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CHAPTER 102

Transplantation of hematopoietic cell grafts containing plu-
ripotent hematopoietic stem cells (HSCs) after myeloablative or
nonmyeloablative conditioning regimens reconstitutes immuno-
hematopoiesis. Sites from which HSC can be harvested and then
used for transplantation include bone marrow, peripheral blood,
and the umbilical cord. Patients may serve as their own donors
(autologous) or may receive HSC from other individuals (related
or unrelated). Hematopoietic cell transplantation (HCT) is done for
a variety of therapeutic indications: (1) to support hematopoiesis
after myeloablative doses of total body irradiation (TBI) and che-
motherapy, (2) to establish a graft-versus-leukemia or tumor (GVL
or GVT) reaction, or (3) to replace diseased tissues of hematologic
or immunologic origins. The advances in supportive care after
transplantation have resulted in improved outcomes, and HCT has
become more accepted as a therapeutic modality that can be suc-
cessful in otherwise life-threatening diseases. In the 2003-2007
period as compared with the 1993-1997 period, a 60% reduction
in day 200 nonrelapse mortality and a 41% reduction in overall
mortality was observed.! There were also significant reductions in
severe graft-versus-host disease (GVHD), opportunistic infections,
and organ damage.

The focus of this chapter is on the general indications for HCT,
sources of stem cells, conditioning regimens, transplant biology
issues, and complications of HCT; other chapters provide detailed
discussions of the indications and results of HCT in relation to
specific diseases (Table 102.1).

HISTORICAL PERSPECTIVE

Early Preclinical Studies

After the effects of radiation on hematopoiesis became evident
during World War 1II, Jacobson and colleagues reported that mice
survived an otherwise lethal exposure to TBI if the spleen was
shielded (Fig. 102.1).2 Radiation protection was also conferred by
infusion of bone marrow.® A runting syndrome developed after
recovery of hematopoiesis when the infused marrow was from
a donor of a different mouse strain.* This syndrome was due to
GVHD, a complication that was soon recognized to limit the use of
allogeneic marrow transplantation in humans. In further studies
in mice, methotrexate and 6-mercaptopurine were found to be
effective in inducing immune tolerance or ameliorating the graft-
versus-host (GVH) reaction.?

The dog served as a random-bred large animal model for
studies of principles and techniques of bone marrow transplan-
tation applicable to humans. The dog was the first random-
bred species in which it was demonstrated that the results of
in vitro histocompatibility typing could predict the outcome of

HEMATOPOIETIC CELL TRANSPLANTATION
Richard A. Nash, Vijayakrishna K. Gadi

marrow transplantation.® Littermates genotypically identical
for the major histocompatibility complex (MHC) survived longer
after marrow transplantation than did their MHC-nonidentical
siblings. However, despite the MHC genotypic identity, GVHD
was still potentially severe in many but not all dogs. This indi-
cated that other factors identified as minor histocompatibility
antigens (mHC) were involved in the development of GVHD.
Pharmacologic immunosuppression with a calcineurin inhibitor

TABLE 102.1

DISORDERS TREATED BY TRANSPLANTATION

Nonmalignant
Aplastic anemia
Fanconi’s anemia
Diamond-Blackfan syndrome
Sickle cell disease
Thalassemia
Paroxysmal nocturnal hemoglobinuria
Myelofibrosis
Congenital neutropenia
Chediak-Higashi syndrome
Chronic granulomatous disease
Glanzmann’s thrombasthenia
Osteopetrosis
Gaucher’s disease
Mucopolysaccharidosis
Mucolipidoses
Immune deficiencies

Malignant
Acute nonlymphoblastic leukemia
Acute lymphoblastic leukemia
Hairy cell leukemia
Myelodysplasia
Chronic myelogenous leukemia
Chronic lymphocytic leukemia
Hodgkin’s disease
Non-Hodgkin’s lymphoma
Multiple myeloma
Solid tumors
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FIGURE 102.1. Timeline showing numbers of bone marrow transplantations and advances in the field, 1957-2006. BMT denotes bone marrow trans-
plantation; HLA, human leukocyte antigen. Data are from the Center for International Blood and Marrow Transplant Research. (Reprinted with permission from
Appelbaum FR. Transplantation of bone marrow as compared with peripheral blood cells from HLA-identical relatives in patients with hematologic cancers. N Engl J
Med 2007;357:1472—1475. Copyright 2007 Massachusetts Medical Society. Al rights reserved.)

(i.e., cyclosporine or tacrolimus) or methotrexate for prevention
of GVHD improved survival after allogeneic marrow grafting.”8
It was then established that methotrexate and cyclosporine in
combination were more effective than either used alone.® The
efficacy of a calcineurin inhibitor and methotrexate combined for
GVHD prevention was subsequently confirmed in clinical trials
and remains the standard in many transplant programs.

Early Clinical Studies

Bone marrow was the first commonly used source of HSC for
transplantation. Bone marrow transplantation from human leuko-
cyte antigen (HLA)-identical sibling donors was first successfully
used by two groups in 1968 to treat patients with immunologic
deficiencies.'0-11 After extensive preclinical studies of GVHD,
Thomas et al. then reported the successful transplantation of
marrow from a HLA-identical sibling donor for aplastic anemia in
1972.12 Five years later, the same group reported their experience
in 100 patients with end-stage leukemia treated with allogeneic
marrow transplantation.’® Allogeneic HCT from an HLA-matched
related or unrelated donor is now considered standard therapy
for many malignant and nonmalignant hematologic diseases.

HEMATOPOIETIC STEM CELLS

The HSC is defined as a cell with the ability to achieve long-term
reconstitution of both myeloid and lymphoid lineages. To fulfill
these criteria, HSC must be able to self-renew and be pluripotent.
In vitro colony-forming units (e.g., CFU-GM, CFU-Meg, CFU-E,
BFU-E) are progenitor cells that cannot reconstitute hematopoi-
esis, whereas populations of cells enriched for long-term culture-
initiating cells can, at least in the mouse, rescue lethally irradiated
recipients.1#15 No accepted in vitro assays for human HSC are
available currently. A population of small mononuclear cells
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enriched for HSC can be identified by (1) the presence of the CD34
and CD133 antigen, the absence of lineage-specific antigens, and
high content of aldehyde dehydrogenase and (2) the exclusion of
fluorescent vital dyes including Rhodamine!23 and Hoechst 33
342 (Table 102.2).16-19:20 [n humans and other species, successful
sustained engraftment was achieved with isolated CD34-positive
cells confirming that a true “stem cell” is contained within this
population.21.22-24

The true extent of the pluripotency of adult marrow-derived
stem cells remains under investigation. Several studies have
reported that populations of HSCs may contribute to regen-
eration of muscle, osteoblasts, hepatocytes, and neuronal and
nonneuronal cell types of the brain.25-27 However, some of the

TABLE 102.2

T —
CHARACTERISTICS OF HUMAN HEMATOPOGIETIC STEM CELL (HSC)

A. Cell Surface Antigen Expression
Positive
4CD34-positive
CD133-positive
Aldehyde dehydrogenase
Low Positive
Thy 1 (CDw90), c-KIT
Negative
CD38, CD33, T and B cell markers, CD71, DR
B. Dye Exclusion
Rhodamine’23, Hoechst 33 342

aCD34 negative HSC have been identified in mice.
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experimental observations may have resulted from cell fusion,
technical artifact, or culture induced changes in cellular gene
expression. Nevertheless, there is agreement that if “plasticity” of
circulating HSCs occurs, it is likely to be a rare event.28

Identification of Cell Populations Enriched for
Hematopoietic Stem Cells

The CD34 antigen is a cell surface type 1 transmembrane pro-
tein which is highly O-glycosylated and expressed primarily on
hematopoietic progenitor cells and vascular endothelium from
many tissues.?%30:31 It is also expressed on stromal cell precur-
sors identified by the STRO-1 antibody. Cell surface expression
of CD34 is developmentally regulated in hematopoiesis and is
inversely related to the stage of differentiation such that CD34
expression is absent beyond the committed progenitor stage.
The functional significance of CD34 expression on hematopoietic
progenitor cells, stromal cells, and developing blood vessels is
unknown, except that CD34 on vascular endothelial cells binds to
L-selectin.?2 The CD34 antigen is expressed on 1% to 5% of nor-
mal human adult marrow cells, up to 1% of mobilized peripheral
blood cells, and by 2% to 10% of normal fetal liver and marrow
cells.2%-33 Approximately 90% to 95% of the CD34-positive cells
express antigens indicating commitment to the lymphoid or
myeloid lineages.343% Purified populations of HSC can be obtained
with strategies that lineage-deplete a CD34-positive population of
cells using monoclonal antibodies specific for DR, CD33, CD38,
CD71, and B and T cell markers (Table 102.2). Other work sug-
gests that human HSC are Thy-1°%, ¢-KIT!%, Rhodamine!23 low,
and CD133-positive.3641 In vivo preclinical models for studying
populations of purified human HSCs based on the aforementioned
characteristics include transplantation into SCID-Hu mice or into
fetal sheep.40-42.43

Enriched populations of autologous CD34-positive marrow
cells or blood cells, in both animal and human studies, have
been shown to protect from myeloablative doses of radiation or
chemotherapy.224445 Conversely, the CD34-negative subset of
the marrow was not protective.46:47 Complete and stable donor
hematopoietic chimerism has also been shown in humans after
transplantation with allogeneic CD34-enriched cells from the
peripheral blood.2448 Thus, CD34-positive hematopoietic cells are
capable of long-term stable reconstitution of multiple hematopoi-
etic lineages.

Sites of Hematopoiesis and for Collection
of Hematopoietic Stem Cells

In the developing human embryo, the production of hematopoietic
cells shifts to the liver from the yolk sac after 6 weeks of gestation.
At 16 weeks of gestation, the most active site of hematopoiesis is
the fetal liver. At the end of gestation, essentially all hematopoietic
production derives from the marrow with only small contribu-
tions from the liver and spleen. Umbilical cord blood is enriched
for HSC. The number of progenitors in one cord blood unit were
comparable to the number of progentiors from adult marrow that
had been reported to achieve successful engraftment.*”
Historically, the bone marrow served as the routine collection
site for HSC.50 Marrow is a clinically reliable and easily accessible
source of long-term reconstituting cells. The presence of HSC in
peripheral blood was first documented in preclinical studies.51-52
In early clinical studies, transplantation of autologous peripheral
blood HSC resulted in reconstitution of hematopoiesis following
myeloablative chemotherapy or chemoradiotherapy; however,
obtaining sufficient HSC required a prolonged period of collec-
tion.?3 To overcome this problem, granulocyte-colony-stimulating
factor (G-CSF) can be administered to mobilize HSC from the mar-
row to the peripheral blood. Collections from G-CSF-mobilized
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peripheral blood yielded similar or greater numbers of HSC than
that harvested from marrow.’* Combining chemotherapy and
G-CSF administration for mobilization resulted in higher yield
of CD34-positive cells than G-CSF alone.’® Plerixafor is a small
molecule that reversibly inhibits chemokine stromal cell-derived
factor-1a binding to its cognate receptor CXC chemokine receptor
4. In a randomized clinical trial, G-CSF with plerixafor was more
effective than G-CSF alone for collection of stem cells in patients
with myeloma.”® In this study, a total of 54% of plerixafor-treated
patients collected a target number of 6.0 X 10° CD34" cells/kg
after one apheresis, whereas 56% of placebo-treated patients
required 4 daily aphereses to achieve this target. Other cytokines
have been demonstrated to mobilize HSC into peripheral blood,
including stem cell factor, granulocyte/macrophage-CSF, inter-
leukin-6 (IL-6), IL-8, and flt-3 ligand.57-5% While most normal
donors receive only G-CSF for mobilization of HSC for allogeneic
transplant, mobilization strategies including plerixafor or chemo-
therapy are now routinely used for the collection of autologous
HSC from the peripheral blood of patients with hematologic
malignancy.?9-60-61 Plerixafor is not indicated for use in patients
with acute leukemia.

Monoclonal antibodies specific to the adhesion molecule VL.A-4
(very late antigen-4 or a4pB1 integrin) and VCAM-1 (vascular cell
adhesion molecule-1) can also mobilize hematopoietic progenitors
in nonhuman primates.®>63 An essential step contributing to the
release of hematopoietic progenitors from the marrow may be the
cleavage of VCAM-1 expressed on stromal cells by neutrophil pro-
teinases following the administration of G-CSF.®* Hematopoietic
progenitors reversibly downregulate VLA-4 expression and
adhere significantly less to stroma and fibronectin during mobi-
lization.®> VLA-4 integrin expression is restored after progeni-
tors are removed from the in vivo mobilizing milieu, which may
account for their homing properties after transplantation.

SELECTION OF STEM CELL SOURCE

Autologous, syngeneic, and allogeneic are the three general cat-
egories of HSC grafts (Table 102.3). In general, the origin of HSC
used for HCT is based on both the availability of the donor and
the type of disease for which the patient is being transplanted.
While autologous HSC should be available for most patients,
extensive prior cytotoxic therapy or heavy involvement of mar-
row with malignant cells may preclude the use of this source of
HSC. Although the preferred allogeneic donor is an HLA-identical
sibling, fewer than 30% of patients have access to this source.
Availability of HLA-identical sibling donors for pediatric patients
may be less than this because of the smaller family sizes now
compared to previous generations. Syngeneic donors are avail-
able in less than 1% of cases, and phenotypically HLA-matched
or one-antigen-mismatched haploidentical family donors are
available in less than 5% of cases.®® Approximately 30% to 40%
of patients may identify a phenotypically HLA-matched unrelated
donor from the volunteer registries.6? The availability of unrelated
(or related) umbilical cord blood banks increases the chances of
successfully identifying a compatible allogeneic graft source for
both pediatric and adult patients.®8-70 HLA-haploidentical donors
are also available for the majority of patients.

The disease for which transplantation is being considered is
another important determinant for choice of stem cell source.
Autologous, syngeneic, or allogeneic HSC can support hematopoi-
etic recovery after myeloablative chemoradiotherapy for malig-
nant hematologic and nonhematologic diseases. For acquired
disorders of marrow function (e.g., aplastic anemia), syngeneic or
allogeneic HSC are required.”! Patients with congenital hemato-
poietic or immunologic defects (e.g., thalassemia, severe combined
immunodeficiency (SCID) syndrome) require transplantation with
allogeneic stem cells or gene-modified autologous stem cells.72-75
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TABLE 102.3

POTENTIAL SOURCES OF HEMATOPOQIETIC STEM CELL (HSC) FOR HEMATOPOIETIC CELL TRANSPLANTATION

Relationship Genetically
of Donor MHC (HLA)-Matching Identical Haplotype mHCZ Matching Site of HSC Collection
|. Syngeneic Sibling [dentical 2 Identical Marrow or peripheral blood
Il Allogeneic Sibling |dentical 2 Shared Marrow, peripheral blood, or umbilical
cord blood
Sibling, Parent, Child 0-3 Antigen? Mismatch 1 Shared Marrow, peripheral blood, or umbilical cord
blood (sibling or child)
Unrelated [dentical 0 Divergent Marrow or peripheral blood
1 Antigen Mismatch or
2 Allele Mismatch
Unrelated 0-3 Antigen Mismatch 0 Divergent Umbilical cord blood

IIl. Autologous Self

Marrow or peripheral blood

HLA, human leukocyte antigen; mHC, minor histocompatibility complex; MHC, major histocompatibility complex.

aShared indicates a higher probability of sharing mHC antigens within the family. Divergent indicates that the probability of sharing mHC antigens is no better than what is expected by matching
two unrelated individuals who were randomly chosen. There is currently no routine testing for mHC compatibility.

Two or three antigen mismatched transplants of unmanipulated marrow grafts from adult or pediatric family donors have in general a higher transplant-related mortality.

Autologous Source of Stem Cells

Autologous marrow or mobilized peripheral blood stem cells are
the grafts of choice for many patients. Autologous stem cell sup-
port is most commonly derived from “mobilized” peripheral blood
stem cells instead of marrow because of faster hematopoietic
recovery in the recipient.®? Peripheral blood stem cell transplants
have decreased the time required for hospitalization. Autologous
stem cell support after myeloablative therapy has been successful
for treatment of acute myelogenous leukemia (AML), non-Hodgkin
lymphoma, and Hodgkin lymphoma.?6:77.78.79 Disease-free sur-
vival was prolonged in patients with multiple myeloma receiving
a single autologous or two sequential autologous transplants.80-81
Significant transplant-related complications encountered most
frequently include infections and organ toxicity of the liver or
lung, caused in large part by the high-dose myeloablative cytotoxic
therapy. A GVHD-like syndrome (also known as the engraftment
syndrome or pseudo-GVHD) of the skin and gastrointestinal tract
has been described, but it is generally not frequent or severe.82:83

Allogeneic Source of Stem Cells

Transplantation from Related Donors

Hematopoietic cell grafts from related donors may be HLA-
identical or HLA-haploidentical. The preferred allogeneic donor
has been a genotypically HLA-identical sibling. A genetic match
at the HLA loci between siblings is confirmed by the genotyping
of 5 HLA loci including HLA-A, HLA-B, HLA-C, HLA-DRB1, and
HLA-DQB1. If an HLA-identical sibling is available, patients with
hematologic malignancies should be transplanted with peripheral
blood stem cells rather than marrow. Two phase 3 studies have
now shown an improved disease-free and overall survival with
transplantation of peripheral blood stem cells (Fig. 102.2).8485
Ten year follow-up of the study by Bensinger et al. showed that
the benefit persisted for disease-free survival, but the likelihood
of overall survival was not significantly different between the 2
groups.8¢ The 10-year cumulative incidence of chronic GVHD
and the duration of systemic immunosuppression were similar
between the 2 groups. A third study concluded that peripheral
blood was an equivalent source of HSCs compared with marrow
if administered to patients with standard-risk leukemia, since a
significant difference in survival could not be demonstrated.87 All
3 studies showed an accelerated recovery of neutrophil counts in
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the group receiving peripheral blood stem cells. Although most
studies have not shown a significant increase in the incidence of
acute GVHD in the peripheral blood stem cell group, the incidence
of chronic GVHD was significantly greater.84-85-87.88 Higher doses
of CD34-positive cells in the peripheral blood stem cell graft (>8.0
X 10°%kg) have been significantly associated with the develop-
ment of chronic GVHD.8? Since outcome is unlikely to be improved
if there is an increased risk of chronic GVHD from the use of
peripheral blood stem cells, patients with nonmalignant disorders
are still being transplanted with marrow in some centers. With a
median follow-up of 6 years, survival of aplastic anemia patients
transplanted with marrow was 88% (Fig. 102.3).?0 In a retro-
spective analysis by CIBMTR, rates of chronic GVHD and overall
mortality were greater after transplantation with peripheral blood
stem cells than marrow, especially in the younger patient popula-
tion (<20 years of age).?! Similar survivals to those observed after
HCT for aplastic anemia have been reported in patients trans-
planted with marrow for hemoglobinopathies.”2:92

1 -
0.8 1 PBSC
S 06 -
2
5’) 0.4 Marrow
0.2 +
0 T T 1
0 1 2 3
No. at risk Years
Peripheral blood
stem cell (PBSC) 81 53 35 21
Marrow 91 48 23 7

FIGURE 102.2. Probability of overall survival after myeloablative conditioning and
transplantation with either peripheral blood stem cells or marrow. Survival at 2 years
was improved in the peripheral blood stem cell group as compared to marrow (66% vs. 54%;
P = 0.006). Disease-free survival was also improved in the peripheral blood stem cell group
(P = 0.003). (Reprinted with permission from Bensinger WI, Martin PJ, Storer B, et al. Trans-
plantation of bone marrow as compared with peripheral blood cells from HLA-identical relatives
in patients with hematologic cancers. N Engl J Med 2001;344:175-181. Copyright 2001 Mas-
sachusetts Medical Society. All rights reserved.)
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FIGURE 102.3. Overall survival among 94 patients with aplastic anemia who under-
went transplantation from HLA-identical siblings after conditioning with cyclophos-
phamide (CY) and antithymocyte globulin. With a median follow-up of 6.0 (0.5 to 11.6)
years, the Kaplan-Meier estimate of survival was 88%. Cyclosporine and methotrexate were
administered after transplantation for graft-versus-host disease (GVHD) prophylaxis. (Reprinted
with permission from Storb R, Blume KG, 0’Donnell MR, et al. Cyclophosphamide and antithymo-
cyte globulin to condition patients with aplastic anemia for allogeneic marrow transplantations:
the experience in four centers. Biol Blood Marrow Transplant 2001;7:39-44.)

An HLA-haploidentical donor (parent, sibling, child) is available
for almost all patients, but haplotype differences (genotypically
identical at one HLA haplotype but nonidentical at the other
HLA haplotype) are associated with a high risk of severe GVHD,
graft rejection, and increased mortality with conventional post-
transplant immunosuppression. However, transplants for hema-
tologic malignancies from HLA-haploidentical family members
mismatched for only one HLA antigen in the nonidentical HLA
haplotype may have a similar overall survival to transplants from
HLA-identical siblings.?® In this situation, although the higher
incidence of GVHD results in an increased transplant-related mor-
tality, relapse is less frequent, resulting in no overall difference in
long-term survival compared to transplants from HLA-matched
siblings. Patients transplanted from HLA-haploidentical family
members mismatched for 2 or more HLA loci had significantly
lower overall survivals compared to patients transplanted from
phenotypically HLA-matched unrelated donors.?* In patients
with advanced leukemia, transplantation with high-dose CD34-
positive cell grafts which had been highly T cell-depleted resulted
in 12 of 43 patients being alive and disease-free at 18 months.?>
Immune reconstitution after transplantation was poor, how-
ever.%® High-dose cyclophosphamide (CY) early after HCT from
an HLA-haploidentical donor appears effective in preventing the
development of severe acute and chronic GVHD.?7-98 In a report
of parallel phase 2 studies, transplantation of HLA-haploidentical
marrow grafts appeared to have favorable outcomes at 1 year
compared to transplantation of umbilical cord blood grafts.??
Patients who lack a closely matched family donor should be
offered a phenotypically HLA-matched unrelated donor before
considering a transplant from an HLA-haploidentical donor.

Transplantation from Unrelated Donors

After the initial success with transplantation of marrow from
matched unrelated volunteers, large databanks were established
around the world, including the National Marrow Donor Program
(NMDP) in the United States. Available through the world-wide
registries and the NMDP are approximately 20 million volun-
teer donors who have been typed for HLA-A and -B antigens,
and many of these are also typed for HLA-DR (www.bmdw.org).
Certain racial and ethnic groups are underrepresented in the
registry and therefore there is a lower probability that an HLA-
matched donor will be found.
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Outcomes have improved after HCT from HLA-matched unre-
lated donors because of improved supportive care and high-
resolution HLA typing. Outcomes after HCT from an unrelated
donor are now comparable to what is observed after HCT from
an HLA-identical sibling. In a study of 2,223 adult AML patients,
the overall survival after transplantation from 8/8 HLA-matched
donors was similar to that observed after transplantation from an
HLA-identical sibling (RR = 1.03; P = 0.62).190 The risk of acute
GVHD, however, was lower after transplantation from an HLA-
identical sibling.

The relative importance of the various HLA loci has been
defined for HCT from unrelated donors. In a study from CIBMTR
of 3,857 transplants performed from 1988 to 2003, it was
observed that high-resolution DNA matching for HLA-A, HLA-B,
HLA-C, or HLA-DRBI1 (8/8 match) was the minimal level of match-
ing associated with the highest survival.'01 A single mismatch at
HLA-A, HLA-B, HLA-C, or HLA-DRB1 (7/8 match) was associated
with an increased mortality compared to an 8/8 match. A single
mismatch at HLA-B and HLA-C appeared better tolerated than
a mismatch at HLA-A and HLA-DRB1. A mismatch at HLA-DQ
or HLA-DP loci did not have an effect on survival. Ninety-four
percent of the transplants in this study were performed with mar-
row grafts. In a follow-up study, the association between HLA
matching and outcomes was investigated for transplantation of
peripheral blood stem cells from unrelated donors.'%2 Survival
was better with 8/8 HLA matching compared to 7/8 HLA match-
ing. Single HLA-C antigen mismatches were associated with an
increased risk of treatment-related mortality and grade III-IV
acute GVHD. HLA-B antigen/allele mismatching was associated
with an increased risk of grade III-IV acute GVHD with no effect
on survival. No significant differences in outcomes were observed
with HLA-C allele mismatches, HLA-A antigen/allele mismatches,
or HLA-DRB1 mismatches compared to 8/8 HLA-matched pairs.
The differences in the reported associations for HLA mismatches
between marrow and peripheral blood stem cell grafts may result
from differences in cell numbers in the graft as well as the graft
composition.

Disease status is an important consideration in the search
process. In patients with advanced malignancies, survival after
transplantation from an HLA-matched or 1-antigen/allele HLA-
mismatched unrelated donor was similar.'%® Therefore, when
transplants cannot be delayed because of disease status, selection
of a donor with the fewest HLA mismatches may be an alterna-
tive choice for patients without a completely HLA-matched donor.

Because of the possible higher risk of acute GVHD, studies
of peripheral blood stem cell transplantation from unrelated
donors started later than those done from HLA-identical donors.
A recently completed randomized clinical trial (BMTCTN 0201)
comparing marrow to peripheral blood stem cells observed that
there was no difference in overall survival, disease-free survival,
nonrelapse mortality, relapse, or acute GVHD outcomes at 2 years
between the 2 arms. There was a significantly increased risk of
chronic GVHD.

Transplantation with Umbilical Cord Blood Grafts

There are several advantages to the use of umbilical cord blood
when compared to unrelated donor peripheral stem cell or mar-
row product harvested from adults. First, umbilical cord blood
represents a potentially nonlimiting donor source for transplanta-
tion. At present, over 550,000 HLA typed cord bloods are banked
and are conceivably available with several days notice (www.
bmdw.org). Many of the banked specimens are from underrep-
resented ethnic and racial groups, thus expanding the potential
donor pool for individuals poorly served by the unrelated donor
marrow registries. The total nucleated cell dose required for suc-
cessful engraftment is 10-fold less than that required for conven-
tional peripheral blood or marrow transplant. The transmission
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of Epstein-Barr virus (EBV) or cytomegalovirus (CMV) is negligible
compared to conventional allogeneic transplantation. HLA allele
mismatches (up to 2 to 3 loci) are permissible in cord blood trans-
plantation. Notable disadvantages to cord blood transplantation
are the potential for prolonged pancytopenia and lower rates of
overall engraftment.

The first successful cord blood cell transplant in a pediatric
patient was done in 1988.%9 Two studies were then successfully
conducted of cord blood transplantation from HLA-matched or
HLA-haploidentical allogeneic siblings (44 patients) and partially
HLA-mismatched unrelated donors (25 patients).194105 In the
first report of a large experience in 562 recipients (including
18% adults) after transplantation with umbilical cord blood grafts
from unrelated donors, the probability of engraftment at 42 days
and grade III-IV GVHD, was 81% and 23%, respectively.106 Tt
was concluded from this study that umbilical cord blood grafts
regularly engraft and cause a low rate of GVHD relative to the
number of HLA mismatches, and produced survival rates com-
parable to those with transplantation of marrow from unrelated
donors. This experience was confirmed in a retrospective analysis
of 541 children with leukemia transplanted with stem cell grafts
from unrelated donors of which 99 were from umbilical cord
blood.197 Recipients of cord blood had an increased number
of HLA mismatches but a lower risk of both acute and chronic
GVHD compared to recipients of unmanipulated marrow from
unrelated donors. The day 100 mortality was higher, however, in
the cord blood group, possibly because of the significantly delayed
recovery of hematopoiesis and immunity after transplantation.
These results were later confirmed by another group.18 It was
concluded that the use of umbilical cord blood was an option
for children with acute leukemia lacking an acceptably matched
unrelated marrow donor. In children who had received umbilical
cord blood or bone marrow grafts from HLA-identical siblings, the
umbilical cord blood group had a lower risk of acute and chronic
GVHD (relative risk 0.41 [P = 0.001] and 0.35 [P = 0.02]), respec-
tively.199 Survival was similar in both groups. The progenitor cell
and CD34-positive cell content of the umbilical cord blood graft
predicted the rate of neutrophil recovery after transplantation.110

The reported low incidence of severe GVHD after transplant of
umbilical cord blood cells from unrelated donors (relative to the
degree of HLA disparity) may be related to the decreased immu-
nocompetence of the fetal blood cells compared to adult cells. 111
Two years after transplantation, T cell receptor rearrangement
excision circles (TRECs), a measure of recent thymic output, were
greater in recipients of umbilical cord blood than in recipients of
marrow grafts, suggesting complete immune recovery despite the
low number of cells infused.!12

Initially, recipients of umbilical cord blood cell transplants
had been mostly children. Even though, at first, there was a con-
cern about the low cell count for the larger body size, outcomes
in adults were comparable to those reported in children.113
Prospective trials comparing cord blood transplantation to unre-
lated peripheral blood/marrow transplants are not available;
however, two large registry or retrospective studies summarizing
consortia experience for acute or chronic leukemias have been
published.!'#115 Slower engraftment kinetics, reduced engraft-
ment rates, and decreased acute and chronic GVHD rates and
severity were observed in the cord blood transplantation groups.
Rates of relapse reported for the two studies were similar between
the 2 groups. Transplant-related complications, including delayed
recovery of blood counts after cord blood transplantation, may
be reduced in the adult population with reduced intensity
conditioning.!16

Transplantation of multiple cord blood units was investi-
gated to determine if recovery of neutrophil and platelet counts
after transplantation could be improved.!1? After the infusion of
two umbilical cord blood grafts into adult patients, the median
day to neutrophil recovery was 24 (range 12 to 28) in 23 adult
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patients compared to 27 (range 13 to 59) in another study of
68 adult patients transplanted with a single cord blood unit.'?
This observation of improved recovery times was not confirmed in
a retrospective study at a single institution.!18 After transplanta-
tion with 2 cord blood units, only one unit eventually dominates
and engrafts long-term.19 Higher CD3* cell dose and percentage
of CD34* viability were associated with unit dominance. Higher
dominant unit total nucleated cells, CD34* cells, and colony-form-
ing unit doses were associated with higher sustained engraftment
and faster neutrophil recovery. Mechanistically, the dominant
cord mounts an allogeneic immune response mediated by CD8*
T cells against the nondominant unit.!20 Outcomes after double
cord blood transplantation were compared with outcomes after
transplantation from HLA-matched related donors, HLA-matched
unrelated donors, and 1-antigen HLA-mismatched unrelated
donors.'?! Leukemia-free survival at 5 years was similar for all
donor types. The risk of relapse was decreased in the double cord
blood transplantation group compared to the other donor types,
but the risk of nonrelapse mortality was increased. The lower
risk of relapse after transplantation from a double cord blood unit
compared to a single cord blood unit had been previously seen
in another retrospective study, although a significantly increased
risk of acute GVHD was also observed.18 Sharing of one or more
HLA-A, B, or DRB1 loci between the inherited paternal MHC
alleles (IPA) of the donor and the recipient after unrelated cord
blood transplantation leads to superior leukemia-free survival
with no increase in acute GVHD, a result attributed to maternally
derived anti-IPA elements persisting in the cord blood.!22
Umbilical cord blood grafts should be considered for both
pediatric and adult patients lacking a suitably matched unrelated
donor or unable to wait for an unrelated search to be completed.

COLLECTION OF HEMATOPOIETIC
STEM CELLS FOR TRANSPLANTATION

Marrow

Marrow is obtained by multiple aspirations from the posterior iliac
crest under general or epidural anesthesia.13 The anterior iliac
crest (or the sternum) may also be harvested if larger quantities of
marrow are required. The target volume of marrow for transplant
is 10 to 15 ml/kg of recipient or donor weight, whichever is the
smaller individual. Marrow is collected with heparinized syringes
through large bore needles and placed into small amounts of cul-
ture medium. The collected marrow must be filtered prior to intra-
venous transfusion into the recipient to remove small particles or
clots. If the patient and donor are ABO-incompatible and there are
high anti-A or -B titers, the marrow can be red blood cell-depleted
or plasma-depleted, depending on whether it is a major or minor
ABO mismatch.1?# In some cases of a major ABO mismatch,
plasmapheresis of the recipient may be effective in reducing the
high anti-A or anti-B titers so that RBC depletion of marrow is
not required. Marrow is infused immediately after harvesting,
but delays of 24 hours may occur without adverse consequences.
Such delays are common when marrow is shipped to a transplant
program after harvest from an unrelated donor. In an analysis of
marrow harvest characteristics of 1,549 donors, the median total
nucleated cell count from the marrow was 2.5 (range 0.3 to 12.0) X
108/kg recipient weight.125 Life-threatening complications from
marrow harvesting, usually related to the administration of anes-
thesia, were reported in 0.27% to 0.4% of the donors.126

Peripheral Blood

HSC circulate in the peripheral blood but the concentration is
very low and it requires multiple aphereses to collect adequate
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numbers. The number of aphereses may be reduced to one or
two sessions when HSC are mobilized to the peripheral blood
after the administration of cytokines alone or in combination with
chemotherapy or plerixafor. An effective mobilization strategy of
autologous HSC for patients with malignancy is chemotherapy
in conjunction with G-CSF, 6 ug/kg/day.®! After chemotherapy,
patients are apheresed when the total white blood cell count
has recovered to 1,000/ul or the CD34-positive cell count in the
peripheral blood is at least >10/ul. For patients not requiring
chemotherapy or normal allogeneic donors, mobilization is with
G-CSF alone (5 to 16 ng/kg) by daily subcutaneous injections for
5 to 8 days.#8:127:128 These doses of G-CSF are generally well
tolerated, with common side effects of bone pains, myalgias, and
flu-like symptoms that are managed with acetaminophen or low-
dose narcotics. Plerixafor in combination with G-CSF was effec-
tive for increasing the yields of circulating CD34" progenitor cells
and is indicated for patients with lymphoma or multiple myeloma
who are being collected for autologous HCT.?® The recommended
dose is 0.24 mg/kg/day administered subcutaneously 11 hours
before the apheresis procedure. The maximum dose is 40 mg/
day. Common side effects included diarrhea, nausea, fatigue,
headaches, and arthralgias. Apheresis was performed as early
as day 4 after the start of G-CSF using a continuous blood flow
separation technique. Apheresed products may be cryopreserved
in 5% dimethylsulfoxide (DMSO) for use after thawing on the day
of transplant. A more rapid sustained hematopoietic recovery
of both neutrophil and platelet counts occurs with increasing
numbers of CD34% cells in the hematopoietic cell graft (up to
5 X 10°/kg). Some investigators consider 2.5 X 10%/kg of recipi-
ent weight a minimum dose of CD34% cells from the peripheral
blood to achieve complete autologous recovery. Platelet recovery
is more rapid at higher CD34" cell doses.®%-61 Since the cell dose
used in the autologous transplant setting yields consistent and
prompt engraftment, it is also considered an appropriate target
for collection of allogeneic HSC from the peripheral blood. Donors
of peripheral blood avoid general anesthesia and other complica-
tions of marrow harvesting. If peripheral veins are inadequate,
a large bore double lumen catheter for vascular access may be
required. In a large analysis of safety from the NMDP (n = 2,408
donors), it was concluded that collection of peripheral blood stem
cells was safe but that nearly all patients will experience bone
pain and 1 in 4 will have headache, nausea, or citrate toxicity.'??
Serious and unexpected toxicities were experienced by 0.6% of
the donors, but complete recovery was universal.

Cord Blood

Umbilical cord blood cells are now being routinely collected and
cryopreserved for storage in a cord blood bank.130-131 Directed-
donor banking of cord blood for siblings in a current good tissue
practices environment has also now been reported.!32 After the
separation of the placenta, umbilical cord blood cells are collected
into a closed system which utilizes a sterile donor blood collection
set. The placenta and umbilical cord can be suspended on a frame
and the blood drained as a “standard gravity phlebotomy” into
CPD (citrate, phosphate, dextrose) anticoagulant. The median vol-
ume of umbilical cord blood collected in one study of 44 patients
was 100 ml (range 42 to 282 ml).194 The median number of total
nucleated cells per kilogram of recipient weight for banked umbil-
ical cord blood is 2.5 X 107 (range 1 to 33) and corresponds to a
CD34%* cell dose of 1.5 X 105 per kilogram of recipient weight.110

ABO INCOMPATIBILITY

ABO incompatibility between the donor and the recipient occurs
in about 30% of cases. A major ABO incompatibility is considered
to occur when the isohemagglutinins in the recipient plasma
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are directed against the donor red blood cell antigens. A minor
ABO incompatibility is when the isohemagglutinins in the donor
plasma are directed against recipient red blood cell antigens. ABO
incompatibility between the donor and the recipient has no signif-
icant effect on the incidence of graft rejection, GVHD, or survival,
although bidirectional ABO mismatches were associated with a
higher risk of grade III-IV acute GVHD.133 ABO incompatibilities
may result in severe hemolytic episodes after transplantation. For
major ABO incompatibilities, if the recipient isohemagglutinin
titers in the plasma are high, an acute hemolytic event can be
prevented by red cell depletion of the graft. Conversely, plasma-
pheresis may be effective in reducing the anti-donor isohemag-
glutinin in the recipient plasma. If the latter approach is chosen,
the goal should be to reduce the isohemagglutinin titer to 1:16 or
lower.134 If there is continued production of anti-donor isohemag-
glutinins in the recipient plasma after transplantation, delayed
erythropoiesis or even pure red cell aplasia and persistent hemo-
lysis may result.!35 Although plasmapheresis and erythropoietin
may be of some benefit, the hemolytic episode may persist for
months after transplantation. If there are no contraindications,
early withdrawal of immunosuppression may result in a more
rapid resolution of the delayed hemolytic event, possibly because
of a GVH reaction against the isohemagglutinin-producing cells of
the recipient.136 To prevent hemolytic events related to minor ABO
incompatibilities, the isohemagglutinins can be removed from
the stem cell graft if the anti-recipient titers are high. The risk of
hemolysis from a minor ABO mismatch appears to be increased
after peripheral blood stem cell transplantation, possibly related
to the higher content of lymphoid cells (B cells) in the graft. The
development of severe hemolysis may be prevented with the
administration of methotrexate after transplantation.!37

CONDITIONING REGIMENS

Myeloablative

Myeloablative conditioning regimens are sufficiently intense that
recovery of hematopoiesis would not be expected without the
support of transplanted hematopoietic progenitor cells. The ideal
myeloablative conditioning regimen should fulfill the following
criteria: (1) eliminate or reduce the tumor load; (2) suppress the
host immune system to prevent graft rejection (not applicable to
hematopoietic support with autologous cells); and (3) have toler-
able nonhematopoietic toxicity. The first conditioning regimens
consisted of TBI, alone or in combination with cyclophosphamide
(CY).50 TBI is an effective antineoplastic modality that is both cell
cycle nonspecific and immunosuppressive. CY is a chemothera-
peutic agent with immunosuppressive properties that has few
nonhematopoietic toxicities that are similar to TBI, and therefore
can be used in combination. Other conditioning regimens which
have since been developed include: (1) the replacement of CY
with other chemotherapeutic agents (e.g., etoposide, Ara-C, and
melphalan) in combination with TBI.138139; (2) other chemo-
therapeutic agents in combination with both CY and TBI140.141;
(3) chemotherapeutic agents used in combination with CY but
without TBI, including busulfan (BU)/CY or carmustine-cyclophos-
phamide-etoposide (BCV)'42:143; and (4) replacement of CY with
fludarabine and used in combination with BU or melphalan.144.145
In one study, BCV was associated with a significant incidence of
transplant-related complications and mortality.!4¢ Other high-
dose cytotoxic regimens have been used, especially with autolo-
gous stem cell support.147.148

Most preparative regimens used for the treatment of malignant
diseases have not been tested in Phase III studies, so it is gener-
ally unclear if any one regimen represents an improvement over
those previously used. Two Phase III studies in allogeneic mar-
row transplantation have compared differing intensities of TBI
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(1,200 cGy versus 1,575 ¢Gy).149-150 The relapse rate was reduced
in the group of patients receiving the higher dose of TBI, but
was associated with an increase in complications from regimen-
related toxicity and GVHD which negated any improvement in
disease-free survival compared to the group receiving the lower
dose of TBI. In a more recent study, conditioning with TBI 800
cGy and fludarabine was compared with TBI 1,200 cGy and CY
and there was no difference in overall survival, relapse, or treat-
ment-related mortality.!®! The combination of BU/CY was deter-
mined to be an acceptable alternative to CY/TBI for patients with
leukemia in several studies.12-154 However in one study, patients
in the BU/CY group had an increased risk of sinusoidal obstruc-
tion syndrome (SOS) of the liver and other transplant-related com-
plications.1®> Since this last study, it has been demonstrated that
targeting of busulfan levels in the plasma may decrease the risk of
relapse and severe regimen-related toxicities, contributing to an
improved disease-free survival (Fig. 102.4).1°¢ Monitoring levels
of metabolites from cyclophosphamide may also be important to
decrease the risk of liver toxicity and nonrelapse mortality.157-158

In patients already profoundly immunosuppressed with SCID
syndrome, engraftment of allogeneic stem cells from matched
related siblings may occur without conditioning therapy.1%? High-
dose CY in combination with antithymocyte globulin (ATG) as a
preparative regimen for patients with aplastic anemia was associ-
ated with graft rejection in less than 5% of cases.?? The actuarial
survival rate was 88% at 6 years after transplantation (Fig. 102.3).
For transplantation of patients with thalassemia or sickle cell
disease, a myeloablative conditioning regimen, usually consisting
of the combination of BU and CY, was thought to be necessary to
prevent a high incidence of graft rejection, since most patients
with these disorders had received multiple blood transfusions
and were potentially sensitized to donor-derived mHC.160.161
However, reduced intensity conditioning regimens have now been
shown to successfully overcome the risk of graft rejection associ-
ated with these hematologic disorders.162

Although HSC engraftment may be achieved after transplanta-
tion and some patients are cured, relapse remains an important
problem in patients with advanced hematologic malignancies.
Since further intensification of the conditioning regimen using
current modalities is unlikely to improve overall survival because
of associated increases in toxicity, new strategies will be required
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FIGURE 102.4. Outcomes for 131 patients after conditioning with cyclophosphamide
and targeted busulfan followed by hematopoietic cell transplantation (HCT) from
human leukocyte antigen (HLA)-identical siblings for chronic myelogenous leukemia
in chronic phase. Graft-versus-host disease (GVHD) prophylaxis was with the combination of
cyclosporine and methotrexate. The probability of survival was 86% at 3 years. (Reprinted with
permission from Radich JP, Gooley T, Bensinger W, et al. HLA-matched related hematopoietic
cell transplantation for chronic-phase CML using a targeted busulfan and cyclophosphamide
preparative regimen. Blood 2003;102:31-35. Copyright American Society of Hematology.)
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to achieve a cure. Radiolabeled monoclonal antibodies (i.e., radio-
immunoconjugates) specific for certain lineage-specific cell sur-
face antigens on tumor cells or sites from which the malignancy
originates might enhance the efficacy of the conditioning regimen
and decrease the rates of relapse.163-166

Nonmyeloablative

The development of nonmyeloablative or reduced intensity regi-
mens permitted the application of potentially curative allogeneic
HCT to older patients and those patients with contraindications to
intensive cytotoxic regimens.!®? The success of the nonmyeloab-
lative conditioning regimens in preclinical and clinical studies
established new biologic principles which formed the basis of our
understanding of the engraftment process after allogeneic HCT.
The findings in these studies were consistent with the following
conclusions about successful engraftment:

1. Myeloablative therapy is not needed, since stem cell grafts can
“create their own marrow space” with a GVH effect.

2. Engraftment is promoted by posttransplant suppression of the
host-versus-graft reaction.

There are multiple different nonmyeloablative conditioning
regimens which have been piloted. The conditioning regimens
fall into 2 broad categories: (1) reduced intensity regimens and
(2) minimally myelosuppressive regimens.145.168-171,172,173 1
general, after reduced intensity conditioning, recipients usu-
ally become aplastic from the regimen and complete chimerism
is established early after transplantation. Reduced intensity
conditioning regimens are of sufficiently low intensity that
recovery of hematopoiesis would be expected without the sup-
port of hematopoietic progenitor cells. Although reduced in
intensity, the regimen may contribute a substantial antitumor
effect resulting in a tumor response early after transplantation.
The minimally myelosuppressive or nonmyeloablative regimens
rely on pretransplant and posttransplant immunosuppression to
prevent graft rejection. After transplantation, a mixed chimeric
state may persist for months before converting to full donor
hematopoietic chimerism (Table 102.4).172 The regimen may
be only mildly myelosuppressive resulting in a reduction in
the requirements for blood products (Fig. 102.5).17# The con-
ditioning regimen would not be expected to have a substantial
antitumor effect, so efficacy of the treatment is largely from a
GVT effect.

TABLE 102.4
L e ST
MEDIAN PERCENT AND CHIMERISM STATUS
Day 282 Day 56

Median % (range) of donor cells

T cells 60 (10-100) 91 (5-100)

PB neutrophils 91 (0-100) 99 (4-100)

Bone Marrow 87 (0-100) 95 (2-100)
Chimerism

% Mixed® 86 79

% Full Donor? 14 21

444 evaluable patients. One additional patient—donor pair had no identifiable DNA
polymorphism, and evidence of donor cell engraftment was based on red blood cell
polymorphisms.

b41 evaluable patients.

¢=1and = 95% T cells of donor origin.

4>95% T cells of donor origin.

McSweeney PA, Niederwieser D, Shizuru JA, et al. Hematopoietic cell transplantation in
older patients with hematologic malignancies: replacing high-dose cytotoxic therapy with
graft-versus-tumor effects. Blood 2001;97:3390-3400. Copyright American Society of
Hematology, used with permission.)
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FIGURE 102.5. Engraftment after nonmyeloablative hematopoietic cell transplantation
(HCT). Engraftment profile showing neutrophil and platelet changes after HCT. Graphs show the
median (black lines) and range (broken lines) of neutrophil and platelet counts of all 45 patients
on day 0 through 30. Circles represent the minimum and maximum values on each day. Min,
minimum; max, maximum. (From McSweeney PA, Niederwieser D, Shizuru JA, et al. Hemato-
poietic cell transplantation in older patients with hematologic malignancies: replacing high-dose
cytotoxic therapy with graft-versus-tumor effects. Blood 2001;97:3390-3400. Copyright Ameri-
can Society of Hematology, used with permission.)

Early studies of nonmyeloablative transplantation focused on
patients with donors who were HLA-identical siblings because
the risk of graft rejection and GVHD was considered less com-
pared to other types of donors. Risk factors for graft rejection
after conditioning with TBI 200 cGy alone were no prior intensive
chemotherapy and a diagnosis of CML.172 When fludarabine was
added to low-dose TBI, the incidence of graft rejection decreased.
Nonmyeloablative conditioning regimens have also been effective
for transplantation from alternative sources including unrelated
donors and umbilical cord blood.'7>-176.177

The allogeneic HSC graft can induce GVL/GVT effects. The
effectiveness of the GVT effect can be best observed in the
responses patients have had with the minimally myelosuppressive
regimens (Fig. 102.6).172:178.179 In patients not otherwise eligible
for a myeloablative conditioning regimen, sustained responses
have been noted with AML, the chronic leukemias, lymphoma,
and myeloma. A minimally myelosuppressive conditioning regi-
men may be appropriate for indolent hematologic malignancies
including CML, chronic lymphocytic leukemia, agnogenic myeloid
metaplasia, and low grade lymphomas.172-180.181.182 [y thoge dis-
eases in which some cytoreduction may be necessary, a reduced
intensity regimen may be of more benefit. Another strategy is
to use a cycle of chemotherapy or high-dose cytotoxic therapy
and autologous transplantation to debulk the disease or induce
a clinical remission followed by allogeneic nonmyeloablative
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FIGURE 102.6. Complete disease responses after HCT. A: Example of molecular remis-
sion of chronic myelogenous leukemia (CML) induced by nonmyeloablative hematopoietic cell
transplantation (HCT) without donor lymphoid infusion, as documented by failure of reverse
transcription—polymerase chain reaction (PCR) to detect BCR-ABL transcripts. The lane
described “-ve” is negative control of normal bone marrow (BM). K562 is a positive control for
BCR-ABL. B: Example of molecular remission of chronic lymphocytic leukemia (CLL) induced
by HCT without donor lymphocyte infusion as documented by PCR to detect a tumor-specific
immunoglobulin heavy-chain gene arrangement (arrow). Each posttransplantation sample was
amplified in duplicate. The lanes designated 70~"to 7072 show a dilution series of the patient’s
pretransplantation sample (more than 90% tumor cells) into normal bone marrow. C: Example
of complete remission of multiple myeloma after allogeneic HCT. The patient was initially treated
with four cycles of vincristine, adriamycin, and dexamethasone. High-dose cytoreduction with
melphalan 200 mg/m? and autologous transplantation was performed 3 months before allo-
geneic HCT. Donor lymphocyte infusion was given 4 months after HCT because of persistent
tumor. After complete remission was achieved, trace levels of serum monoclonal paraprotein
were detected by immunofixation intermittently in follow-up testing. DLI, donor lymphocyte infu-
sions. (From McSweeney PA, Niederwieser D, Shizuru JA, et al. Hematopoietic cell transplanta-
tion in older patients with hematologic malignancies: replacing high-dose cytotoxic therapy
with graft-versus-tumor effects. Blood 2001;97:3390-3400. Copyright American Society of
Hematology, used with permission.)

transplantation.183:184 The objective of this tandem approach is to
consolidate the remission with a GVT reaction. The assessment of
the patient, the disease type, and the disease status are required
to determine the optimal approach. In retrospective comparisons
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of patient populations after myeloablative and nonmyeloablative
conditioning regimens, no difference in overall survival was
observed.185-187 However, relapse rates were higher in patient
groups which had received a nonmyeloablative conditioning
regimen.

GVHD and infections are the major reasons for transplant-
related treatment failure after nonmyeloablative transplantation.
Since these patients, in general, have been older and at higher
risk of poor outcome based on preexisting complications at base-
line, nonmyeloablative transplantation has been well tolerated
compared to what could have been expected after myeloablative
conditioning. The day 100 and year 1 treatment-related mortality
has been reported as 3% and 16%, respectively, but significantly
less than after myeloablative conditioning.188 Earlier clinical tri-
als of nonmyeloablative conditioning regimens had given short
courses of immunosuppressive therapy or early administration of
donor lymphocyte infusions (DLI). GVHD tended to develop later,
with many cases developing at 3 to 6 months after transplanta-
tion.'89 The cumulative incidence of acute grade II-IV GVHD was
less after a nonmyeloablative than a myeloablative conditioning
regimen (64% versus 85%, p = 0.001). There was no difference in
the incidence of chronic GVHD. GVHD developed in many patients
as late as 6 to 12 months after nonmyeloablative conditioning
and HCT. The incidence of acute GVHD decreased when GVHD
prophylaxis was administered for a longer period after HCT.190
Acute GVHD did not have a significant impact on the risk of pro-
gression but had an association with increased risk of nonrelapse
mortality. Chronic GVHD was associated with a decreased risk of
relapse or progression (P = 0.006) and an increased probability
of progression-free survival (P = 0.003).178 Strategies for the opti-
mal management of GVHD are required so that complications are
reduced but do not prevent an effective GVT response.

In the presence of a major ABO incompatibility, delayed devel-
opment of donor red cell chimerism resulting in an increased
need for red blood cell products has been reported.13¢ Withdrawal
of cyclosporine may induce a graft-mediated immune reaction
against recipient isohemagglutinin-producing cells, thus result-
ing in a decrease in isohemagglutinin levels and improvement in
donor red blood cell chimerism. The onset of CMV disease may
be delayed after nonmyeloablative transplantation.!91-192 Patients
after nonmyeloablative conditioning with a minimally myelosup-
pressive regimen can generally be managed in the outpatient
setting.

ENGRAFTMENT

Stable engraftment of a hematopoietic cell graft requires the
circulation, homing, and growth of HSC. The number of CD34*
cells that are required to ensure prompt recovery of neutrophil
and platelet counts is 2.5 to 5.0 X 10°/kg. In addition, adequate
suppression of the host immune system is required to prevent
graft rejection after allogeneic HCT. To achieve adequate immu-
nosuppression, conditioning regimens may be myeloablative or
nonmyeloablative. Donor T cells are important to prevent graft
rejection, even with the concomitant administration of substantial
numbers of CD34* cells.193 Although infrequently observed in
humans, a single stem cell may substantially reconstitute hema-
topoiesis (clonal dominance) and demonstrates the considerable
proliferative potential of a normal HSC.194195 In many clinical
trials of HCT, engraftment has generally been defined as the
achievement of a peripheral blood neutrophil count greater than
0.5 X 109/L and evidence of donor chimerism if engraftment is
being assessed after allogeneic HCT. The rate of engraftment is
dependent upon the number of HSC (CD34" cell content), purg-
ing strategies for autologous grafts, use of growth factors, and the
use of methotrexate for GVHD prophylaxis.0'-196.197 Graft failure
may result from either an infusion of inadequate numbers of HSC,
drug toxicity, infection (CMV), or graft rejection (after allogeneic
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transplantation). Relapse also needs to be considered in a patient
with decreasing peripheral blood counts.

Graft rejection is infrequent (<1% incidence) after HCT
from HLA-matched siblings and was more common after HLA-
mismatched related or unrelated HLA-matched donors (2% to
6%).198 Luznik et al. reported a rejection rate of 13% after reduced
intensity conditioning and HCT from an HLA-haploidentical
donor.?® All but 1 patient experienced recovery of autologous
hematopoiesis after rejection in this study. As grafts are rejected,
peripheral blood counts may drop, and chimerism studies
demonstrate the loss of donor cells in the peripheral blood and
marrow. Factors that influence the risk of graft rejection include
T-cell depletion of the hematopoietic cell graft, increased HLA
disparity, the intensity of the conditioning regimen and post-
transplant immunosuppression, pretransplant sensitization of the
host against donor alloantigens, and the number of HSC in the
graft.?8:198-201 previous chemotherapy has been associated with
a reduced risk of graft rejection after nonmyeloablative condition-
ing.202 T cell engraftment kinetics were also improved in patients
with higher steady state concentrations of the active mycophe-
nolate mofetil (MMF) metabolite (achieved with three times daily
dosing instead of twice daily) without increased risk of relapse,
albeit with a modest increase in the rate of CMV reactivation.203
Clinically, hematopoietic growth factors have not been demon-
strated to be effective in preventing graft rejection. Historically,
the occurrence of graft rejection after a myeloablative condition-
ing regimen and an allogeneic HCT had been almost always fatal.
Strategies utilizing noncytotoxic immunosuppressive conditioning
regimens and HCT may salvage patients after rejection of the first
graft.204 Aggressive medical management during the prolonged
neutropenic period is required to prevent death from infection
after transplantation of the second hematopoietic cell graft.
Although the rates of rejection have been higher in the studies of
nonmyeloablative HCT for hematologic malignancy (2% to 7%),
graft rejection has not been associated with a significant morbid-
ity or mortality because the duration of the pancytopenic period
before autologous recovery has in general been short.172-205 When
rejection occurs after reduced intensity conditioning, salvage HCT
using a conditioning regimen of fludarabine and TBI (300 or
400 cGy) resulted in an engraftment rate of 87%.20¢ A different
donor was used for salvage HCT in 63% of the cases. Nonrelapse
mortality at 2 years was 24%. The estimated survivals at 2 and
4 years were 49% and 42%, respectively. Graft rejection can be
successfully overcome by salvage HCT from the same or different
donor with a reduced intensity conditioning regimen consisting of
fludarabine and low-dose TBI.

REGIMEN-RELATED TOXICITIES

The severity of regimen-related toxicities is related to the intensity
of the myeloablative therapy, the type of cytotoxic therapy, the
medical condition of the patient before transplantation, and the
presence of posttransplant factors, including the use of methotrex-
ate, calcineurin inhibitors, and amphotericin B. Reduced inten-
sity conditioning regimens may decrease the severity of certain
regimen-related toxicities.188:207-210

Oral mucositis occurs in more than 90% of patients after
myeloablative conditioning, and most require pain relief with a
continuous intravenous narcotic drug. Improvement occurs tem-
porally, with marrow recovery approximately 2 to 3 weeks after
transplantation. The severity of the oral mucositis depends on the
intensity of myeloablative therapy and the use of methotrexate.
Severe mucositis may result in upper airway obstruction or aspi-
ration pneumonitis. A blinded randomized placebo control study
of the recombinant human keratinocyte growth factor (palifermin)
in patients receiving TBI plus high-dose chemotherapy followed
by autologous stem cell rescue demonstrated a 35% reduction
in severe mucositis and a 6-day reduction in the median time to
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resolution of severe mucositis.2!! Furthermore, palifermin was
associated with decreased opioid and total parenteral nutrition
use. The role of palifermin in other types of HCT recipients has
not been established. Gastroenteritis induced by chemotherapy
and irradiation results in nausea, vomiting, and diarrhea, all of
which may persist for up to 2 to 3 weeks after transplantation.
Central lines are placed prior to transplant for administration of
fluids, drugs, and hyperalimentation during the period of therapy-
induced mucositis and gastroenteritis.

Renal dysfunction is common after HCT.212:213 Some factors
associated with the development of severe renal failure requiring
dialysis were hyperbilirubinemia, significant fluid retention after
transplant, amphotericin B administration, and pretransplant
serum creatinine levels greater than 0.7 mg/dl. Renal dysfunc-
tion (as indicated by a doubling of the baseline serum creatinine)
was most strongly associated with the use of amphotericin B
administration and SOS of the liver.213 In this study, calcineurin
inhibitors, GVHD, sepsis, TBI, and CY were not found to be sig-
nificant contributors to severe renal failure. Calcineurin inhibitors
cause transient renal dysfunction that is generally reversible with
aggressive hydration and eventual discontinuation of the drugs.
Renal complications were decreased after HCT with a nonmy-
eloablative conditioning regimen.208

Lung and liver are the two organs that limit further escalation
of the intensity of myeloablative therapy. Idiopathic interstitial
pneumonitis occurs in 8% to 18% of patients after myeloablative
conditioning and marrow transplantation.214-216 Clinical mani-
festations include dyspnea, nonproductive cough, hypoxemia,
and diffuse pulmonary infiltrates. This toxicity is most likely due
to TBI, but preparative regimens containing high doses of che-
motherapeutic agents such as CY, BU, and carmustine also con-
tribute directly to toxicity in the lungs. Pulmonary veno-occlusive
disease (VOD) is important to consider in patients with diffuse
pulmonary infiltrates, since there may be a favorable response
to corticosteroids.217:218 Treatment for idiopathic interstitial
pneumonitis consists of supplemental oxygen and ventilatory sup-
port. Survival is poor (3%) for patients requiring intubation and
mechanical ventilation for greater than 24 hours.?'® Pulmonary
complications are reduced after nonmyeloablative conditioning
regimens.207:209

SOS (formerly known as veno-occlusive disease, or VOD)
of the liver is an event characterized by damage to vascular
endothelial cells and to hepatocytes in zone 3 of the liver acinus
and is the most frequent cause of hyperbilirubinemia within
20 days following HCT.220 Historically, the overall incidence
of SOS was 53%, and 15% of patients had severe disease. The
incidence of SOS has decreased in more recent years because
of the reduced intensities of conditioning regimens and better
selection of patients for myeloablative regimens. Risk factors for
the development of severe SOS are pretransplant hepatitis with
elevated serum levels of hepatocellular enzymes, the intensity of
the conditioning regimen (TBI greater than 13 Gy), or the use of
busulfan. Targeting strategies may have reduced the incidence
of severe SOS in patients conditioned with busulfan. Patients
receiving ursodeoxycholic acid after HCT had significantly
lower rates of severe hyperbilirubinemia and elevated alanine
aminotransferase levels, although the rates of SOS were simi-
lar compared to controls.??! Furthermore, the rates of severe
GVHD were less and mortality was significantly improved at
1-year posttransplant in the ursodeoxycholic acid group. For
the treatment of SOS, responses to the administration of tissue
plasminogen activator have been reported.222-223 However, the
risk of bleeding must be weighed against the potential benefit of
this agent. Responses were also observed in patients treated with
defibrotide which is a single-stranded polydeoxyribonucleotide
with fibrinolytic and antithrombotic activity.22# No random-
ized clinical trials of defibrotide for treatment of SOS have been
conducted. However, in a randomized clinical trial of prophy-
lactic therapy, administration of defibrotide to pediatric patients
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undergoing HCT demonstrated decreased rates of SOS at day 30
when compared to controls.22?

Increasingly recognized as an important clinical problem are
the delayed complications other than chronic GVHD after HCT
(Chapter 106). Long-term risks associated with myeloablative
conditioning include secondary malignancies, sterility, increased
bone loss, delayed development in pediatric patients, neurocog-
nitive changes, hypothyroidism, and cataracts.226.227,228,229-232
After autologous HCT there is an increased risk of myelodysplastic
syndrome.233.234 Use of immunosuppression for chronic GVHD
treatment was associated with an increased incidence of squa-
mous cell cancer of the skin and oral cavity in allogeneic trans-
plant recipients.23% Risk factors for defective spermatogenesis are
older age at transplantation and presence of chronic GHVD.236
Rapid bone loss after transplantation can be partially corrected
with the administration of bisphosphonate drugs.?37-238 Children
may experience delays in growth and development particularly
after exposure to TBI-based conditioning regimens which may
be improved with growth hormone therapy.23? Neurocognitive
changes observed early after HCT largely recover at 1 year249,
however, full recovery after HCT, especially psychological recov-
ery, may be a 3- to 5-year process. Recovery might be accelerated
by more effective interventions to increase work-related capabili-
ties, improve social support, and manage depression.241.242

GRAFT-VERSUS-HOST DISEASE

GVHD is mediated by genetically disparate lymphocytes after
transfer to an immunologically compromised recipient incapable
of rejecting the donor graft (Chapter 105).243 In the initial stages
of GVHD, donor T cells recognize disparate histocompatibility
antigens on host cells. Two primary classes of MHC exist. HLA
class I antigens have a broad distribution and are expressed on all
cells. HLA class Il antigens are expressed on antigen-presenting
cells, including macrophages, dendritic cells, B cells, and activated
T cells. The mHC are genetic polymorphisms of endogenous cellu-
lar proteins that are presented to T cells as small peptides bound
within the hypervariable grooves of MHC proteins. Some mHC
which have been identified in humans as being associated with
GVHD are HA-1 and the DBY (male-specific mHA gene).244.245
The presence of multiple disparate mHC between the recipient
and donor was associated with an increased mortality.?4 Single
disparities of mHC may not be sufficient to result in a significantly
increased risk of GVHD.?47

The skin, liver, and gastrointestinal tract are the primary
organs damaged by the GVH reaction. The cells which are tar-
geted in the affected organs by the GVH reaction are primarily
epithelial stem cells and their progeny.?48 In the liver, the epithe-
lium of the small interlobular and marginal bile ducts is damaged
by the GVH reaction. In tissues involved with GVHD, a lymphoid
infiltrate is present and cell death occurs by apoptosis. In lymph
nodes there is an absence of germinal centers which lasts for
many months after HCT. Abnormal CD4:CDS8 ratios can be found
both in the lymph node as well as in the peripheral blood. The
induction and release of signaling cytokines might be important
in the development and severity of GVHD.?#? The IL-10 pathway
may play an important role in controlling the severity of acute
GVHD.250.251 pPlasma biomarkers for acute GVHD include IL-2-
receptor-alpha, TNF-receptor-1, IL-8, and hepatocyte growth
factor.252 Regenerating islet-derived 3 o (REG3 o), secreted by
Paneth cells, is a plasma biomarker for severe acute GVHD of
the gastrointestinal tract.?®® In a multivariate analysis, stages
2 to 4 GVHD of the gastrointestinal tract, severe histologic dam-
age, and high levels of REG3 alpha at GVHD diagnosis indepen-
dently predicted nonrelapse mortality at 1 year.

GVHD has been traditionally classified into two different
phases. Acute and chronic GVHD were defined as occurring before
or after 3 months, respectively. However with increasing adoption
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of nonmyeloablative conditioning regimens in which engraftment
of donor T cells occurs more gradually, the distinctions between
these two phases of GVHD has blurred.!8%254 Findings consistent
with either diagnosis often occur concomitantly.

Acute

Clinical Evaluation

Acute GVHD involves three organ systems primarily—the skin,
the gastrointestinal tract, and the liver. A maculopapular rash
which can involve the palms and soles is often present and can
be pruritic or painful. Bullae and epidermal separation may occur
in severe cases and resembles toxic epidermal necrolysis. GVHD
can also involve any part of the gastrointestinal tract. Symptoms
and signs include nausea, vomiting, crampy abdominal pain,
diarrhea, intestinal bleeding, and ileus. Lesions in the mouth may
also occur. Patients may also present with persistent anorexia,
nausea, and vomiting, and require endoscopy to evaluate the gas-
trointestinal tract for GVHD.25%:256.257 Pgrmanent scarring with
loss of mucosal regeneration may occur in very severe GVHD of
the gastrointestinal tract.258 Cholestatic jaundice is common in
liver GVHD but hepatic failure due solely to GVHD of the liver
is unusual unless the GVHD is long-standing. A biopsy of these
organs may be required to confirm the diagnosis of GVHD and to
distinguish it from other posttransplant complications.

The major determinant for the development of acute GVHD is
the degree of HLA match. The increased incidence of acute GVHD
in HLA-matched unrelated donor transplants is likely attributable
to increased disparity in mHC antigens or unrecognized dispari-
ties of the phenotypically matched major histocompatibility loci.
Other factors influencing the rates of acute GVHD include sex
mismatch with the donor, parity of female donors, TBI dose,
and acute GVHD prophylaxis regimen.259:260.261 Tn peripheral
blood HSC transplantation, the CD34-positive cell dose has been
reported as an independent risk factor for acute GVHD.262

To facilitate the study and prognostication of acute GVHD, a
clinical staging and grading system (Glucksberg) was developed
and then updated in 1995 (Chapter 105).50-263.264 Grade I or
very limited acute GVHD has a favorable prognosis and does not
require treatment. Therapy is usually required for grade II GVHD
since it is moderately severe and usually affects multiple organs.
Since patients with anorexia, nausea, and vomiting with positive
biopsies for GVHD from the upper gastrointestinal tract usually
require therapy, this was included as grade II. Grades II-IV
GVHD are severe, affect multiple organs, and are associated with
a decreased patient survival.2’Y An acute GVHD severity index
was also developed, grouping patients with patterns of organ
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FIGURE 102.7. Kaplan-Meier estimate of acute graft-versus-host disease £ 0.3
(GVHD). The combination of tacrolimus and methotrexate was compared to ]
cyclosporine and methotrexate as GVHD prophylaxis after a myeloablative con- 0.2
ditioning regimen followed by hematopoietic cell transplantation (HCT) from an
human leukocyte antigen (HLA)-matched unrelated donor. There was less acute 0.1+
GVHD in the tacrolimus group at 100 days after HCT than the cyclosporine group 0.04
(56% vs. 74%, respectively, P = 0.0002). (From Nash RA, Antin JH, Karanes C, ’
et al. Phase 3 study comparing methotrexate and tacrolimus with methotrexate -1 77—

and cyclosporine for prophylaxis of acute graft-versus-host disease after marrow
transplantation from unrelated donors. Blood 2000;96:2062—2068. Copyright
American Society of Hematology, used with permission.)
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involvement associated with similar risks of treatment-related
mortality and treatment failure.2%> In a prospective evaluation of
the two classifications, the performance was similar in explain-
ing the variability in survival by acute GVHD grade.2°® An acute
GVHD activity index has also been developed.267 The activity
index considers serum bilirubin, oral intake, treatment with
prednisone, as well as performance, and may predict nonrelapse
mortality better than either of the more commonly used clinical
grading schema.

Prevention

The two major approaches to the prevention of acute GVHD after
allogeneic marrow transplantation are pharmacologic immu-
nosuppression and T-cell depletion. Agents for pharmacologic
immunosuppression are generally more effective when used in
combination. Methotrexate in combination with either cyclospo-
rine or tacrolimus (both calcineurin inhibitors) are the pharma-
cologic agents used most commonly by transplant centers. In
randomized controlled studies, the combination of tacrolimus
and methotrexate was associated with a lower incidence of acute
GVHD compared to cyclosporine and methotrexate, but there
was no difference in the incidence of chronic GVHD or survival
between the two groups (Fig. 102.7).208:269 These agents may
have significant adverse effects and therefore patients must be
monitored closely. Methotrexate delays, but does not prevent,
hematopoietic engraftment. Methotrexate also potentiates the
mucositis associated with myeloablative conditioning regimens.
Nephrotoxicity and neurotoxicity are complications associated
with the administration of cyclosporine and tacrolimus.

Other immunosuppressive agents including corticosteroids
and MMF have been studied in combination with cyclosporine.
The addition of prophylactic corticosteroids to the combina-
tion of cyclosporine and methotrexate or to cyclosporine alone
had only limited if any benefit, and in one study a paradoxical
increase in chronic GVHD was observed in the corticosteroid
arm.270-272 MMF, a reversible inhibitor of inosine monophos-
phate dehydrogenase, has been successfully used in combination
with cyclosporine for prevention of both GVHD and graft rejection
after nonmyeloablative conditioning. The use of MMF instead of
methotrexate in standard prophylaxis regimens after myeloabla-
tive conditioning regimens has been demonstrated to result in
similar rates of acute GVHD, less mucositis, and faster neutrophil
engraftment.273.274

Alternative methods of GVHD prophylaxis include ex vivo T
cell depletion of the hematopoietic cell graft, in vivo T cell deple-
tion and posttransplant cyclophosphamide. Strategies for ex vivo
T cell depletion include the use of monoclonal antibodies which
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are specific for T cells, selective agglutination to soybean lectin,
and counter flow centrifugation elutriation. Although reduction
in acute and chronic GVHD has been observed with transplanta-
tion of T cell-depleted marrow, there was an associated increase
in graft rejection, infections, posttransplant lymphoproliferative
disorders, and relapse. A randomized controlled trial did not
demonstrate any survival benefits for ex vivo T cell depletion
compared to standard pharmacologic immunosuppression for
acute GVHD prevention after HCT from HLA-matched unrelated
donors.275 In vivo T cell depletion with pretransplant ATG and
alemtuzumab was also effective for reducing the risks of severe
acute and chronic GVHD after reduced intensity conditioning.276
However, relapse rates were higher and overall survival was sig-
nificantly decreased compared to the T cell replete group in the
study. Relapses were not increased with in vivo T cell depletion if
patients were conditioned with myeloablative regimens.

Posttransplant cyclophosphamide reduced the risks of both
acute and chronic GVHD but until more experience has been
obtained, it is not known if this approach will improve overall
survival.?7-98

Treatment

The most common agents used to treat acute GVHD have been
corticosteroids and ATG. In many marrow transplant centers
the administration of corticosteroids (methylprednisolone or
prednisone-equivalent dose of 2 mg/kg/day) had been the stan-
dard initial treatment for acute GVHD.277:278 In a retrospective
analysis, it was observed that initial treatment with a lower dose
of corticosteroids (methylprednisolone dose of 1 mg/kg/day) may
be as effective as the higher dose, However, this needs to be
confirmed in a prospective study.2?? Higher doses of methylpred-
nisolone (10 mg/kg/day) did not improve outcomes.?80 Because
complete remission of GVHD is seen in only 40% to 50% of the
cases after initial or primary treatment, other immunosuppressive
agents have been investigated in combination with prednisone.
When a CD5-specific immunotoxin was added to prednisone for
primary treatment, GVHD manifestations were more effectively
controlled only during the first 5 weeks after start of treatment
when compared to prednisone alone.281 Similarly, no long-term
benefit was observed when ATG was added to prednisone.282 In
a study of daclizumab in combination with prednisone as pri-
mary therapy, survival was significantly decreased compared to
prednisone alone.283 This suggested that caution must be used
with approaches that intensify immunosuppression for primary
treatment of acute GVHD. In a randomized clinical trial of primary
treatment for gastrointestinal GVHD, a short course of prednisone
in combination with either placebo or beclomethasone dipropio-
nate (BDP), an oral topical agent with limited systemic absorption,
was evaluated.284 The use of BDP was associated with better con-
trol of upper gastrointestinal GVHD and improved survival at 200
days and 1 year posttransplantation. For steroid-refractory GVHD,
immunosuppressive agents which have been studied include ATG,
daclizumab, rapamycin, MMF, ABX-CBL (CD147-specific mAb),
and pentostatin among others. Outcomes at 6 to 12 months after
salvage therapy for steroid-resistant GVHD have been poor with
a high transplant-related mortality.285-290 There are no standard
effective therapies for steroid-refractory GVHD which can be rec-
ommended.291:292 Psoralen and ultraviolet A therapy for the skin
may permit a decrease in systemic immunosuppression.2? The
massive secretory diarrhea of acute GVHD has been controlled
in some cases with a somatostatin analog, octreotide acetate.29%

Chronic

Clinical Evaluation

Chronic GVHD is a syndrome that may develop as early as 50 to
60 days or as late as 400 days after transplantation. The incidence
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of chronic GVHD is dependent on the degree of disparity in the
MHC antigens. It was observed in 33% of HLA-identical sibling
transplants, 49% of HLA-nonidentical related transplants, and
64% of HLA-matched unrelated transplants.295 A prior history
of acute GVHD is a significant risk factor for the development of
chronic GVHD. Other risk factors for chronic GVHD are older age,
female donor if male recipient, DLI, and use of peripheral blood
stem cells.296-298 Corticosteroid use for GVHD prophylaxis may
also increase the risk of the development of chronic GVHD.270.:272

Clinical features of chronic GVHD are skin lesions which may
initially resemble lichen planus and may progress to generalized
scleroderma, keratoconjunctivitis, oral mucositis, esophageal and
vaginal strictures, intestinal abnormalities, chronic liver disease,
pulmonary insufficiency secondary to bronchiolitis obliterans
(BO), and a wasting syndrome.29? If generalized scleroderma
occurs, it may lead to joint contractures and debility. Elevations
in alkaline phosphatase and serum bilirubin are often the first
indication of hepatic involvement with chronic GVHD. Bile duct
damage has a similar histopathology as that seen in primary
biliary cirrhosis. Liver biopsies are often helpful in establishing
a diagnosis. BO affects the small airways of the lung and may
occur at less than 150 days (40%) or more than 150 days (60%)
following HCT.3%0 If serial pulmonary function tests show an
evolving obstructive pattern, further testing is required including
a high-resolution computed tomography scan to evaluate for the
presence of BO. Keratoconjunctivitis sicca is a common but irre-
versible complication that is managed with frequent eye drops
and tear duct ligation.

Screening studies and clinical manifestations of chronic GVHD
are used in a clinical classification of chronic GVHD. Based on a
retrospective clinical and pathologic review from 1980, a stag-
ing system was developed in which chronic GVHD was classified
into limited and extensive. Extensive disease was associated with
more frequent infections.29? The utilization of this original clas-
sification system was difficult because many patients were not
easily classifiable by strict organ criteria and thus other significant
prognostic factors have since been identified. Poor prognostic
factors were extensive skin involvement, thrombocytopenia, and
progressive-type onset.301:302 [n 2005, the NIH consensus criteria
were developed to standardize the criteria for the diagnosis of
chronic GVHD.3%3 A clinical scoring system (0 to 3) described
the extent and severity of chronic GVHD for each organ or site
at any given time, taking functional impairment into account.
A global assessment of chronic GVHD severity (i.e., mild, moder-
ate, or severe) was then calculated based on the number of organs
or sites involved and the degree of involvement in the affected
organs. Diagnosis of chronic GVHD required at least 1 clinical sign
or manifestation of chronic GVHD confirmed by biopsy or other
relevant test and the exclusion of other possible diagnoses for
those clinical symptoms considered to be chronic GVHD. Subtypes
of late GVHD (>100 days) were recognized, including late onset
acute GVHD, classical chronic GVHD, and an overlap syndrome
(clinical symptoms of both acute and chronic GVHD).

Prevention

Several strategies to prevent the development of chronic GVHD
have been pursued but none have made a significant impact on
long-term overall survival. Prolonged administration (24-month
course vs. 6-month course) of cyclosporine demonstrated no
significant differences between the groups in the incidence of
chronic GVHD, transplant-related survival, or overall survival.304
T cell depletion was associated with lower rates of chronic GVHD
in HLA-matched sibling transplants, but not in the unrelated
donor setting. No improvement in overall survival was associated
with T cell depletion.3%5 Inclusion of alemtuzumab or ATG in the

conditioning regimen was associated with a reduction in chronic
GVHD.276’306’307
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Treatment

Extensive chronic GVHD that is left untreated has a poor prog-
nosis. In general, based on the NIH consensus criteria, topical
or local therapy is recommended for mild chronic GVHD, and
systemic immunosuppression for moderate or severe chronic
GVHD. In an original report of chronic GVHD, only 2 of 13 patients
survived and there was the development of significant morbid-
ity.299 Prednisone given for 9 to 12 months reversed many of the
signs and symptoms of disease. The mortality in the group treated
with prednisone was 21%.398 Patient survival was worse with
the combination of azathioprine and prednisone compared to
prednisone alone.392 The combination of cyclosporine and predni-
sone was first used in patients with high-risk chronic GVHD who
had a platelet count less than 100,000. The results of this study
appeared promising compared to historical controls.3% There
was a trend toward improved survival and decreased morbidity.
In contrast, a randomized study of combination therapy versus
prednisone alone for standard-risk chronic GVHD suggested that
more intense immunosuppression did not improve survival.310 A
report of a randomized clinical trial in 2009 comparing MMF plus
prednisone to prednisone only as primary treatment for chronic
GVHD did not show any benefit.*!! Standard practice for pri-
mary treatment of patients with moderate-severe chronic GVHD
remains systemic immunosuppression with prednisone. There is
no evidence that additional immunosuppression is beneficial. In
practice, patients with extensive chronic GVHD are treated for a
period of 9 to 12 months. At the end of this period, a reevaluation
is done and, if there is no evidence of active chronic GVHD, the
immunosuppressive agents are tapered. Other therapies which
have been reported to have some limited efficacy for treatment
of chronic GVHD are extracorporeal photopheresis for skin and
oral GVHD and ursodeoxycholic acid treatment for GVHD of the
liver.312-314 There is insufficient data to make strong recommen-
dations regarding treatment of steroid-refractory chronic GVHD.
By 3 to 5 years after initiation of therapy, many patients have
inactive chronic GVHD and immunosuppressive therapy has
been discontinued (Fig. 102.8).90 Approximately 75% of patients
treated for extensive chronic GVHD will survive with Karnofsky
scores of greater than 80%. The major cause of excess mortality
in patients with clinically extensive chronic GVHD is infections.

GRAFT-VERSUS-TUMOR EFFECT

Allogeneic immune surveillance or GVT reaction for malignancy
contributes significantly to the therapeutic effectiveness of HCT.
The term GVT refers to the GVL effect, the graft-versus-myeloma
effect, as well as the effects on solid tumors by the graft. The first
clinical report of a GVT effect after allogeneic marrow transplanta-
tion was published in 1979.315 It was observed that patients who
developed GVHD had a lower risk of relapse after transplantation.
In 1990, Kolb and colleagues successfully treated 3 patients with
CML who relapsed after marrow transplantation with DLI from the
original HLA-identical sibling marrow donor.*'® In a subsequent
report evaluating DLI in 135 patients with relapsed disease, com-
plete remissions were achieved in 72% of CML patients and 29% of
patients with AML.317 No responses were observed in patients with
acute lymphoblastic leukemia. Chemotherapy to induce remission
before DLI was a more effective strategy for long-term disease
control for some patients with acute leukemia. GVHD and myelo-
suppression developed in 41% and 34% of patients, respectively,
after DLI. Fourteen patients (10%) died from complications related
to GVHD or myelosuppression. Another large study of 140 patients
with relapsed malignancy after marrow transplantation confirmed
the effectiveness and risks of DLI after relapse.318 Notably in both
studies, GVHD after DLI correlated with disease response. The
durability of the responses was confirmed with longer follow-up of
patients who had achieved complete remission after DLI.319
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FIGURE 102.8. A: Prevalence of chronic graft versus host disease (GVHD) after
allogeneic marrow transplantation from human leukocyte antigen (HLA)-identical
sibling for aplastic anemia. The prevalence curve accounts for the time of onset of chronic
GVHD and the time of its resolution in response to therapy. B: Probability of survival among
the 29 patients with chronic GVHD (83%) and probability of discontinuing immunosuppres-
sion given for chronic GVHD (73%). (Modified from Storb R, Blume KG, O’Donnell MR, et al.
Cyclophosphamide and antithymocyte globulin to condition patients with aplastic anemia for
allogeneic marrow transplantations: the experience in four centers. Biol Blood Marrow Transplant
2001,7:39—-44. Used with permission.)

The number of CD3-positive cells infused (or DLI dose) is an
important parameter in determining clinical response and risk
for development of GVHD.?2? Patients with CML had a lower risk
of GVHD, and the efficacy of treatment was maintained with a
strategy of escalating the dose of donor lymphocytes based on
response of disease and development of GVHD.321 Comparable
results with DLI from unrelated donors have also been demon-
strated.*?2 The response, severity of GVHD, and the degree of
myelosuppression were similar to that observed after DLI from
HLA-matched sibling donors.

After nonmyeloablative conditioning and allogeneic HCT,
the GVT effect is the main contributor to the disease response.
Disease responses have been observed in both myeloid and
lymphoid hematologic malignancies. Since the establishment of
a GVT effect may not be achieved for 2 to 3 months after HCT,
malignant disease needs to be controlled before HCT. Several
retrospective studies have now shown comparable overall sur-
vival after either myeloablative or nonmyeloablative conditioning
and HCT.185-187.323 However, all these studies showed relapse
was higher and transplant-related mortality was lower after a
nonmyeloablative conditioning regimen. In a randomized clini-
cal trial of reduced intensity conditioning with TBI (800 cGy) and
fludarabine compared to TBI (1,200 cGy) and cyclophosphamide
in patients with AML in first remission, there were no differences
in transplant outcomes including relapse and nonrelapse mortal-
ity except for increased severity of oral mucositis in the TBI (1,200
¢Gy) group.151

Although patients may have an excellent response to alloge-
neic HCT, severe GVHD may occur. Separation of GVHD from GVT
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effects may be possible because of disparate hematopoiesis-asso-
ciated mHC molecules or tumor-restricted antigens on malignant
cells.324 These tissue or tumor-restricted antigens could serve as
targets for T cell immunotherapy to enhance GVT activity without
inducing GVHD. Peptides identified as minor histocompatibility
molecules have been isolated and sequenced.32-326-330 Cytotoxic
T lymphocytes (CTL) clones specific for recipient mHC antigens
have been generated ex vivo.331 These were infused into 7 patients
who had relapsed after HCT. Pulmonary toxicity was seen in three
patients and in one it was severe. The CTL circulated for 21 days,
and five patients had complete but transient remissions. The con-
tribution of natural killer (NK) cells to the antitumor effect after
allogeneic HCT has also been investigated.?*2 For AML, a disease
with sensitivity to NK-mediated activity, NK cells from unrelated
donors encoding the activating killer-cell immunoglobulin-like
receptor KIR2DS1 was associated with improved relapse-free
survival in an HLA-C-dependent manner. These studies may help
to explain the mechanisms associated with a GVT effect after allo-
geneic HCT, and in the future this information might be helpful
for improving outcomes.

IMMUNE RECONSTITUTION

After myeloablative therapy and autologous or allogeneic trans-
plant, both humoral and cellular immunity are impaired for
months to years. After autologous HCT, NK cells in the peripheral
blood recover by 1 month and B cells and CD8+ T cells recover by
3 to 6 months after HCT. However, CD4+ T cells are not restored
to normal levels until 1 to 2 years after HCT.333-334 After allogeneic
transplantation, recovery of the immune system from the donor
graft occurs in phases over a period of 1 to 2 years in patients who
do not develop GVHD. There are significant delays in recovery of
the immune system if GVHD develops.

The first phase of recovery is the increase in neutrophil counts
which occurs 2 to 3 weeks after transplantation. Although the func-
tion of neutrophils is largely intact, impaired chemotaxis persists for
a period up to 4 months.335 Monocyte numbers in the peripheral
blood return to normal within 3 to 4 weeks after transplantation.
Monocyte counts in the peripheral blood were inversely correlated
with infection rates between days 100 and 365.33¢ Macrophages
in the liver and lung have been shown to be of donor type by day
80. NK cells and other cell types capable of antibody-dependent
cytotoxicity have recovered to normal levels by 30 days after trans-
plantation. The recovery of the donor-derived immune system is
important in the understanding of the GVT effect and complications
after HCT, including graft rejection, GVHD, and infections.

B Cells

There are defects in serum immunoglobulin production initially
after the transplant. Serum antibody responses to different
antigens, including ©¥X174, keyhole limpet hemocyanin, pneu-
mococcal antigen, and meningococcal antigen are lower than
normal.337-339 The defect in antibody production occurs in both
T cell-dependent and T cell-independent systems. B lymphocytes
respond to mitogenic stimulation including staphylococcal aureus
and cross-linked anti-IgM antibodies after 2 months. By 3 months
after transplantation, B lymphocytes with surface immunoglobu-
lin have recovered to normal levels. Persistent deficiencies in
B lymphopoiesis have been described in association with GVHD
(acute or chronic) or its treatment.34? The number of B cell pre-
cursors in the marrow was not related to CD34 cell dose, type of
transplant, donor age, or recipient age.

Serum IgG and IgM have typically achieved normal levels 1
year after transplantation in the absence of chronic GVHD.337
Serum IgA may remain low for a period of 2 years. If serum IgG
levels are below 400 g/L, patients are generally treated with intra-
venous immunoglobulin.
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T Cells

Reconstitution with donor T cells is poor initially in all recipients
and remains defective in patients with chronic GVHD. Because of
the faster recovery of CD8 positive T cells, a reversed CD4:CD8
ratio with low levels of CD4-positive cells has been demon-
strated and persists in patients with chronic GVHD. In vivo cel-
lular immunity, determined by skin testing to the recall antigens
Candida, mumps, trichophyton, and the neo-antigen dinitrochlo-
robenzene, is diminished, but may be prolonged if chronic GVHD
develops.3#! In in vitro assays, donor T cells from patients have
a decreased proliferation to mitogenic stimulus with phytohe-
magglutinin (PHA) and CD3-specific antibody. After 3 months
the addition of exogenous IL-2 can normalize the proliferative
response to PHA stimulation.342343 By 6 months the response
to PHA stimulation has normalized without the requirement for
exogenous IL-2. T cell immunity to herpes simplex virus (HSV)
can be detected by day 40.3%* CTL function against varicella-
zoster virus (VZV) and CMV is acquired later (=3 months).
Acquisition of T cell immunity to herpes virus may be delayed
by prophylaxis of viral infections with anti-viral agents or GVHD
treatment, 345346

Immunity early after myeloablative conditioning and alloge-
neic transplantation is restored by the adoptive transfer of mature
T cells and may establish cellular immunity to infectious agents
such as the herpes viruses.?0-340:347.348 Vaccination protocols
may also improve the pathogen-specific cellular immunity. An
inactivated varicella vaccine given before, and during the first
90 days after, transplantation significantly reduced the risk for
the development of varicella-zoster infections.349 CD4 T cell
proliferation in response to the VZV was greater in patients who
received the vaccine. Immune function after HCT may also be
improved with the use of a peripheral blood stem cell graft. There
were higher lymphocyte subset counts after HCT, and the rate of
definite infections was significantly decreased compared to mar-
row.3%0 T cell-depleted HCT or therapy for active GVHD has been
observed to delay the recovery of cellular immunity, thus resulting
in an increased risk of infections. The thymus contributes to late
immune reconstitution.

T cell recovery is improved in younger patients compared to
older patients, an affect attributable to the improved thymic func-
tion in the former group. Increased thymic output (i.e., high TREC
levels) was associated with an increased number of naive T cells
and broader T cell repertoires, while low TREC levels correlated
with the presence of chronic GVHD and severe opportunistic
infections.351:352 Thymic rebound correlated with the capacity to
respond to vaccinations.3%3 Measures to enhance thymic output
after transplantation, especially in older patients, may enhance
immune reconstitution and decrease the risk of infections.

Web Sites

The web site for the Center for International Blood and Marrow
Transplantation is: www.cibmtr.org. This site provides more infor-
mation on trends and survival data as well as published results
of research studies.

SELECTED REFERENCES

The full reference list for this chapter can be found in the online version.

1. Gooley TA, Chien JW, Pergam SA, et al. Reduced mortality after allogeneic
hematopoietic-cell transplantation. N Engl J Med 2010;363(22):2091-2101.

10. Bach FH, Albertini RJ, Joo P, Anderson JL, Bortin MM. Bone-marrow
transplantation in a patient with the Wiskott-Aldrich syndrome. Lancet
1968;2(7583):1364-1366.

11. Gatti RA, Meuwissen HJ, Allen HD, Hong R, Good RA. Immunological
reconstitution of sex-linked lymphopenic immunological deficiency. Lancet
1968;2(7583):1366-1369.

12. Thomas ED, Storb R, Fefer A, et al. Aplastic anaemia treated by marrow
transplantation. Lancet 1972;1(7745):284-289.

30/07/13 2:23 PM




2174

13.
16.
17.
18.
19.
21.
28.

29.

30.
35.

44.

45.
49.

56.

61.

62.

64.

77.

78.
80.
84.
86.

90.

91.

97.

98.

99.

PART VIl Transplantation

Thomas ED, Buckner CD, Banaji M, et al. One hundred patients with acute
leukemia treated by chemotherapy, total body irradiation, and allogeneic
marrow transplantation. Blood 1977;49(4):511-533.

Osawa M, Hanada K, Hamada H, Nakauchi H. Long-term lymphohemato-
poietic reconstitution by a single CD34 low/negative hematopoietic stem
cell. Science 1996;273(5272): 242-245.

Goodell MA, Brose K, Paradis G, Conner AS, Mulligan RC. Isolation and func-
tional properties of murine hematopoietic stem cells that are replicating in
vivo. J Exp Med 1996;183(4):1797-1806.

Goodell MA, Rosenzweig M, Kim H, et al. Dye efflux studies suggest that
hematopoietic stem cells expressing low or undetectable levels of CD34 anti-
gen exist in multiple species. Nat Med 1997;3(12):1337-1345.

Hess DA, Wirthlin L, Craft TP, et al. Selection based on CD133 and high
aldehyde dehydrogenase activity isolates long-term reconstituting human
hematopoietic stem cells. Blood 2006;107(5):2162-2169.

Bensinger WI, Buckner CD, Shannon-Dorcy K, et al. Transplantation of allo-
geneic CD34+ peripheral blood stem cells in patients with advanced hemato-
logic malignancy. Blood 1996;88(11):4132-4138.

Wagers AJ, Sherwood RI, Christensen JL, Weissman IL. Little evidence
for developmental plasticity of adult hematopoietic stem cells. Science
2002;297(5590):2256-2259.

Civin CI, Strauss LC, Brovall C, Fackler MJ, Schwartz JF, Shaper JH. Antigenic
analysis of hematopoiesis. III. A hematopoietic progenitor cell surface antigen
defined by a monoclonal antibody raised against KG-1a cells. J Immunol
1984;133(1):157-165.

Andrews RG, Singer JW, Bernstein ID. Monoclonal antibody 12-8 recognizes
a 115-kd molecule present on both unipotent and multipotent hematopoietic
colony-forming cells and their precursors. Blood 1986;67(3):842-845.

Civin CI, Banquerigo ML, Strauss LC, Loken MR. Antigenic analysis of hema-
topoiesis. VI. Flow cytometric characterization of My-10-positive progenitor
cells in normal human bone marrow. Exp Hematol 1987;15(1):10-17.
Berenson RJ, Andrews RG, Bensinger WI, et al. Antigen CD34+ marrow cells
engraft lethally irradiated baboons. J Clin Invest 1988;81(3):951-955.
Berenson RJ, Bensinger WI, Hill RS, et al. Engraftment after infusion of
CD34+ marrow cells in patients with breast cancer or neuroblastoma. Blood
1991;77(8):1717-1722.

Broxmeyer HE, Douglas GW, Hangoc G, et al. Human umbilical cord blood as
a potential source of transplantable hematopoietic stem/progenitor cells. Proc
Natl Acad Sci U S A 1989;86(10):3828-3832.

DiPersio JF, Stadtmauer EA, Nademanee A, et al. Plerixafor and G-CSF
versus placebo and G-CSF to mobilize hematopoietic stem cells for autolo-
gous stem cell transplantation in patients with multiple myeloma. Blood
2009;113(23):5720-5726.

Weaver CH, Hazelton B, Birch R, et al. An analysis of engraftment kinetics
as a function of the CD34 content of peripheral blood progenitor cell collec-
tions in 692 patients after the administration of myeloablative chemotherapy.
Blood 1995:86(10):3961-3969.

Papayannopoulou T, Craddock C, Nakamoto B, Priestley GV, Wolf NS. The
VLA4/VCAM-1 adhesion pathway defines contrasting mechanisms of lodge-
ment of transplanted murine hemopoietic progenitors between bone marrow
and spleen. Proc Natl Acad Sci U S A 1995;92(21):9647-9651.

Levesque JP, Takamatsu Y, Nilsson SK, Haylock DN, Simmons PJ. Vascular cell
adhesion molecule-1 (CD106) is cleaved by neutrophil proteases in the bone
marrow following hematopoietic progenitor cell mobilization by granulocyte
colony-stimulating factor. Blood 2001;98(5):1289-1297.

Schmitz N, Pfistner B, Sextro M, et al. Aggressive conventional chemotherapy
compared with high-dose chemotherapy with autologous haemopoietic
stem-cell transplantation for relapsed chemosensitive Hodgkin’s disease: a
randomised trial. Lancet 2002;359(9323):2065-2071.

Philip T, Guglielmi C, Hagenbeek A, et al. Autologous bone marrow transplan-
tation as compared with salvage chemotherapy in relapses of chemotherapy-
sensitive non-Hodgkin’s lymphoma. N Engl J Med 1995;333(23):1540-1545.
Attal M, Harousseau JL, Stoppa AM, et al. A prospective, randomized trial
of autologous bone marrow transplantation and chemotherapy in multiple
myeloma. Intergroupe Francais du Myelome. N Engl J Med 1996;335(2):91-97.
Bensinger WI, Martin PJ, Storer B, et al. Transplantation of bone marrow as
compared with peripheral-blood cells from HLA-identical relatives in patients
with hematologic cancers. N Engl J Med 2001;344(3):175-181.

Mielcarek M, Storer B, Martin PJ, et al. Long-term outcomes after transplan-
tation of HLA-identical related G-CSF-mobilized peripheral blood mono-
nuclear cells versus bone marrow. Blood 2012;119(11):2675-2678.

Storb R, Blume KG, O'Donnell MR, et al. Cyclophosphamide and antithy-
mocyte globulin to condition patients with aplastic anemia for allogeneic
marrow transplantations: the experience in four centers. Biol Blood Marrow
Transplant 2001;7(1):39-44.

Schrezenmeier H, Passweg JR, Marsh JC, et al. Worse outcome and more
chronic GVHD with peripheral blood progenitor cells than bone marrow
in HLA-matched sibling donor transplants for young patients with severe
acquired aplastic anemia. Blood 2007;110(4):1397-1400.

O’Donnell PV, Luznik L, Jones RJ, et al. Nonmyeloablative bone mar-
row transplantation from partially HLA-mismatched related donors using
posttransplantation cyclophosphamide. Biol Blood Marrow Transplant
2002;8(7):377-386.

Luznik L, O'Donnell PV, Symons HJ, et al. HLA-haploidentical bone marrow
transplantation for hematologic malignancies using nonmyeloablative con-
ditioning and high-dose, posttransplantation cyclophosphamide. Biol Blood
Marrow Transplant 2008;14(6):641-650.

Brunstein CG, Fuchs EJ, Carter SL, et al. Alternative donor transplantation
after reduced intensity conditioning: results of parallel phase 2 trials using
partially HLA-mismatched related bone marrow or unrelated double umbili-
cal cord blood grafts. Blood 2011;118(2):282-288.

72683_ch102_2159-2175.indd 2174

100.

101.

102.

103.

108.

109.

113.

114.

116.

117.

121.

122.

127.

129.

142.

150.

151.

172.

174.

175.

176.

180.

189.

196.

Saber W, Opie S, Rizzo JD, Zhang MJ, Horowitz MM, Schriber J. Outcomes
after matched unrelated donor versus identical sibling hematopoietic
cell transplantation in adults with acute myelogenous leukemia. Blood
2012;119(17):3908-3916.

Lee SJ, Klein J, Haagenson M, et al. High-resolution donor-recipient HLA
matching contributes to the success of unrelated donor marrow transplanta-
tion. Blood 2007;110(13):4576-4583.

Woolfrey A, Klein JP, Haagenson M, et al. HLA-C antigen mismatch is asso-
ciated with worse outcome in unrelated donor peripheral blood stem cell
transplantation. Biol Blood Marrow Transplant 2011;17(6):885-892.
Petersdorf EW, Anasetti C, Martin PJ, et al. Limits of HLA mismatch-
ing in unrelated hematopoietic cell transplantation. Blood 2004;104(9):
2976-2980.

Barker JN, Davies SM, DeFor T, Ramsay NK, Weisdorf DJ, Wagner JE.
Survival after transplantation of unrelated donor umbilical cord blood is com-
parable to that of human leukocyte antigen-matched unrelated donor bone
marrow: results of a matched-pair analysis. Blood 2001;97(10):2957-2961.
Rocha V, Wagner JE, Jr., Sobocinski KA, et al. Graft-versus-host disease in
children who have received a cord-blood or bone marrow transplant from an
HLA-identical sibling. Eurocord and International Bone Marrow Transplant
Registry Working Committee on Alternative Donor and Stem Cell Sources. N
Engl J Med 2000;342(25):1846-1854.

Laughlin MJ, Barker J, Bambach B, et al. Hematopoietic engraftment and
survival in adult recipients of umbilical-cord blood from unrelated donors. N
Engl J Med 2001;344(24):1815-1822.

Laughlin MJ, Eapen M, Rubinstein P, et al. Outcomes after transplantation of
cord blood or bone marrow from unrelated donors in adults with leukemia.
N Engl J Med 2004;351(22):2265-2275.

Barker JN, Weisdorf DJ, DeFor TE, Blazar BR, Miller JS, Wagner JE. Rapid
and complete donor chimerism in adult recipients of unrelated donor umbili-
cal cord blood transplantation after reduced-intensity conditioning. Blood
2003;102(5):1915-1919.

Barker JN, Weisdorf DJ, DeFor TE, et al. Transplantation of 2 partially HLA-
matched umbilical cord blood units to enhance engraftment in adults with
hematologic malignancy. Blood 2005;105(3):1343-1347.

Brunstein CG, Gutman JA, Weisdorf DJ, et al. Allogeneic hematopoietic cell
transplantation for hematologic malignancy: relative risks and benefits of
double umbilical cord blood. Blood 2010;116(22):4693-4699.

van Rood JJ, Scaradavou A, Stevens CE. Indirect evidence that maternal
microchimerism in cord blood mediates a graft-versus-leukemia effect in
cord blood transplantation. Proc Natl Acad Sci U S A 2012;109(7):2509-2514.
Schmitz N, Dreger P, Suttorp M, et al. Primary transplantation of allogeneic
peripheral blood progenitor cells mobilized by filgrastim (granulocyte colony-
stimulating factor). Blood 1995;85(6):1666-1672.

Pulsipher MA, Chitphakdithai P, Miller JP, et al. Adverse events among
2408 unrelated donors of peripheral blood stem cells: results of a prospec-
tive trial from the National Marrow Donor Program. Blood 2009;113(15):
3604-3611.

Santos GW, Tutschka PJ, Brookmeyer R, et al. Marrow transplantation for
acute nonlymphocytic leukemia after treatment with busulfan and cyclophos-
phamide. N Engl J Med 1983;309(22):1347-1353.

Clift RA, Buckner CD, Appelbaum FR, et al. Allogeneic marrow transplanta-
tion in patients with acute myeloid leukemia in first remission: a randomized
trial of two irradiation regimens. Blood 1990;76(9):1867-1871.

Bornhauser M, Kienast J, Trenschel R, et al. Reduced-intensity conditioning
versus standard conditioning before allogeneic haemopoietic cell transplan-
tation in patients with acute myeloid leukaemia in first complete remission:
a prospective, open-label randomised phase 3 trial. Lancet Oncol 2012.

. Radich JP, Gooley T, Bensinger W, et al. HLA-matched related hematopoietic

cell transplantation for chronic-phase CML using a targeted busulfan and
cyclophosphamide preparative regimen. Blood 2003;102(1):31-35.

. Sorror ML, Sandmaier BM, Storer BE, et al. Long-term outcomes among

older patients following nonmyeloablative conditioning and allogeneic hema-
topoietic cell transplantation for advanced hematologic malignancies. JAMA
2011;306(17):1874-1883.

McSweeney PA, Niederwieser D, Shizuru JA, et al. Hematopoietic cell
transplantation in older patients with hematologic malignancies: replac-
ing high-dose cytotoxic therapy with graft-versus-tumor effects. Blood
2001;97(11):3390-3400.

Weissinger F, Sandmaier BM, Maloney DG, Bensinger WI, Gooley T, Storb R.
Decreased transfusion requirements for patients receiving nonmyeloablative
compared with conventional peripheral blood stem cell transplants from
HLA-identical siblings. Blood 2001;98(13):3584-3588.

Chakraverty R, Peggs K, Chopra R, et al. Limiting transplantation-related
mortality following unrelated donor stem cell transplantation by using a
nonmyeloablative conditioning regimen. Blood 2002;99(3):1071-1078.
Niederwieser D, Maris M, Shizuru JA, et al. Low-dose total body irradiation
(TBD) and fludarabine followed by hematopoietic cell transplantation (HCT)
from HLA-matched or mismatched unrelated donors and postgrafting immu-
nosuppression with cyclosporine and mycophenolate mofetil (MMF) can
induce durable complete chimerism and sustained remissions in patients
with hematological diseases. Blood 2003;101(4):1620-1629.

Sorror ML, Storer BE, Sandmaier BM, et al. Five-year follow-up of patients
with advanced chronic lymphocytic leukemia treated with allogeneic hemato-
poietic cell transplantation after nonmyeloablative conditioning. J Clin Oncol
2008;26(30):4912-4920.

Mielcarek M, Martin PJ, Leisenring W, et al. Graft-versus-host disease after
nonmyeloablative versus conventional hematopoietic stem cell transplanta-
tion. Blood 2003;102(2):756-762.

Storb R, Deeg HJ, Whitehead J, et al. Methotrexate and cyclosporine
compared with cyclosporine alone for prophylaxis of acute graft versus

30/07/13 2:23 PM



206.

219.

225.

228.
235.

238.

241.

242.

246.

247.

249.

253.

255.

259.

261.
264.

265.

266.

268.

269.

72683_ch102_2159-2175.indd 2175

host disease after marrow transplantation for leukemia. N Engl J Med
1986;314(12):729-735.

Gyurkocza B, Cao TM, Storb RE et al. Salvage allogeneic hematopoietic cell
transplantation with fludarabine and low-dose total body irradiation after rejec-
tion of first allografts. Biol Blood Marrow Transplant 2009;15(10):1314-1322.
Rubenfeld GD, Crawford SW. Withdrawing life support from mechanically
ventilated recipients of bone marrow transplants: a case for evidence-based
guidelines. Ann Intern Med 1996;125(8):625-633.

. Ruutu T, Eriksson B, Remes K, et al. Ursodeoxycholic acid for the preven-

tion of hepatic complications in allogeneic stem cell transplantation. Blood
2002;100(6):1977-1983.

Corbacioglu S, Cesaro S, Faraci M, et al. Defibrotide for prophylaxis of
hepatic veno-occlusive disease in paediatric haemopoietic stem-cell trans-
plantation: an open-label, phase 3, randomised controlled trial. Lancet
2012;379(9823):1301-1309.

Curtis RE, Rowlings PA, Deeg HJ, et al. Solid cancers after bone marrow
transplantation. N Engl J Med 1997;336(13):897-904.

Curtis RE, Metayer C, Rizzo JD, et al. Impact of chronic GVHD therapy on the
development of squamous-cell cancers after hematopoietic stem-cell trans-
plantation: an international case-control study. Blood 2005;105(10):3802—
3811.

. Grigg AP, Shuttleworth P, Reynolds J, et al. Pamidronate reduces bone

loss after allogeneic stem cell transplantation. J Clin Endocrinol Metab
2006;91(10):3835-3843.

Kananen K, Volin L, Laitinen K, Alfthan H, Ruutu T, Valimaki MJ. Prevention
of bone loss after allogeneic stem cell transplantation by calcium, vitamin
D, and sex hormone replacement with or without pamidronate. J Clin
Endocrinol Metab 2005;90(7):3877-3885.

Syrjala KL, Langer SL, Abrams JR, et al. Recovery and long-term function
after hematopoietic cell transplantation for leukemia or lymphoma. JAMA
2004;291(19):2335-2343.

Bhatia S, Robison LL, Francisco L, et al. Late mortality in survivors of
autologous hematopoietic-cell transplantation: report from the Bone Marrow
Transplant Survivor Study. Blood 2005;105(11):4215-4222.

Larsen ME, Kornblit B, Larsen MV, et al. Degree of predicted minor histo-
compatibility antigen mismatch correlates with poorer clinical outcomes in
nonmyeloablative allogeneic hematopoietic cell transplantation. Biol Blood
Marrow Transplant 2010;16(10):1370-1381.

Spellman S, Warden MB, Haagenson M, et al. Effects of mismatching for
minor histocompatibility antigens on clinical outcomes in HLA-matched,
unrelated hematopoietic stem cell transplants. Biol Blood Marrow Transplant
2009;15(7):856-863.

Ferrara JL, Levine JE, Reddy P, Holler E. Graft-versus-host disease. Lancet
2009 ;373(9674):1550-1561.

Ferrara JL, Harris AC, Greenson JK, et al. Regenerating islet-derived
3-alpha is a biomarker of gastrointestinal graft-versus-host disease. Blood
2011;118(25):6702-6708.

Spencer GD, Hackman RC, McDonald GB, et al. A prospective study of unex-
plained nausea and vomiting after marrow transplantation. Transplantation
1986;42(6):602-607.

Nash RA, Pepe MS, Storb R, et al. Acute graft-versus-host disease: analysis
of risk factors after allogeneic marrow transplantation and prophylaxis with
cyclosporine and methotrexate. Blood 1992;80(7):1838-1845.

Jagasia M, Arora M, Flowers ME, et al. Risk factors for acute GVHD and sur-
vival after hematopoietic cell transplantation. Blood 2012;119(1):296-307.
Przepiorka D, Weisdorf D, Martin P, et al. 1994 Consensus Conference on
Acute GVHD Grading. Bone Marrow Transplant 1995;15(6):825-828.
Rowlings PA, Przepiorka D, Klein JP, et al. IBMTR Severity Index for grading
acute graft-versus-host disease: retrospective comparison with Glucksberg
grade. Br J Haematol 1997;97(4):855-864.

Cahn JY, Klein JP, Lee SJ, et al. Prospective evaluation of 2 acute graft-versus-
host (GVHD) grading systems: a joint Societe Francaise de Greffe de Moelle
et Therapie Cellulaire (SFGM-TC), Dana Farber Cancer Institute (DFCI), and
International Bone Marrow Transplant Registry (IBMTR) prospective study.
Blood 2005;106(4):1495-1500.

Nash RA, Antin JH, Karanes C, et al. Phase 3 study comparing methotrex-
ate and tacrolimus with methotrexate and cyclosporine for prophylaxis of
acute graft-versus-host disease after marrow transplantation from unrelated
donors. Blood 2000;96(6):2062-2068.

Ratanatharathorn V, Nash RA, Przepiorka D, et al. Phase III study comparing
methotrexate and tacrolimus (prograf, FK506) with methotrexate and cyclo-
sporine for graft-versus-host disease prophylaxis after HLA-identical sibling
bone marrow transplantation. Blood 1998;92(7):2303-2314.

273.

279.

291.

292.

303.

312.

313.

314.

315.

316.

320.

322.

323.

325.

332.

336.

345.

346.

353.

354.

CHAPTER 102 Hematopoietic Cell Transplantation 2175

Nash RA, Johnston L, Parker P, et al. A phase I/I study of mycophenolate
mofetil in combination with cyclosporine for prophylaxis of acute graft-ver-
sus-host disease after myeloablative conditioning and allogeneic hematopoi-
etic cell transplantation. Biol Blood Marrow Transplant 2005;11(7):495-505.
Mielcarek M, Storer BE, Boeckh M, et al. Initial therapy of acute graft-
versus-host disease with low-dose prednisone does not compromise patient
outcomes. Blood 2009;113(13):2888-2894.

Martin PJ, Inamoto Y, Flowers ME, Carpenter PA. Secondary treatment
of acute graft-versus-host disease: a critical review. Biol Blood Marrow
Transplant 2012;18(7):982-988.

Martin PJ, Rizzo JD, Wingard JR, et al. First- and second-line systemic treat-
ment of acute graft-versus-host disease: recommendations of the American
Society of Blood and Marrow Transplantation. Biol Blood Marrow Transplant
2012;18(8):1150-1163.

Filipovich AH, Weisdorf D, Pavletic S, et al. National Institutes of Health
consensus development project on criteria for clinical trials in chronic graft-
versus-host disease: I. Diagnosis and staging working group report. Biol
Blood Marrow Transplant 2005;11(12):945-956.

. Martin PJ, Storer BE, Rowley SD, et al. Evaluation of mycophenolate

mofetil for initial treatment of chronic graft-versus-host disease. Blood
2009;113(21):5074-5082.

Greinix HT, van Besien K, Elmaagacli AH, et al. Progressive improvement
in cutaneous and extracutaneous chronic graft-versus-host disease after a
24-week course of extracorporeal photopheresis--results of a crossover ran-
domized study. Biol Blood Marrow Transplant 2011;17(12):1775-1782.
Flowers ME, Apperley JF, van Besien K, et al. A multicenter prospective phase
2 randomized study of extracorporeal photopheresis for treatment of chronic
graft-versus-host disease. Blood 2008;112(7):2667-2674.

Fried RH, Murakami CS, Fisher LD, Willson RA, Sullivan KM, McDonald GB.
Ursodeoxycholic acid treatment of refractory chronic graft-versus-host dis-
ease of the liver. Ann Intern Med 1992;116(8):624-629.

Weiden PL, Flournoy N, Thomas ED, et al. Antileukemic effect of graft-versus-
host disease in human recipients of allogeneic-marrow grafts. N Engl J Med
1979;300(19):1068-1073.

Kolb HJ, Mittermuller J, Clemm C, et al. Donor leukocyte transfusions for
treatment of recurrent chronic myelogenous leukemia in marrow transplant
patients. Blood 1990;76(12):2462-2465.

Mackinnon S, Papadopoulos EB, Carabasi MH, et al. Adoptive immuno-
therapy evaluating escalating doses of donor leukocytes for relapse of
chronic myeloid leukemia after bone marrow transplantation: separation
of graft-versus-leukemia responses from graft-versus-host disease. Blood
1995;86(4):1261-1268.

Porter DL, Collins RH, Jr., Hardy C, et al. Treatment of relapsed leukemia after
unrelated donor marrow transplantation with unrelated donor leukocyte
infusions. Blood 2000;95(4):1214-1221.

Martino R, Tacobelli S, Brand R, et al. Retrospective comparison of reduced-
intensity conditioning and conventional high-dose conditioning for allogeneic
hematopoietic stem cell transplantation using HLA-identical sibling donors in
myelodysplastic syndromes. Blood 2006;108(3):836-846.

Goulmy E, Schipper R, Pool J, et al. Mismatches of minor histocompatibility
antigens between HLA-identical donors and recipients and the development
of graft-versus-host disease after bone marrow transplantation. N Engl J
Med 1996:334(5):281-285.

Venstrom JM, Pittari G, Gooley TA, et al. HLA-C-dependent prevention of
leukemia relapse by donor activating KIR2DS1. N Engl J Med 2012;367(9):
805-816.

Storek J, Espino G, Dawson MA, Storer B, Flowers ME, Maloney DG. Low
B-cell and monocyte counts on day 80 are associated with high infection rates
between days 100 and 365 after allogeneic marrow transplantation. Blood
2000;96(9):3290-3293.

Hakki M, Riddell SR, Storek J, et al. Immune reconstitution to cytomega-
lovirus after allogeneic hematopoietic stem cell transplantation: impact of
host factors, drug therapy, and subclinical reactivation. Blood 2003;102(8):
3060-3067.

Li CR, Greenberg PD, Gilbert MJ, Goodrich JM, Riddell SR. Recovery of HLA-
restricted cytomegalovirus (CMV)-specific T-cell responses after allogeneic
bone marrow transplant: correlation with CMV disease and effect of ganci-
clovir prophylaxis. Blood 1994;83(7):1971-1979.

Roux E, Dumont-Girard F, Starobinski M, et al. Recovery of immune reactivity
after T-cell-depleted bone marrow transplantation depends on thymic activ-
ity. Blood 2000;96(6):2299-2303.

Appelbaum FR. Hematopoietic-cell transplantation at 50. N Engl J Med
2007;357(15):1472-1475.

30/07/13 2:23 PM




