
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Fig. 16 The patient and graft survival of the first 89 intestinal or multivisceral allograft recipients treated
with the tolerogenic immunosuppression shown schematically in Fig. 15. Note that only 8% of the surviving
patients with functioning grafts are on more than a single immunosuppressant, and that 40% are on spaced
weaning
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89 ATG-depleted intestinal recipients, only 8% of those with functioning grafts are on more
than one drug and nearly half are on spaced doses (Fig. 16) [96, 97]. After the switch from
ATG to alemtuzumab for lymphoid depletion, the results improved again (not shown).

Figure 17 summarizes the course of a space-weaned 68-year old woman who underwent
full small bowel transplantation on August 5, 2001 after lymphoid depletion with ATG.
After the first 4 months of daily tacrolimus dosing, spaced weaning was begun. She
ultimately settled into the 2 tacrolimus doses per week schedule of tacrolimus monotherapy
on which she has been maintained for the last 4 years. In a recent biopsy, the karyotyped
leukocytes of her male donor accounted for about 3% of the total cells of the exquisitely
preserved Peyer’s patches of her engrafted intestine. Her peripheral blood at the time
showed only microchimerism.

Lung transplantation

The other procedure of previous dubious value was lung transplantation in which the one
year survival was barely 60% in our experience, and lower than that in multicenter registry
reports. After adoption of the tolerogenic principles, and using alemtuzumab for lymphoid
depletion, 1 year survival jumped to 90% [98].

Kidney transplantation

The more common procedures of kidney and liver transplantation also were upgraded
[96, 99, 100], especially after substituting the more potent lymphoid-depleting agent,
alemtuzumab for ATG in 2002. With both agents, patient and graft survival in adults was
as good or better than in our historical controls. Approximately 80% of the patients with
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Fig. 18 Patient and kidney graft survival using alemtuzumab (Campath®) lymphoid depletion and
minimalistic post-transplant immunesuppression, versus historical experience. The pie shows the current
immunosuppression of survivors with functioning grafts

functioning grafts require maintenance treatment with more than one drug and the majority
are on spaced doses (Fig. 18).

The ‘‘quality of life’” gains from minimizing immunosuppression in adults are too
obvious to dwell on. In pediatric recipients, the growth retardation and other side effects of
chronic immunosuppression [101] have been all but eliminated [99]. After minimum
follow-up of 2 years, patient survival in our recently reported pediatric experience is 100%
and graft survival is 97% [99]. All of the patients with functioning grafts are on mono-
therapy, and more than 80% are on every other day or longer dose spacing. Height and
weight increases during the first post-transplant year of the first 16 patients are shown in
Fig. 19.

Liver transplantation in hepatitis virus-free patients

Infants and children undergoing liver replacement have had the same quality of life benefits as
kidney recipients. Cadaveric liver transplantation in adults also has yielded good results but
only when the original hepatic disease was caused by something other than hepatitis C virus
(HCV) (Fig. 20). In these hepatitis-free adults, there was a high rate of weaning including a
small number of recipients who had immunosuppression discontinued (Fig. 21).

However, because the original intention in all of the adult cadaveric liver recipients was
to stop immunosuppression, the stipulated objective of complete weaning was not con-
sistently achieved. The patient whose course is summarized in Fig. 21 was one of the
encouraging exceptions. Stepwise total weaning was started after 7 post-transplant months
and completed after 15 months, with drug freedom for the succeeding 2-1/2 years.

The HCV-infected liver recipient

In contrast to these results, the tolerogenic protocol (Fig. 15) was unsatisfactory for adults
with chronic HCV hepatitis. The rapid decline of patient and graft survival (Fig. 22) was
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Fig. 19 Height (A) and weight (B) for age and gender Z scores for 16 kidney transplant recipients who have
born functioning grafts for 2 years or longer under tolerogenic immunosuppression. Reference population
data is from the 2000 Center for Disease Control, growth data available at www.cdc.gov/growthcharts. By
permission of Shapiro et al. [99]

caused mainly by accelerated HCV recurrence. An explanation for the poor results is
shown schematically in Fig. 23. As discussed earlier, the typical patient who comes to liver
transplantation because of chronic HCV hepatitis has been a partially tolerant disease
carrier for a long time (see also Fig. 11E and F), connoting a relatively stable balance
between HCV antigen and HCV-specific T cells.

By weakening the T cell restraint on the virus with lymphoid depletion and other
transplant-related immunosuppression, the balance was disequilibrated [102]. The resulting
astronomical increases in viral load (Fig. 23) resulted in prompt and widespread infection
of the new liver. With subsequent drug weaning and recovery of global immune
responsiveness, the liver was subjected to potential attack by one, the other, or both
viral-specific and de novo donor-specific T-cell responses (Fig. 23) [102].

In our report of this experience, we described a compromise strategy for HCV-infected
recipients that requires a lifetime commitment to a relatively fixed level of daily



30 Immunol Res (2007) 38:6-41

HCV Negative Adult Liver Transplantation
Thymodglobulin Pretreatment Campath Pretreatment

=~ Patlent Survival o= Graft Survival

100% 100%
S 5% 75%
£ 50% 50%
=4
wn 25% 25%

0% T T T =] 0% - T T 1

c 0 12 24 36 0 12 24 36
o
7] oft
3 1% Multi-drug ott Mufthdrug
5 Therapy 5% Therapy
a Spaced 6% 1%
= Dose
»
=1 Dally Mono- Spaced Dally Mono-
£ Therapy Dose Therapy
E 33% 52% 32%

Fig. 20 Patient and cadaveric liver allograft survival of HCV-negative adults who were lymphoid depleted
with ATG or alemtuzumab and treated after transplantation with minimal post-transplant immunosuppres-
sion. The pies indicate the maintenance immunosuppression at 3 years
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immunosuppression that allows prophylactic control of the separate and distinct CTL
responses [102]. The compromise requires the systematic production of potentially
infectious HCV carriers, an epidemiologic risk that must be made known to all concerned.
This unsatisfactory solution to the problem will change only with yet-to-be developed
drugs or other means to better contain the HCV load.
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Fig. 22 Results in HCV-infected liver recipients who were lymphoid depleted with ATG or alemtuzumab
and treated with tacrolimus monotherapy from which spaced weaning was attempted. The drastic decline in
survival was due almost exclusively to accelerated recurrence of hepatitis [6, 102]
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Fig. 23 Explanation for the loss of poor results shown in Fig. 22 (see text and Refs. [6. 102)

The history of clinical transplantation: in retrospect

[ recently characterized organ transplantation as ‘*‘a practical success and an epistemologic
collapse’ [103]. The epistemologic collapse (i.e. failure to understand what was being
accomplished) was caused by the incorrect conclusion in the 1960s that organ engraftment
involved mechanisms other than the donor leukocyte chimerism-associated ones of bone
marrow cell transplantation. This error had pervasive consequences. First, it distorted the
interpretation of experimental and clinical observations. Second, it spawned numerous
derivative dogmas and theories. Exposure of the primal error by the microchimerism
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discoveries of 1991-92 served notice that the entire superstructure of transplantation
immunology had to be reassessed.

At a clinical level, the therapeutic advances that had been made empincally in organ
transplantation could now be viewed as the addition of floors to an increasingly habitable
house that had been constructed piecemeal without a global architectural blueprint
(Fig. 24). The house foundation was laid with the demonstration 44 years ago that rejection
1s a highly reversible event that frequently can be succeeded by variable tolerance. Better
immunosuppressive drugs were developed during the succeeding 4 decades, but the new
tools were used like sledge hammers for organ transplantation and like scalpels for bone
marrow transplantation. The detection in 1991 and 1992 of leukocyte chimerism in organ
recipients, and of the mirror image chimerism in bone marrow recipients, intellectually
unified these two kinds of transplantation.

However, efforts to endow organ recipients with the tolerance advantages of bone
marrow recipients by infusing adjunct leukocytes yielded disappointing results because of
the self-defeating effects of heavy immunosuppression (Fig. 24). Once it was understood
how immunosuppression could subvert the essential mechanisms of leukocyte chimerism-
driven tolerance, the timing and dosage of the drug treatment (and of adjunct leukocytes)
could be adjusted in ways that protected these mechanisms. Now that the pieces of the
transplantation puzzle were reassembled in their proper places, the fresh insight could be
put to practical use.

Clinical tolerance for organ recipients revisited

The resulting protocol (Fig. 25) was best implemented with live donor transplantation-
because tolerogenic mechanisms could be set in motion well in advance of organ
transplantation. Three weeks before the organ transplantation, recipients were lymphoid-
depleted with a single 30 mg dose of alemtuzumab, followed 12 h later by an infusion of
unfractionated fresh leukocytes obtained by leukopheresis from the G-CSF-conditioned
organ donor. Daily tacrolimus was administered during the 3 weeks between the cell

2005: A Finished
product?

(lf‘“‘l“PA‘L%) Tolerogenic Immunosuppression EFIDEINE

Adjunct Donor

Leukocyte Infusion 1993-2000
Microchimerism: Paradigm Shift 1992
Tacrolimus
1989 Wandering in the
Cycll%sg;nnc Wildemness, but 1964-1991

ALG with Better Drugs

Partial/Complete
Tolerance

1962-1963

Azathioprine-
prednisone

Fig. 24 The “‘house of transplantation’’, viewed in hindsight (see text)
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Fig. 25 Tolerance protocol applied in 2005-2006 based on the concepts summarized from the historical
perspective of Fig. 24

infusion and the organ transplantation, and for a limited period thereafter. The interval
between tacrolimus doses was then increased to every other day or longer.

The first patient to be treated with this regimen was a 19-year old woman with
sclerosing cholangitis who received the right liver lobe of her HLA mismatched sister in
October 2005 (Fig. 26). Low grade increases in transaminases and canulicular enzymes
developed when tacrolimus doses were reduced from 3 to 2 doses per week after about
6 months. The differential diagnosis was rejection versus recurrence of sclerosing
cholangitis. After a short course of prednisone, a maintenance schedule of 3 doses/week
tacrolimus was settled upon. According to the axiom proposed at the beginning of this
lecture, the “‘need for maintenance immunosuppression’’ defined the extent of her acquired
tolerance. Determination of this endpoint will take one or 2 years since the effects of
conditioning with a single infusion of a potent lymphoid-depleting agent, alemtuzumab,
are long lasting [98, 104, 105].

Further experience suggests that space-weaning and maintenance dose finding can be
done earlier in some cases. In the second patient, a 65-year old liver recipient, tacrolimus
was stopped 4 weeks after right hepatic lobe transplantation from her HLA-mismatched
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Fig. 26 Course of the first patient treated by the protoco) shown in Fig. 25. Complete drug discontinuance
has not been possible (see text). TAC = tacrolimus
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Fig. 27 Second patient treated by the protocol in Fig. 25 (sce text). The patient has been drug-free for a half
year

son. Multiple organ failure had developed secondary to thrombosis of the graft’s hepatic
artery. The ischemic liver graft was successfully rearterialized with recovery of completely
normal function. She has been off all immunosuppression for a half year (Fig. 27). The
fourth patient received a liver allograft from her son and was jaundiced for the first several
weeks because of a biliary complication that was corrected with reoperation. She has been
on homeopathic or no maintenance immunosuppression for all of the 7 months
post-transplant course except the first 2 weeks (Fig. 28).

Three more live donor liver recipients (all HLA mismatched) and 3 live donor kidney
recipients (2 HLA mismatched, one identical) have had transplantation with this strategy.
All are at different stages of spaced weaning. None of the nine patients has had sustained
macrochimerism. This has been a welcome finding. By the time the passenger leukocytes
of an organ graft arrive, the recipient has been partially tolerized (Fig. 29). Since the graft
passenger leukocytes are naive, the circumstances at the time of organ transplantation
mimic those of a parent to defenseless offspring F1 hybrid model [73, 106] in which there
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Fig. 28 Course of a patient whose post-transplant course was complicated by a major biliary fistula that was
corrected at reoperation. Note that little or no immunosuppression was given from the third postoperative
week onward
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Fig. 29 Balances of mobile donor antigen (donor leukocytes) and donor-reactive T cells after organ
transplantation. (A) With organ transplantation alone under the immunosuppression shown in Fig. 15, a
balance favoring drug-free antigen supremacy over the T cell responsc induced by passenger leukocytes is
theoretically most likely if there is a large quantity of persisting donor cells (macrochimerism). A positive
antigen balance also is possible with the microchimerism but this usually requires continuous
immunosuppression to weaken the CTL arm. (B) With leukocyte infusion in advance of organ
transplantation (see Fig. 25), the patient is partially tolerized by the time the second load of donor cells
(the passenger leukocytes) arrive and boost the tolerogenic process while theoretically increasing the risk of
GVHD (see text). Preliminary experience with this protocol in liver and kidney recipients has been
encouraging

is an increased risk of GVHD. This potential risk is depicted by the second expansion of
the inverted GVH response curve at the bottom of Fig. 29.

From our perspective, sustained macrochimerism in an organ recipient is more apt to
connote a serious complication than an advantage. Although we have not encountered
GVHD in any of our nine patients, all recipients treated with this protocol undergo
reliminary leukopheresis with cryopreservation of the collected cells (Fig. 25). These naive
recipient cells constitute a safety net, for thawing and re-infusion in the event of GVHD. In
1993 [52], and in more detail 1 year later [107], we described how infusion of such stored
cells could quickly switch off an otherwise lethal GVHD.

‘What lies ahead

Collectively, the nine patients described here make up a promising consecutive series of
organ recipients. As has been emphasized, however, the follow-ups are too short to know
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Table 4 Transplantation dogmas that require reassessment

Macrochimerism is the ‘‘holy grail’” of organ transplantation

Tolerogenesis is more protracted and more difficult to accomplish in humans than in lower species
Organ engraftment occurs by leukocyte chimerism-independent mechanisms

Immune activation does not require the presence of lymphoid organs

Immune responses are generated ‘‘directly’’ in transplanted organs

N R W N

Passenger leukocytes of organs are uniquely tolerogenic because of their cell surface expression of MHC
class I or other (e.g. co-stimulatory) molecules

7 Antigen-specific ‘‘memory cells’’ do not require persistence of the antigen

how close this protocol is to optimum. In addition, the extent to which the principles of
such treatment can be applied to cadaveric organ transplantation remains to be determined.

It also should be emphasized that the paradigm upon which the protocol is based is
incompatible with numerous dogmas that have made up much of the foundation of trans-
plantation immunology. The first 3 dogmas of the incomplete list in Table 4 have major
clinical implications. The foremost example is the historical conviction that acquired organ
tolerance requires sustained macrochimerism [108-110]. In the context developed here,
macrochimerism is equivalent to the microbial infestation of an infectious disease carrier,
and is fraught with a similar range of risks to the host, with particular reference to GVHD.

With today’s sophisticated research tools, it should be possible to examine the validity,
or lack thereof, of the listed as well as other suspect dogmas. Alternatively, the vast amount
of meticulously acquired existing data could be reexamined with a different mind set about
what these data really mean. Putting the big picture together in this way was, in fact, Bob
Good’s unique talent as a scientist.

What conclusions and theories ultimately will be validated? Good surely would be content
with the philosophy of natural science capsulized 275 years ago in six short lines of poetry:

““All Nature is but Art unknown to thee;

All Chance direction which thou cans’t not see;
All Discord Harmony not understood;

All partial Evil universal Good.

And spite of Pride, in erring Reason’s spite,
One truth is clear, ‘‘whatever is, is RIGHT.”’
Alexander Pope (‘‘Essay on Man’’): 1730A.D.

Good himself loved poetry. One of my most prized possessions is a gift from him of the
collected work of Robert Frost. Good’s prediction about immunology is contained in the
last 4 words of his lengthy inscription: ‘“...the best lies ahead!!”’. Inside the Frost book
(page 105), a poem is found entitled ‘“The Road Not Taken’’. The last 5 lines read:

‘T shall be telling this with a sigh
Somewhere ages and ages hence:

Two roads diverged in a wood, and I -
I took the one less traveled by,

And that has made all the difference.”’

Through his life, Bob Good chose the tough less-traveled road into the scientific unknown.
And the road has led today to the Society that now bears his name.



Immunol Res (2007) 38:6-41 37

References

13.

14.

15.

16.

. Billingham RE, Brent L, Medawar PB. ‘‘Actively acquired tolerance’” of foreign cells. Nature

1953;172:603-6

. Billingham R, Brent L, Medawar P. Quantitative studies on tissue transplantation immunity. IIL

Actively acquired tolerance. Philos Trans R Soc Lond (Biol) 1956;239:357-412

. Main JM, Prehn RT. Successful skin homografts after the administration of high dosage X radiation

and homologous bone marrow. J Natl Cancer Inst 1955;15:1023-9

. Starzl TE, Marchioro TL, Waddell WR. The reversal of rejection in human renal homografts with

subsequent development of homograft tolerance. Surg Gynecol Obstet 1963;117:385-95

. Starzl TE, Murase N, Demetris AJ, Trucco M, Abu-Elmagd K, Gray EA, et al. Lessons of organ-

induced tolerance learned from historical clinical experience. Transplantation 2004;77:926-9

. Starzl TE, Lakkis FG. The unfinished legacy of liver transplantation: emphasis on immunology.

Hepatology 2006:;43:S151-63

. Starzl TE. The saga of liver replacement, with particular reference to the reciprocal influence of liver

and kidney transplantation (1955-1967). J Am Coll Surg 2002;195:587-610

. Takatsuki M, Uemoto SH, Inomata Y, Egawa H, Kiuchi T, Fujita S, et al. Weaning of immunosup-

pression in living donor liver transplant recipients. Transplantation 2001;72:449-54

. Starzl TE, Marchioro TL, Porter KA, Taylor PD, Faris TD, Herrmann TJ, et al. Factors determining

short- and long-term survival after orthotopic liver homotransplantation in the dog. Surgery
1965;58:131-55

. Starzl TE, Marchioro TL, Porter KA, Iwasaki Y, Cerilli GJ. The use of heterologous antilymphoid

agents in canine renal and liver homotransplantation and in human renal homotransplantation. Surg
Gynecol Obstet 1967;124:301-18

. Cordier G, Garnier H, Clot JP, Camplez P, Gorin JP, Clot Ph, et al. La greffe de foie orthotopique chez

le porc. Mem Acad Chir (Paris) 1966;92:799-807

2. Peacock JH, Terblanche J. Orthotopic homotransplantation of the liver in the pig. In: Read AE, editor.

The liver. London: Butterworth; 1967. p. 333

Calne RY, White HJO, Yoffa DE, Maginn RR, Binns RM, Samuel JR, et al. Observations of ortho-
topic liver transplantation in the pig. Br Med J 1967;2:478-80

Calne RY, Sells RA, Pena JR, Davis DR, Millard PR, Herbertson BM, et al. Induction of immuno-
logical tolerance by porcine liver allografts. Nature 1969;223:472-4

Starzl TE. Rejection in unmodified animals. In: Experience in hepatic transplantation. Philadelphia:
Saunders; 1969. p. 184-92

Kamada N, Brons G, Davies HS. Fully allogeneic liver grafting in rats induces a state of systemic
nonreactivity to donor transplantation antigens. Transplantation 1980;29:429-31

. Qian S, Demetris AJ, Murase N, Rao AS, Fung JJ, Starzl TE. Murine liver allograft transplantation:

tolerance and donor cell chimerism. Hepatology 1994;19:916-24

. Corry RJ, Winn HJ, Russell PS. Primary vascularized allografts of hearts in mice: the role of H-2D,

H-2K, and non-H-2 antigens in rejection. Transplantation 1973;6:343-50

. Starzl TE, Groth CG, Brettschneider L, Penn I, Fulginiti VA, Moon JB, et al. Orthotopic homo-

transplantation of the human liver. Ann Surg 1968;168:392-415

. Barnard CN. What we have learned about heart transplants. J Thorac Cardiovasc Surg 1968;56:457-68
. Gatti RA, Meuwissen HJ, Allen HD, Hong R, Good RA. Immunological reconstitution of sex-linked

lymphopenic immunological deficiency. Lancet 1968; 2:1366-9

2. Starzl TE. History of clinical transplantation. World J Surg 2000;24:759-82

23. Murray JE, Merrill JP, Dammin GIJ, Dealy JB Jr, Walter CW, Brooke MS, et al. Study of trans-

plantation immunity after total body irradiation: clinical and experimental investigation. Surgery
1960;48:272-84

. Hamburger I, Vaysse J, Crosnier J, Auvert J, Lalanne CL, Hopper J Jr. Renal homotransplantation in

man after radiation of the recipient. Am J Med 1962;32:854-71

. Kuss R, Legrain M, Mathe G, Nedey R. Camey M. Homologous human kidney transplantation.

Experience with six patients. Postgrad Med J 1962;38:528-31

. Murray JE, Merrill JP, Harrison JH, Wilson RE, Dammin GJ. Prolonged survival of human-kidney

homografts by immunosuppressive drug therapy. New Engl J Med 1963;268:1315-23

. Starzl TE. Experience in renal transplantation. Philadelphia: W.B. Saunders Company; 1964. p. 1-383
. Starzl TE, Porter KA, Iwasaki Y, Marchioro TL, Kashiwagi N. The use of antilymphocyte globulin in

human renal homotransplantation. In: Wolstenholme GEW, O’Connor M, editors. Antilymphocytic
serum. London: J and A Churchill Limited; 1967. p. 4-34



38

Immunol Res (2007) 38:6-41

29

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43,

45.

46.
47.

48.

49.

50.

52.

53.

54.

. Calne RY, Rolles K, White DJG, Thiru S, Evans DB, McMaster P, et al. Cyclosporin A initially as the
only immunosuppressant in 34 recipients of cadaveric organs; 32 kidneys, 2 pancreases, and 2 livers.
Lancet 1979:2:1033-6

Starzl TE, Weil R III, Iwatsuki S, Klintmalm G, Schroter GPJ, Koep LJ, et al. The use of cyclosporin
A and prednisone in cadaver kidney transplantation. Surg Gynecol Obstet 1980;151:17-26

Starzl TE, Todo S, Fung J, Demetris AJ, Venkataramanan R, Jain A. FK 506 for human liver, kidney
and pancreas transplantation. Lancet 1989;2:1000—4

Todo S, Fung JJ, Starzl TE, Tzakis A, Demetris AJ, Kormos R, et al. Liver, kidney, and thoracic organ
transplantation under FK 506. Ann Surg 1990;212:295-305

Starzl TE, Klintmalm GBG, Porter KA, Iwatsuki S, Schroter GPJ. Liver transplantation with use of
cyclosporin A and prednisone. N Engl J Med 1981;305:266-9

Todo S, Fung 1], Starzl TE, Tzakis A, Doyle H, Abu-Elmagd K, et al. Single center experience
with primary orthotopic liver transplantation under FKS506 immunosuppression. Ann Surg
1994;220:297-309

Mathe G, Amiel JL, Schwarzenberg L, Cattan A, Schneider M. Haematopoietic chimera in man after
allogenic (homologous) bone-marrow transplantation. Brit Med J 1963;2:1633-5

Bach FH. Bone-marrow transplantation in a patient with the Wiskott-Aldrich syndrome. Lancet
1968;2:1364-6

Thomas ED. Allogeneic marrow grafting: a story of man and dog. In: Terasaki PI, editor. History of
transplantation: thirty-five recollections. Los Angeles, CA: UCLA Tissue Typing Laboratory; 1991.
p. 379-93

Beatty PG, Clift RA, Mickelson EM, Nisperos BB, Flournoy N, Martin PJ, et al. Marrow trans-
plantation from related donors other than HLA-Identical siblings. New Eng. J. Med. 1985;313:765-71
Stewart BL, Storer B, Storek J, Joachim Deeg H, Storb R, Hansen JA, et al Duration of immuno-
suppressive treatment for chronic graft-versus-host disease. Blood 2004;104:3501-6

Barker CF, Billingham RE. The role of afferent lymphatics in the rejection of skin homografts. J Exp
Med 1968;128:197-221

Lakkis FG, Arakelov A, Konieczny BT, Inoue Y. Immunologic ignorance of vascularized organ
transplants in the absence of secondary lymphoid tissue. Nature Med 2000;6:686-8

Karrer U, Althage A, Odermatt B, Roberts CW, Korsmeyer SJ, Miyawaki S, et al. On the key role of
secondary lymphoid organs in antiviral immune responses studied in alymphoplastic (aly/aly) and
spleenless (Hox11(-)/-) mutant mice. J Exp Med 1997;185:2157-70

Starzl TE. Late results and complications. In: Experience in hepatic transplantation. Philadelphia, PA:
WB Saunders Company; 1969. p. 348-93

. Starzl TE. Efforts to mitigate or prevent rejection. In: Experience in hepatic transplantation.
Philadelphia: Saunders, 1969. p. 227-33

Doherty PC, Zinkernagel RM. A biological role for the major histocompatibility antigens. Lancet
1975;1(7922):1406-9

Zinkernagel RM, Doherty PC. The discovery of MHC restriction. Immunol Today 1997;18:14-7
Steinman RM, Cohn ZA. Identification of a novel cell type in peripheral lymphoid organs of mice.
I. Morphology, quantitation, tissue distribution. J Exp Med 1973;137:1142-62

Webb S, Morris C, Sprent J. Extrathymic tolerance of mature T cells: clonal elimination as a
consequence of immunity. Cell 1990;63:1249-56

Moskophidis D, Lechner F, Pircher H, Zinkernagel RM. Virus persistence in acutely infected
immunocompetent mice by exhaustion of antiviral cytotoxic effector T cells. Nature 1993;362:758-61
Wilson WEC, Kirkpatrick CH. Immunologic aspects of renal homotransplantations. In: Starzi TE,
editor. Experience in renal transplantation. Philadelphia: W.B. Saunders Company; 1964. p. 239-61
. Kirkpatrick CH, Wilson WEC, Talmage DW. Immunologic studies in human organ transplantation.
1. Observations and characterization of suppressed cutaneous reactivity in uremia. J Exp Med
1964;119:727

Starzl TE, Demetris AJ, Trucco M, Murase N, Ricordi C, Ildstad S, et al. Cell migration and
chimerism after whole-organ transplantation: the basis of graft acceptance. Hepatology 1993;17:
1127-52

Kashiwagi N, Porter KA, Penn I, Brettschneider L, Starzl TE. Studies of homograft sex and of gamma
globulin phenotypes after orthotopic homotransplantation of the human liver. Surg Forum
1969;20:374-6

Murase N, Demetris AJ, Matsuzaki T, Yagihasi A, Todo S, Fung J, et al. Long survival in rats after
multivisceral versus isolated small bowel allotransplantation under FK 506. Surgery 1991;110:87-98



Immunol Res (2007) 38:6-41 39

55

56.

57.

58.

59.

61.

62.

63.

65.

66.
67.
68.
69.
70.
71.

72.
73.

74.

75

76.

77.

78.

79.

80.

. Iwaki Y, Starzl TE, Yagihashi A, Taniwaki S, Abu-Elmagd K, Tzakis A, et al. Replacement of donor
lymphoid tissue in human small bowel transplants under FK 506 immunosuppression. Lancet
1991;337:818-9

Nemlander A, Soots A, von Willebrand E, Husberg B, Hayry P. Redistribution of renal allograft-
responding leukocytes during rejection. II. Kinetics and specificity. J Exp Med 1982;156:1087-100
Larsen CP, Morris PJ, Austyn JM. Migration of dendritic leukocytes from cardiac allografts into host
spleens. A novel route for initiation of rejection. J Exp Med 1990;171:307-14

Demetris AJ, Qian S, Sun H, Fung JJ, Yagihashi A, Murase N, et al. Early events in liver allograft
rejection: delineation of sites simultaneous intragraft and recipient lymphoid tissue sensitization. Am J
Pathol 1991;138:609-18

Starzl TE, Todo S, Tzakis A, Alessiani M, Casavilla A, Abu-Elmagd K, et al. The many faces of
multivisceral transplantation. Surg Gynecol Obstet 1991;172:335—44

. Murase N, Demetris AJ, Woo J, Tanabe M, Furuya T, Todo S, et al. Graft versus host disease (GVHD)
after BN to LEW compared to LEW to BN rat intestinal transplantation under FK 506. Transplantation
1993;55:1-7

Starzl TE, Demetris AJ, Murase N, Ildstad S, Ricordi C, Trucco M. Cell migration, chimerism, and
graft acceptance. Lancet 1992;339:1579-82

Starzl TE, Demetris AJ, Trucco M, Ramos H, Zeevi A, Rudert WA, et al. Systemic chimerism in
human female recipients of male livers. Lancet 1992;340:876-7

Starzl TE, Demetris AJ, Trucco M, Ricordi C, Tldstad S, Terasaki PI, et al. Chimerism after liver
transplantation for type IV glycogen storage diseasc and Type I Gaucher’s disease. N Engl J Med
1993;328:745-9

. Starzl TE, Demetris AJ, Trucco M, Zeevi A, Ramos H, Terasaki P, et al. Chimerism and donor-specific
nonreactivity 27 to 29 years after kidney allotransplantation. Transplantation 1993;55:1272-7
Przepiorka D, Thomas ED, Durham DM, Fisher L. Use of a probe to repeat sequence of the Y
chromosome for detection of host cells in peripheral blood of bone marrow transplant recipients. Am J
Clin Pathol 1991;95:201-6

Starzl TE, Demetris AJ. Transplantation milestones: viewed with one- and two-way paradigms of
tolerance. JAMA 1995;273:876-9

Starzl TE, Zinkernagel R. Antigen localization and migration in immunity and tolerance. New Engl J
Med 1998;339:1905-13

Owen RD. Immunogenetic consequences of vascular anastomoses between bovine twins. Science
1945;102:400-1

Martinez C, Shapiro F, Good RA. Essential duration of parabiosis and development of tolerance to
skin homografts in mice. Proc Soc Exp Biol Med 1960;104:256-9

Starzl TE, Demetris AJ, Murase N, Trucco M, Thomson AW, Rao AS. The lost chord: Microchim-
erism. Immunol Today 1996;17:577-84

Starzl TE. The mystique of organ transplantation. J Am Coll Surg 2005;201:160-70

Starzl TE. Chimerism and tolerance in transplantation. Proc Natl Acad Sci 2004;101(Suppl. 2):14607-14
Demetris AJ, Murase N, Fujisaki S, Fung JJ, Rao AS, Starzl TE. Hematolymphoid cell trafficking,
microchimerism, and GVH reactions after liver, bone marrow, and heart transplantation. Transplant
Proc 1993;25:3337-44

Murase N, Demetris AJ, Woo J, Tanabe M, Furuya T, Todo S, et al Graft versus host disease (GVHD)
after BN to LEW compared to LEW to BN rat intestinal transplantation under FK 506. Transplantation
1993;55:1-7

. Terakura M, Murase N, Demetris AJ, Ye Q, Thomson A, Starzl TE. Lymphoid/non-lymphoid com-
partmentalization of donor leukocyte chimerism in rat recipients of heart allografts, with or without
adjunct bone marrow. Transplantation 1998;66:350-7

Sakamoto T, Ye Q, Lu L, Demetris Al, Starzl TE, Murase N. Donor hematopoietic progenitor cells in
non myeloablated rat recipients of allogeneic bone marrow and liver grafts. Transplantation
1999;67:833-840

Lu L, Rudert WA, Qian S, McCaslin D, Fu F, Rao AS, et al. Growth of donor-derived dendritic cells
from the bone marrow of murine liver allograft recipients in response to granulocyte/macrophage
colony-stimulating factor. J Exp Med 1995;182:379-87

Ricordi C, Nldstad ST, Demetris AJ, Abou El-Ezz AY, Murase N, Starzl TE. Donor dendritic cells
repopulaton in recipients after rat-to-mouse bone-marrow transplantation. Lancet 1992;339:1610-11
Zinkernagel RM, Moskophidis D, Kundig T, Oehen S, Pircher H. Hengartner H. Effector T-cell
induction and T-cell memory versus peripheral deletion of T cells. Immunol Rev 1993;131:199-223
Zinkernagel RM, Hengartner H. T-cell mediated immunopathology versus direct cytolysis by virus:
implications for HIV and AIDS. Immunol Today 1994;15: 262-8



40

Immunol Res (2007) 38:6-41

81.
82.

83.

84.

85.

86.

87.

88.

89.

91.

92.

93.

94.

95.

96.

97.

98.

99.

101.

102.

103.

104.

Zinkernagel RM. Immunology taught by viruses. Science 1996;271:173-8

Zinkernagel RM, Ehl S, Aichele P, Ochen S, Kundig T. Hengartner H. Antigen localization regulates
immune responses in a dose- and time-dependent fashion: a geographical view of immune reactivity.
Immunol Reviews 1997;156:199-209

Sivasai KS, Alevy TY, Duffy BF, Brennan DC, Singer GG, Shenoy S, et al. Peripheral blood
microchimerism in human liver and renal transplant recipients: rejection despite donor-specific
chimerism. Transplantation 1997;64:427-32

Inman B, Halloran B, Melk A, Ramassar V, Halloran PF. Microchimerism in sensitized renal patients.
Transplantation 1999:67:1381-4

Lafferty KJ, Prowse SJ, Simeonovic CJ. Immunobiology of tissue transplantation: a return to the
passenger leukocyte concept. Ann Rev Immunol 1983;1:143-73

Algire GH, Weaver JM, Prehn RT. Studies on tissue homotransplantation in mice using diffusion
chamber methods. Ann New York Acad Sci 1957;64:1009

Kiyomoto T, Toyokawa H, Nakao A, Kaizu T, Okuda T, Demetris AJ, et al. The difficulty of
eliminating donor leukocyte microchimerism in rat recipients bearing established organ allografts.
Transplantation 2006;81:438-44

Starzl TE, Zinkernagel R. Transplantation tolerance from a historical perspective. Nat Rev: Immunol
2001;1:233-9

Bonilla WV, Geuking MB, Aichele P, Ludewig B, Hengartner H, Zinkernagel RM. Microchimerism
maintains deletion of the donor cell-specific CD8+ T cell repertoire. J Clin Invest 2006;116:156-62

. Penn I, Hammond W, Brettschneider L, Starzl TE. Malignant lymphomas in transplantation patients.

Transplant Proc 1969;1:106—12

Starz] TE, Penn I, Putnam CW, Groth CG, Halgrimson CG. latrogenic alterations of immunologic
surveillance in man and their influence on malignancy. Transplant Rev 1971;7:112-45

Barber WH, Mankin JA, Laskow DA, Dierhoi MH, Julian BA, Curtis JJ, et al. Long term results of a
controlled prospective study with transfusion of donor-specific bone marrow in 57 cadaveric renal
allograft recipients. Transplantation 1991;51:70-5

Fontes P, Rao A, Demetris AJ, Zeevi A, Trucco M, Carroll P, et al. Augmentation with bone marrow
of donor leukocyte migration for kidney, liver, heart, and pancreas islet transplantation. Lancet
1994;344:151-5

Tryphonopoulos P, Tzakis AG, Weppler D, Garcia-Morales R, Kato T, Madariaga JR, et al. The role
of donor bone marrow infusions in withdrawal of Immunosuppression in adult liver allotransplanta-
tion. Am J Transplant 2005;5:608-13

Murase N, Starzl TE, Tanabe M, Fujisaki S, Miyazawa H, Ye Q, et al. Variable chimerism, graft-
versus-host disease, and tolerance after different kinds of cell and whole organ transplantation from
Lewis to brown Norway rats. Transplantation 1995;60:158-71

Starzl TE, Murase N, Abu-Elmagd K, Gray EA, Shapiro R, Eghtesad B, et al. Tolerogenic
immunosuppression for organ transplantation. Lancet 2003;361:1502-10

Reyes J, Mazariegos GV, Abu-Elmagd K, Macedo C, Bond GJ, Murase N, et al. Intestinal
transplantation under tacrolimus monotherapy after perioperative lymphoid depletion with rabbit
anti-thymocyte globulin (Thymoglobulin®). Am J Transplant 2005;5:1430-6

McCurry K, lacano A, Zeevi A, Yousem S, Girnita A, Husain S, et al. Early outcomes in human
lung transplantation with Thymoglobulin or Campath-1H for recipient pretreatment followed by
post-transplant tacrolimus near-monotherapy. J Thorac Cardiovasc Surg 2005;130:528-37
Shapiro R, Ellis D, Tan HP, Moritz ML, Basu A, Vats AN, et al. Antilymphoid antibody precondi-
tioning with tacrolimus monotherapy for pediatric renal transplantation. J Pediatr 2006;148:813-8

. Shapiro R, Basu A, Tan H, Gray E, Kahn A, Randhawa P, et al. Kidney transplantation under minimal

immunosuppression after pretransplant lymphoid depletion with thymoglobulin or campath. ] Am Coll
Surg 2005;200:505-15

Lilly JR, Giles G, Hurwitz R, Schroter G, Takagi H, Gray S, et al. Renal homotransplantation in
pediatric patients. Pediatr 1971;47:548-57

Eghtesad B, Fung JJ, Demetris AJ, Murase N, Ness R, Bass DC, et al. Mechanism-based principles of
immunosuppression for liver transplantation in HCV-infected patients. Liver Transplant
2005;11:1343-52

Starzl TE. Organ transplantation: a practical triumph and epistemologic collapse. Proc Am Philos Soc
2003;147:226-45

Kirk AD, Hale DA, Mannon RB, Kleiner DE, Hoffmann SC, Kampen RL, et al. Results from a human
renal allograft tolerance trial evaluating the humanized CD52-specific monoclonal antibody
alemtuzumab (CAMPATH-1H). Transplantation 2003;76:120-9



Immunol Res (2007) 38:6-41 41

105.

106.

107.

108.

109.

110.

Knechtle SJ, Pirsch JD, Fechner HJ Jr, Becker BN, Friedl A, Colvin RB, et al. Campath-1H induction
plus rapamycin monotherapy for renal transplantation: results of a pilot study. Am J Transplant
2003;3:722-30

Perico N, Amuchastegui S, Bontempelli M, Remuzzi G. The kidney triggers graft-versus-host disease
in experimental combined transplantation of kidney and stem cell-enriched peripheral leukocytes.
J Am Soc Nephrol 1996;7:2254-8

Ricordi C, Tzakis AG, Zeevi A, Rybka WB, Demetris AJ, Fontes PAC, et al. Reversal of graft-versus-
host disease with infusion of autologous bone marrow. Cell Transplantation 1994;3:187-92

Wood K, Sachs DH. Chimerism and transplantation tolerance: cause and effect. Immunol Today
1996;17(12):584-588

Wekerle T, Sykes M. Mixed chimerism as an approach for the induction of transplantation tolerance.
Transplantation 1999;68:459-467

Bushell A, Pearson TC, Morris PJ, Wood KJ. Donor-recipient microchimerism and tolerance
induction. Transplantation 1996;61:170-2





