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HSCT: Historical Perspective

Rainer Storb

1.1 Introduction

HSCT has evolved from a field that was declared
dead in the 1960s to the amazing clinical results
obtained today in the treatment of otherwise fatal
blood disorders. This chapter will reflect upon
how HSCT has progressed from the laboratory to
clinical reality.

1.2  Early Enthusiasm

and Disappointment

Research efforts on how to repair radiation effects
resulted from observations on radiation damage
among survivors of the atomic bomb explosions
in Japan (reviewed in van Bekkum and de Vries
1967). In 1949, Jacobson and colleagues discov-
ered protection of mice from TBI by shielding
their spleens with lead. Two years later, Lorenz
and colleagues reported radiation protection of
mice and guinea pigs by infusing marrow cells.
Initially many investigators, including Jacobson,
thought that the radiation protection was from
some humoral factor(s) in spleen or marrow.
However, by the mid-1950s, this ‘“humoral
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hypothesis” was firmly rejected, and several lab-
oratories convincingly demonstrated that the
radiation protection was due to seeding of the
marrow by donor cells.

This discovery was greeted with enthusiasm
because of the implications for cell biology and
for therapy of patients with life-threatening blood
disorders. The principle of HSCT was simple:
high-dose radiation/chemotherapy would both
destroy the diseased marrow and suppress the
patient’s immune cells for a donor graft to be
accepted. Within 1 year of the pivotal rodent
studies, Thomas and colleagues showed that mar-
row could safely be infused into leukemia patients
and engraft, even though, in the end, the leuke-
mia relapsed. In 1958, Mathé’s group attempted
the rescue, by marrow transplantation, of six
nuclear reactor workers accidentally exposed to
TBI. Four of the six survived, although donor
cells persisted only transiently. In 1965, Mathé
and colleagues treated a leukemia patient with
TBI and then marrows from six relatives, absent
any knowledge of histocompatibility (Mathe
et al. 1965). A brother’s marrow engrafted. The
patient went into remission but eventually suc-
cumbed to a complication, GVHD. Following up
on early observations by Barnes and Loutit in
mice, Mathé coined the term “graft-vs.-leukemia
effect.” In 1970, Bortin summarized results of
200 human marrow grafts reported between 1957
and 1967 (Bortin 1970). All 200 patients died of
either graft failure, GVHD, infections, or recur-
rence of leukemia.
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These transplants were performed before a
clear understanding of conditioning regimens,
histocompatibility matching, and control of
GVHD. They were based directly on work in
inbred mice, for which histocompatibility match-
ing is not absolutely required. In 1967, van
Bekkum and de Vries stated, “These failures have
occurred mainly because the clinical applications
were undertaken too soon, most of them before
even the minimum basic knowledge required to
bridge the gap between mouse and patient had
been obtained.” Clinical HSCT was declared a
total failure and prominent immunologists pro-
nounced that the barrier between individuals
could never be crossed.

1.3  Backto the Laboratory:

Focus on Animal Studies

Most investigators left the field, pronouncing it a
dead end. However, a few laboratories continued
animal studies aimed at understanding and even-
tually overcoming the obstacles encountered in
human allogeneic HSCT. Van Bekkum’s group in
Holland used primates, George Santos at Johns
Hopkins chose rats, and the Seattle group chose
outbred dogs as experimental models. One reason
behind using dogs was that, besides humans, only
dogs combine unusual genetic diversity with a
widespread, well-mixed gene pool. Also, dogs
share spontaneous diseases with humans, such as
non-Hodgkin lymphoma and X-linked SCID. In
addition to determining the best ways to administer
TBI, new drugs with myeloablative or immuno-
suppressive qualities were introduced, including
cyclophosphamide, ATG, and BU (Santos 1995).
These agents improved engraftment and provided
for tumor cell killing similar to TBI. Based on the
mouse histocompatibility system defined 10 years
earlier, in vitro histocompatibility typing for dogs
was developed. Studies from 1968 showed that
dogs given grafts from dog leukocyte antigen
(DLA)-matched littermates or unrelated donors
survived significantly longer than their DLA-
mismatched counterparts, even though typing
techniques were very primitive and the complex-
ity of the genetic region coding for major antigens

was far from understood (Epstein et al. 1968).
Serious GVHD was first described in H-2 mis-
matched mice and in randomly selected monkeys.
However, the canine studies first drew attention to
fatal GVHD across minor histocompatibility
barriers.

These pivotal observations drove the search
for Post transplant drug regimens to control
GVHD. The most promising drug was the folic
acid antagonist, MTX (Storb et al. 1970). Further
work in canines showed that transfusion-induced
sensitization to minor antigens caused rejection
of DLA-identical grafts (reviewed in Georges
and Storb 2016). Subsequent canine studies
eventually led to ways of understanding, prevent-
ing, and overcoming transfusion-induced sensiti-
zation. Next, mechanisms of graft-host tolerance
were investigated. It turned out that IS could
often be discontinued after 3—6 months, and
donor-derived T lymphocytes were identified that
downregulated immune reactions of other donor
T cells against GVHD targets. Immune reconsti-
tution was found to be complete in long-term
canine chimeras, enabling them to live in an
unprotected environment. Techniques for isolat-
ing transplantable stem cells from peripheral
blood were refined in dogs and primates.
Importantly, studies in pet dogs with non-
Hodgkin lymphoma showed cures, in part due to
graft-vs.-tumor effects.

1.4  Resuming Clinical
Transplantation:

1968-1980s

The second half of the 1960s saw the refinement
of high-intensity conditioning regimens, includ-
ing fractionated TBI and maximally tolerated
doses of CY or BU (Santos 1995).
Histocompatibility matching was confirmed to be
of utmost importance for reducing both graft
rejection and GVHD (Thomas et al. 1975).
However, even when donor and recipient were
well matched, GVHD was a problem unless post-
grafting MTX was given, which slowed donor
lymphocyte replication. Rapid progress in under-
standing the molecular nature of the major human
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histocompatibility complex—HLA—improved
matching of donor recipient pairs.

By 1968, the stage was set to resume clinical
trials. The first successful transplants were for
patients with primary immune deficiency disor-
ders. A 5-month-old boy with “thymic alympho-
plasia and agammaglobulinemia’ was not perfectly
matched with his sister (Gatti et al. 1968). Marrow
and peripheral blood cells were infused intraperi-
toneally without conditioning. After a booster
infusion several months later, the patient fully
recovered with donor hematopoiesis and is well. A
patient with Wiskott-Aldrich syndrome received a
first unsuccessful marrow infusion from an HLA-
identical sister without conditioning (Bach et al.
1968). A second transplant following CY condi-
tioning resulted in full T- and B-cell recovery, but
thrombocytopenia persisted.

During the first 7 or 8 years, most clinical
studies were for patients with advanced hemato-
logical malignancies and SAA, who were in poor
condition and presented tremendous challenges
in supportive care (Thomas et al. 1975). They
required transfusions and prophylaxis or treat-
ment of bacterial, fungal, and viral infections.
Therefore, in addition to discoveries made in
marrow transplantation, these early trials stimu-
lated advances in infectious diseases and transfu-
sions (reviewed in Forman et al. 2016). The
longest survivors from that era are patients with
aplastic anemia who are approaching their 47th
anniversary from HSCT with fully recovered
donor-derived hematopoiesis and leading normal
lives. Chronic GVHD emerged as a new problem
among long-term survivors.

The initial studies saw GVHD among approx-
imately half of the patients, despite HLA match-
ing and despite receiving methotrexate. This
stimulated further research in the canine system.
Major improvements in GVHD control and
patient survival were made when combining
MTX with CNI inhibitors such as CSA or TAC
(Storb et al. 1986). Combinations of drugs have
remained a mainstay in GVHD prevention.
GVHD treatment with PRD was introduced.

Early results with marrow grafts from HLA-
identical siblings after CY for SAA showed
45% long-term survival (reviewed in Georges

and Storb 2016). The major cause of failure was
graft rejection as expected from canine studies
on transfusion-induced sensitization to minor
antigens. Canine studies identified dendritic cells
in transfusions to be the key element in sensitiza-
tion. Depleting transfusions of white cells, there-
fore, reduced the rejection risk. Further canine
studies generated a clinical conditioning regi-
men that alternated CY and ATG, which greatly
reduced the rates of both graft rejection and
chronic GVHD (Storb et al. 1994). Finally, irra-
diation of blood products with 2000 cGy in vitro
almost completely averted sensitization to minor
antigens. Consequently, graft rejection in trans-
plantation for AA has become the exception, and
current survivals with HLA-identical sibling and
HLA-matched unrelated grafts range from 90%
to 100%. First successful grafts for thalassemia
(Thomas et al. 1982) and sickle cell disease were
reported.

For patients with leukemia and other malig-
nant blood diseases, disease relapse after HSCT
has remained a major problem. Attempts to
reduce relapse by increasing the intensity of sys-
temic conditioning regimens have met with suc-
cess, but this benefit was offset by higher
non-relapse mortality. Reports by Weiden and the
Seattle group in 1979/1981 firmly established the
existence of graft-vs.-leukemia (GvL) effects in
humans (Weiden et al. 1979). DLI to combat
relapse were introduced by Kolb and colleagues
in 1990 (Kolb et al. 1990) (see Chap. 59).

Some investigators have removed T cells from
the marrow as a means of preventing GVHD
(reviewed in Soiffer 2016). Early studies showed
high incidences of graft rejection, relapse of
underlying malignancies, and infections. More
recent studies showed that relapse seemed a lesser
problem in patients with acute leukemia. Others
have used T-cell depletion with close disease
monitoring and treating recurrence with DLI in
hopes of initiating GvL responses without caus-
ing GVHD. Most recently, younger patients have
been given high-intensity conditioning for grafts
which were depleted of naive T cells with a result-
ing decrease in GVHD (Bleakley et al. 2015).

The late 1980s saw the introduction of G-CSF-
mobilized PBSC (reviewed in Schmitz and
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Dreger 2016). These were equivalent to marrow
as far as engraftment and survival were con-
cerned; however, they seemed to increase the risk
of chronic GVHD. For patients with nonmalig-
nant diseases, marrow has therefore remained the
preferred source of stem cells in order to keep the
rate of chronic GVHD low.

Only approximately 35% of patients have
HLA-identical siblings. Therefore, alternative
donors have been explored, predominantly HLA-
matched unrelated volunteers. The first successful
unrelated transplant for leukemia was reported in
1980. In order to expand the donor pool, national
registries were established, with currently more
than 30 million HLA-typed unrelated volunteers
(reviewed in Confer et al. 2016). The likelihood of
finding suitable unrelated donors is approximately
80% for Caucasians, although this percentage
declines dramatically for patients from minority
groups. A second, important alternative stem cell
source has been unrelated cord blood (Gluckman
et al. 1989), not requiring complete HLA match-
ing and resulting in encouraging outcomes among
patients with malignant blood diseases. First
attempts with yet another donor source have
included TCD megadose CD34+ cell grafts from
related HLA-haploidentical donors to treat acute
leukemia (Aversa et al. 1998).

1.5 Moving Ahead: The 1990s

and Beyond

Conventional HSCT following high-intensity
conditioning is risky and requires specialized
intensive care wards. The associated toxicities
restrict the therapy to younger, medically fit
patients. To allow the inclusion of older (highest
prevalence of hematological malignancies), med-
ically infirm or very young immunodeficiency
patients, less intensive conditioning programs
have been developed. In patients with malignan-
cies, these rely less on high-dose chemoradiation
therapy and more on graft-vs.-tumor effects.

One outpatient transplant strategy combines FLU
and 2-3 Gy TBI conditioning with Post trans-
plant IS using an inhibitor of purine synthesis
MMEF and CSA or TAC. Figure 1.1 illustrates the
spectrum of current conditioning regimens
(reviewed in Storb and Sandmaier 2016).

A transplant regimen combining fludarabine
and 2 Gy TBI conditioning with additional
cyclophosphamide before and after HSCT has
encouraged widespread use of unmodified HLA-
haploidentical grafts (Luznik et al. 2008). It is
well tolerated with low incidences of graft rejec-
tion and of acute and chronic GVHD, but relapse
remains a problem. Strategies addressing relapse
have included infusion of donor lymphocytes or
NK cells. Retrospective multicenter analyses
show comparable outcomes after HLA-matched
vs. HLA-haploidentical HSCT.

While reduced-intensity regimens have been
well tolerated, relapse and GVHD need improv-
ing. Adding targeted radioimmunotherapy
against host hematopoietic cells, using anti-
CD45 antibody coupled to beta and alpha emit-
ting radionuclides to standard conditioning, has
the potential to decrease the pre-transplant tumor
burden, thereby lessening the relapse risk (Chen
et al. 2012; Pagel et al. 2009). As for GVHD, a
recent phase III randomized trial convincingly
demonstrated that a triple combination of MMF/
cyclosporine/sirolimus  significantly —reduced
both acute GVHD and non-relapse mortality and
improved survival (Sandmaier et al. 2016).

Survival of patients with primary immune
deficiency diseases given NMA conditioning
before HLA-matched and HLA-mismatched
grafts between 1998 and 2006 has stabilized at
82% (Moratto et al. 2011).

In the future, better understanding of hemato-
poietic cell-specific polymorphic minor histo-
compatibility antigens might result in ways of
directing donor immune cells toward hematopoi-
etic targets, thereby controlling relapse without
inducing GVHD. Another major research target
is containment of chronic GVHD.
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Fig. 1.1 Spectrum of current conditioning regimens.
Reproduced with permission from Sandmaier, B.M. and
Storb, R. Reduced-intensity allogeneic transplantation
regimens (Ch. 21). In Thomas’ Hematopoietic Cell

Key Points

e Radiation protection of rodents by
shielding the spleen or marrow infusion

 First human transplants all failed

* Allogeneic HSCT called a total failure

e HSCT studies in large animals:
Histocompatibility matching; MTX for
GVHD prevention; CY, ATG, and BU;
rejection from transfusion-induced sen-
sitization; PBSC; graft-versus-
lymphoma effect

* Fractionated TBI

e HSCT for patients with immunodefi-
ciency diseases, aplastic anemia, leuke-
mia, hemoglobinopathies

-

Transplantation, fifth edition (ed. by Forman SJ, Negrin
RS, Antin JH, & Appelbaum FR) 2016, pp. 232-243. John
Wiley & Sons, Ltd., Chichester, UK

Advances in infection prophylaxis and
treatment

Graft-versus-leukemia effects

Donor lymphocyte infusions

ATG conditioning

Unrelated donors

Cord blood transplants

Mega CD34+ HLA-haploidentical
grafts

MTX/CNI GVHD prophylaxis
Reduced and minimal intensity
conditioning

Outpatient transplantation

PT-CY GVHD prophylaxis

Targeted radioimmunotherapy
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