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Introduction

Valerie I. Brown
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1

Abstract

This book stemmed from the concept of a symposium I organized and 
moderated a few years ago for the annual meeting of the American Society 
of Pediatric Hematology/Oncology. As the only member of the program 
committee who had expertise in pediatric hematopoietic stem cell trans-
plantation (HSCT) at the time, I was charged to organize the joint Pediatric 
Blood and Marrow Transplantation Consortium (PBMTC)/ASPHO sym-
posium for the following year’s annual meeting. Generally, we try to make 
this session less esoteric in order to address the educational needs of a 
broader audience beyond pediatric HSCT specialists. At that time, the 
other committee members and I really appreciated that there can be a sig-
nificant disconnect between the pediatric HSCT subspecialist and the rest 
of the pediatric hematology/oncology community with the biggest issues 
being which patients should be referred to the pediatric HSCT subspecial-
ist for consideration of HSCT and when this referral should be made. 
Bridging this gap has become more and more important as the indications 
and accessibility to HSCT continue to expand. The symposium in its final 
format had one pediatric HSCT subspecialist present the data regarding 
the indications and the timing of evaluation for HSCT of pediatric patients 
with malignant conditions. The other symposium speaker addressed the 
same topics but for patients with nonmalignant disorders for which HSCT 
may be a treatment option. Overall, this symposium was well attended and 
well received. Based upon the positive responses received from attendees, 
this book was conceived and subsequently written with similar objectives 

https://doi.org/10.1007/978-3-319-63146-2_1
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and target audience in mind: This book is to provide an in-depth reference 
guide for not only pediatric HSCT subspecialists but also pediatric hema-
tology/oncology specialists, fellows, residents, nurses, and advanced 
practitioners.

In general, this book is organized chronologically 
in terms of the “HSCT course.” However, it is 
important to understand the past in order to 
understand the present practices and the chal-
lenges to moving the field of HSCT forward, and 
so Chap. 2 summarizes the “history” of HSCT 
from both the nonclinical and clinical aspects, 
starting with the first fundamental discoveries in 
immunology that led to the scientific understand-
ing of immunology and transplantation biology 
and the development of HSCT in humans. While 
research in the areas of transplantation biology 
and immunology were being conducted in the 
first half of the twentieth century, it was not until 
the 1940s with the detonation of the two atomic 
bombs and the dawn of the Atomic Age that con-
certed efforts to apply transplantation biology to 
feasible patient care accelerated. The focus of 
research and funding transitioned to the investi-
gation of the effects of exposure to radiation at 
varying levels on humans and how to treat these 
exposures. With the harnessing of radiation, phy-
sicians and scientists were exploring strategies to 
utilize radiation in a controlled fashion to treat a 
variety of diseases. This pioneering work led the 
way to the landmark clinical trials of the late 
1960s and 1970s that are summarized in Chap. 2. 
It was also around this time that scientists and 
physicians who were pioneers of this burgeoning 
field began to form national and international 
organizations. In 1972, the International Bone 
Marrow Transplant Registry (IBMTR) was estab-
lished and evolved into the Center for International 
Blood and Marrow Transplant Research 
(CIBMTR) in 2004. In 1974, the European 
Society for Blood and Marrow Transplantation 
was started. Organizations such as these were 
established in order to provide a formal mecha-
nism by which these investigators could exchange 
their findings and pool their HSCT-related data in 
order to accelerate advances in HSCT. The 1980s 
and early 1990s were the times when alternative 

donors, such as umbilical cord blood and mobi-
lized peripheral blood stem cells as well as graft 
manipulation and alternatives to myeloablative 
conditioning regimens, were being explored in 
order to expand the donor pool while reducing 
life-threatening side effects that can accompany 
HSCT. As a result of all of these efforts, more 
than 50,000 HSCTs are performed annually 
worldwide with much success currently.

Because HSCT is an immunotherapy, a basic 
understanding of the fundamental principles of 
hematopoiesis and transplantation biology is pre-
sented in Chap. 3. This chapter includes a discus-
sion of hematopoiesis, the hematopoietic stem 
cell niches contained within the bone marrow, 
and how this bone marrow microenvironment 
that is hospitable to HSCs is created and main-
tained. This chapter also covers the fundamen-
tals of transplantation biology with a focus on 
the immune response to allografts and the 
 mechanisms of allograft rejection and tolerance. 
The pathophysiology of graft-versus-host disease 
can be found in Chaps. 18 and 19.

Part II of this book focuses on topics related to 
the pre-HSCT period and includes a discussion 
of the indications and timing of HSCT (Chap. 4). 
Chapter 5 is dedicated to the impact that minimal 
residual disease (MRD) status has on HSCT. In 
addition, this section of the book addresses other 
important pre-HSCT topics including how a 
potential patient is determined to be a suitable 
HSCT recipient (Chap. 6) and how the most suit-
able donor and donor HSC source are selected 
(Chaps. 7 and 8). Finally, this section concludes 
with an in-depth discussion of the need for condi-
tioning prior to HSCT, the different types and 
intensities of conditioning regimens, and how the 
appropriate conditioning regimen is selected for 
an individual patient (see Chap. 9).

Part III centers on the key events that occur 
during the peri-HSCT period which spans the 
pre-engraftment period (days 0–30 post-HSCT) 

V.I. Brown

https://doi.org/10.1007/978-3-319-63146-2_2
https://doi.org/10.1007/978-3-319-63146-2_2
https://doi.org/10.1007/978-3-319-63146-2_3
https://doi.org/10.1007/978-3-319-63146-2_18
https://doi.org/10.1007/978-3-319-63146-2_19
https://doi.org/10.1007/978-3-319-63146-2_4
https://doi.org/10.1007/978-3-319-63146-2_5
https://doi.org/10.1007/978-3-319-63146-2_6
https://doi.org/10.1007/978-3-319-63146-2_7
https://doi.org/10.1007/978-3-319-63146-2_8
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through the period of early post-engraftment 
(days 31–100). The principles of engraftment 
and donor chimerism are discussed in Chap. 10, 
whereas potential complications encountered 
during this peri-HSCT period are covered in 
Chaps. 11, 12, 15, and 16 (including complica-
tions associated with engraftment as well as 
hepatotoxicity and renal toxicity), whereas 
Chaps. 13 and 14 focus more on the supportive 
care that is needed during these periods of the 
HSCT process (i.e., nutrition and the manage-
ment of pain and mucositis). The prevention and 
treatment of infections are extremely important 
in HSCT, particularly during the peri-HSCT 
period. Chapter 17 is solely dedicated to the pre-
vention and treatment of the most common and/
or life-threatening infections encountered by 
pediatric HSCT patients. Finally, the last chapter 
of this section (Chap. 18) covers acute graft-ver-
sus-host disease (GvHD) which is a very com-
mon anticipated consequence of HSCT that can 
range from being self-limited to life-threatening. 
In addition to discussing the clinical features, 
diagnostic studies, and management of acute 
GvHD, this chapter addresses the approaches 
used for the prevention of acute GvHD.

Complications that occur during the late 
post- engraftment period (>100 days post-
HSCT) are covered in Part IV of this book. The 
first chapter of this section (Chap. 19) focuses 
on chronic GvHD. Chronic GvHD can affect 
every organ system in the body but most com-
monly involves the skin, the eyes, the upper and 
lower GI tract, and the liver. The incidence, risk 
factors, clinical features, diagnostic studies, 
grading, treatment, and outcomes of chronic 
GvHD are detailed in this chapter. The remain-
der of the chapters (Chaps. 20–25) cover other 
common late post- engraftment complications 

and are organized by organ system. These 
include hematologic, pulmonary, renal, cardiac, 
and neurologic complications. In addition, non-
GvHD-related issues of the skin, hair, and nails 
are addressed in Chap. 25.

Many medical issues may persist long after 
the actual infusion of the hematopoietic stem 
cells (i.e., the transplant). Part V of this book 
focuses on these topics. Chapter 26 details the 
immune reconstitution in terms of the different 
components of the immune system as well as 
the factors that impact this reconstitution. In 
addition, this chapter offers recommendations 
regarding revaccination post-HSCT. Chapter 27 
provides a comprehensive review of long-term 
compilations of HSCT and how to approach the 
care of long-term survivors of HSCT.

Finally, Part VI contains a very comprehen-
sive table of medications and agents that are com-
monly used in pediatric HSCT patients. It 
presents the medications by indications and pro-
vides pediatric dosing and schedule (where avail-
able) as well as common indications, side effects, 
and other relevant information for each agent. 
The information contained within this chapter is 
evidence-based. However, it provides general 
guidelines, and so the authors of this chapter and 
I strongly recommend that the reader follow their 
own institutional guidelines.

While other HSCT books are very compre-
hensive and “content” dense, this book was spe-
cifically designed to be a detailed guide to be 
used by all medical providers whose practice will 
intersect with a pediatric HSCT candidate, recipi-
ent, or donor. The authors and I hope that this 
book begins to bridge the disconnect that can 
exist between the pediatric HSCT specialists and 
other medical providers and trainees and promote 
a dialogue between these two groups.

1 Introduction

https://doi.org/10.1007/978-3-319-63146-2_10
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Abstract

With a better understanding of transplantation biology and immunology 
derived from animal models, hematopoietic stem cell transplantation 
(HSCT) in humans has become possible. Attempts at HSCT in humans were 
first reported as early as the 1930s. However, with the detonation of two 
atomic bombs at the end of World War II and advent of the “Atomic Age,” 
interest in HSCT as a treatment modality for the effects of exposure to sub-
lethal and lethal doses of irradiation on bone marrow function was reignited. 
Before the mid-1970s, the majority of HSCTs in humans were performed 
for nonmalignant conditions with 40% for severe aplastic anemia and 15% 
for primary immunodeficiencies. While attempts were made to treat 
advanced, refractory acute leukemia patients with HSCT, they were gener-
ally unsuccessful and used identical twin sibling as the donor initially. The 
first reports of successful sustained engraftment occurred in the early 1960s, 
but these patients died from complications associated with what is now 
known as graft versus host disease. It was not until 1968 that there were 
reports of three infants with primary immunodeficiency conditions that were 
long-term survivors after matched sibling donor bone marrow transplanta-
tion. Of note, all three patients are still alive today. In the late 1970s, Thomas 
and his colleagues reported their findings that of 100 patients with refractory 
acute leukemia, 13 were alive and leukemia-free 1–4.5 years after undergo-
ing HLA-identical sibling donor bone marrow transplantation. These results 
showed that some patients with advanced acute leukemia could be cured of 
their disease with HSCT and that HSCT should be undertaken in the first or 
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second remission (i.e., not with active disease) if the patient has an HLA- 
matched sibling donor because outcomes would be predictably better. Thus, 
by the mid-1980s, approximately 75% of all allogeneic HSCTs were per-
formed to treat leukemia, and the vast majority were with HLA-identical 
sibling donors. As supportive care improved, drugs (such as calcineurin 
inhibitors) became available for graft versus host disease (GvHD) prophy-
laxis, and the use of alternative donor HSCTs (including matched unrelated 
donors, mismatched related and unrelated donors, familial haploidentical 
donors, and umbilical cord blood) was  investigated, HSCT became a viable 
option for many more patients. Furthermore, the development of less inten-
sive conditioning regimens and use of alternative hematopoietic stem cell 
sources made HSCT a feasible treatment modality for those who would 
otherwise be ineligible for HSCT. Nowadays, HSCT is a very important 
treatment modality for both pediatric and adult patients for a wide range of 
malignant and nonmalignant disorders. This chapter is divided into two 
major sections with the first part focusing on the seminal discoveries in 
transplantation biology and immunology using animal models (scientific 
and preclinical perspective) and with the second part highlighting key 
human clinical reports related to HSCT (clinical perspective).

 Introduction

In the late 1860s, the pathologists, Neumann in 
Prussia (now Russia) and Bizzozero in Italy, inde-
pendently reported the observation that mamma-
lian blood cells are derived in the red, spongy 
areas of the bone, i.e., the bone marrow, and the 
blood cells exit the bone marrow via small blood 
vessels that traverse the bone cortex to the periph-
eral blood. Various attempts at replacing the bone 
marrow in patients who were perceived as having 
a deficiency in their bone marrow occurred early 
on; for example, in 1939, an attempt at treating a 
patient with aplastic anemia by injection of a few 
milliliters of the ABO-compatible bone marrow 
into the patient’s sternum was reported. Of note, 
the patient had no response. It was not until a bet-
ter understanding of transplantation biology and 
immunology was achieved first by using animal 
models and then in human clinical trials did 
HSCT become successful and eventually become 
a feasible treatment modality as we know it today.

The first half of this chapter focuses on the land-
mark observations and discoveries using animal 
models that led to the successful development of 
HSCT as we know it today, while the second half of 
this chapter highlights the studies in humans from 
the initial attempts at HSCT through the develop-

ment of alternative donor and hematopoietic stem 
cell (HSC) transplants and the recognition and 
improvements in supportive care as well as other 
barriers to expanding HSCT to the majority of 
potential patients and how they were overcome.

Another aspect that has significantly contributed 
to the advancement of HSCT in humans has been 
the formation of national and international organi-
zations to track and monitor HSCT. These include 
the establishment of the Center for International 
Blood and Marrow Transplant Research (CIBMTR) 
in 1972. It was formed with the goal of setting up a 
systematic method of collecting HSCT outcome 
data through collaboration. At the time, there were 
less than 50 patients who had been transplanted at 
12 centers worldwide. Shortly thereafter, the 
European Society for Blood and Marrow 
Transplantation (EBMT) was established in 1974 to 
provide an organization in which scientists and phy-
sicians could cooperate to develop HSCT-related 
clinical studies. In 1993, the American Society for 
Blood and Marrow Transplantation (ASBMT) was 
formed. This association was established as a scien-
tific and professional society for those dedicated to 
the advancement of HSCT. In conjunction with the 
International Society for Cellular Therapy (ISCT), 
the ASBMT cofounded the Foundation for the 
Accreditation of Cellular Therapy (FACT) in 1996. 
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FACT is a worldwide recognized accreditation pro-
gram for HSCT centers.

In 1986, the U.S. Navy established the 
National Bone Marrow Donor Registry (now 
called the National Marrow Donor Program, 
NMDP) to establish an organization to facilitate 
the identification of unrelated HSC donors. 
Initially, 10,000 potential donors were registered, 
and the first donor search was performed in 1987. 
In 2004, CIBMTR and NMDP joined together. 
To date, the NMDP has facilitated over 74,000 
marrow and umbilical cord blood transplants, 
with almost 6400 transplants a year. NMDP con-
sists of over 150 HSCT centers and over 90 donor 
centers. Today, CIBMTR represents a large net-
work of centers in over 50 countries and has col-
lected data on more than 425,000 patients.

 Scientific and Preclinical 
Perspective

 Pre-World War II to the Mid-1940s

In the early twentieth century, Alexis Camel and 
colleagues noted that skin and organ transplants 
function for a time but were eventually rejected 
after 1–2 weeks. In the 1930s, Gorer, Snell, and 
colleagues were beginning to investigate the immu-
nologic basis of tumor transplantation in mice; 
their work led to the discovery of the H2 antigen 
transplantation system [1, 2]. In the 1940s, 
Medawar and colleagues established the immuno-
logical basis of allograft rejection [3]. Owen et al. 
developed the concept of “immune tolerance,” not-
ing that freemartin bovine dizygotic twins had a 
mixture of red blood cells from each partner [4]. In 
the same decade, Billingham, Brent, and Medawar 
showed that donor-specific tolerance could be 
induced by injection of donor cells into newborn 
mice [5]. These seminal discoveries set the stage 
for further preclinical work performed after World 
War II that led to the feasibility of HSCT in humans.

 Post-World War II to the Mid-1950s

Hematopoietic stem cell transplantation really 
started to take form post-World War II (late 1940s 

to early 1950s)  when Jacobson et al. found that 
mice could survive lethal irradiation if the spleen 
were shielded (i.e., protected) with lead [6, 7]. 
Based upon this work, Jacobson and his col-
leagues proposed that humoral factors accounted 
for these observations that they termed the 
“humoral hypothesis.” In contrast, Lorenz et al. 
[8] showed that lethally irradiated mice and 
guinea pigs could survive if they received a retro-
peritoneal injection of spleen or bone marrow 
cells that were harvested prior to the irradiation, 
thus supporting the “cellular hypothesis.” These 
two reports spurred a great debate regarding the 
drivers of bone marrow recovery, i.e., humoral 
versus cellular mechanisms.

Further support for the cellular hypothesis was 
provided by the work of Barnes and Loutit in the 
mid-1950s. Their experiments showed that bone 
marrow recovery after spleen or bone marrow 
infusion was due to living cells and not “humors” 
[9]. In 1955, Main and Prehn [10] showed that cel-
lular reconstitution (versus humoral factors) was 
protective against irradiation. They showed that 
mice that were lethally irradiated and rescued by 
an autologous bone marrow infusion did not reject 
subsequent skin grafts indefinitely even across 
major histocompatibility complex barriers. These 
experiments provided the proof of acquired toler-
ance and that this acquired tolerance was conferred 
by the transfer of living cells. In the following 
year, Trentin et al. [11] showed that tolerance of 
the skin graft was specific for the donor strain. 
Ford et al. [12] went on to show that the bone mar-
row of lethally irradiated mice rescued by the 
donor bone marrow or spleen cells displays the 
cytogenetic characteristics of the bone marrow 
donor; this was also the first report that used the 
term “radiation chimera” while referring to the 
resultant transplanted mouse. Also, in support of 
the cellular hypothesis, Nowell et al. [13] found 
that rat bone marrow protects mice against lethal 
irradiation. They found donor rat bone marrow 
cells in the bone marrow of the transplanted mice, 
indicating that the infused donor bone marrow 
cells can home to and take up residence in the 
host’s bone marrow. In 1956, van Bekkum deter-
mined that intravenous administration of hemato-
poietic stem cells is the optimal route of 
administration to repopulate the bone marrow and 
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answered the key question of how to get bone mar-
row cells to grow in the recipient bone marrow.

Around the same time, Barnes et al. [9] suc-
cessfully treated murine leukemia with suprale-
thal doses of irradiation and normal bone marrow 
grafting, suggesting that bone marrow grafting 
could be used to treat human patients with leuke-
mia. Barnes and colleagues went on to speculate 
that donor immune cells may have the capacity to 
destroy residual leukemia cells. This is the first 
written speculation of the concept of the graft 
versus leukemia effect.

 The Late 1950s to the Late 1960s

The late 1950s ushered in a decade-long period of 
productive research in transplantation biology and 
immunology utilizing animal models, ongoing in 
mice and then in canine models. In 1957, Uphoff 
et al. [14] discovered that genetic factors control 
the severity of the immune reaction of donor cells 
against the host. They also showed that methotrex-
ate can ameliorate the graft versus host reaction 
that had been noted in mice after they had received 
lethal irradiation followed by bone marrow or 
spleen infusion [15]. Billingham and Brent [16] 
also noted this phenomenon of engrafted donor 
cells mounting an immune reaction against the 
host, and they termed it “secondary disease.” It was 
also referred to as “wasting syndrome” because of 
its associated symptoms of significant weight loss; 
the presence of poor, unhealthy fur; and general-
ized scruffiness [17]. This syndrome was subse-
quently recognized as graft versus host disease 
(GvHD). Shortly thereafter, Lochte et al. [18] dem-
onstrated that methotrexate could be used not only 
to treat GvHD but also to prevent it. However, it 
was not until the development of better immuno-
suppressants, such as calcineurin inhibitors, that 
the control of GvHD became feasible.

In the early 1960s, Till and McCulloch [19] 
showed that the bone marrow contains clonogenic 
precursors capable of self-renewal and multi-lin-
eage differentiation, i.e., hematopoietic stem cells 
(HSCs). Also, in the early 1960s, the important 
roles that the thymus, T-cells, B-cells, and other 
lymphoid subsets play in transplantation biology 
were beginning to be recognized by multiple inves-

tigators [20–22]. Eventually, Berenson et al. [23] 
found that the CD34+ cell surface protein was a 
marker of a subpopulation of bone marrow cells 
enriched for the ability to engraft and give rise to all 
cell types of hematopoietic origin, i.e., CD34+ is a 
marker for HSCs. In 1994, Korbling et al. reported 
that HSCs can be separated and purified based upon 
their CD34+ expression of the cell surface [24].

While work continued in transplantation biol-
ogy with inbred murine models, the use of out-
bred canine models expanded greatly during the 
1960s, and this research yielded critical observa-
tions of not only basic transplantation biology but 
also of improvements in supportive care and bet-
ter recognition and understanding of complica-
tions associated with HSCT. In the early 1960s, 
investigators showed that dogs could survive two 
to four times above lethal doses of total body irra-
diation (TBI) if they were given back previously 
harvested (fresh or frozen) autologous bone mar-
row cells after the exposure to TBI. As part of the 
work done with dogs, Cavins et al. [25] found 
that HSCs could be obtained from not only the 
bone marrow but also the peripheral blood.

By the late 1960s, research using dog models that 
determined the dog leukocyte antigen (DLA) system 
(which is equivalent to MHC in mice and HLA in 
humans) was critical in determining the outcomes of 
allogeneic bone marrow engraftment [26]. Irradiated 
dogs receiving DLA- mismatched bone marrow 
from littermates after lethal irradiation died from 
graft rejection or GvHD, whereas those who received 
DLA- matched bone marrow from littermates fol-
lowed by post-HSCT methotrexate were long-term 
survivors [27–29]. Storb et al. [30] also found that 
dogs could successfully engraft after receiving che-
motherapy alone (i.e., no TBI), with either cyclo-
phosphamide or busulfan. Most of the dogs showed 
only donor cell engraftment, but some were healthy 
mixed chimeras. This work suggested that HLA-
matched “sibling donor HSCTs” could lead to long-
term, healthy chimeras.

 The 1970s

As the 1970s began, studies continued to focus 
on understanding the causes of graft failure. For 
example, Storb et al. observed in dog models 
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that blood transfusions from the donor (related 
or unrelated) prior to transplant can result in 
sensitization of the recipient to donor transplan-
tation antigens, resulting in graft failure [31].

 Clinical Perspective

 Post-World War II to the Mid-1960s

Early attempts in human HSCT were only suc-
cessful in syngeneic HSCTs. In 1949, a report 
from Poland described the use of bone marrow 
infusion as a treatment in children with leukemia 
and other blood disorders [32]. The discovery of 
human leukocyte antigen (HLA) groups and the 
development of techniques to perform tissue typ-
ing were critical advances to the development of 
HSCT. In 1954, Miescher and Fauconnet [33] first 
described antibodies that were induced by trans-
fusion or pregnancy that react with antigens on 
human white blood cells. In 1958, two other 
groups (Dausset et al. and van Rood et al.) 
observed that HLAs were inherited in codominant 
fashion [34, 35]. Serotyping was initially devel-
oped in dogs by Epstein et al. and was eventually 
developed for HLA [26, 36]. Shortly after these 
reports describing serotypes were published, 
international HLA workshops were held during 
which investigators exchanged reagents, stan-
dardized antigen definitions, established a com-
mon nomenclature, and developed standardized 
testing techniques. The advancements in typing 
techniques are discussed further in Chap. 7. These 
international workshops have continued on, and 
today, over 12,000 Class I and over 4500 Class II 
alleles have been identified [37].

The first attempts of treating humans with 
supralethal TBI followed by bone marrow graft-
ing were reported in 1957 by Thomas et al., using 
an identical twin sibling as the donor [38]. In 
1959, the same transplant group in Seattle reported 
the treatment of two patients with advanced leu-
kemia with high-dose irradiation followed by a 
bone marrow infusion from their respective iden-
tical twin sibling [39]. The two patients engrafted 
and were “leukemia-free” for 4 months. However, 
they relapsed and succumbed to their disease. 
These landmark studies showed that TBI followed 

by an infusion of compatible bone marrow could 
reconstitute hematopoietic function as well as 
produce a snit-leukemic effect, albeit not durable, 
in these cases. Between the mid-1950s and the 
mid-1960s, approximately 200 HSCTs had taken 
place worldwide with generally dismal long-term 
outcomes, as reviewed in the landmark paper by 
Bortin which was published in 1970 [40].

These early failures were due to a lack of knowl-
edge regarding human histocompatibility and typ-
ing, the use of inadequate radiation dosing to 
provide adequate immunosuppression, the lack of 
drugs to effectively prevent and treat GvHD, and 
the selection of patients with such advanced dis-
ease to undergo HSCT [41]. In addition, the lack of 
adequate supportive care such as effective antibiot-
ics and antiviral agents as well as inadequate trans-
fusional support with platelets contributed to these 
poor outcomes early on in HSCT. In a report from 
Leiden, the Netherlands, a child with severe com-
bined immunodeficiency disease (SCID) was 
transplanted with a “matched” unrelated donor 
bone marrow infusion and four fetal thymuses [42]. 
While he appeared to show hematopoietic recov-
ery, the child died 2 weeks later of fulminant bacte-
rial pneumonia and possibly GvHD or a generalized 
autoimmune reaction. In another report from this 
same era, the Seattle HSCT group transplanted a 
patient with chronic myelogenous leukemia (CML) 
in blast crisis [43]. He was conditioned with TBI 
and received a bone marrow infusion from his 
“matched” sibling (who was later noted to be a 
one-antigen mismatch donor). The patient 
engrafted, but he subsequently died of 
 cytomegalovirus (CMV) pneumonia. As a result, 
opportunistic infections in the post-HSCT patient 
population were recognized as a serious, life- 
threatening barrier for HSCT to succeed. The 
development of antiviral agents such as ganciclovir 
and sensitive CMV detection methods positively 
impacted HSCT outcomes significantly [44–46].

 The Late 1960s to the Late 1970s

While the reports of the use of HSCT for the treat-
ment of advanced leukemia in humans were very 
discouraging early on, the use of HSCT for non-
malignant disorders, particularly primary immu-
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nodeficiencies, showed promise by the late 1960s. 
In 1968, Gatti et al. [47] reported the first success-
ful allogeneic bone marrow transplant (BMT) in 
an infant with severe combined immunodeficiency 
disease (SCID) using an HLA- identical sibling as 
the donor. Two other reports of successful HLA-
identical sibling BMTs for the treatment of a pri-
mary immunodeficiency were published shortly 
thereafter [48, 49]. All three of these patients 
remain long-term survivors today. Thomas et al. 
reported the first successful matched sibling donor 
allogeneic HSCT for severe aplastic anemia in 
1972 [50]. HSCT was being attempted in very few 
pediatric patients with leukemia prior to 1975 
because it was felt that there would be very little 
chance of a cure in this patient population that had 
been so heavily pretreated resulting in leukemia 
that would be very resistant to further treatment.

As the 1970s progressed, consistent donor bone 
marrow engraftment was achieved in patients with 
a variety of indications for HSCT. In a two-part 
series published in the New England Journal of 
Medicine in 1975, Thomas et al. reported the out-
comes of the first 100 patients transplanted in 
Seattle [51, 52]. Of the 100 patients, 73 had 
advanced leukemia, whereas 37 had severe aplastic 
anemia. Overall, 50% of the patients with severe 
aplastic anemia had successful outcomes, and the 
number of patients with advanced leukemia who 
achieved remission post- HSCT was increasing. 
However, the consistent, successful allogeneic 
donor engraftment resulted in an increased inci-
dence of GvHD, with acute GvHD occurring in 
approximately 50% of patients despite the long-
term use of methotrexate. While the entity of 
GvHD had been recognized as a serious, poten-
tially life-threatening consequence of allogeneic 
transplantation as a “wasting syndrome” in mice 
some 20 years prior, GvHD was not recognized as 
a serious barrier to moving HSCT forward in 
humans until the early 1970s with the advent of 
consistent successful engraftment of allogeneic 
matched sibling donor bone marrow in humans. 
Then, patients were dying from GvHD despite the 
use of methotrexate which was found to prevent 
GvHD in only about 50% of HSCT patients. It was 
not until 1978 when Powle et al. [53] described the 
first use of the calcineurin inhibitor cyclosporine A 
to treat GvHD in humans that the option of alloge-

neic HSCT in humans became more accessible to a 
larger group of patients.

In 1982, Deeg et al. [54] reported the successful 
use of a short course of methotrexate with cyclo-
sporine A as GvHD prophylaxis in dogs. In 1986, 
Storb et al. [55] reported that a short course of 
methotrexate (days 1, 3, 6, and 11) in combination 
with daily cyclosporine A decreased the incidence 
of acute GvHD in matched sibling donor trans-
plants to 20–30%. This combination is still consid-
ered the “gold standard” for GvHD prophylaxis 
today. Other approaches to reduce the incidence of 
GvHD were investigated at this time. In 1981, 
Reisner et al. [56] reported that T-cell depletion of 
the donor graft could decrease the risk of GvHD.

 The Mid-1970s to the Late 1970s: 
Allogeneic HSCT Is Curative 
for Leukemia

In the first half of the 1970s, the advancement of 
HSCT as a viable treatment modality was some-
what stalled because the patients undergoing 
HSCT were typically patients with otherwise 
incurable, end-stage leukemia, and they either 
died from their disease or succumbed to GvHD or 
opportunistic infections, as described above. 
However, the HSCT group in Seattle published 
the results of 100 patients with advanced leuke-
mia who had undergone matched sibling donor 
BMT [57]. Of these 100 patients, 13 were long- 
term survivors, demonstrating that some patients 
with end-stage, advanced leukemia could be 
cured with allogeneic HSCT. Thus, it was hypoth-
esized that patients who undergo HSCT in the 
first remission (and not waiting until they relapse) 
may have a better chance for a cure. In Germany, 
in the late 1970s, the Berlin-Frankfurt-Munster 
(BFM) and the CoALL groups took this approach 
of transplanting patients with relapsed leukemia 
shortly after achieving a remission immediately 
after completion of induction chemotherapy [58]. 
Thomas et al. reported the successful treatment of 
patients with acute myeloid leukemia (AML) or 
with acute lymphoblastic leukemia (ALL) in the 
first remission with matched sibling donor HSCT 
[59, 60]. Dopfer et al. [61] reported that this treat-
ment strategy was more beneficial for pediatric 
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patients with relapsed leukemia. Subsequent trials 
supported this observation. Now, it is well estab-
lished that the lower tumor burden (i.e., low or no 
minimal residual disease (MRD) detected) is 
associated with superior outcomes [62].

Acute leukemias treated with HSCT were not 
the only type of leukemia being investigated. In 
1979, Fefer et al. reported the disappearance of 
Ph+ chromosome in four patients with chronic 
myelogenous leukemia who were treated with 
chemotherapy and irradiation followed by an 
identical twin sibling donor BMT [63]. Two sub-
sequent studies demonstrated that the treatment 
of CML in the chronic phase with chemotherapy 
and TBI followed by allogeneic BMT from a 
matched sibling donor was successful [64, 65]. 
Two large studies supported the successful out-
comes of patients with CML treated with alloge-
neic HSCT [66, 67]. Treatment with HSCT of 
CML in the chronic phase was the standard of 
care until the development of BCR-ABL-targeted 
therapies such as imatinib and dasatinib. 
Nowadays, HSCT for CML patients in blast cri-
sis is still considered the standard of care.

By the late 1970s, multiple reports noted that 
there was a decreased incidence in relapse of 
 leukemia in patients with GvHD, and in a few 
patients, decreasing immunosuppression could 
lead to a remission of leukemia post-HSCT. These 
were the first inklings in humans of the concept of 
the “graft versus leukemia effect” in which the 
immune cells from the donor are capable of rec-
ognizing the leukemia cells as “bad” and elimi-
nate (or at least disarm) them. This is the same 
concept proposed by Barnes after analyzing his 
leukemic mice studies over 40 years earlier [9]. 
The concept that HSCT serves as an immunother-
apy (and not just a method to eliminate tumors 
cells) was supported by the observation that the 
infusion of donor lymphocytes along with the dis-
continuation of all immunosuppression can 
induce a remission. This approach of donor lym-
phocyte infusion (DLI) was first utilized success-
fully in CML and then in Epstein- Barr virus 
post-transplant lymphoproliferative disease 
(EBV-PTLD) [68, 69]. Kolb et al. reported that 
relapse of CML post-HSCT could be successfully 
placed back into remission with donor lympho-
cyte infusions (DLI) [70]. In 1994, Papadopoulos 

et al. reported the successful use of DLI for the 
treatment of EBV-PTLD [69]. These reports were 
among the first to suggest that the donor HSC 
graft not only “replaces” the recipient’s immune 
system that is eliminated by myeloablative condi-
tioning but also acts as immunotherapy for the 
treatment of the underlying malignancy, i.e., cre-
ating a graft versus malignancy effect. It is now a 
well-established practice to use DLI if a post-
HSCT patient shows signs of impending relapse 
(such as decreasing donor chimerism) or has a 
frank relapse of his/her leukemia (see Chap. 11).

 The 1980s to the Present: Expansion 
of the Application of HSCT, 
Refinement of Conditioning 
Regimens, and Development 
of Alternative Donor HSCT

Expansion of the Application of HSCT: While 
HSCT was being actively investigated for the 
treatment of leukemia, HSCT was also being 
explored for the treatment of nonmalignant 
 conditions beyond primary immunodeficiencies. 
It was not until the 1980s that HSCT was tested in 
humans as a curative treatment for hemoglobin-
opathies. In the early 1980s, the first successful 
matched sibling donor BMTs for thalassemia 
were performed. In 1982, Thomas et al. [71] 
reported the successful transplantation of a patient 
with thalassemia major using an allogeneic 
matched sibling donor. In 1984, Lucarelli et al. 
[72] reported the first successful outcomes of 
treating children with thalassemia with BMT. In 
that same year, Johnson et al. reported the case of 
an 8-year-old girl who underwent allogeneic 
matched sibling donor BMT for AML [73]. She 
also had sickle cell disease. The HSCT not only 
cured her of AML but also cured her of sickle cell 
disease. Currently, matched sibling donor HSCT 
is performed routinely for patients with thalas-
semia major and for patients with sickle cell dis-
ease with certain high-risk factors. Alternative 
HSCTs, such as familial haploidentical HSCTs, 
are currently being investigated (see Chap. 4).

Refinement of Conditioning Regimens: 
Initially, total body irradiation (TBI) was deliv-
ered as a single fraction alone as the conditioning 
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regimen. However, it was shown that TBI deliv-
ered in multiple fractions at a lower dose was 
superior to delivering it as a high-dose, single 
fraction [54, 74]. Because irradiation can cause 
such devastating long-term sequelae, particularly 
in young patients, conditioning regimens that 
avoid TBI such as busulfan/cyclophosphamide 
(Bu/Cy) were being explored in the early 1980s 
[75, 76]. In the following decade, multiple reports 
of the use of non-TBI conditioning regimens 
were reported but with mixed results. Clift et al. 
in 1994 reported no difference in a Bu/Cy versus 
a cyclophosphamide/TBI (Cy/TBI) regimen in 
event-free survival (EFS) [77]. In contrast, the 
first HSCT studies for patients with AML showed 
that outcomes were better with Cy/TBI versus 
cyclophosphamide/busulfan conditioning regi-
mens; it is notable that this study was performed 
before the availability of intravenous busulfan 
[78]. In a subsequent study from 1997, Long 
et al. showed that cyclophosphamide/etoposide/
TBI as a conditioning regimen demonstrated effi-
cacy in patients with high-risk leukemia [79].

In the late 1990s, the concept of non- 
myeloablative (NMA) conditioning was being 
actively explored. Giralt et al. [80] demonstrated 
that patients conditioned with a purine analogue- 
based (i.e., fludarabine), NMA conditioning regi-
men resulted in successful engraftment. Shortly 
thereafter, multiple groups reported the use of 
NMA conditioning followed by HSCT in elderly 
patients with hematologic malignancies who 
would otherwise not tolerate a myeloablative 
conditioning regimen [81]. The use of NMA con-
ditioning was also being actively investigated for 
patients who would have no benefit from the graft 
versus malignancy effect (and thus no need for 
GvHD), such as patients with primary immuno-
deficiencies or hemoglobinopathies [82]. 
However, many of the initial studies in patients 
with hemoglobinopathies were not very success-
ful because a significant proportion of patients 
lost their grafts and reverted back to their chronic 
disease state despite initially engrafting.

In 2001, Giralt et al. introduced a conditioning 
regimen of fludarabine/melphalan as a reduced- 
intensity conditioning (RIC) regimen [83]. In 
2005, Rao et al. [84] showed a significant sur-
vival advantage after RIC (versus myeloablative 

conditioning) followed by matched unrelated 
donor HSCT in children with primary immuno-
deficiency. Time to engraftment, chimerism, 
immune reconstitution, and incidence of GvHD 
were comparable. Of note, RIC was associated 
with increased viral reactivation.

Development of Alternative Donor HSCT: 
Because not every patient who may benefit from 
a HSCT has a suitable donor, alternative sources 
of donor HSCs have been actively pursued. These 
alternative donor sources needed to be safe and 
not result in increased morbidity and mortality. 
These types of HSCTs are referred to as alterna-
tive donor HSCTs (i.e., an alternative to matched 
sibling donors). In order for alternative donor 
HSCTs to be effective in humans, the mecha-
nisms by which HSCs are regulated and donor 
grafts are rejected needed to be elucidated, and 
the pathophysiology of GvHD needed to be bet-
ter understood. Work in these areas became 
actively investigated when Knudtzon et al. [85] 
first reported the in vitro growth of HSCs isolated 
from human umbilical cord blood in 1974. The 
first use of umbilical cord blood (UCB) as the 
HSC source for allogeneic matched sibling donor 
HSCT occurred in 1988 [86]. The patient had 
Fanconi anemia. In 1995, Broxmeyer proposed 
the use of unrelated UCB as an alternative HSC 
donor source. Shortly thereafter, UCB unit banks 
were established across the world. The first study 
of the use of unrelated UCB as the HSC source in 
25 children with a variety of indications was 
reported in 1996 [87]. This study demonstrated 
that unrelated mismatched UCB HSCT was a 
feasible alternative donor HSCT. Because a UCB 
unit has a fixed HSC dose, its use was initially 
limited to children and small adults to minimize 
the risk of graft failure. However, Barker et al. 
reported the use of two unrelated UCB units in 
the same patient with no untoward effects [88]. 
These findings resulted in the expansion of UCB 
HSCT to adults as well as pediatric patients.

While it was known that HSCs can be found in 
the peripheral circulation, the absolute number of 
HSCs is low. However, it was observed that this 
number would be higher in a cancer patient’s 
peripheral blood when recovering from chemo-
therapy. Investigators took advantage of this 
rebound effect and used low-dose cyclophospha-
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mide to promote the release of HSCs into the 
peripheral blood, while others used endotoxin to 
evoke a similar response [89, 90]. With the avail-
ability of the cloned hematopoietic growth factors, 
granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF) and granulocyte colony- stimulating 
factor (G-CSF), mobilization of HSCs, and collec-
tion by apheresis became feasible [91–93]. Juttner 
et al. [94] reported the use of peripheral blood 
HSCs for autologous HSCT for AML. Shortly 
thereafter, it was shown that GM-CSF [92] and 
G-CSF [95] could be used in humans to stimulate 
and mobilize CD34+ HSCs into the periphery for 
pheresis and then used for autologous 
HSCT. Nowadays, growth factor- mobilized 
peripheral blood HSCs are used as the stem cell 
source for both autologous and allogeneic HSCTs 
from both related and unrelated donors.

In addition, the late 1990s marked the advent 
of the use of partially mismatched donors 
[96, 97]. Furthermore, Reisner et al. [56] reported 
the use of a familial haploidentical donor as the 
HSC source for a patient with SCID that is now 
being actively investigated for multiple indica-
tions, including sickle cell disease, severe aplas-
tic anemia, and leukemia, for patients who do not 
otherwise have a suitable donor.

 Key Points

• With a better understanding of transplantation 
biology and immunology using animal mod-
els, HSCT in humans became feasible.

• With the detonation of the two atomic bombs 
at the end of World War II in the 1940s, interest 
in HSCT as a treatment for exposure to lethal 
doses of irradiation reached prominence.

• While HSCT was attempted as early as the 
1940s, it was not until the late 1960s that 
HSCT resulted in long-term, disease-free sur-
vivors which consisted of three infants with 
primary immunodeficiency.

• In the late 1970s, allogeneic matched sibling 
donor HSCT was demonstrated to induce 
long-term remissions in a fraction of patients 
with advanced, end-stage leukemia, suggest-
ing that HSCT may be more effective if per-
formed in patients in the first or second 

remission. This proved to be true.
• In the 1980s and 1990s, advances were made that 

resulted in HSCT becoming widely available for 
patients who would otherwise be ineligible for 
HSCT. These advances include improvements in 
supportive care, the development of less intensive 
conditioning regimens, and the availability of 
alternative donors and HSC sources.
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Abstract

The primary function of the immune system is to provide essential defense 
mechanisms against all foreign pathogens. The immune system has evolved in 
such a way that different immune responses are optimized to recognize and 
then eliminate or contain different types of foreign antigens which are 
expressed or secreted by foreign pathogens. It provides not only efficient and 
effective killing of microbes/pathogens via innate immunity but also specific 
long-lasting immunity against a particular microbe/pathogen to be triggered if 
the foreign microbe’s antigen is encountered in the future via adaptive immune 
responses. Immunologic mechanisms are intimately involved in engraftment, 
engraftment rejection, graft versus host disease, and graft versus malignancy 
effect. In addition, immunologic tolerance is key for allogeneic immune 
reconstitution post-hematopoietic stem cell transplantation (HSCT). Because 
of a better understanding of the immune system and its different immune 
properties and responses, physicians and researchers have been able to per-
form successfully and safely HSCT in humans. While many of the concepts of 
basic immunology and transplant biology are intertwined into other chapters 
of this book, this chapter focuses on providing the fundamental principles of 
basic immunology and transplant biology, including the development of the 
components of the immune system (i.e., hematopoiesis), the molecules, cells, 
tissues, and organs that make up the immune system as well as their structural 
and functional organization and the types of immune responses along with 
their cardinal features. Key concepts related to HSCT including antigen pre-
sentation, alloreactivity, and tolerance and how these processes relate to HSCT 
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will be described in brief. Firstly, though, this chapter begins with the defini-
tions of some key terms and concepts related to basic immunology and trans-
plant biology in order to establish the “vocabulary” of the immune system.

 Introduction

The overarching function of the immune system is 
to serve as vital defense against foreign substances. 
Different mechanisms of defense have evolved 
against different pathogens. Knowledge of the 
immune system and its different responses has per-
mitted physicians and researchers to successfully 
perform hematopoietic stem cell transplantation 
(HSCT) with long-term engraftment and success in 
humans. This chapter presents the major tenets of 
hematopoiesis, the organization of the immune 
system, different immune responses, and how this 
information relates to HSCT, starting with defini-
tions of some of the key molecules, cells, functions, 
and concepts of the immune system.

 Definitions

A vocabulary has been developed to describe the 
immune system and all of its components and 
processes. This section provides the definition of 
some of these keywords and concepts.

Immunity: Immunity refers to the protection 
against disease, particularly infections, that is 
mediated by a collection of cells, tissues, and 
molecules called the immune system. Immunity 
also refers to the ability to respond to any foreign 
substance, infectious and noninfectious.

Immune system: The immune system consists 
of the highly integrated collection of all the cells, 
tissues, organs, and molecules that provide pro-
tection against foreign organisms and substances. 
The immune system is responsible for immunity.

Immune response: An immune response refers 
to the collective and highly orchestrated response 
by immune molecules and cells to a foreign sub-
stance (e.g., microbes and their components), 
although noninfectious agents, such as proteins, 
polysaccharides, and chemicals, can elicit an 
immune response. An autoimmune response is 
the pathologic immune response to self- 
molecules that very often has detrimental effects.

Innate immunity: Innate immunity provides 
protection against infection via rapid, pre- existing 
responses to microbes with the same reaction 
(with the same intensity, time to initiation, and 
duration) to repeated infections. Components of 
innate immunity include cells (phagocytes, e.g., 
neutrophils, macrophages, and NK cells) and 
cytokines (predominantly produced by dendritic 
cells and mononuclear phagocytes), the comple-
ment system, and epithelial barriers.

Adaptive immunity: Adaptive (or acquired) 
immunity is stimulated by exposure to foreign 
substances and is characterized by exquisite sen-
sitivity, specificity, and memory. Its specificity 
for distinct macromolecules and its memory 
allows for a more rapid and vigorous response 
with repeated encounters to the same foreign 
pathogen; it is mediated by lymphocytes.

Humoral immunity: Humoral immunity is a type 
of an adaptive immune response that is the principal 
defense against extracellular microbes and their 
toxins. Humoral immune responses are mediated 
by antibodies that are produced by activated B-cells.

Cell-mediated immunity: Cell-mediated (or 
cellular) immunity provides defense against 
intracellular microbes that either have infected a 
host cell or have been ingested by a phagocyte. 
Cell-mediated immune responses are mediated 
by T-cells predominantly of two different pheno-
types: CD4+ helper T-cells that mediate phago-
cyte activation and CD8+ cytotoxic T-cells that 
are responsible for directly killing infected cells.

Homeostasis: Homeostasis is the state of the 
adaptive immune system that maintains a con-
stant number and diverse repertoire of lympho-
cytes. It is a balance that is achieved by the 
regulation of death, inactivation, and expansion/
proliferation of lymphocytes.

Tolerance: Tolerance is characterized by the 
unresponsiveness to antigens by the adaptive 
immune system that leads to inactivation or death 
of antigen-specific lymphocytes. Tolerance is the 
mechanism by which the immune system toler-
ates (or ignores) self-antigens and does not attack 
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self-tissues whereas tolerance of foreign antigens 
may be induced under certain circumstances and 
may be detrimental in the long term.

Antigen: A molecule that induces a specific 
immune response or is recognized by T-cells or 
B-cells as well as antibodies is an antigen. An 
antigen binds to an antibody or the T-cell recep-
tor (TCR). An antibody can bind to an antigen 
alone whereas most TCRs bind to an antigen pep-
tide fragment only when it is complexed with 
“self” MHC molecules.

Cytokine: Any secreted protein that regulates, 
stimulates, suppresses, and/or coordinates the activi-
ties of cells of the immune system is all classified as 
cytokines. Cytokines also mediate inflammatory 
reactions. Cells of the immune system secrete at 
least one cytokine and express specific signaling 
receptors for several cytokines. This expression is 
dynamic and often stochastic. Interleukins, chemo-
kines, tumor necrosis factor (TNF), and interferons 
are all considered cytokines.

Chemokine: Chemokines are subsets of cyto-
kines that regulate cell movement, migration, and 
chemotaxis. Chemokines maintain the localization 
of T-cell subsets and APCs within lymphoid organs.

Major histocompatibility complex (MHC)/ 
human leukocyte antigen (HLA): Major histocom-
patibility complex (MHC) is the large genetic locus 
that contains the highly polymorphic genes which 
encode the peptide-binding molecules most com-
monly recognized by the T-cell receptor on the cell 
surface of T-cells. The human leukocyte antigen 
(HLA) locus is the equivalent to MHC in humans, 
and this locus is located on the short arm of chro-
mosome 6 in humans. MHC molecules are 
expressed on the cell surface. The two major 
classes of MHC are Class I and Class II. MHC 
Class I molecules are polymorphic proteins that 
help to display peptide fragments of protein anti-
gen derived from the cytosol on the cell surface of 
APCs for recognition by T-cells. This antigen pep-
tide-MHC Class I complex is typically recognized 
by CD8+ T-cells. MHC Class I molecules are 
expressed mostly on all nucleated cells. In contrast, 
the antigen peptide-MHC Class II complex, which 
is made up of polymorphic heterodimeric proteins, 
is also located on the cell surface but restricted to 
dendritic cells, macrophages, and B-cells, i.e., anti-
gen-presenting cells. It displays antigen peptides 

derived from extracellular proteins that have been 
digested, processed into small peptide  fragments, 
and then displayed on the cell surface of APCs for 
recognition by CD4+ helper T-cells.

Alloantigen: An alloantigen is an antigen that is 
expressed on cells or tissues from one individual 
that is recognized as foreign by another individual.

Alloreactive: T-cells or antibodies that recog-
nize and react to antigens (alloantigens) on cells 
or tissues from another individual are said to be 
alloreactive.

Effector cell: An effector cell is an immune 
cell with effector functions during an immune 
response, killing microbe-infected cells (CD8+ 
cytotoxic T-cells), killing microbes (macro-
phages), secreting cytokines to enhance an 
immune response (CD4+ helper T-cells), and 
secreting antibodies (differentiated B-cells).

Cluster of differentiation (CD) nomenclature: 
The cluster of differentiation (CD) nomenclature 
was established initially to name uniformly cell 
surface molecules in order to characterize cells of a 
particular lineage or stage of differentiation. They 
leave a defined structure and are recognized by a 
cluster of monoclonal antibodies. Each cell surface 
molecule is designated by CD. A specific constella-
tion of CD molecules can identify a specific 
immune cell subtype, termed immunophenotype. 
For example, CD3 represents the T-cell receptor 
and is considered a marker for T-cells. While both 
helper and cytotoxic T-cells express CD3 on the 
cell surface, the expression of CD8 distinguishes 
cytotoxic T-cells from other T-cell subsets, whereas 
helper T-cells are CD3+, CD4+, and CD8−. This CD 
marker system is used beyond cells of the immune 
system and is used to uniformly name molecules 
found on all cell types in the body.

 Hematopoiesis, Its Regulation, 
and Cells of the Immune System

 Hematopoiesis

Hematopoiesis refers to the highly regulated pro-
cess by which all mature blood cells (i.e., leuko-
cytes, erythrocytes, and platelets) are produced 
from pluripotent stem cells. Figure 3.1 represents 
a depiction of the lineage differentiation tree [1]. 
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In humans, primitive hematopoiesis starts at d18 
of gestation in the blood islands in the yolk sac. 
Only nucleated erythroblasts and, to a lesser 
extent, macrophages and megakaryocytes are pro-
duced there. Then, hematopoiesis moves to the 
aorta-gonad-mesonephros (AGM) region in the 
embryo where primitive hematopoietic stem cells 
(HSCs) are exposed to a microenvironment that 
promotes the transition to definitive HSCs. From 
there, these definitive HSCs migrate to the fetal 
liver where they undergo extensive expansion. 
During the second trimester, HSCs migrate to their 
specific niches within the bone marrow where they 
reside for the remainder of a person’s life. Thus, 
humans are born with “adult” HSCs. At birth, 
hematopoiesis takes place in virtually all of the 
bones, but, as we age, hematopoiesis becomes 
more restrictive. By puberty, hematopoiesis occurs 
exclusively in the bone marrow of the flat bones, 
i.e., the sternum, vertebrae, iliac bones, and ribs. 
While the majority of hematopoiesis occurs in the 
bone marrow with the majority of HSCs residing 
in the bone marrow, HSCs can function and pro-

vide hematopoiesis in extramedullary sites, pri-
marily in the liver and spleen (see Fig. 3.2, [61]).

HSCs that have the two properties of reconsti-
tuting and self-renewal capacity are referred to 
long-term hematopoietic stem cells (LT-HSCs) 
and are identified by the immunophenotype of 
Lin−, CD34+, CD38−, CD90+, and CD45RA−. 
The self-renewal property is defined as follows: 
when a stem cell divides, one of the daughter 
cells goes on to differentiate, while the other 
daughter cell does not go on to differentiate, but 
instead maintains the properties of a stem cell. In 
the homeostatic state, the majority of the cells 
that make up the LT-HSC pool are quiescent with 
only a small proportion undergoing cell division. 
Cellular senescence is the state in which cells no 
longer divide although they remain metabolically 
active. Senescence is governed by telomere 
length. Telomerase maintains the ends of chro-
mosomes to protect telomere shortening that 
would otherwise occur with each cell division. 
Most mature cells do not express telomerase, and 
thus telomere shortening is associated with aging 
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Fig. 3.1 Hematopoietic stem cell differentiation. Differen-
tiation of hematopoietic pluripotent stem cells into multipo-
tent progenitor cells which then differentiate into distinct 
hematopoietic lineages. This is the best example of stem 
cell differentiation, and the niche defines specific differen-
tiation events in the bone marrow, spleen, or liver (Reprinted 

from: Vira, Darchni, Basak, Saroj K., Veena, Mysore S., 
Wang, Marilene B., Batra, Raj K., Srivatsan, Eri S. Cancer 
stem cells, microRNAs, and therapeutic strategies includ-
ing natural products. Cancer and Metastasis Reviews. 
31(3): 733–751, 2012, with permission from Springer) [1]
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and cell senescence. Normal HSCs exhibit telo-
mere shortening with serial transplantations [2]. 
These LT-HSCs give rise to multipotent cells 
referred to as short-term (ST-) HSCs. ST-HSCs 
have a limited to no capacity of self-renewal but 
can provide multilineage reconstitution, albeit 
transient. A higher percentage of ST-HSCs enter 
the cell cycle daily as compared to LT-HSCs.

ST-HSCs can go on to become the oligopotent 
progenitors, common myeloid progenitors 
(CMP) and common lymphoid progenitors 
(CLP). After multiple steps of differentiation, 
CMPs and CLPs will ultimately give rise to all 
terminally differentiated components of blood. 
Differentiation of CMPs will eventually lead to 
the development of platelets, erythrocytes, granu-
locytes, and macrophages, whereas all mature B-, 
T-, and NK cells are derived from CLPs. Dendritic 
cells can be derived from either CMPs or CLPs.

Hematopoiesis is a process that is strictly regu-
lated by highly orchestrated interactions of molec-
ular (noncellular) and cellular constituents. The 
regulation of proliferation and differentiation of 
these progenitor and precursor cells (i.e., hemato-
poiesis) is driven, for the most part, by cytokines 
and growth factors that are secreted by stromal 
cells and macrophages contained within the bone 
marrow. The major cytokines with their source, 
principal targets, and principal cell type induced 
are enumerated below and summarized in Table 3.1.

 Key Cytokines of Hematopoiesis

Below is a list of cytokines that play important 
roles in hematopoiesis:

SCF: Stem cell factor (SCF) (otherwise 
known as c-kit ligand) is secreted by stromal 
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Nature Reviews Immunology

Fig. 3.2 Anatomy of the adult hematopoietic organs, bone 
marrow, and spleen. (a) Hematopoietic stem cells (HSCs) 
reside primarily within the bone marrow during adulthood. 
The bone marrow is a complex organ containing many dif-
ferent hematopoietic and non-hematopoietic cell types. 
Hematopoiesis occurs within the medullary cavity, sur-
rounded by a shell of vascularized and innervated cancellous 
bone. Minute projections of the bone (trabeculae) are found 
throughout the trabecular zone of the bone, such that many 
cells in this region are close to the bone surface. The inter-
face of the bone and bone marrow is known as the endos-
teum, and this is covered by bone-lining cells that can 
differentiate into bone-forming osteoblasts. Bone-resorbing 
osteoclasts are also present at the endosteum. Arteries carry 
oxygen, nutrients, and growth factors into the bone marrow, 

before feeding into capillaries and then sinusoids, which 
coalesce to form the venous circulation. Sinusoids are spe-
cialized venules that form a reticular network of fenestrated 
vessels that allow cells to pass in and out of circulation. (b) 
HSCs can also be found at low levels in extramedullary tis-
sues such as the spleen and liver throughout adult life. When 
bone- marrow hematopoiesis is impaired by age, cancer, or 
myeloablation, expanded numbers of HSCs can engage in 
extramedullary hematopoiesis in the spleen. HSCs reside 
around sinusoids in the red pulp of the spleen, but not in the 
white pulp, which contains lymphocytes and antigen- 
presenting cells (Reprinted by permission from Macmillan 
Publishers Ltd: Kiel MJ and Morrison SJ. Uncertainty in the 
niches that maintain hematopoietic stem cells. Nature 
Reviews Immunology. 8:290–301, 2008 [61])
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cells of the bone marrow. It acts on pluripo-
tent hematopoietic stem cells, inducing matu-
ration of all hematopoietic lineages. Its 
receptor is KIT.

IL-3: Interleukin-3 (IL-3) is principally 
secreted by T-cells and targets immature 
 hematopoietic progenitor cells to induce the mat-
uration of all hematopoietic lineages.

IL-7: Interleukin-7 (IL-7) which is preferen-
tially secreted by fibroblasts and bone marrow 
stromal cells plays an important role in the prolif-
eration of B- and T-cell precursors as well as dif-
ferentiation of B- and T-cells. It also regulates the 
survival of naïve and memory T-cells.

GM-CSF: Granulocyte-macrophage colony- 
stimulating factor (GM-CSF) is produced by acti-
vated T-cells, macrophages, endothelial cells, and 
fibroblasts within the bone marrow stroma. The 
primary functions of GM-CSF are to stimulate 
the proliferation of macrophages, monocytes, 
and neutrophils.

G-CSF: Granulocyte colony-stimulating 
factor (G-CSF) is produced by activated 
T-cells, macrophages, and endothelial cells at 
the site of inflammation and/or tissue damage 
that acts on the bone marrow to stimulate pro-
liferation and mobilization of neutrophils to 
replace those that have been consumed in 
inflammatory reactions.

M-CSF: Monocyte colony-stimulating factor 
(M-CSF) is secreted by macrophages, endothelial 
cells, bone marrow cells, and fibroblasts. It acts on 
committed hematopoietic progenitors to induce the 
maturation of monocytes. Its receptor is CSF1R.

Flt-3 ligand: Flt-3 ligand is secreted by bone 
marrow stromal cells. It targets HSCs as well as 
progenitors of dendritic cells and B-cells to 
induce the maturation to classical plasmacytoid 
dendritic cells and B-cells. Flt-3 ligand binds to 
the Flt-3 tyrosine kinase receptor on precursors 
of dendritic and B-cells.

 Cells of the Immune System

Phagocytes (neutrophils and macrophages): The 
primary role of phagocytes is to ingest and destroy 
microbes as well as eliminate damaged tissue. 

Phagocytes are part of innate immunity. They 
respond in the same way to repeated  exposures 
of the same microbe(s) in a stepwise fashion. 
After recruitment to the site of infection or tissue 
damage and the recognition of microbes, phago-
cytes are activated, resulting in the ingestion of 
microbes by phagocytosis and then the destruc-
tion of the ingested microbes. Phagocytes also 
play a role in the effector phase of some adaptive 
immune responses. Phagocytes consist of neutro-
phils (also called polymorphonuclear leukocytes) 
and mononuclear phagocytes.

Neutrophils: Neutrophils are the most abun-
dant white blood cell type in the blood circula-
tion. The cytoplasm of neutrophils is loaded 
with two types of granules filled with molecules 
that are poised to destroy ingested microbes 
and damaged cells. The majority of these gran-
ules are called specific granules. These gran-
ules are filled with lysozymes, collagenase, and 
elastase. The other predominant type of granule 
is the azurophilic granule which is a lysosome 
that contains enzymes along with other mole-
cules (including defensins and cathelicidins 
which are microbicidal). Neutrophils typically 
are short-lived, just 1–2 days.

Macrophages: Mononuclear phagocytes 
include monocytes which are circulating mono-
nuclear phagocytes and differentiate into macro-
phages when they reside in tissues. The most 
abundant type of monocyte is the classical 
monocyte. Classical monocytes are rapidly 
recruited to sites of infection or tissue damage 
and secrete abundant amounts of inflammatory 
mediators. In contrast, nonclassical monocytes 
promote tissue repair after injury and patrol 
along endothelial surfaces looking for areas in 
need of repair. Macrophages are derived from 
circulating monocytes and mature into specified 
macrophages once they migrate from the circu-
lation. Once they enter a tissue, they become 
long-lived and specialized according to their tis-
sue of residence. The most common tissues 
include those of the liver, brain, spleen, lungs, 
peritoneal cavity, and skin (see Fig. 3.3) 
(reviewed in [3]). For example, Kupffer cells are 
macrophages that live in the sinusoids of the 
liver, whereas microglial cells are macrophages 
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Fig. 3.3 The tissue microenvironment determines macro-
phage differentiation cues. During embryonic development, 
macrophages enter the tissues where they self-renew and 
proliferate. Macrophages in all tissues are characterized by 
expression of the cell surface marker FcγRI (also known as 
CD64), tyrosine-protein kinase MER (MERTK), and the 
transcription factors PU.1, CCAAT/enhancer- binding pro-
tein (CEBP) family members, MAF, and MAFB. In the tis-
sues, macrophage identity and functions are shaped by 
cytokines and metabolites that are produced in the local 
environment and drive specific transcription factor expres-
sion. In the brain, incoming yolk sac-derived cells are 
exposed to locally express transforming growth factor-β 
(TGFβ), which drives Smad phosphorylation and the 
expression of genes that are unique to microglia. In the 
lungs, fetal monocytes that are exposed to colony- 
stimulating factor 2 (CSF2) express peroxisome proliferator- 

activated receptor-γ (PPARγ), which drives their 
differentiation into alveolar macrophages. In the spleen, 
haem drives SPIC expression, which controls the differenti-
ation and maintenance of red pulp macrophages and the 
expression of key splenic red pulp macrophage- specific 
molecules, including vascular cell adhesion molecule 1 
(VCAM1). In the marginal zone of the spleen, macrophage 
maintenance depends on liver X receptor-α (LXRα)-
mediated signals. Retinoic acid (RA) and omental factors 
induce the expression of GATA-binding protein 6 (GATA6), 
which promotes the differentiation of peritoneal cavity mac-
rophages. ID2, inhibitor of DNA binding 2; IL-34, interleu-
kin-34; RUNX3, runt-related transcription factor 3 
(Reprinted by permission from Macmillan Publishers Ltd: 
Lavin Y., Mortha A., Rahman A., Merad M. Regulation of 
macrophage development and function in peripheral tissues. 
Nature Reviews Immunology. 15:731–744, 2015 [3])
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that reside in the brain. Splenic red pulp and 
marginal zone macrophages reside in the spleen 
and alveolar macrophages in the lungs. It was 
thought that Langerhans cells in the skin were 
macrophages, but data have shown that they are 
actually derived from dendritic cells (reviewed 
in [4]). The major function of macrophages is to 
ingest and destroy molecules by producing reac-
tive oxygen and nitrogen species that are toxic to 
microbes and proteolytic degradation. 
Macrophages also ingest dead cells as well as 
apoptotic cells before they can release their toxic 
contents and trigger an inflammatory response. 
Activated macrophages secrete cytokines that 
promote recruitment of more monocytes and 
neutrophils into the infected and/or injured areas 
to amplify the immune response. Macrophages 
can also act as antigen-presenting cells (APCs) 
(see “Antigen-Presenting Cells” section below). 
In addition, they also promote the repair of dam-
aged tissues, stimulating angiogenesis and fibro-
sis. Macrophages can undergo classical or 
alternative activation. Classical activation results 
in macrophages that are efficient in the ingestion 
and killing of microbes, whereas alternative acti-
vation results in macrophages that promote tis-
sue remodeling and repair. Unlike neutrophils, 
macrophages are not terminally differentiated, 
and they can divide at the site of inflammation.
Mast cells, basophils, and eosinophils: Mast 

cells, basophils, and eosinophils make up a small 
percentage of white blood cells (or leukocytes) and 
are called granulocytes because their cytoplasm 
contains abundant granules filled with various 
inflammatory and microbicidal substances. Mast 
cells mediate allergic reactions. Their cytoplasmic 
granules are filled  predominantly with histamine 
and are fused with the cell membrane. When acti-
vated, they release histamine extracellularly, induc-
ing inflammation. They are located in the skin and 
mucosal epithelia with very few in the circulation. 
Basophils act similarly to mast cells but are not 
normally present in tissues. They make up less than 
1% of leukocytes in the blood. They play a role in 
anaphylaxis, asthma, atopic dermatitis, and hay 
fever. They secrete histamine, proteoglycans, and 
serotonin to produce inflammation. They can per-
form phagocytosis. In contrast, eosinophils are 
known to play a key role in immune responses 

against parasites. The cytokines, GM-CSF, IL-3, 
and IL-5, promote myeloid precursors to differenti-
ate into eosinophils. Eosinophils are found nor-
mally in the mucosal linings of the lungs, GI tract, 
and GU tract. Their numbers are increased in the 
setting of inflammation.

Antigen-presenting cells (APCs): Antigen- 
presenting cells (APC) are a critical component of 
adaptive immune responses. Professional APCs 
(e.g., dendritic cells, macrophages, and B-cells) 
ingest pathogens and foreign substances and then 
process these antigens into peptide fragments. 
These peptide fragments are then bound to MHC 
Class II molecules and displayed on the cell surface 
of APCs to naïve T-cells. If a T-cell’s antigen recep-
tor (the TCR) recognizes an antigen peptide-MHC 
Class II complex presented on the cell surface of an 
APC, then the T-cell is activated. An additional co-
stimulatory signal is needed before full T-cell acti-
vation can occur. APCs also secrete cytokines that 
stimulate and induce the maturation of naïve lym-
phocytes (T- and B-cells). Dendritic cells are the 
predominant cell subtype of APCs that initiate 
T-cell-mediated immune responses. Macrophages 
and B-cells are also part of cell-mediated and 
humoral immune responses, respectively.

Dendritic cells as APCs: Dendritic cells play a 
key role in the activation of naïve T-cells and in 
innate immune responses to infections (reviewed 
in [5]). They also link innate and adaptive 
immune responses together. They arise from the 
myeloid lineage, directly from a precursor cell 
that can also differentiate into monocytes (but not 
granulocytes). The cytokine Flt-3 ligand induces 
differentiation into dendritic cells. Dendritic cells 
have long projections in order to ingest microbes 
and present antigens complexed to MHC mole-
cules to naïve T-cells efficiently. Dendritic cells 
tend to reside within the skin, mucosal epithelia, 
lymphoid tissues, and organ parenchyma. 
Classical (or conventional) dendritic cells migrate 
to lymph nodes after ingesting microbes in order 
to display the processed antigen peptide frag-
ments to naïve T-cells that are residing in the 
lymph node and stimulate the T-cells that recog-
nize specifically the antigen peptide fragment- 
MHC complex. In contrast, plasmacytoid 
dendritic cells, which are another subtype of den-
dritic cells, are involved in immune responses to 
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viral infections. After recognition of viral nucleic 
acids, plasmacytoid dendritic cells secrete type I 
interferons which have potent antiviral activities. 
When they are located within inflamed tissues, 
monocytes can differentiate into inflammatory 
dendritic cells as well. Dendritic cells also play a 
role in peripheral tolerance, to help prevent the 
development of autoimmune disease. In addition, 
the Langerhans cell is a type of dendritic cell 
derived from embryonic tissue precursors. 
Langerhans cells specifically reside in the skin.

Macrophages as APCs: Another role of macro-
phages is to present antigens to CD4+ helper 
T-cells at the sites of infection. Once CD4+ helper 
T-cell activation occurs, they produce cytokines 
(including interferon-γ) that act on macrophages 
to greatly enhance their microbicidal properties 
[6]. This process is necessary in order to elimi-
nate microbes ingested by phagocytes but resis-
tant to killing.

B-cells as APCs: Among its functions,  B-cells 
act as professional APCs, as they can internalize 
antigen that binds to the B-cell receptor on the 
cell surface of B-cells. After processing these 
antigens, the B-cell presents the antigen peptide 
fragments complexed to MHC Class II molecules 
along with co-stimulatory (such as B7 complex) 
to CD4+ helper T-cells. This interaction promotes 
the cooperation between CD4+ helper T-cells and 
B-cells to enhance B-cells’ antibody responses to 
protein antigens (reviewed in [7]).

Nonprofessional APCs: Any nucleic acid can 
act as a “nonprofessional” APC in that they can 
display endogenous peptides in the context of 
Class I MHC molecules coupled to a β-2 micro-
globulin on the cell surface. This cell can be rec-
ognized by a CD8+ cytotoxic T-cell that expresses 
the antigen receptor that recognizes its specific 
antigenic-peptide Class I MHC complex dis-
played by the nonprofessional APC, resulting in 
CTL activation.

Lymphocytes: Lymphocytes are derived from 
common lymphoid progenitor cells in the bone 
marrow shortly after birth. T- and B-cell precur-
sors go through a highly regulated series of differ-
entiation and then maturation steps that are 
distinguished by a series of different phenotypic 
and functional CD markers. Maturation of T- and 
B-cells takes place in different organs: B-cells 

mature in the bone marrow and migrate to the 
spleen, lymph nodes, and peripheral lymph tissues 
to undergo further maturation, whereas immature 
T-cells leave the bone marrow and go to the thy-
mus where they undergo maturation. T-cells leave 
the thymus fully matured but naïve and go to the 
secondary lymph organs, i.e., the spleen, lymph 
nodes, and lymphoid tissues, to await interaction 
with foreign antigens presented to them by APCs. 
Naïve T-cells are called this because they have not 
yet encountered their foreign antigen which will 
bind their specific antigen receptor.

Lymphocytes are responsible for driving adaptive 
immunity (see section below in this chapter, 
“Adaptive Immunity”). They have the unique proper-
ties of diversity and specificity. In other words, each 
individual lymphocyte expresses antigen receptors 
that will only recognize a single antigen peptide frag-
ment (or determinant) coupled with MHC molecules 
with high affinity (hence the property of exquisite 
specificity). Simultaneously, the tremendous diver-
sity of lymphocytes is derived from the large number 
of lymphocytes (approximately 5 × 1011) contained 
within the body, each expressing one specific antigen 
receptor but with the capability of recognizing a dif-
ferent antigenic peptide determinant. This diversity is 
often referred to as the “lymphocyte repertoire.” This 
diverse lymphocyte repertoire enables an individual 
to recognize and respond to any foreign antigen it 
will potentially encounter. The mechanisms by which 
the lymphocyte repertoires develop and operate are 
discussed later in this chapter (below in this section 
and under the section “Adaptive Immunity”). The 
distribution of lymphocytes throughout the human 
body is as follows: approximately 65% in the lym-
phoid organs (the spleen and lymph nodes), 15% in 
lymphoid mucosal tissues (in the GI and respiratory 
tracts), 10% in the bone marrow, 4% within the skin, 
and 2% in the blood.

Lymphocyte subsets: The two major classes of 
lymphocytes are B-cells and T-cells. B-cells and 
T-cells are subdivided into subsets that are char-
acterized by their function and/or cytokine pro-
duction because morphologically they are quite 
similar. Table 3.2 summarizes the lymphocyte 
subsets and their functions.

B-cells: B-cells were lymphocytes named as 
such because they were first found to mature in 
the bursa of Fabricius in birds. Mammals, 
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including humans, do not have bursa of Fabricius 
or an equivalent organ/tissue. Subsequently, it 
was found that B-cells develop and mature 
within the bone marrow. The major function of 
B-cells is to produce antibody. In comparison, 
T-cells arise from within the bone marrow, but 
they migrate to the thymus to undergo maturation 
(sometimes referred to as T-cell education). 
Subsets of B-cells include follicular B-cells, mar-
ginal B-cells, and B-1 cells. These B-cell subsets 
are localized in anatomically distinct regions 
within lymphoid tissues. The follicular B-cells 
make up the B-cell repertoire, representing 
diverse sets of antibodies which serve as the cell 
surface antigen receptor but with exquisite indi-
vidual specificity. They also secrete important 
effector molecules. In contrast, marginal-zone 
B-cells and B-1 cells produce antibody but of 
limited diversity. Their anatomical locations are 
detailed elsewhere in this chapter (see “Lymph 
Nodes” and “Spleen”). Marginal-zone B-cells 
respond rapidly to blood- borne microbial anti-
gens. They produce the antibody isotype, immu-
noglobulin (Ig) M, with limited diversity. 
Marginal-zone B-cells may represent a reservoir 
of memory B-cells [8]. In comparison, B-1 cells 
also have a limited repertoire but secrete IgM 
antibodies independent of infection that bind 
T-cell-independent antigens (reviewed in [9]). 
This is considered protective natural antibody. 
B-1 cells develop earlier during ontogeny than do 
conventional B-cells. Many B-1 cells express 
CD-5 (LY-1) molecules. They are found predom-
inantly in peritoneal and pleural cavities.

T-cells: The two major subsets of T-cells are 
CD4+ helper and CD8+ cytotoxic T-cells. These 
subsets express an antigen-specific αβ T-cell 
receptor (TCR) on their cell surfaces. They 
mediate cellular (or cell-mediated) immunity. 
Each individual CD4+ and CD8+ T-cell’s TCR 
recognizes only one foreign antigen in the con-
text of self-MHC molecules. These T-cells 
make up the widely diverse T-cell repertoire, the 
mechanism by which these T-cells are activated 
and their effector functions are detailed else-
where in this chapter (see “Adaptive Immunity” 
section). Another important subset of T-cells is 
regulatory T-cells (Tregs). They also express 
CD4 on their cell surfaces and express αβ TCRs, 

but they are distinguished from CD4+ helper 
T-cells by the expression of CD25. Tregs func-
tion to inhibit immune responses. They contrib-
ute to the contraction of an immune response 
and to the return of homeostasis. The NKT cell 
subset also expresses αβ TCRs but is distin-
guished by its cell surface expression of CD16, 
which is the Fc receptor for IgG, and by expres-
sion of CD56. NKT cells can play a role in both 
suppressing as well as activating innate and 
adaptive immune responses. They recognize 
lipid antigens that are presented by CD1d which 
is a nonclassical MHC molecule. Upon activa-
tion, NKT cells produce interferon-γ, IL-4, and 
GM-CSF in large quantities as well as IL2 and 
TNFα. Another subset of T-cells is γδ T-cells 
which express the γδ heterodimer instead of the 
αβ heterodimer of the T-cell receptor (TCR). 
This subset has limited diversity and has helper 
and cytotoxic T-cell-like functions in innate 
immunity. They play a prominent role in lipid-
antigen recognition. They do not recognize anti-
gen peptides in the context of MHC molecules 
like αβ T-cells do [10]. They are mostly found 
expressed in epithelial barrier tissues.

Innate lymphoid cells: Innate lymphoid cells 
are derived from lymphoid lineage cells in the 
bone marrow that have similar effector functions 
to T-cells but lack T- or B-cell antigen receptors. 
ILCs play important roles in homeostasis regula-
tion and the regulation of inflammation. ILCs 
are categorized into one of three types, ILC-1, 
ILC- 2, or ILC-3, based upon what cytokines 
they secrete and on the growth factors that regu-
late their development and function [11]. These 
cells provide early defense against infectious 
agents to eliminate them. They also recognize 
and eliminate stressed or damaged tissues. ILCs 
also influence the subsequent adaptive immune 
response. The best characterized ILC type is the 
natural killer (NK) cell which is a member of the 
ILC-1 class. NK cells are cytotoxic effector cells 
that are similar to CTLs but act more quickly 
than CTLs. NK cells constitute approximately 
15% of the lymphocytes in the blood. They play 
important roles in defense against viral infec-
tions and provide tumor surveillance. NK cells 
secrete interferon-γ. Other ILCs secrete IL-5, 
IL-13, IL-17, and IL-22. ILC-2 cells are involved 
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in allergic lung inflammation and helminth 
infections [12]. They produce IL-5, IL-13, IL-9, 
and IL-4 after stimulation. They are predomi-
nantly found in the skin, lungs, liver, and GI tract 
[13]. ILC-3 cells do not have cytotoxic effector 
functions, and they do not produce interferon-γ 
or TNF. They are predominantly found in muco-
sal tissues, particularly the GI tract. A subset of 
ILC-3 cells, called lymphocyte tissue inducer 
cells, express molecules needed for the develop-
ment of lymphoid tissue and lymphoid organs.

 Tissues of the Immune System

 Introduction

Tissues of the immune system provide anatomically 
discrete environments in which cells of the immune 
system can develop as well as perform their func-
tions efficiently by providing optimal environments 
for cellular interactions needed for antigen recogni-
tion and cellular activation. Tissues of the immune 
system include the bone marrow (in which hemato-
poiesis occurs after birth in humans) and lymphoid 
tissues. Lymphoid tissues can be categorized as 
central (also referred to generative or primary) and 
peripheral (or secondary) lymphoid organs. The 
bone marrow and thymus are considered central or 
generative, as they are the sites of B- and T-cell 
maturation, respectively. Generative lymphoid tis-
sues create a nurturing environment for developing 
B- and T-cells that is provided by growth factors, 
cytokines, and other molecules. Generative tissues 
also provide an environment to present self- antigens 
for recognition, selection, and ultimately the elimi-
nation of maturing lymphocytes. In comparison, 
peripheral lymphoid tissues include lymph nodes, 
the spleen, as well as the immune system regions 
contained within cutaneous, mucosal, and connec-
tive tissues (e.g., Peyer’s patches in the mucosa of 
the small intestine). Regardless of the location, the 
primary function of these peripheral lymphoid tis-
sues is to create an environment that elicits the 
appropriate adaptive immune response from naïve 
lymphocytes in an efficient manner by providing 
locations in which antigens are delivered and pre-
sented to naïve lymphocytes and in which B- and 
T-cells can interact in a cooperative way.

 Bone Marrow and the Hematopoietic 
Stem Cell Niche

The bone marrow is the site in which the vast 
majority of mature circulating blood cells are 
generated from birth in humans. It is also the site 
in which early B-cell maturation occurs [14].

Hematopoietic and progenitor stem cells reside 
within niches of the bone marrow [15]. 
Hematopoietic stem cell (HSC) niches are defined 
as the areas of bone marrow microenvironment in 
which HSCs’ survival, renewal, and differentia-
tion occur [16]. Networks involving cellular and 
molecular interactions within the bone marrow 
microenvironment along with  normal stem cell 
trafficking to and from HSC niches maintain nor-
mal hematopoiesis. Disruption (e.g., dysfunction 
and/or dysregulation) of these networks leads to 
disease. The bone marrow stroma, chemokines, 
and molecules on the cell surface of the HSCs 
play important roles in HSC trafficking. The bone 
marrow stroma and extracellular matrix provide 
the scaffolding in which blood cell components 
develop and in which HSCs are maintained and 
renewed. Alterations of key cells or molecules 
within the bone marrow microenvironment lead 
to changes in homeostasis, i.e., disrupts it.

In homeostasis, bone marrow-derived HSCs 
exit their bone marrow niches and go to peripheral 
lymphoid tissues via the lymphatic system [17]. 
Figure 3.4 depicts a schematic diagram of mobili-
zation and homing of HSCs [18]. After a period of 
time, these HSCs may reenter the bone marrow 
niche and remain there or repeat this migration 
pattern into the peripheral lymphoid tissues [19, 
20]. Certain conditions, including inflammation, 
organ or tissue damage, and strenuous exercise, 
have been found to trigger a significant increase in 
the release of HSCs into the peripheral blood [21–
24]. Mobilization is the term used to describe 
pharmacologically induced, forced egress of HSCs 
from the bone marrow into the peripheral blood. 
Once in the circulation, the HSCs can be removed 
from the peripheral blood by pheresis (see Chap. 
8). The most common mobilizers of hematopoietic 
stem and progenitor cells are G-CSF, GM-CSF, 
cyclophosphamide, and, more recently, plerixafor. 
Table 3.3 summarizes these agents’ mechanisms 
of action and kinetics. The commonly targeted 
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pathway for HSC mobilization is CXCL12/
CXCR4. G-CSF and cyclophosphamide interfere 
with CXCL12 by either disruption of CXCL12/
CXCR4 signaling (G-CSF), downregulation of 
CXCL12 on bone marrow osteoblasts (G-CSF), or 
disruption of the CXCL12 gradient (cyclophos-
phamide) [25–27]. In comparison, plerixafor is a 
CXCR4 antagonist [28].

HSC niches: There are specialized areas within 
the bone marrow microenvironment termed HSC 
niches that provide a healthy environment in which 
HSCs reside. These niches are composed of cellu-
lar and noncellular components. The cellular com-
ponents make up the bone marrow stroma which is 
composed of CXCL12- abundant reticular (CAR) 
cells [29], mesenchymal stem cells [30], adipocytes, 

Table 3.3 Summary of mobilization agents, the mechanism of action, and kinetics

Agent Mechanism of action Kinetics

•  G-CSF •  Downregulates CXCL12 on bone marrow osteoblasts
•  Disrupts CXCL12/CXCR4 signaling
•  Releases proteases, such as MMP2 and MMP9 (minor 

mechanism)
•  Disrupts VCAM/VLA-4 axis

•  Peak: 4–5 days

•  GM-CSF •  Exact mechanism unknown
 –  May involve alteration of adhesion molecules  

on HSCs

•  Peak: 5–7 days

•  Plerixafor •  Small molecule antagonist of CXCR4 •  Peak: 3–4 h

•  Cyclophosphamide •  Induces hypoxia within the central marrow that leads to 
loss of CXCL12 gradient and can increase VEGFA 
production resulting in increased protease production

–
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Immunology

Fig. 3.4 Mobilization, homing, and lodging. Schematic 
diagram showing some of the factors implicated in each 
process. Hematopoietic stem cells (HSCs) bound to the 
bone-marrow niche are mobilized in response to granulo-
cyte colony-stimulating factor (G-CSF) or cyclophospha-
mide or after peripheral myeloablation following 
treatment with 5-fluorouracil (5-FU). After extravasation 
from the bone-marrow cords into the microvasculature, 
HSCs enter the circulation and are distributed to periph-
eral tissues such as the spleen or liver. HSCs locate close 
to endothelial cells in the splenic red pulp. They home to 
the bone-marrow cords through the circulation, a process 
that is controlled by a number of adhesion molecules such 

as very late antigen 4 (VLA4), VLA5, lymphocyte 
function- associated antigen 1 (LFA1), or selectins. After 
entering the bone marrow, HSCs specifically lodge in the 
niche, a process requiring membrane-bound stem cell fac-
tor (SCF), CXC-chemokine ligand 12 (CXCL12), osteo-
pontin (OPN), hyaluronic acid, and their corresponding 
receptors. CXCR4, CXC-chemokine receptor 4; 
E-selectin, endothelial cell selectin; P-selectin, platelet 
selectin; PSGL1, P-selectin glycoprotein ligand 1 
(Reprinted by permission from Macmillan Publishers Ltd: 
Wilson A. and Trumpp A. Bone-marrow hematopoietic- 
stem- cell niches. Nature Reviews Immunology. 6:93-106, 
2006 [18]). Copyright © 2006 Nature Publishing Group
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macrophages [31], vascular endothelial cells [32], 
osteoblasts, osteoclasts, sympathetic neurons [33], 
Schwann cells, regulator T-cells (Tregs), mega-
karyocytes [34], and smooth muscle cells. 
Figure 3.5 illustrates the relationship between 
HSCs and the stromal cells of the HSC niche [35]. 
These stromal cells secrete fibronectin, hyaluro-
nan, collagen, laminin, chondroitin sulfate, heparan 
sulfate, and glycosaminoglycans which are key 
components of the extracellular matrix (ECM) sur-
rounding the HSC niche. They also secrete essen-
tial factors that promote HSC maintenance, 
including SCF and CXCL12 (see Fig. 3.6 for a 
schematic representation of the HSC niche and 
noncellular and cellular regulators [36]). They also 

express the nonessential factors thrombopoietin, 
angiopoietin-1, angiogenin, FGF1, TGFβ, osteo-
poietin, and Notch ligands. Tables 3.4 and 3.5 sum-
marize the key cellular and noncellular components, 
respectively, of the HSC niche and the roles they 
play. The bone marrow stroma along with the ECM 
provides the scaffolding that permits a hospitable 
environment for HSC maintenance, development, 
renewal, and differentiation through direct cellular 
contact, adhesive molecules (such as hyaluronic 
acid), and cytokines. Cell-cell contact between 
HSCs and osteolineage cells is important for the 
regulation of the HSC niche. In vitro studies have 
shown that CD34+ HSCs make cell-cell contact 
with osteolineage cells and even exchange a portion 
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Fig. 3.5 Hematopoietic stem cell niches. In the bone mar-
row, hematopoietic stem cells (HSCs) can be found near the 
endosteal surface (a), in association with CXCL12-abundant 
reticular (CAR) cells (b), and in the periphery of sinusoids 
and perivascular nestin-expressing cells (c). Each niche is 
thought to provide signals that support HSC behavior, 
although the relationship between HSCs that are present in 
different niches is still unclear (dotted arrows). Likewise, 
blood vessels in the bone marrow are often in close associa-
tion with the bone, although their interaction is still poorly 
understood (d). At the endosteal surface, osteoblastic cells 
express factors that participate in HSC retention; osteoclasts 

regulate osteoblastic cell function by inducing bone remodel-
ing; and macrophages regulate osteoblastic cell activity and 
the retention of HSCs. In the bone marrow stroma, HSCs are 
associated with CAR cells, which express factors that pro-
mote HSC retention. Adipocytes negatively regulate HSCs in 
the steady state. In the perivascular area, HSCs are associated 
with nestin-expressing cells, which promote HSC retention 
and are regulated by macrophages and the sympathetic ner-
vous system (SNS) (Reprinted by permission from 
Macmillan Publishers Ltd: Mercier FE, Ragu C, Scadden 
D. The bone marrow at the crossroads of blood and immu-
nity. Nature Reviews Immunology. 12:49–60, 2011 [35])

3 Brief Introduction to the Basic Scientific Principles of Hematopoietic Stem Cell Transplantation (HSCT)



34

of their membranes, creating a signaling endosome 
that causes stromal cells to downregulate Smad sig-
naling and increase CXCL12 production which 
will lead to a more hospitable environment for 
HSCs. When irradiation damages HSC niches, 
HSCs secrete angiopoietin which helps to repair 
vascular leakiness and restores hematopoiesis [37]. 

Thus, HSCS can help create their own niches in the 
bone marrow. Bone marrow is highly innervated 
[38]. The nervous system regulates HSC retention 
in HSC niches via circadian rhythms [39]. 
β-Adrenergic stimulation leads to oscillating 
release of norepinephrine, CXCR4 expression, and 
CXCL12 production which results in a regular 
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Fig. 3.6 A schematic of the HSC niche in adult bone 
marrow. Most hematopoietic stem cells (HSCs) localize 
adjacent to sinusoids, where they are in close contact with 
leptin receptor (LEPR)-expressing mesenchymal stromal 
cells (also known as CXC-chemokine ligand 12 
(CXCL12)-abundant reticular (CAR) cells) and endothe-
lial cells, both of which are necessary sources of the stem 
cell factor (SCF) and CXCL12 required for HSC mainte-
nance. Approximately 10% of HSCs localize near to 
small-diameter arterioles, which are also associated with 
LEPR+ stromal cells, as well as rare Ng2-CreER+ cells 
(in which a tamoxifen-activated form of Cre recombinase 
is expressed from the Ng2 locus, which encodes neural- 
glial antigen 2) that may or may not be a source of the 
CXCL12 required for HSC maintenance. Nerve fibers, 
Schwann cells associated with nerve fibers, megakaryo-

cytes, macrophages, and osteoclasts also regulate HSC 
maintenance through several mechanisms. Osteoblasts do 
not directly regulate HSC maintenance through any 
known mechanism, but they probably indirectly regulate 
HSC maintenance through cross talk with other cell types 
in the bone marrow, such as the cells comprising the vas-
culature. Osteoblasts promote the maintenance of a subset 
of early lymphoid progenitors by secreting very low levels 
of CXCL12, but other lymphoid progenitors reside in 
sinusoidal niches, where they depend on CXCL12 synthe-
sized by LEPR+ cells. TGFβ, transforming growth 
factor-β (Reprinted by permission from Macmillan 
Publishers Ltd: Crane GM, Jeffrey E, Morrison SJ. Adult 
Haematopoietic Stem Cell Niches. Nature Reviews 
Immunology. Published online 12 June 2017, doi:https://
doi.org/10.1038/nri.2017.53 [36])

V.I. Brown

https://doi.org/10.1038/nri.2017.53
https://doi.org/10.1038/nri.2017.53


35

transient egress of HSCs from the bone marrow 
niches [39, 40]. HSCs express β2-adrenergic and 
dopamine receptors, and these neurotransmitters 
are chemoattractants for HSCs [41]. Nestin which 
is normally restricted to expression in nerve cells is 
an intermediate filament protein that is also 
expressed on mesenchymal stem cells found in the 
bone marrow [42]. Repeated exposure of the HSC 

niche to cisplatin causes injury to the HSC niche 
presumably through damage to the nervous system 
within the bone marrow [33].

Many adhesive molecules that play a role in 
retaining HSCs in their niches have been identified. 
Interactions with N-cadherin is involved, but its 
exact mechanism remains unclear with contradic-
tory evidence reported [43–45]. Other adhesion 

Table 3.4 Cell types found in the hematopoietic stem cell niche and their roles

Cell type Location Role and/or mechanism

•   CAR cell
•  LEPR stromal 

cell
•  Nestin + MSC

•  Perivascular
–  Mainly perisinusoidal 

but also periarticular
–  Located adjacent to 

HSCs

•  Subpopulation of mesenchymal stromal cells
•  Expresses high levels of CXCL12
•  Produces SCF

•  Osteoblast •  Lining of endosteum •  Expresses low levels of CXCL12 (1000-fold lower than CAR 
cells)

•  A decrease in cell number → decreased cellularity and 
increased extramedullary hematopoiesis

•  Changes in CXCL12 cell surface expression → HSC 
mobilization

•  Produces thrombopoietin

•  Osteoclast •  Lining of endosteum •  Regulates bone resorption
•  Stress → increased osteoclasts  increased HSCs in peripheral 

blood
•  A decrease in number → increased trabecular bone formation, 

decreased number of HSCs, decreased engraftment, and 
increased HSC mobilization

•  Sinusoidal 
endothelial cell

•  Produces SCF
•  Expresses CXCL12 but 100-fold lower than CAR cells

•  Macrophage •  Scattered throughout 
bone marrow

•  Promotes retention of HSCs/HPCs in the niche
•  A decrease in cell number → HSC mobilization via CXCL12 

depletion

•  Adipocyte •  A decrease in cell number → increased trabecular bone, 
increase HSC number, and increased HSC engraftment

•  Sympathetic 
neuron
–  Specific nerve 

fibers

•  Usually associated with 
arterioles in central 
bone marrow

•  Regulates daily circadian rhythm of HSC mobilization
•  Required for hematopoietic recovery after chemotherapy
•  β-Adrenergic tone can regulate nestin + stromal cells
•  Inhibition → increased HSC mobilization

•  Schwann cell •  Associated with nerve 
fibers

•  Regulates proteolytic activation of latent TGFβ
–  TGFβ promotes HSC maintenance

•  Skeletal stem 
cell

•  Metaphysis •  Forms fibroblasts
•  Can undergo multilineage differentiation into osteoblasts, 

chondrocytes, and adipocytes

•  Regulatory T-cell •  Widely dispersed
–  But commonly found 

near endosteal 
surfaces

•  Megakaryocyte •  Perisinusoidal
•  Close proximity to 

HSCs

•  Secretes TGFβ1 which promotes HSC quiescence
•  Can promote regeneration of HSCs after myeloablation via 

production of FGF1

CAR cell CXCL12-abundant reticular cell, MSC mesenchymal stem cell, CXCL12 CXC motif chemokine ligand 12, 
SCF stem cell factor, HSCs hematopoietic stem cells, HPCs hematopoietic progenitor stem cells, TGFβ transforming 
growth factor beta, FGF1 fibroblast growth factor 1
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Table 3.5 Noncellular components that regulate hematopoietic stem cells and the HSC niche

Component Source Effector cell Role and/or mechanism

•  Oxygen – – •  Hypoxia induces CXCL12 expression 
through HiF1-α

•  Calcium •  Concentrated along 
the bone

•  Sensed through 
calcium channels 
on HSCs

•  Deletion of the calcium-sensing receptor → 
reduced bone marrow cellularity with a 
decrease in HSC number and concurrent 
increased progenitor cell mobilization into 
the peripheral blood and spleen

•  CXCL12 
(SDF-1)

•  CAR cells
•  Endothelial cells
•  Nestin + MSCs
•  Osteoblasts

•  CXCR4-
expressing cells 
(HSCs)

•  Promotes HSC maintenance and retention in 
the bone marrow via gradient-mediated 
chemotaxis
  –  Gradient is affected by G-CSF

•  Maintains HSC pool size
•  Homing, retention, and mobilization of HSCs
•  Deficiency of CXCL12 or its receptor, 

CXCR4, in mice → disruption of 
colonization of the bone marrow

•  SCF •  CAR cells
•  Endothelial MSCs
•  Osteoblasts
•  Nestin + MSCs

•  HSCs •  Binds to KIT receptor
•  Promotes HSC maintenance (LT-HSCs)

•  Thrombopoietin •  Osteoblasts •  HSC quiescence and maintenance
•  Produced in the liver, kidney, and bone 

marrow stroma and by osteoblasts
–  May be transported from the blood to the 

bone marrow
–  Deficiency of thrombopoietin or its 

receptor (c-Mpl) → profound decrease in 
HSC number

•  Angiopoietin-1 •  Osteoblasts
•  Nestin + MSCs
•  LEPR+ cells
•  HSCs

•  Endothelial cells •  HSC quiescence
•  Promotes the maintenance of quiescent HSCs 

(LT-HSCs) but not required
•  Regulates the regeneration of the HSC niche

•  Notch ligands •  Endothelial cells
•  Osteoblasts

•  Osteoblasts
•  HSCs
•  Endothelial cells

•  Binds Notch in HSCs → quiescence
•  Notch 2 promotes HSC regeneration after 

myeloablation
•  Parathyroid hormone increase expression of 

Notch ligands on osteoblasts that results in an 
increase number of HSCs in the bone marrow

•  Angiogenin •  MSCs
•  HSCs

•  HSCs
•  LSK cells

•  Promotes HSC quiescence and proliferation 
of myeloid progenitors

•  Promotes recovery of hematopoiesis after 
myeloablation

•  FGF-1 •  Megakaryocytes •  HSCs
•  Megakaryocytes

•  Promotes regeneration of HSCs and 
megakaryocytes after myeloablation

•  TGFβ •  Megakaryocytes
•  Schwann cells
•  Others

•  HSCs
•  Others

•  Promotes HSC quiescence and self-renewal

•  Osteopontin •  Endosteum-lining 
cells

•  HSCs •  Negatively regulates the number of HSCs
•  Mice deficient in osteopontin have increased 

number of HSCs in the bone marrow

CXCL12 CXC motif chemokine ligand 12, CAR cell CXCL12-abundant reticular cell, CXCR4 CXC motif chemokine 
receptor 4, HSCs hematopoietic stem cells, G-CSF granulocyte colony-stimulating factor, MSCs mesenchymal stem 
cells, SCF stem cell factor, LSK cells lineage-SCA+, KIT+ myeloid progenitors, FGF1 fibroblast growth factor 1, TGFβ 
transforming growth factor beta
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molecules identified in contributing to HSC tether-
ing to the HSC include markers of the integrin fam-
ily (integrin α4β1, very late antigen-4 (VLA-4), 
α5β-very late antigen-5, α4β7 integrin, lymphocyte 
Peyer’s patch adhesion molecule (LPAM)-1, the 
alpha 6 integrins (lamina), CD44, E-selectins, the 
angiopoietin receptor, calcium- sensing receptor, 
stromal cell-derived factor-1a, and osteopontin) 
[46–53]. Studies also show that transplanted HSCs 
localize and engraft to endothelial microdomains 
that express E-selectin and SDF-1α [54]. 
Furthermore, stromal cells expressing signaling 
lymphocytic activation molecules (SLAM) which 
were found adjacent to the bone marrow sinusoidal 
blood vessels were enriched for HSCs [55].

Taichman et al. [56, 57] showed that cells of 
the osteoid lineage secrete growth factors, such 
as G-CSF, GM-CSF, IL-1, IL06, and TGFB, that 
play significant roles in the regulation of hemato-
poiesis in the HSC niche. Others have found that 
the Notch ligand, Jagged 1, helps to regulate 
HSC self-renewal versus differentiation [58, 59]. 
However, other studies in which all Notch 
 signaling was inhibited did not result in deficits 
in HSC function [60].

While the bone marrow has been classically 
divided into two anatomical niches (the perivas-
cular and endosteal niches), location alone is not 
sufficient to provide an adequate environment for 
HSCs to flourish [45, 61, 62]. These niches need 
to be functional, and the relationship between the 
HSCs and their niches is dynamic and appears to 
rely on the maturation stage of the HSC. For 
example, more immature HSCs and those that 
respond to damage signals [63] are found near 
the endosteum whereas more mature, quiescent, 
long-term HSCs reside near the perivascular 
niche [64]. HSC entrance into the cell cycle and 
differentiation are highly regulated processes to 
prevent HSC exhaustion [65]. In healthy patients 
who are not physiologically stressed, the vast 
majority of HSCs are quiescent, residing in the 
perivascular niche. However, damage to the 
stroma/niches such as irradiation and chemother-
apies used in myeloablative conditioning regi-
mens results in approximately 50% of the HSCs 
recycling through the peripheral blood.

HSC homing to the bone marrow: Stromal cell-
derived factor-1 (SDF-1) (also known as CXCL12) 

is a chemotactic factor that is expressed on the sur-
face of bone marrow stromal cells, specifically, the 
CXCL12-abundant reticular (CAR) cells and, to a 
lesser extent, osteoblasts. Its ligand is CXCR4 and 
is expressed on circulating HSCs. Circulating HSCs 
gravitate toward the HSC niche via adhesion mole-
cule interactions and by secreting metalloproteases 
that disrupt the extracellular matrix in order to move 
toward and settle into the HSC niches. High con-
centrations of CXCL12 are thought to promote 
HSC survival and quiescence. The expression of 
CXCR4 and CXCL12 (SDF-1) as well as other 
genes that regulate hematopoiesis and HSC fitness 
and stemness is regulated by HIF-1α transcription 
factor; hypoxia stabilizes HIF-1α [66, 67]. 
Decreased oxygen tension (i.e., hypoxia) induces 
CXCL12 through the action of HIF-1α and corre-
lates with increased expression of CXCL12 on 
endothelial cells. The HSC niche has been found to 
be hypoperfused, creating a hypoxic environment 
[68, 69]. Another key molecule that plays an impor-
tant role in HSC homing is stem cell factor (SCF). 
SCF can increase CXCR4 expression to promote 
homing of HSCs to the HSC niche [29]. When the 
bone undergoes osteoclast-mediated reabsorption, 
calcium is released into the bone marrow microen-
vironment. This extracellular calcium acts as a che-
moattractant to HSCs that express calcium-sensing 
receptors on their cell surfaces [46].

 Thymus

The thymus which is considered a central or 
generative lymphoid organ is the site of T-cell 
maturation. T-cells found in the thymus, even if 
they are located there transiently, are often 
referred to as thymocytes. The thymus is located 
in the anterior mediastinum. It is a bilobed 
organ. Each bilobe is divided into multiple lobes 
that are divided by fibrous septa. Each lobe is 
further divided into an outer cortex and inner 
medulla. The epithelial cells of the thymus 
which make up the infrastructure of the thymus 
are derived from the ectoderm that had invagi-
nated to form branchial pouches. Once T-cells 
enter the thymus, their maturation (also referred 
to as T-cell education) begins in the cortex. As 
their maturation progresses, T-cells migrate 
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from the cortex to the medulla. Thus, the 
medulla contains the most mature, but naïve, 
T-cells. Most of the T-cells within the thymus 
are concentrated into the cortex whereas the 
medulla typically contains macrophages and 
dendritic cells with just a few T-cells. Also, cor-
tical epithelial cells are scattered throughout the 
thymus and secrete IL-7 which is necessary for 
normal T-cell development. Medullary thymic 
epithelial cells are located exclusively in the 
medulla. They play an important role in T-cell 
education in that they present self-antigens to 
developing T-cells and induce apoptosis (i.e., 
programmed cell death) in the developing 
T-cells that react to self-antigens. Approximately 
90–95% of all developing T-cells react to self-
antigens and then end up being eliminated 
within the medulla. In the medulla, areas of 
packed epithelial cells and remnants of degener-
ated cells make up Hassall’s corpuscles. The 
thymus is quite vascular, and efferent lymphatic 
vessels drain into the mediastinal lymph nodes.

 Lymph Nodes

Lymph nodes are considered a part of the 
peripheral or secondary lymphoid organs. 
Lymph nodes are encapsulated, vascular tissues 
whose architecture is conducive for promoting 
the initiation of adaptive immune responses to 
presented  non- self- antigens that are delivered to 
these sites via the lymphatics. The lymphatic 
system connects lymph nodes to each other. 
Lymphatic capillaries absorb fluid from spaces 
between tissues. This absorbed fluid is called 
lymph, and the lymph gets pumped into con-
verging larger lymphatic vessels called the 
afferent lymphatics which drain into the lymph 
nodes. The afferent lymphatics deliver dendritic 
cells (which have captured and ingested 
microbes and other soluble antigens) as well as 
inflammatory mediators to naïve lymphocytes 
located in the lymph nodes. Lymph drains from 
the lymph nodes via the efferent lymphatics. 
Eventually, efferent lymphatics drain into the 
thoracic duct which, in turn, empties into the 
superior vena cava (SVC) which finally returns 
the lymph to the blood stream. Approximately 

2 L of lymph circulates within the lymphatic 
system and returns to the peripheral blood circu-
lation each day.

There are approximately 500 lymph nodes in 
each human. All lymph nodes are surrounded by 
a fibrous capsule. Beneath the capsule lies a 
sinus system that is lined with reticular cells. 
Collagen and other extracellular proteins make 
up fibrils that bridge across the sinuses. Lymph 
nodes are filled with lymph as well as a variety 
of cell types, the majority of which are APCs 
(i.e., macrophages and dendritic cells). The 
afferent lymphatics empty into the subcapsular 
(marginal) sinus. Lymph traverses the lymph 
node into the connected medullary sinus and 
then flows out of the lymph node via the efferent 
lymphatics. Just below the subcapsular sinus, 
the lymphocyte-rich cortex exists. Within the 
lymph node cortex, B- and T-cells are seques-
tered in their own distinct regions that consist of 
a unique collection of reticular fibers and stro-
mal cells. In the outer portion of the cortex 
within the B-cell zones, collections of cells 
called follicles are found. They are organized 
around follicular dendritic cells (FDCs). 
Primary follicles predominantly contain naïve 
B-cells. The germinal centers arise in response 
to antigenic stimulation and are sites of substan-
tial B-cell proliferation as well as selection of 
the B-cells that produce high-affinity antibodies 
and generate memory B-cells and plasma cells. 
Each germinal center contains a dark- staining 
zone that is packed with proliferating B-cells 
and a light-staining zone that contains B-cells 
that are no longer proliferating because they are 
destined to undergo further differentiation and 
become long-lived memory B-cells. Follicles 
with germinal centers are referred to as second-
ary follicles. The area surrounding the follicles 
are organized into cords and are made up of 
matrix proteins, fibers, lymphocytes, dendritic 
cells, and mononuclear phagocytes.

In contrast, naïve T-cells reside in the paracor-
tical cords beneath the follicles and are often 
referred to as the paracortex. The paracortex con-
tains fibroblastic reticular cell networks and 
forms fibroblastic reticular cell conduits. These 
conduits run from the subcapsular sinus to the 
medullary sinus lymphatics and to the cortical 
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blood vessels (called high endothelial venules 
(HEV)). T-cells enter the T-cell zone via the 
HEVs and are densely packed around the 
 fibroblastic reticular cell conduits. Most of these 
T-cells are phenotypically CD4+ helper T-cells 
with a few CD8+ T-cells. Dendritic cells are found 
in this region as well.

The regional zones of lymph nodes are driven 
by chemokines secreted by the surrounding stro-
mal cells. These chemokines direct the migration 
of naive T- and B-cells to their respective regions. 
All naïve lymphocytes enter lymph nodes by an 
artery and then enter into the lymph node stroma 
via HEVs. Chemokines that are secreted by the 
central stroma provide chemoattractants to direct 
B- and T-cells to their respective zones. The stro-
mal cells that express CCL19 and CCL21 bind to 
CCR7 which is expressed on naïve T-cells and 
microbe-activated dendritic cells. Naïve B-cells 
express CXCR5 which binds to CXCL13 which 
is produced only by FDCs which specifically 
attracts naïve B-cells to follicles [70].

The development of lymph nodes during fetal 
life is stimulated by lymphoid tissue-induced 
cells, a subset of innate lymphoid cells. Proteins, 
such as lymphotoxin α and lymphotoxin β, which 
are produced by lymphoid tissue inducer cells, 
mediate lymph node development. Lymphotoxin 
β activates FDCs to produce CXCL13 which 
recruits B-cells to follicles. It also activates fibro-
blastic reticular cells to produce CCL19 and 
CCL21, resulting in the recruitment of T-cells 
and dendritic cells into the T-cell zone [71].

When T- and B-cells are activated after recog-
nition of their specific antigen, they begin to 
express different chemokine receptors that result 
in their migration toward one another. Once acti-
vated, T-cells may migrate toward follicles to 
help B-cells or leave the lymph node and enter 
the circulation. After migration into germinal 
centers, activated B-cells differentiate into 
plasma cells and may exit the lymph node and 
home to the bone marrow.

Substances contained within lymph enter 
the lymph node at the subcapsular sinus where 
they are separated out by molecular size and 
then delivered to different cell types to elicit 
specific immune responses. The structure of 
the cortex permits APCs to enter the cortex but 

not soluble molecules contained within the 
lymph. Instead, microbes and high molecular 
weight antigens are ingested by resident mac-
rophages and processed for antigen presenta-
tion to B-cells. Low molecular weight antigens 
exit the sinus via conduits and then are taken 
up by dendritic cells’ processes that protrude 
into the lumen of the conduit for presentation 
to T-cells.

 Spleen

The spleen is another peripheral (or secondary) 
lymphoid organ. Similarly to lymph nodes, one 
of the major functions of the spleen is to pro-
vide an environment in which adaptive immune 
responses are initiated in response to antigen 
presentation. The other major function of the 
spleen is the removal of aging and damaged red 
blood cells as well as immune complexes and 
opsonized microbes from the circulation. This 
highly vascularized organ is divided into red 
pulp and white pulp. The red pulp is composed 
of blood- filled vascular sinusoids whereas the 
white pulp is packed with lymphocytes. Blood 
flows into the spleen via the splenic artery, 
delivering blood at the hilum. Progressively 
smaller branches of the splenic artery eventu-
ally end in the vascular sinusoids. These sinu-
soids are filled with erythrocytes and lined with 
macrophages. The blood is then carried out of 
the spleen via the splenic vein and into the por-
tal circulation. Macrophages located within the 
red pulp remove microbes, damaged cells, and 
opsonized (antibody-coated) cells and 
microbes. While the red pulp acts as an impor-
tant filter of the blood, the white pulp houses 
the cells that mediate adaptive immune 
responses to blood-borne antigens. The white 
pulp is organized around central arteries that 
are distinct branches from the splenic artery. 
Smaller branches of the central artery pass 
through the white pulp regions, draining into a 
marginal sinus. An area that surrounds the mar-
ginal sinus (the marginal zone) forms the ana-
tomical boundary between the white pulp and 
red pulp. The white pulp is further delineated 
into B-cell and T-cell zones, similarly to the 
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architecture of lymph nodes. T-cells are located 
in zones called periarteriolar lymphoid sheaths. 
B-cells are located in follicles located between 
the marginal sinus and the periarteriolar sheath. 
The marginal zone which is located just outside 
of the marginal sinus is a distinct region that 
contains B-cells and specialized macrophages. 
The B-cells located in the marginal zone (called 
marginal-zone B-cells) have distinct functions 
as compared to those residing in the follicles 
(follicular B-cells) in that they have a much 
more limited antigen recognition repertoire 
(and are described in more detail elsewhere in 
this chapter). Circulating dendritic cells deliver 
antigens from the blood to the marginal sinus. 
In addition, macrophages in the marginal zone 
present the antigens.

Again, segregation and interaction of T- and 
B-cells are highly regulated by cytokines and 
chemokines produced by the surrounding stromal 
cells of the spleen. The chemokines and cyto-
kines are the same that regulate T- and B-cell 
interactions and localization in the lymph nodes. 
Lymphotoxin stimulates the production of stro-
mal cell-derived chemokines (CXCL13 for B-cell 
migration and CCL19 and CCL21 for T-cell 
migration).

 Immune Tissue Regions

The most important immune tissue regions are 
the skin, GI mucosa, and bronchial mucosa. 
Mucosal-associated lymphoid tissues are impor-
tant in providing protection against ingested and 
inhaled pathogens and foreign antigens.

 Immune Responses

Immunity and immune responses can be classi-
fied as innate or adaptive. Innate immunity pro-
vides initial defense against microbes whereas 
adaptive immunity acts later and is long-lasting. 
However, innate and adaptive immune responses 
are highly connected by many different mecha-
nisms. Engagement of the innate immune system 
triggers the innate immune system to stimulate 
adaptive immune responses. It also influences the 
adaptive immune response that is produced. 
Conversely, the adaptive immune response can 
enhance the protective effects of innate immu-
nity. Table 3.6 compares innate versus adaptive 
immunity in terms of specificity, diversity, and 
memory. The key components (i.e., cellular and 
chemical barriers, proteins, and cells) of innate 

Table 3.6 Comparison of innate versus adaptive immunity

Feature Innate immunity Adaptive immunity

•  Species •  Present in all living organisms 
from plants and insects to 
humans

•  Vertebrates only

•  Specificity •  Minimal
–  For structures shared by 

groups of related microbes

•  For antigens of microbes and for nonmicrobial 
antigens

•  Diversity •  Limited
•  Germline encoded

•  Very large
•  Somatic recombination of gene segments

•  Memory •  No •  Yes

•  Nonreactivity to self •  Yes •  Yes

•  Cellular barriers •  Skin
•  Mucosal epithelia

•  Lymphocytes in epithelia

•  Chemical barriers •  Antimicrobial molecules –

•  Proteins •  Complement •  Antibodies

•  Cells •  Phagocytes
– Macrophages
– Neutrophils

•  Innate lymphoid cells
– NK cells

•  Lymphocytes
– T-cells
– B-cells
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and adaptive immunity are compared as well. 
Both innate and adaptive immune responses are 
nonreactive to self-antigens, thus preventing 
autoimmune reactions.

 Innate Immunity
Innate immunity is the first line of defense against 
microbes. It is also referred to as natural or native 
immunity. Innate immunity provides immune 
defense mechanisms against microbes that are in 
place even before encountering the infectious 
agent. It is poised to respond quickly and effi-
ciently. Almost all multicellular organisms from 
plants and insects to humans have innate immu-
nity mechanisms present. Generally, innate 
immunity is nonspecific: Innate immunity does 
not recognize subtle differences between differ-
ent microbes per se. The response is essentially 
the same to repeated exposures. Innate immunity 
constitutes chemical and physical barriers, 
phagocytic cells that will ingest and kill patho-
gens, dendritic cells, NK cells, other innate lym-
phoid cells, the complement system, and 
mediators of inflammation. The mechanisms of 
innate responses occur within hours of the 
 infection being detected, whereas adaptive 
immune responses take days to be fully deployed. 
Most innate immune responses take place at 
potential portals at which microbes can enter the 
body when the epithelial barriers have been 
breached. These sites include the skin, lungs, and 
GI tract. The two major responses of innate 
immunity are inflammation and antiviral defense. 
The process of inflammation consists of recruit-
ment of leukocytes and proteins from the blood 
into the affected tissue(s) to eliminate the 
pathogen(s). Phagocytes, neutrophils, and mono-
cytes are the most common cell types that are 
recruited to the sites of inflammation. NK cells 
identify and kill virally infected cells. If microbes 
are able to circumvent these mechanisms of 
immune defense at these sites and make it into 
the circulation, then components of the comple-
ment system are activated, resulting in proteo-
lytic cleavage products. These products go on to 
mediate inflammatory responses, opsonize 
microbes for phagocytosis, and directly lyse the 
microbes. However, many pathogens have 

evolved mechanisms that evade innate immune 
responses and thus require adaptive immune 
responses to fully eradicate these pathogens.

 Adaptive Immunity
Introduction: Also referred to as specific or 
acquired immunity, adaptive immunity provides 
later responses against pathogens via three main 
mechanisms: (1) secreted antibodies that bind to 
extracellular microbes, blocking their ability to 
infect host cells and promoting the ingestion and 
elimination by phagocytes; (2) phagocytosis that 
is enhanced by antibodies and helper T-cells; and 
(3) direct killing by cytotoxic T-cells of infected 
host cell that are otherwise inaccessible to 
 antibody- or phagocytic-mediated destruction. 
Only vertebrates have adaptive immunity. 
Lymphocytes, APCs, and effector cells are the 
principal cellular components of adaptive immu-
nity. Because of their ability to specifically rec-
ognize and respond to foreign antigens, 
lymphocytes can recognize and respond to a huge 
number of microbial and nonmicrobial antigens. 
It is thought that there are approximately 107–109 
distinct antigen determinants that lymphocytes 
can recognize as foreign. B-cells recognize solu-
ble and cell surface antigens whereas T-cells rec-
ognize and respond to antigens of intracellular 
microbes and not soluble antigen. Adaptive 
immunity is characterized by its exquisite sensi-
tivity and specificity to distinguish different anti-
gens and respond more vigorously and more 
efficiently with each subsequent exposures 
(referred to as “memory”). Specificity is due to 
the expression of membrane receptors on indi-
vidual lymphocytes that can distinguish subtle 
structural differences among antigens. The abil-
ity of the T- and B-cell repertoire to be so diverse 
is due to the variability in the structures of the 
antigen-binding sites of the antigen receptor 
expressed on lymphocytes.

Historical perspective: Early experiments in 
mice demonstrated that protective immunity 
against microbes could be achieved by adoptive 
transfer of lymphocytes or molecules secreted by 
lymphocytes from immunized to naïve mice. 
Subsequent in vitro studies demonstrated that 
lymphocytes stimulated by antigens resulted in 
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immune responses, identifying lymphocytes as 
mediators of both humoral and cellular immu-
nity. Shortly thereafter, the role of the bone mar-
row and thymus in the development of B- and 
T-cells, respectively, became evident. The prop-
erties of high diversity and exquisite specificity 
of the B- and T- cell repertoire were appreciated. 
In addition, the consequences of absence or dys-
function of these systems were becoming appar-
ent. One of the first observations made that 
supports the importance of lymphocytes to adap-
tive immunity was that patients with congenital 
or acquired immunodeficiencies have a decreased 
number of lymphocytes in the peripheral blood 
and in lymphoid tissues.

In 1883, Elie Metchnikoff postulated the cel-
lular (or cell-mediated) theory of immunity that 
was based on his observations of phagocytes sur-
rounding and engulfing a thorn that was stuck in 
a translucent starfish. He concluded from this 
observation that cells (and not “humors” from the 
blood) were the principal mediators of the immu-
nologic response to foreign substances. However, 
the debate between cell-mediated versus 
“humors”-mediated immunity continued on. 
However, in the 1950s, the cellular theory of 
immunity was corroborated when it was shown 
that the adoptive transfer of cells alone and not 
serum (i.e., “humors”) could provide protective 
immunity to the intracellular bacterium, Listeria 
monocytogenes. It is now well established that 

both humoral and cell-mediated mechanisms 
play important roles in adaptive immunity.

The cardinal features of adaptive immunity: 
All humoral and cell-mediated immune responses 
to foreign antigens have a number of cardinal fea-
tures that are related to specificity, diversity, 
memory, clonal expansion, specialization, con-
traction and homeostasis, and nonreactivity of 
self. These properties are summarized in 
Table 3.7. The adaptive immune response to a 
specific antigen peptide determinant is targeted 
only to the cells of pathogen that express that 
specific antigen. This mechanism provides the 
specificity of adaptive immunity. Another cardi-
nal principal of adaptive immunity is its diver-
sity: adaptive immunity is able to respond to all 
potential antigens that may be encountered over 
an individual’s lifetime, this diversity arises from 
somatic recombinations of genes that encode for 
MHC Class I and Class II molecules, and these 
events appear to occur randomly. Furthermore, 
this diverse lymphocyte “repertoire” is preset 
before the naïve T-cells ever encounter antigens. 
Memory of an adaptive immune response is 
another fundamental principal of adaptive immu-
nity. Memory provides further, robust protection 
against future encounters with the same foreign 
antigen. Once activated, lymphocytes undergo a 
burst of proliferation in order to mount an effec-
tive immune response to eliminate effectively the 
pathogens or infected cells. Although it may take 

Table 3.7 The fundamental properties of adaptive immune responses

Characteristic Significance

•  Specificity •  An adaptive immune response to a specific antigen is targeted only to that antigen

•  Diversity •  Adaptive immunity is able to respond to all potential antigens that may be encountered over 
an individual’s lifetime, and this diversity is preset before encountering antigens

•  Memory •  Subsequent encounters to the same antigen evoke an increased immune response more 
efficiently

•  Clonal 
expansion

•  When activated, the antigen-specific effector lymphocyte undergoes a burst of proliferation 
in order to mount an effective immune response to the targeted antigen-expressing pathogen

•  Specialization •  The adaptive immune response is optimally tailored to offer appropriate defense against 
different types of pathogens

•  Return to 
homeostasis

•  Once an adaptive immune response has successfully provided adequate defense against a 
foreign antigen, the immune system “resets” or contracts in order to respond effectively to 
another newly encountered foreign antigen (homeostasis)

•  Nonreactivity to 
self

•  Injury to the host tissues by the immune system is prevented during a response to foreign 
antigens, termed tolerance
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more time to achieve this potent immune 
response, adaptive immune responses are opti-
mally tailored to the specific types of pathogens. 
Thus, adaptive immunity has specialization as 
another cardinal feature. The mechanisms of 
adaptive immune responses are programmed to 
contract down to the basal state once the patho-
gen or foreign antigen is adequately eliminated 
such that it no longer poses a threat to the indi-
vidual. This basal state is termed homeostasis. 
Fortunately, mechanisms are in place to eliminate 
lymphocytes that express antigen receptors that 
recognize self-antigens (this occurs in the thy-
mus) or to inhibit self-reacting lymphocytes that 
made it through the thymus and now in the circu-
lation in secondary lymphoid tissues/organs. This 
nonreactivity to self is termed self-tolerance. The 
mechanism of self-tolerance is extremely impor-
tant in order to avoid autoimmune disorders from 
arising. All of the above cardinal features of 
adaptive immunity are necessary in order for 
adaptive immunity to provide effective protection 
against foreign antigens that are long-lived while 
preserving the integrity of normal host cells, tis-
sues, and organs.

Humoral and cell-mediated immune responses 
demonstrate these fundamental properties differ-
ently. Table 3.8 presents a comparison of humoral 
versus cell-mediated immunity in terms of the 
effector cell type, the pathogen(s) it responds to, 
and the effector cell mechanism and their func-
tions, and these differences will be discussed 
later on in this chapter (see “Humoral Immunity” 
and “Cell-Mediated Immunity”).

Once a naïve lymphocyte (T- or B-cell) 
encounters its specific antigen (presented by 
APCs) in peripheral lymphoid organs (i.e., the 
spleen and lymph nodes), the lymphocyte 
becomes activated through a series of highly reg-
ulated steps that results in a burst of proliferation, 
termed clonal expansion (up to a 50,000-fold 
expansion of the antigen-specific T-cell and up to 
a 5000-fold expansion for the antigen-specific 
B-cell). Morphologically, both effector T- and 
B-cells significantly increase in size with an 
increase in cytoplasm to accommodate the 
increase in protein synthesis. Upon activation, 
effector T-cells begin to secrete IL-2 which stim-
ulates the proliferation of T-cells that express the 
IL-2 receptor (CD25+) on their cell surface. 
Concurrently, these activated T-cells upregulate 
the expression of IL-2 receptor on its cell surface, 
resulting in an increased proliferation in an auto-
crine fashion, driving clonal expansion. In con-
trast, naïve B-cells produce on their cell surface 
the Ig subsets, IgM and IgD. Upon activation, 
effector B-cells undergo isotype switching and 
produce IgG, IgA, or IgE subclasses, resulting in 
antibody secretion. The affinity of the antibody 
produced by the effector B-cells increases during 
the immune response because the effector B-cells 
with the highest affinity are preferentially 
selected for and expanded. The clonally 
expanded, activated lymphocytes also undergo 
differentiation to become effector cells whose 
function is to eliminate directly or indirectly cells 
and/or organisms that express the antigen specifi-
cally recognized by the expanded lymphocyte.

Table 3.8 Comparison of humoral versus cell-mediated immunity

Feature Humoral immunity Cell-mediated immunity

•  Effector cell type •  B-cells •  CD4+ helper T-cells •  CD8+ cytotoxic T-cells

•  Pathogen •  Extracellular microbes •  Microbes that have 
been phagocytosed by 
macrophages

•  Intracellular microbes 
replicating within 
infected cells (e.g., 
viruses)

•  Effector 
mechanism

•  Antibody secretion by activated 
B-cells into the serum

•  T-cell activation •  T-cell activation

•  Function •  Blockade of infections
•  Elimination of extracellular 

microbes

•  Macrophage 
activation resulting in 
the killing of 
phagocytosed 
microbes

•  Killing of infected cells
•  Elimination of infection 

reservoirs
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Memory: In general, the life-span of the 
majority of effector lymphocytes is short. 
However, a small portion of these activated T- 
and B-cells go on to differentiate into memory 
cells whose function is to mediate a rapid, 
enhanced response to subsequent exposures to 
the same antigen. These responses are called sec-
ondary immune responses. Until they reencoun-
ter their specific antigen, memory lymphocytes 
remain dormant. Lymphocytes are termed resting 
because they are not actively dividing, but they 
are metabolically active. Memory lymphocytes 
can live for months to years in this quiescent 
state. They remain in this state until they subse-
quently encounter their specific antigen. Memory 
B-cells express different classes of membrane 
immunoglobulin (termed isotype). Different phe-
notypes of memory lymphocytes are dictated by 
the transcription factors driving gene expression 
patterns in each phenotype.

 Two Types of Adaptive Immunity

Adaptive immunity has two types: humoral and 
cell-mediated (also called cellular) immunity. 
Each has different mechanisms to eliminate dif-
ferent types of pathogens/microbes. They consist 
of different cell types and molecular mediators, 
but humoral and cell-mediated immunities often 
cooperate to enhance the immediate and long- 
term immune response (see Table 3.8).

Humoral immunity: Humoral immunity is the 
main defense mechanism against extracellular 
microbes and their toxins. The key mediator of 
humoral immunity is antibody produced by acti-
vated B-cells. Humoral immunity was first dem-
onstrated by Emil von Behring and Shibasoburo 
Kitasato in 1890. Their experiments showed 
that the infusion of serum from animals that had 
been immunized with an attenuated form of 
diphtheria toxin could make naïve animals spe-
cifically resistant to diphtheria infection. 
Around the same time, Paul Ehrlich termed 
these serum proteins that bound toxins antibod-
ies. He also termed the substances that triggered 
the generation of these antibodies antigens. He 
postulated the theoretical framework of the 

specificity of the antigen- antibody reactions 
[72].

Effector B-cells include plasma cells. Plasma 
cells have an eccentric nucleus and have abun-
dant cytoplasm with large quantities of rough 
endoplasmic reticulum and distinct perinuclear 
Golgi bodies to produce large quantities of anti-
body proteins. Secreted antibodies can bind to 
extracellular microbes and their toxins to pro-
mote the ingestion of microbes by phagocytes. 
Antibodies can also bind to and elicit the release 
of cellular inflammation mediators. In addition, 
antibodies are actively transported across lumens 
of mucosal organs and across the placenta to 
offer primary defense against microbes that have 
been inhaled or ingested and to provide immunity 
against infections in the newborn. Depending on 
the protein antigens encountered, B-cells pro-
duce different classes of immunoglobulin from a 
single clone of B-cells. This process is called 
class switching. Helper T-cells are required for 
class switching to occur. The production of anti-
bodies with increased affinity is stimulated by 
helper T-cells and is termed affinity maturation. 
This affinity maturation enhances the humoral 
immune response. When antibodies bind to a 
microbe, it prevents the microbe from infecting 
cells, thus neutralizing them. IgG classes of anti-
body coat microbes which target them for phago-
cytosis because neutrophils and macrophages 
express receptors that recognize a portion of the 
IgG molecule. Generally, the half-life of antibod-
ies is a few days with the exception of IgG iso-
types which have half-lives of approximately 
3 weeks.

Immunity to a previously encountered foreign 
antigen can be measured by assaying for the type 
of isotype present and by measuring the amount 
of antibody in the serum, called antibody titers. If 
specific antigen antibody titers are present in the 
serum, then that individual is considered to be 
sensitized to that antigen and is capable of evok-
ing a protective immune response to that specific 
antigen-containing microbe. The type of isotype 
detected (i.e., IgM versus IgG) can indicate the 
timing of the exposure to the pathogen. The pres-
ence of IgM isotype indicates a recent infection 
whereas the presence of IgG isotypes suggests a 
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past infection. Also, the quantity of antibody titers 
measured from an individual’s serum can reflect 
the timing of the exposure to the foreign antigen. 
Relatively high antibody titers are found in indi-
viduals who were recently infected whereas low 
IgG titers are indicative of a past infection.

Cell-mediated immunity: Cell-mediated 
immunity predominantly provokes defense 
against phagocytes that have ingested microbes, 
working to destroy these cells. T-cells are the cell 
type that mediates cell-mediated immunity. Also, 
T-cells can help to eliminate extracellular 
microbes by helping B-cells produce antibodies 
or by the recruitment of leukocytes that have the 
capacity to kill these pathogens. Activated effec-
tor T-cells secrete cytokines and preferentially 
migrate to inflamed or damaged tissues in order 
to either directly or indirectly eliminate the cells 
expressing the specific antigen that triggered this 
cascade of events initially. Effector cells of the 
T-cell lineage include CD4+ helper T-cells and 
CD8+ cytotoxic T-cells. CD8+ effector T-cells 
directly kill the antigen-specific expressing cell. 
Their cytoplasm contains proteins in cytoplasmic 
granules that, when released, will destroy their 
respective antigen-expressing cells (e.g., virally 
infected and tumor cells). Effector CD4+ helper 
T-cells operate indirectly to eliminate foreign 
antigens. Effector CD4+ helper T-cells express 
CD40 ligand (CD154); they secrete cytokines 
that bind to macrophages and B-cells resulting in 
their activation. CD4+ helper T-cells also stimu-
late the proliferation and differentiation of T-cells 
themselves.

 Active Versus Passive Immunity

Active immunity refers to the process in which an 
immune response is evoked by the exposure to a 
foreign antigen; the individual plays an active 
role in responding to the antigen. Examples of 
active immunity include vaccination and expo-
sures to viruses, bacteria, and other pathogens. 
However, protective immunity can be adoptively 
transferred by the transfer of T-cells or the deliv-
ery of antibody. This is termed passive immunity. 
Lymphocytes collected from an immunized indi-

vidual can be transferred to newly infected indi-
viduals, making the recipient immune without 
being previously exposed to the antigen. 
Administration of serum obtained from an 
immune individual(s) (i.e., antibodies) to a previ-
ously uninfected individual who is now infected 
is also passive immunity. Examples of this type 
of passive immunity include the transfer of anti-
body from the mother to her fetus via the pla-
centa, the administration of IVIG post-HSCT, 
and infusing Cytogam to treat an individual with 
CMV reactivation or infection. Delivery of anti-
body to provide immunity is fast and effective but 
has no memory.

 Principles of Transplantation 
Immunology

 Introduction

The primary function of the immune system is to 
provide an effective defense against pathogens 
first initiated by innate immunity mechanisms and 
then by adaptive immune responses. Innate and 
adaptive immune mechanisms work in conjunc-
tion to provide not only immediate protection 
against foreign antigens but also long-lived pro-
tection in order to prevent harm if and/or when the 
antigens from a previous exposure are encoun-
tered again. The infusion of an allogeneic HSC 
graft from one individual (donor) into a different 
individual (the host or recipient) creates a unique 
situation to which both the donor and the host 
immune cells react. These responses are referred 
to as alloimmune responses due to alloreactivity.

 Alloreactivity, Alloantigens, Antigen 
Presentation, and Tolerance

Introduction: The graft from one individual 
infused into the same individual is termed autolo-
gous, whereas a graft from a genetically identical 
individual into another genetically identical 
 individual (i.e., an identical twin-to-twin HSCT) 
is called syngeneic. If the transplanted graft is 
from a donor of the same species but genetically 
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nonidentical (a sibling, a parent, or an unrelated 
donor), it is called an allogeneic HSCT. A graft 
between two individuals of different species, 
such as bone marrow from a human that is trans-
planted into a mouse, is referred to as a xenogenic 
graft (or xenograft).

Historical perspective: The principles of allo-
reactivity and the allorejection (i.e., the rejection 
of an allogeneic graft) were first derived from 
experiments performed with skin grafts. When 
skin grafts were performed to replace damaged 
skin on burn patients, all of the skin grafts became 
necrotic and fell off in approximately 1–2 weeks. 
Medawar and colleagues determined that this 
process was due to an inflammatory reaction that 
they had termed rejection. Furthermore, it was 
found that while rejection occurred 10–14 days 
after transplantation, the time to rejection was 
much shorter (3–7 days) after transplantation 
from the same donor but not a different donor, 
demonstrating specificity and memory of the 
immune response. Further studies showed that 
the allograft rejection was mediated by lympho-
cytes, i.e., by an adaptive, cell-mediated immune 
response. These lymphocytes were considered to 
be alloreactive to these antigens. Some of these 
principles that were formulated from these early 
skin transplantation mouse studies generally 
apply to hematopoietic stem cell transplantation 
but not all. Any component of the immune sys-
tem (i.e., T-cells, B-cells, antibodies) that recog-
nizes an alloantigen is also thought to be 
alloreactive and cause allorejection, as seen in 
these mouse skin transplantation experiments 
(see Chap. 11, “Graft Failure”, for a detailed dis-
cussion related to graft rejection).

Antigen presentation and alloantigens: 
Alloantigens are the molecules expressed on an 
allograft that lymphocytes and antibodies recog-
nize as being foreign. Alloantigens can elicit both 
a humoral and a cell-mediated immune response, 
and alloantigen recognition utilizes similar 
mechanisms to recognize foreign antigens of 
microbes. MHC molecules are responsible for 
strong, rapid rejection reactions. The severity of 
the immune reaction to alloantigens depends 
upon the degree of MHC incompatibility (see 
Chaps. 7 and 11). Histocompatibility is related to 

polymorphic MHC (HLA) Class I and Class II 
glycoproteins located on cell surfaces. MHC is 
codominantly expressed. The MHC locus 
encodes both MHC Class I and MHC Class II 
molecules. Both MHC Class I and Class II com-
plexes contain non-polymorphic regions of poly-
peptides as well as an extracellular, polymorphic 
peptide-binding domain that is specifically rec-
ognized by T-cells. These glycoproteins bind 
small antigen peptide fragments (called determi-
nants) that are derived from degraded proteins 
(antigens). Because the number of T-cells that 
have the capacity to recognize any one specific 
antigen is small or if the antigen load is low, 
mechanisms have evolved to concentrate anti-
gens and deliver them to collections of naïve 
T-cells to increase the chance of antigen recogni-
tion by naïve T-cells. APCs are specialized cells 
of the immune system that can capture foreign 
antigens and process these antigen proteins to 
produce these small antigen peptide fragments. 
Dendritic cells are located within epithelia and 
connective tissues where they can efficiently cap-
ture pathogens and process them. Dendritic cells 
then migrate to secondary lymphoid tissues (i.e., 
lymph nodes and the spleen) via lymphatics 
through which naïve T-cells continuously circu-
late. Thus, the likelihood that an APC will dis-
play a foreign antigen peptide to the 
complementary T-cell receptor expressed on 
naïve T-cells is greatly improved.

Depending upon the origin of the antigens, the 
small antigen peptide fragments are bound to 
either MHC Class I or MHC Class II molecules 
in the endoplasmic reticulum, and then this com-
plex of antigen peptide determinant and self- 
MHC is presented by APCs to T-cells. The 
antigen T-cell receptor on T-cells interact with 
APCs and either bind or not bind to these com-
plexes, depending upon the avidity (i.e., how 
tightly they fit together). The antigen T-cell 
receptor expressed on CD8+ T-cells recognizes an 
antigen peptide only when bound for display by 
MHC Class I molecules, whereas CD4+ T-cells 
only recognizes an antigen peptide when bound 
and displayed by MHC Class II molecules, i.e., 
class restriction. The T-cell will either “ignore” 
the interaction or become activated after co- 
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stimulation and initiate an immune response, see-
ing the alloantigen as foreign, and eliminate or 
deactivate cells expressing this “foreign” antigen. 
Thus, any remaining host T-cells will recognize 
the donor HSCs as foreign, and, conversely, 
donor T-cells will recognize recipient cells as for-
eign, resulting in graft versus host disease 
(GvHD) or graft versus malignancy (GVM) 
effect.

 Graft Rejection and Graft Versus Host 
Disease

During T-cell maturation in the thymus, T-cells 
undergo positive selection, a process that pro-
motes the survival of T-cells that bind to self- 
MHC with a low affinity and thus have an intrinsic 
weak reactivity (avidity) to self- MHC. Thus, 
these T-cells most likely will have a high binding 
affinity to an allogeneic MHC molecule regard-
less of the antigen peptide fragment specificity, 
resulting in activation of the T-cell. Furthermore, 
memory T-cells that are often present in an alloge-
neic HSC graft can cross-react with allogeneic 
host MHC, eliciting a rapid and robust adaptive 
immune response, much stronger than what naïve 
T-cells would elicit. If host T-cells are present 
when allogeneic HSCT takes place, these host 
T-cells will react to alloantigen peptide determi-
nants bound to donor self-MHC just as they would 
do to microbial antigen- derived peptide determi-
nants. This indirect presentation may result in 
CD4+ T-cell activation because the donor T-cells 
are phagocytosed by host APCs and presented on 
the APC cell surface bound to host-derived MHC 
Class II molecules. Sometimes, antigens from the 
donor cells enter the MHC Class I pathway of 
antigen presentation, and the antigen peptide frag-
ments end up being bound to MHC Class I mole-
cules when displayed on APCs; they are then 
recognized by CD8+ T-cells. Generally, it is 
thought that the effector functions of alloreactive 
T-cells cause acute graft rejection by two distinct 
mechanisms: (1) direct alloantigen recognition 
primarily mediated by CD8+ cytotoxic T-cells 
kills the graft’s HSCs directly, whereas (2) both 
CD8+ cytotoxic and CD4+ helper T-cells, gener-

ated by either the direct or indirect recognition of 
alloantigens, can cause damage to cells contained 
within the allogeneic graft that results in cytokine-
induced inflammation.

Mixed lymphocyte reaction (MLR) is an assay 
that tests the reactivity of alloreactive T-cells 
from one individual against the MHC antigens on 
blood cells from another individual. This in vitro 
assay is performed by co-culturing the mononu-
clear lymphocytes (i.e., T-cells, B-cells, NK cells, 
mononuclear phagocytes, and dendritic cells) 
from one individual with the mononuclear leuko-
cytes from another individual. If the two sets of 
mononuclear leukocytes express different MHC 
alleles, then a large number of the lymphocytes 
will proliferate in 4–7 days when they are mixed 
together; this setup is called a two-way MLR. In 
a one-way MLR, one of the two leukocyte popu-
lations is rendered incapable of proliferation by 
gamma irradiation or treatment with antimitotic 
drug co-culture with the other individual’s leuko-
cytes. This leukocyte population acts as the stim-
ulators whereas the leukocytes from the other 
individual serve as the responders. With this 
setup, CD4+ versus CD8+ T-cell-mediated (i.e., 
Class II versus Class I) alloreactivity can be 
determined after the resultant effector cell func-
tion has been tested. In other words, CD8+ T-cells 
are mediating the alloreactive response if target 
cells are lysed, whereas the alloreactive response 
is CD4+ helper T-cell-mediated if the responder 
cells secrete significant amounts of cytokines in 
response to exposure to the inactivated stimulator 
leukocytes.

Antibodies can also mediate donor graft rejec-
tion. Most high-affinity alloantibodies are pro-
duced after CD4+ helper T-cell activation of 
alloreactive B-cells. The antigens that are most 
commonly recognized by alloantibodies are 
donor MHC molecules (both Class I and Class 
II). This process is the same as that of naïve 
B-cell recognition of foreign antigens. 
Alloantibodies activate complement as well as 
neutrophils, macrophages, and NK cells by bind-
ing to the Fc receptor.

Regarding HSCT and allogeneic donor graft 
rejection, even an individual with minimal immu-
nocompetency is able to reject donor stem cells 

3 Brief Introduction to the Basic Scientific Principles of Hematopoietic Stem Cell Transplantation (HSCT)



48

by mechanisms other than adaptive immune 
responses and appears to be NK cell-mediated. 
NK cells will react against cells that do not 
express MHC Class I, and HSCs do not express 
MHC Class I, thus leaving them vulnerable to 
NK cell-mediated elimination.

While donor HSCT rejection arises from the 
host immune responses to prevent the donor 
HSCs from engrafting, allogeneic T-cells con-
tained within the allogeneic donor HSC graft 
product will react to host alloantigens that will 
result in GvHD if the host is immunocompro-
mised and unable to mount an immune response 
to reject the donor cells. GvHD and graft rejec-
tion can arise even if the HSCT recipient and 
donor are “identically” matched because they 
are only “matched” at the MHC (HLA) loci. 
Thus, there are other polymorphic antigens 
that can mount an immune response in addition 
to MHC molecules. These include minor histo-
compatibility antigens. Minor histocompatibil-
ity antigen proteins are often processed and 
presented bound to self-MHC by APCs to 
T-cells just like any other protein antigen. 
Minor histocompatibility antigens often elicit a 
weaker or slower immune reaction. Minor his-
tocompatibility antigens are thought to play a 
significant role in inducing graft rejection that 
elicits a weaker or slower rejection reaction. 
Minor histocompatibility antigens can also 
play a role in the development of GvHD, but, 
again, with lesser clinical consequences as 
compared to the response driven by MHC 
incompatibility. There are two classifications 
of GvHD, acute and chronic. Historically, the 
distinction between acute and chronic GvHD 
was based upon the histology and timing post-
HSCT that the GvHD developed. However, 
GvHD is classified predominantly based upon 
histology and clinical manifestations with dis-
regard to the timeline of its development. 
(Please see Chaps. 18 and 19 for in-depth dis-
cussions on acute and chronic GvHD, respec-
tively.) It is thought that mature T-cells 
contained within the allogeneic donor HSC 
product initiates acute GvHD. Activated donor 

T-cells migrate to the skin, GI tract, and liver 
which express chemokines that attract T-cells 
to these tissues. Both CD4+ and CD8+ T-cells 
migrate to these areas and produce inflamma-
tory cytokines (often referred to as a “cytokine 
storm”) that result in further injury to these tar-
geted tissues. However, the effector cells that 
result in host (recipient) epithelial tissue dam-
age are not as well defined. NK cells have been 
found within dying epithelial cells as seen on 
biopsy and may play a role. In addition, CD8+ 
cytotoxic T-cells and cytokines secreted by 
donor effector cells appear to be involved in 
the pathogenesis of acute GvHD.

The pathogenesis of chronic GvHD is less 
understood, but it is not just a continuation of 
acute GvHD. While donor T-cells are impli-
cated in the pathogenesis of chronic GvHD 
with an infiltration of mononuclear cells caus-
ing an intensely inflammatory environment, no 
one single animal model has been able to 
account for all of the clinical features observed 
in humans with chronic GvHD. However, the 
resultant fibrosis associated with chronic 
GvHD suggests chronic antigen stimulation. 
Thymic damage from total body irradiation 
used as part of the conditioning regimen, acute 
GvHD, or immunosuppressive medications 
may lead to a lack of negative selection of 
donor-derived immature T-cells to occur [73]. 
The failure of negative selection to take place 
allows for alloreactive donor T-cells to mature 
and recognize host alloantigens. Another 
potential contributor to chronic GvHD is an 
inadequate production of donor-derived regu-
latory T-cells which can lead to autoimmune 
disease [74, 75]. Many of the clinical manifes-
tations of chronic GvHD are reminiscent of 
autoimmune- like disorders.

Both acute and chronic GvHD are treated with 
intense immunosuppression, but patients may not 
respond as expected because these treatment 
strategies only target certain aspects of donor 
effector mechanisms. Therapeutic approaches for 
the treatment of acute and chronic GvHD are 
addressed in Chaps. 18 and 19, respectively.
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 Tolerance and Immune 
Reconstitution

Tolerance: Immune tolerance is classified as cen-
tral or peripheral tolerance. Central tolerance 
occurs in generative lymphoid organs when 
immature lymphocytes are exposed to self- 
antigens presented in these organs (bone marrow 
for immature B-cells and thymus for immature 
T-cells). Immature B-cells that bind to self- 
antigens with high avidity can undergo a process 
called receptor editing that results in the acquisi-
tion of a new specificity recognized by the B-cell 
receptor which is not self-reactive. If this recep-
tor editing fails, then the immature B-cell 
expressing a B-cell receptor that binds to self- 
antigens with high avidity often undergoes apop-
tosis in the bone marrow or spleen by a process 
termed negative selection [76]. In comparison, in 
the thymus, immature T-cells that bind to self- 
antigens with high affinity can be eliminated with 
high efficiency by negative selection in order to 
avoid alloreactivity. Alternatively, these imma-
ture T-cells that bind to self-antigens can develop 
into regulatory T-cells that contribute to periph-
eral tolerance.

In contrast, peripheral tolerance is induced in 
mature T-cells [77]. In peripheral tolerance, 
anergy occurs in CD4+ T-cells that encounter 
their specific antigen, but the T-cells are not acti-
vated because they did not have adequate co- 
stimulation or they engaged inhibitory receptors 
(e.g., CTLA-4 or PD-1) which bind with a higher 
affinity. Often these anergic cells undergo apop-
tosis. Similarly, anergy and subsequent apoptosis 
occurs to B-cells that recognize self-antigens 
when located in the periphery.

Immune reconstitution is addressed in Chap. 26.

 Immunodeficiency

Conditioning regimens that HSCT recipients 
need to undergo prior to the infusion of their allo-
geneic donor HSC graft adversely affects the 
recipients’ lymphocyte repertoire as well as elim-

inates memory cells and plasma cells. It often 
takes a long time for these cells to regenerate, and 
HSCT recipients will need to undergo revaccina-
tion (see Chap. 26, “Immune Reconstitution 
After Hematopoietic Stem Cell Transplantation”). 
During this period of immune regeneration, post- 
HSCT patients are very vulnerable to infection, 
particularly viruses (see Chap. 17, “Infectious 
Complications and HSCT”). They are also sus-
ceptible to developing EBV-associated PTLD 
and B-cell lymphomas (see Chap. 17, “Infectious 
Complications and HSCT”). Passive immunity 
with IVIG and the use of prophylactic antibiotics 
and antiviral and antifungal agents can help pre-
vent these life-threatening, opportunistic infec-
tions while awaiting immune reconstitution.

 Key Points

• The immune system provides a vital network 
of defense mechanisms against pathogens and 
foreign substances that employ a combination 
of cellular and noncellular components that 
are highly integrated and regulated.

• Cluster of differentiation (CD) nomenclature 
provides a uniform naming system for cell 
surface markers that was originally devised to 
characterize cells of the immune system, but 
now this nomenclature is applied to all cell 
types.

• Hematopoiesis is the process by which all 
mature blood cells are produced. Hemato-
poiesis is a highly regulated process that begins 
as early as day 18 of gestation in humans in the 
yolk sac. By birth, hematopoiesis takes place 
in the bone marrow in humans.

• The hematopoietic stem cell (HSC) is a plu-
ripotent stem cell that gives rise to all mature 
blood cells through a process called multilin-
eage differentiation. HSCs have two main 
properties of reconstitution and self-renewal. 
The majority of HSCs are quiescent and reside 
in designated, hospitable regions in the bone 
marrow called HSC niches. These niches 
have a number of cell types and molecules 
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(cytokines, chemokines, and growth factors) 
that function in concert to maintain HSCs and 
the HSC niche.

• The most highly active sites poised to provide 
an immune response are those that are most 
likely to be portals of infection or foreign sub-
stances; these include the skin, the respiratory 
tract, and the GI tract.

• Organs of the immune system are functionally 
and anatomically organized to provide rapid, 
directed responses in defense of pathogens 
and foreign antigens. Generative or primary 
lymphoid organs are the bone marrow and 
thymus because they are the predominant sites 
of immune cell development. Secondary lym-
phoid organs include the spleen, lymph nodes, 
and lymphoid mucosal tissue.

• The key effector cell types that provide immu-
nity are phagocytes, antigen-presenting cells, 
and lymphocytes, all of which have distinctive 
roles in providing innate and/or adaptive 
immune responses.

• In innate immunity, neutrophils, monocytes, 
and natural killer (NK) cells are the primary 
cells involved in the delivery of innate immune 
responses. Neutrophils are the most abundant 
immune cell type in the circulation, and they 
are recruited to sites of infection and tissue 
injury where neutrophils eliminate pathogens 
and damaged tissues by releasing their con-
tents of their lysosomal granules or by phago-
cytosing them.

• Adaptive immunity cell types are B- and 
T-cells. The cardinal features of adaptive 
immunity are specificity, diversity, memory, 
clonal expansion, specialization, contraction, 
and nonreactivity to self.

• Both B- and T-cells have highly diverse reper-
toires and specific antigen receptors to provide 
adaptive immune responses which increase in 
effectiveness with each subsequent encounter 
with the specific antigen the lymphocyte is 
programmed to recognize.

• Adaptive immune responses are classified into 
two types: humoral and cell-mediated. 
Humoral immunity is mediated by antibodies 
secreted by activated B-cells whereas cell- 
mediated immunity is mediated by activated 

T-cells that act to directly or indirectly kill 
infected or tumor cells.

• The function of antigen-presenting cells 
(APCs) is to capture, process, and present 
antigen peptide fragments (also referred to as 
determinants) that are bound to MHC mole-
cules for recognition and activation of lym-
phocytes to elicit a cell-mediated immune 
response.

• Alloreactivity is the state in which T-cells or 
antibodies recognize and react to an antigen 
(alloantigen) expressed on cells or tissues 
from another individual that can result in 
allorejection of the cells/tissues expressing the 
alloantigens. In HSCT, recipient alloreactive 
immune cells must be suppressed or elimi-
nated; otherwise the donor HSC graft will be 
rejected, and graft failure will result. 
Conversely, suppression of donor alloreactive 
T-cells is necessary to prevent graft versus 
host disease from occurring.
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Abstract

Hematopoietic stem cell transplantation (HSCT) is now indicated in over 
100 disease types and subtypes. While autologous stem cell transplantation 
is mainly reserved for high-risk malignancy, allogeneic stem cell transplan-
tation can be used in both malignant and nonmalignant disorders. The most 
common types of malignant disorders that undergo treatment with trans-
plantation include leukemia, lymphoma, brain tumors, and neuroblastoma. 
The most common types of nonmalignant diseases that are treated with 
transplantation include severe aplastic anemia, inherited bone marrow fail-
ure syndromes, immunodeficiencies, hemoglobinopathies, and inherited 
metabolic disorders. For nearly all indications, chemotherapy is given prior 
to the transplant either as primary treatment for the disease and/or to allow 
space for the new stem cells through myeloablation. Toxicity from both the 
chemotherapy as well as infectious risks should be balanced with the exist-
ing clinical status of the patient prior to moving ahead with any transplant 
in order to choose the best approach. Because the number of pediatric 
patients undergoing transplantation is relatively small, it is strongly recom-
mended that when available, patients be treated in the context of a clinical 
trial. Recommendations on whom and when to transplant are frequently 
being updated, so it is important that transplant physicians and referring 
physicians carefully review therapeutic options for each patient.

 Introduction

Hematopoietic stem cell transplantation (HSCT) 
was first investigated in humans during the 1950s 
[1]. Its primary indications at the time were for 
cancer, aplastic anemia, and immunodeficiency 
[2]. Prior to the identification of human leukocyte 
antigen (HLA) typing, successful early trials 
used identical twin donors. Since the discovery of 
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and later increased accuracy of molecular HLA 
typing, the ability to treat patients with transplant 
using either related or unrelated donors has rap-
idly expanded. In this chapter, we will address 
the disease indications for HSCT in children. We 
will discuss the indications of both autologous 
and allogeneic HSCT for malignancy as well as 
allogeneic transplantation for nonmalignant 
disorders.

 Malignant Disorders

 Acute Lymphoblastic Leukemia

 Indications for HSCT of ALL in First 
Complete Remission (CR1)
Acute Lymphoblastic Leukemia (ALL) is the 
most common malignancy of childhood affecting 
approximately 2700 children in the United States 
per year. Most of these children will be cured 
with conventional chemotherapy. However, a 
small percentage will need an allogeneic HSCT 

(allo-HSCT) in order to obtain a sustained remis-
sion and/or cure. Once a child is diagnosed with 
either a B- or T-cell lymphoblastic leukemia, the 
first step is to obtain a remission. Those patients 
that do not obtain a morphological remission 
after induction therapy have traditionally been 
referred for allo-HSCT. Another major risk factor 
for relapse has been patients with >0.01% disease 
detected by flow cytometry after completion of 
consolidation therapy. The term minimal residual 
disease (MRD) has been utilized for this subset 
of patients [3–5]. European groups have routinely 
transplanted these patients, and many North 
American centers now consider this an indication 
once MRD negative or low status has been 
obtained with subsequent therapy. Additional 
information on this topic can be found in Chap. 5.

There are two other subsets of patients at high 
enough risk for relapse to consider HSCT in CR1. 
The first are those patients with  hypodiploid fea-
tures defined as <44 chromosomes on initial cyto-
genetics [6]. The second group are those with infant 
ALL with the following specific features: age <6 

Relapsed ALL in CR2

<18 months

Marrow T or B cell

IEM

T cell or Ph+

HSCT

B cell

HSCTa

18-36 months

Marrow T or B cell HSCT

IEM HSCTa

>36 months 

Marrow

T cell or Ph+ HSCT

B cell
HSCT only if MRD + after

induction 

IEM
No HSCT for B-cell alone. 
Little or no data regarding

HSCT if T or Ph+

HSCT

Fig. 4.1 Indications for transplant for ALL in CR2. IEM- 
isolated extramedullary relapse. These recommendations 
are based on outcomes of CNS IEM data. Little data exists 

for isolated testicular relapse. aHSCT is controversial. If 
evidence of MRD in BM of IEM patients, treat as a BM 
relapse
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months at diagnosis, +MLL rearrangement on 
cytogenetics, and an initial white blood cell (WBC) 
count of >300,000 [7–9]. A number of genetic 
mutations have been assessed to choose candidates 
for HSCT in CR1 (iamp21, Ph+-like, Ph+); how-
ever; in general, with the use of intensive contem-
porary therapy, only patients in these categories 
with persistent MRD are at sufficient risk to merit a 
transplant approach as primary therapy. The 
remainder of the indications for transplantation of 
ALL is reserved for those with relapse.

 Indications for Transplant of ALL 
in CR2: (See Fig. 4.1 for Algorithm)
For B-ALL, patients who relapse in the bone mar-
row (BM) within 18 months of diagnosis are at 
the highest risk for failure with subsequent ther-
apy, followed by those with bone marrow involve-
ment either in the first 36 months  from diagnosis 
or within 6 months of completing maintenance 
therapy [3, 4, 10]. In addition to early B-ALL 
relapses, patients with relapse of T-cell leukemia 
or those who are Philadelphia chromosome posi-
tive (Ph+) should be referred to transplantation if 
they have marrow relapse at any time [3, 11–13]. 
Finally, late BM relapsing patients with B-ALL 
who fail to achieve MRD <0.1% after re-induc-
tion should be considered for allo-HSCT [14].

Transplantation for isolated extramedullary 
relapse (IEM) of ALL remains an ongoing topic 
of study. The majority of data focuses on isolated 
central nervous system (CNS) relapse with very 
limited data regarding the use of HSCT for iso-
lated testicular disease or other locations of 
relapse. It is also known that minimal residual 
disease can often still be detected in the marrow 
when there is overt relapse in the CNS, and those 
with MRD levels >0.01% have a worse prognosis 
than those with no detectable MRD [15]. IEM 
relapse within 36 months from diagnosis of T-cell 
or Ph+ ALL is considered by most to be an indi-
cation for allo-HSCT. If the relapse occurs after 
36 months in these subgroups, there are little data 
on outcomes of HSCT in these patients.

In standard-risk B-cell ALL, isolated CNS 
relapse at <18 months from diagnosis is consid-
ered to be a very early, high-risk relapse and thus 
an indication for allo-HSCT by many groups 
[16]. Transplantation for those with isolated CNS 

relapse of B-cell ALL between 18 and 36 months 
remains controversial. Isolated CNS relapse in 
B-cell ALL after 36 months can be cured with 
conventional chemotherapy and craniospinal 
radiation approximately 60% of the time, a rate 
similar to those who underwent matched sibling 
donor transplant as an alternative therapy [17].

 Indications for Transplantation of ALL 
in CR3 and Beyond
Patients who have relapsed more than once should 
always be considered for HSCT. At this point it is 
safe to say that their disease is resistant to conven-
tional chemotherapy and utilizing a graft-versus-
leukemia (GVL) effect could be beneficial. An 
alternative to HSCT at this point would also be the 
experimental use of cellular or immunotherapy.

 Relapse of ALL After HSCT
A second allo-HSCT for relapse after an initial 
allo-HSCT can be beneficial if the patient can 
achieve a complete remission prior to second trans-
plant and enter it with adequate organ function and 
performance status (Lansky/Karnofsky ≥ 50). 
Outcomes depend on a number of risk factors 
including time to relapse and ability to achieve dis-
ease remission. Overall survival (OS) of these 
patients is in the range of 10–40% [18–21].

 Acute Myeloid Leukemia

Allogeneic HSCT for acute myeloid leukemia 
(AML) is recommended for any relapsed disease 
including IEM relapse. In addition, primary induc-
tion failure, as defined by >5% blasts after one to 
two cycles of induction chemotherapy, should also 
be referred for allo-HSCT [22]. Children with 
relapsed or refractory AML have minimal chance 
of cure with chemotherapy alone [23, 24]. HSCT 
allows treatment intensification for such high-risk 
disease. Disease status at time of HSCT is a pre-
dictor of disease relapse and OS with 5-year OS of 
47, 28, and 17% for patients who underwent 
HSCT in second CR, relapse, and primary induc-
tion failure [25]. Those patients who develop AML 
secondary to previous chemotherapy or radiation, 
as defined as treatment- related AML (t-AML), 
should also be referred for HSCT because this sub-

4 Pretransplantation: Indications and Timing



60

type of AML has been historically resistant to 
treatment with conventional chemotherapy alone 
[26]. With the advent of cytogenetic testing, spe-
cific markers have been associated with both high- 
and low-risk diseases. High risk is currently 
defined by evidence of monosomy 7, monosomy 5 
(-7/7q- or -5/5q-), or FLT3-ITD mutations with an 
allelic ration >0.4 [27, 28]. If these are present on 
initial diagnosis, the patient should be referred to 
allo-HSCT in first remission regardless of the 
availability of a related donor. Those patients 
determined to be low risk by cytogenetics are 
those with core- binding factor (CBF) mutations, 
such as inv(16) or t(8;21), as well as those with 
mutations of NPM1 and CEBPA [29–31]. These 
patients only need to be referred for allo-HSCT in 
the case of relapsed or refractory disease.

The majority of newly diagnosed AML will 
not fall into the low or high-risk categories. 
Historically, patients who have fully matched 
related donors were referred to undergo 
HSCT. There are ongoing investigations looking 
to stratify these patients further based on MRD 
results after induction. At this time, results of 
these trials are not available, so the choice of 
referring standard-risk AML patients for trans-
plant in CR1 with matched sibling donors is at 
the discretion of the transplant center.

Acute promyelocytic leukemia (APML) 
deserves special mention. Since the discovery of the 
PML-RARα translocation and its responsiveness to 
all-trans retinoic acid (ATRA), disease- free survival 
of newly diagnosed patients exceeds 75% [32]. 
Although the cure rate is high, there is still a per-
centage of patients who will relapse. Some of these 
patients may be salvaged with arsenic-based regi-
mens, but HSCT is still a viable approach that may 
be considered. APML is unique in the fact that com-
parison trials of both autologous versus allogeneic 
HSCT have yielded similar overall survival (OS), 
whereas allo-HSCT has clearly shown to improve 
OS for all other subtypes of AML. A retrospective 
analysis of 32 APML patients receiving either 
autologous (n = 11) versus allogeneic (n = 21) 
HSCT showed similar OS; however, the autologous 
group had more relapse whereas the allogeneic 
group suffered from greater transplant-related mor-
tality (TRM) [33, 34]. If an autologous HSCT is to 
be considered for APML, the patient should have a 

PML-RARα translocation, PCR-negative remis-
sion, and a PCR-negative stem cell product.

 Myelodysplastic Syndrome

Much of the data in regards to risk stratification 
and treatment of myelodysplastic syndrome 
(MDS) pertains to adults [35]. MDS in the pediat-
ric population should always be evaluated for allo-
HSCT [36, 37]. However, determining the timing 
for HSCT is a more complicated topic. Patients 
without excess blasts and mild cytopenias can 
either be closely observed or move directly to 
transplant, as early treatment is associated with 
better outcomes. If a watchful strategy is employed, 
then a patient should move quickly to HSCT when 
they become persistently neutropenic and transfu-
sion dependent or have increasing blasts [38]. 
Emerging data shows that patients with a marrow 
blast count of 5–20% do worse than with <5% 
blasts [39]. Because MDS in the pediatric popula-
tion is rare and may be associated with genetic dis-
eases, evaluation for genetic disorders associated 
with MDS such as Fanconi anemia (FA), GATA-2 
mutations, dyskeratosis congenita (DC), Diamond-
Blackfan anemia (DBA), Shwachman-Diamond 
syndrome (SDS), and severe congenital neutrope-
nia (SCN) should be considered [40].

The European Working Group of MDS in 
Childhood (EWOG-MDS) 98 study reported the 
outcome of children with advanced MDS (n = 97) 
who received HSCT. Donor sources were matched 
sibling donor (MSD) (n = 39), matched unrelated 
donor (MUD) (n = 57), or alternate family donor 
(n = 1) with bone marrow (n = 69) or peripheral 
blood (n = 28) grafts. Median age at the time of 
HSCT was 11.1 years (range 1.4–19.0) with a 
median follow-up of 3.9 years (range 0.1–10.9). 
The 5-year probability of overall survival was 63%, 
while the 5-year cumulative incidence of transplan-
tation-related mortality (TRM) and relapse was 
21% each. Age at HSCT greater than 12 years, 
interval between diagnosis and HSCT longer than 
4 months, and occurrence of acute or extensive 
chronic graft-versus-host disease were associated 
with increased TRM. The risk of relapse increased 
with more advanced disease. This study indicates 
that HSCT following a myeloablative preparative 
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regimen offers a high probability of survival for 
children with advanced MDS [41].

 Juvenile Myelomonocytic Leukemia

The diagnosis of juvenile myelomonocytic leu-
kemia (JMML) is a sufficient criterion for most 
oncologists to recommend allo-HSCT. It has 
been shown that chemotherapy alone is not ade-
quate to eradicate the disease. A cure relies heav-
ily on the newly transplanted immune system 
attacking residual leukemia cells, a concept 
referred to as graft-versus-leukemia (GVL) or 
graft-versus-malignancy (GVM). Locatelli et al. 
described 100 children transplanted for JMML 
with 5-year event-free survival of approximately 
50% [42]. Spontaneous remission in the context 
of Noonan’s syndrome with germline mutations 
of PTPN-11 is expected, so these patients are 
usually not referred for HSCT. Future research 
into germline mutations of N-RAS, K-RAS, and 
CBL is warranted due to documented case 
reports of spontaneous remission in some of 
these children [43–45].

 Chronic Myelogenous Leukemia

Chronic myelogenous leukemia (CML), charac-
terized by a translocation between the BCR and 
ABL genes t(9;22), has historically been an 
 indication for HSCT in adults. However, with the 
approval of imatinib mesylate and other tyrosine 
kinase inhibitors (TKIs), many adult patients can 
continue taking these medications indefinitely, 
treating CML as a chronic, indolent disease. 
Although CML is rare in the pediatric population, 
children have been shown to also respond well to 
TKIs [46]. There is little research on the long-term 
outcomes of chronic TKI use, particularly in 
patients who are still growing and developing. The 
timing of allo-HSCT in children with CML is con-
troversial. It is difficult to successfully treat CML 
once it progresses to accelerated or blast phase, so 
patients must be followed very closely [47].

Offering CML patients allo-HSCT at diagno-
sis with well-matched unrelated or sibling donors 
is a reasonable option [48], although most pediat-

ric centers wait for signs of progression or TKI 
resistance prior to pursuing HSCT.

A recent report from CIBMTR included CML 
patients (n = 499) with early disease receiving 
myeloablative HSCT which included analysis of 
the effect of pre-HSCT TKI in pediatric patients 
(age <18 years, n = 177) and young adults (age 
18–29 years, n = 272) with the goal of identifying 
prognostic factors. In this study, post-HSCT prob-
ability rates of 5-year overall survival (OS) and 
leukemia-free survival (LFS) were 75% and 59%, 
respectively. Rates of OS and LFS were 76% and 
57% in <18-year group and 74% and 60% in 18- to 
29-year group, respectively. Five- year rates of OS 
for MSD and bone marrow stem cell source were 
83% and 80%, respectively. In multivariate analy-
sis, there was no effect of age (<18 versus 18–29) 
or pre-HSCT TKI therapy on OS, LFS, transplant-
related mortality, or relapse. Favorable factors for 
OS were MSD (P < 0.001) and recent HSCT 
(2003–2010; P = 0.04). LFS was superior with 
MSD (P < 0.001), BM as graft source (P = 0.001), 
and performance scores >90 (P = 0.03) compared 
with unrelated or mismatched peripheral blood 
stem cells donors and recipients with lower perfor-
mance scores. Older age was associated with 
increased incidence of chronic graft-versus-host 
disease (P = 0.0002). In the current era, HSCT out-
comes are similar in young patients and children 
with early CML, and best outcomes are achieved 
with BM grafts and MSD. Although the curative 
effect of HSCT in CML traditionally relies on the 
GVL effect, in this CIBMTR report consistent with 
other reports, donor source/matching did not play a 
role in decreasing relapse or LFS [48].

 Autologous Stem Cell Transplant

Autologous stem cell transplant (ASCT) is a 
treatment option for those malignancies requir-
ing extremely high doses of chemotherapy with 
the major side effect of myeloablation. Stem 
cells are usually collected after one or two cycles 
of initial chemotherapy and frozen in liquid 
nitrogen until high-dose chemotherapy (HDCT) 
with ASCT is indicated. There is clear indication 
for this type of treatment in some childhood 
malignancies, such as relapsed lymphoma, 
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high-risk neuroblastoma, and a number of brain 
tumors. There have been some studies attempt-
ing to define possible benefits with this approach 
for other malignancies such as sarcomas, retino-
blastoma, and Wilms tumor. We will discuss 
each of these in the categories below.

 Lymphomas

 Hodgkin Lymphoma

Hodgkin lymphoma (HL) is a type of lymphoma 
that affects both children and adults. In the pediat-
ric population, it is most commonly found in ado-
lescents. Current cure rates approach 90% with 
risk-based treatment options including chemother-
apy and/or radiation therapy. For the minority of 
patients that suffer from relapse or refractory dis-
ease, there are a number of treatment options. 
High-dose chemotherapy with autologous stem 
cell transplant (HDCT/ASCT) is recommended for 
those patients with  relapsed/refractory disease who 
are deemed to be high risk (relapse <12 months, 
extra-nodal disease, presence of B symptoms) [49–
53]. The most favorable outcomes following 
HDCT/ASCT can be predicted based on response 
to previous  salvage chemotherapy. Metzger et.al 
reported a 5-year OS of 97.2% following HDCT/
ASCT for those patients who responded to salvage 
therapy versus only 17.9% for patients who had 
active disease at time of ASCT [54]. Another study 
by Moskowitz et al. found similar results despite 
giving intensified chemotherapy as salvage to those 
with poor initial response [55]. There are a number 
of novel therapies being tried for relapsed and 
refractory Hodgkin lymphoma that may change the 
way we treat a subset of these patients. Brentuximab 
vedotin (BV) is being used in many clinical trials 
for relapsed/refractory Hodgkin lymphoma. BV is 
an anti-CD30 antibody conjugated by a protease- 
cleavable linker to the microtubule- disrupting 
agent MMAE (monomethyl auristatin E). Targeted 
delivery of MMAE to CD30- expressing tumor 
cells is the primary mechanism of action. Additional 
mechanisms of tumor cell killing include antibody-
dependent cellular phagocytosis, immunogenic 
cell death, and the bystander effect. Another type of 
novel antibody therapy is PD-1 and PD-L1 inhibi-

tors. By blocking signaling of PD-1 or PD-L1, the 
immune system is essentially reactivated to fight 
the cancer. Both anti-CD30 antibodies and PD-1/
PD-L1 inhibitors are being tried as either single 
agent or in conjunction with chemotherapy for 
relapsed and refractory Hodgkin’s [56, 57]. If 
relapse occurs following HDCT/ASCT, patients 
should be considered for a clinical trial with novel 
agents. There are some data that an allogeneic stem 
cell transplant (allo-HSCT) with reduced intensity 
conditioning can be beneficial due to the graft-ver-
sus-lymphoma effect and is an acceptable approach 
for those with relapsed/refractory disease after an 
autologous transplant [58, 59].

 Non-Hodgkin Lymphoma

Non-Hodgkin lymphoma (NHL) is a heteroge-
neous group of malignancies found commonly in 
children, adolescents, and adults. The 5-year 
overall survival (OS) for NHL in children and 
adolescents is >80% [60]. The major subtypes 
found in pediatrics include:

• Mature B-cell lymphoma
 – Burkitt and Burkitt-like lymphoma/leukemia
 – Diffuse large B-cell lymphoma (DLBCL)
 – Primary mediastinal B-cell lymphoma

• Lymphoblastic lymphoma (LBL)
• Anaplastic large cell lymphoma (ALCL)

Treatment for Burkitt lymphoma and DLBCL 
is the same with risk-stratified upfront chemother-
apy. HSCT is an option for those patients with 
relapsed/refractory disease [61, 62]. For those 
unable to achieve remission prior to transplant, 
results are dismal. Whether to treat with an autolo-
gous versus allogeneic transplant remains to be 
elucidated. There is some theoretical benefit to 
allo-HSCT due to a GVL effect, however, whether 
that benefit surpasses the transplant- related mor-
tality is unclear. In some trials, patients have been 
treated with an ASCT followed by a reduced inten-
sity allo-HSCT [63]. Novel therapies are needed in 
this subgroup of patients. With the advent of anti-
body and cellular therapy, these recommendations 
may change in the near future [64]. Primary medi-
astinal B-cell lymphoma in children is quite rare. 
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Current upfront therapy with dose-adjusted etopo-
side, doxorubicin, cyclophosphamide, vincristine, 
prednisone, and rituximab (DA-EPOCH-R) has 
yielded a 5-year EFS >90%. Cases of relapsed/
refractory disease should be treated in the context 
of a clinical trial when available [65].

Although there is no consensus on the stan-
dard of care for relapsed/refractory lympho-
blastic lymphoma, Gross et al. showed a 
5-year EFS of 40% following an allo-HSCT 
compared to only 4% following an auto-HSCT, 
and most HSCT physicians recommend allo-
geneic HSCT for this disease [61]. Similar to 
the other  relapsed/refractory NHL, there is no 
consensus on optimal treatment for relapsed 
ALCL. Options vary from single-drug vin-
blastine to triple therapy with ifosfamide, car-
boplatin, and etoposide (ICE) to allogeneic 
HSCT [61, 66–68]. Novel therapies with 
crizotinib (an ALK inhibitor) or brentuximab 
vedotin (anti-CD30 mAb) are being investi-
gated in the context of clinical trials [69, 70].

 Neuroblastoma

Patients diagnosed with standard and intermediate 
risk neuroblastoma (NB) do well, with OS 
approaching 90% with chemotherapy and/or sur-
gery. However, those classified as high-risk disease 
historically have had poor survival, with some 
improvement in outcomes noted with the addition 
of high-dose chemotherapy (HDCT) followed by 
ASCT [71–74] and immunotherapy. The Children’s 
Oncology Group (COG) recently tested a single vs. 
two transplants in tandem followed by immune 
therapy in high-risk patients and noted improve-
ment in survival with two transplants [75]. In that 
study, high risk was defined by:

 – Stages II–IV with MYCN amplification
 – Stage III if >18 months with unfavorable 

pathology, regardless of MYCN status
 – Stage IV if >18 months or >12 months if addi-

tional unfavorable features, regardless of MNYC

Ongoing studies adding iodine-131 metaiodo-
benzylguanidine (131I-MIBG) to consolidation ther-
apy as part of the preparative regimen for ASCT are 

being performed (see Chap. 6 for more details). For 
further definitions of disease stage, refer to the 
International Neuroblastoma Staging System 
(INSS) as well as the International Neuroblastoma 
Risk Group Staging System (INRG) [76, 77].

 Brain Tumors

Brain tumors are the second most common malig-
nancy of childhood and the most common solid 
tumor in pediatrics. Standard treatment for all 
patients begins with a gross-total resection (GTC) 
when feasible. Historically, in cases of high-grade 
tumors or residual disease, radiation therapy has 
been given. The blood-brain barrier makes it diffi-
cult to achieve high levels of chemotherapy in the 
brain. Unfortunately, irradiating the brains of 
young children causes numerous long-term side 
effects specifically with neurocognitive and endo-
crine impairments [78, 79]. It is unclear at what 
age craniospinal radiation becomes “safe.” Many 
studies over the last 25 years have attempted to 
minimize or forgo radiation therapy in favor of 
HDCT/ASCT in order to achieve sufficient doses 
of chemotherapy in the brain. Initially, this therapy 
was reserved for relapsed or refractory disease; 
however, the favorable results have led to HDCT/
ASCT as upfront therapies for some tumor types.

 Embryonal Brain Tumors

Embryonal brain tumors include medulloblastoma, 
atypical teratoid/rhabdoid tumor (AT/RT), and a 
category previously known as primitive neuroecto-
dermal tumors (PNET). This subgroup of tumors is 
the most common solid tumor in children less than 
4 years of age and has been an important subgroup 
to study the benefits of HDCT/ASCT as treatment 
in place of, or in conjunction with, radiation therapy 
(RT). A series of protocols titled “Head Start” have 
been conducted on these patients, with Head Start I 
commencing in 1991 to the most recent, Head Start 
4, commencing in 2016. Outcomes of Head Start I 
and II on the treatment of non-metastatic medullo-
blastoma in children <3 years showed promising 
5-year OS (70%) and EFS (50%) without the use of 
radiation [80]. Since these results are comparable to 
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the use of radiation in the older subset of patients 
and believed to yield fewer long-term effects, the 
use of HDCT/ASCT as upfront therapy for this sub-
group has become an accepted approach. Optimal 
treatment for recurrent medulloblastoma has mainly 
consisted of additional radiation. Some studies have 
added HDCT/ASCT to RT as salvage, but it is 
unclear if it has offered additional benefit [81, 82].

AT/RT has proven exceedingly difficult to treat 
particularly in the youngest age group (<3 years) 
with OS typically at <30%. The use of RT and/or 
HDCT/ASCT is still being evaluated. A review of 
31 patients treated at St. Judes Research Hospital 
between 1984 and 2003 showed that the 2-year 
EFS and OS of children aged 3 years or older was 
significantly better as compared to the results of 
children under the age of 3 years (EFS, 78% + 14% 
versus 11% ± 6%, P = 0.009; OS, 89% ± 11% ver-
sus OS, 17% ± 8%), P = 0.0001, respectively). 
The majority of patients aged 3 years or older 
received postoperative craniospinal radiation 
[83]. In comparison a study from Canada did not 
confer a benefit to upfront RT but did find benefit 
to HDCT/ASCT, as HDCT led to a 2-year OS of 
47.9% ± 12.1% versus 27.3% ± 9.5% for the con-
ventional chemotherapy group (P = 0.036). Many 
of these patients received triple tandem trans-
plants with carboplatin and thiotepa [84]. Results 
of the treatment of patients with AT/RT on Head 
Start I–III have been dismal [85, 86].

Primitive neuroectodermal tumors (PNET) 
have undergone revised nomenclature by the 
World Health Organization in 2016. Many of these 
tumors display amplification of the C19MC region 
on chromosome 19 (19q13.42). C19MC- amplified 
tumors include the lesions previously known as 
ETANTR (embryonal tumors with abundant neu-
ropil and true rosettes, but also referred to as 
embryonal tumors with multilayered rosettes), 
ependymoblastoma, and, in some cases, medullo-
epithelioma [87]. In the interest of referencing pre-
vious studies on the role of ASCT, we will continue 
to refer to this tumor subtype as PNET.

Supratentorial PNET (sPNET) is often treated 
on protocols with medulloblastoma but consistently 
yields worse outcomes. Head Start I and Head Start 
II showed that the 5-year EFS and OS were 39% 
(95%CI: 24%, 53%) and 49% (95%CI: 33%, 62%), 
respectively, with improved outcomes in patients 

with non-pineal sPNETs [88]. At this time, HDCT/
ASCT can be considered as a treatment option for 
young patients with relapsed non-pineal sPNET; 
however, due to the rarity of these tumors and <50% 
EFS, these patients should be treated in the context 
of a clinical trial when available.

 Ependymoma
The mainstay of treatment for ependymoma is surgi-
cal resection followed by RT. Because it is often an 
isolated tumor location, focal RT versus craniospinal 
RT can be used, limiting many of the long-term tox-
icities. Koshy et al. even found a significantly 
improved OS survival in children <3 years who 
received postoperative RT, compared to those who 
did not (81% vs. 56%, respectively, P = 0.005) [89]. 
Multiple attempts have been made using HDCT/
ASCT for both initial and recurrent disease, but none 
have demonstrated improved survival [90–92].

 Germ Cell Tumors

Malignant germ cell tumors (GCT) are made up 
of two subgroups, pure germinomas or non- 
germinomatous germ cell tumors (NGGCT). Pure 
germ cell tumors have a more favorable prognosis 
and respond well to RT. NGGCT, on the other 
hand, require the combination of surgery, RT, and 
chemotherapy for treatment. Upfront HDCT/
ASCT for patients with poor prognosis (i.e., met-
astatic germ cell tumors) did not show an 
improved OS as compared to standard treatment 
[93]. However, a number of studies have shown 
improvement in EFS and OS using HDCT/ASCT 
as salvage therapy in relapsed disease [94, 95].

Malignant gliomas: Patients with high-grade, 
malignant gliomas have a dismal prognoses. 
Since the majority of these tumors are found in 
adult patients, the standard treatment has been 
gross-total resection followed by RT. The Head 
Start trials evaluated RT-sparing treatment for 
anaplastic astrocytomas and glioblastoma multi-
forme in those <6 years of age. In the most recent 
published data of this patient population, they 
found a 5-year EFS and OS for all patients on the 
trial of 25% ± 8% and 36% ± 9%, respectively. 
When broken down by age group, the younger 
population (<36 months) fared much better than 
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those >72 months of age (OS 63% ± 17% vs. 
13% ± 12%, respectively) [96]. Diffuse intrinsic 
pontine glioma (DIPG) has shown even worse 
OS, approaching 0%, with any current therapy. 
Attempts at using HDCT/ASCT did not show 
any improvement and is currently not recom-
mended for this type of tumor [97, 98].

Additional solid tumors that could be con-
sidered for ASCT include sarcomas, kidney 
tumors (rhabdoid and Wilms), retinoblastoma, 
and desmoplastic small round cell tumor 
(DSRCT) that are refractory to or have relapsed 
after being treated with conventional chemo-
therapeutic approaches [99–104]. A summary 
of transplantable malignant diseases can be 
found in Table 4.1.

 Nonmalignant Disorders

There are numerous nonmalignant diseases 
that can be cured with an allogeneic HSCT. The 
majority of these diseases affect one or all of 
the cell lines derived from the bone marrow. 
Subsets of these diseases fall into the catego-
ries of bone marrow failure, immunodeficiency, 
and hemoglobinopathy. In addition, some 
inherited metabolic disorders (IMD) can be 
treated with allo-HSCT. Timing of transplant 
for each of these diseases will vary, but the 
process of the allo- HSCT is similar to that used 
when treating malignant disease with a few 
exceptions. The first exception is that there is 
no benefit to any chemotherapy administered 
in the preparative regimen on the disease, aside 
from immunosuppression to decrease rejection 
and allowing “space” for the new, transplanted 
cells to grow through myeloablation. In addi-
tion there is no benefit to graft- versus- host dis-
ease (GVHD), as there is in decreasing relapse 
for malignant disorders. GVHD can actually be 
extremely toxic and negate the benefit of HSCT 
for patients with nonmalignant disorders. 
Therefore, in some cases, only a well-matched 
donor would be appropriate for HSCT. In oth-
ers, where quick HSCT is necessary, signifi-
cant efforts at GVHD prevention should be 
employed. The remainder of this chapter will 
outline each disease category and define which 
patients would be acceptable candidates for 
allo-HSCT.

 Severe Aplastic Anemia

Acquired severe aplastic anemia (SAA) is most 
often due to autoimmune destruction of marrow 
elements, and it is defined by deficient or nonex-
istent hematopoiesis occurring when all other 
bone marrow failure syndromes have been ruled 
out. Current standard of care is to move directly 
to allo-HSCT if there is a matched sibling donor 
available. However, if one is not available, then 
a trial with immunosuppressive therapy (IST) 
consisting of horse anti-thymocyte globulin 
(hATG) and cyclosporine for 6 months is the 
standard of care. If a remission is not reached at 

Table 4.1 Indications for transplant of malignant disease

Malignant diseases treated with allogeneic HSCT

  •  Acute lymphoblastic leukemia—relapsed/refractory

  •  Acute myelogenous leukemia—relapsed/refractory

  • Myelodysplastic syndrome

  • Juvenile myelomonocytic leukemia

  • Chronic myelogenous leukemiaa

  • Lymphoblastic lymphoma—relapsed/refractory

Malignant diseases treated with autologous HSCT

  • Hodgkin’s lymphoma—relapsed/refractory

  • High-risk neuroblastoma

  • Acute promyelocytic leukemia—relapsed

  • Brain tumors

   – Medulloblastoma <3 years of age

   – Atypical teratoid/rhabdoid tumor

   – ETANTR—non-pinealb

   –  Non-germinomatous germ cell 
tumors—relapsed

   – Malignant gliomas <6 years of age

  • Sarcomas

   – Ewing’s sarcoma—relapsed/refractoryc

  • Kidney tumors

   – Wilms—relapsed/refractoryc

   – Rhabdoid—relapsed/refractoryc

  • Retinoblastoma—relapsed/refractoryc

  •  Desmoplastic small round cell tumor—relapsed/
refractoryc

aSee full text section as it relates to a subset of patients 
with CML
bETANTR—embryonal tumors with abundant neuropil 
and true rosettes. Formerly categorized as primitive neu-
roectodermal tumors (PNET)
cTrue benefit still being investigated and should only be 
done in the context of a clinical trial
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the end of 4–6 months, and there is a matched 
unrelated donor (MUD) available, then a 
patient should move forward with allo-HSCT 
[105]. There is emerging evidence to suggest 
that delaying HSCT in cases with a suitable 
MUD will have worse outcomes than if these 
patients moved directly to allo-HSCT without 
a trial of IST first. Dufour et al. retrospectively 
described 29 pediatric patients who underwent 
MUD HSCT without prior IST and compared 
them to historical controls of MSD HSCT, IST 
alone, and IST followed by MUD transplant. 
They found improved OS of those receiving a 
MUD HSCT as upfront therapy compared to 
IST followed by MUD HSCT. OS was equal 
among the other groups [106]. Studies com-
paring this in a prospective fashion are ongo-
ing [107].

 Inherited Bone Marrow Failure 
Syndromes

The classification of inherited bone marrow 
failure syndromes (IBMFSs) generally refers 
to any congenital syndrome leading to inade-
quate production of one or more cell lines pro-
duced by the bone marrow to include white 

blood cells, red blood cells, or platelets. For 
many of these syndromes, there is now genetic 
testing that can confirm a diagnosis; however, 
in some cases, the diagnosis remains purely 
clinical. Not all BMF syndromes require trans-
plant upon diagnosis. Factors to consider 
include availability of a suitably matched 
donor, either related or unrelated, transfusion 
dependence, and/or frequency and severity of 
infections. In addition, a number of these syn-
dromes have a predisposition for myeloid 
malignancies, which need to be screened for 
regularly. Table 4.2 outlines the most common 
bone marrow failure syndromes [108].

General rules of when to consider transplanta-
tion of patients with bone marrow failure syn-
dromes include non-response to available 
therapies (i.e., steroids for Diamond-Blackfan 
anemia (DBA), G-CSF for severe congenital neu-
tropenia (SCN), and eculizumab for paroxysmal 
nocturnal hemoglobinuria (PNH)), transfusion 
dependence, frequent infections, or progression 
to MDS/AML [109–111]. Both Fanconi anemia 
and dyskeratosis congenita patients are particu-
larly sensitive to radiation therapy and alkylating 
agents, and many new reduced-intensity chemo-
therapy preparative regimens are being utilized in 
clinical trials [112].

Table 4.2 Indications for transplant of bone marrow failure syndromes

Syndrome Lab testing/features Cancer predisposition

Fanconi anemia DEB or MMC chromosomal breakage, 
genetic testing available

MDS/AML, squamous cell 
carcinoma

Shwachman-Diamond syndrome 
(SDS)

Pancreatic function, genetic testing 
available

MDS/AML

Dyskeratosis congenita (DC) Telomere length, genetic testing available MDS/AML, squamous cell 
carcinoma [105]

Diamond-Blackfan anemia (DBA) Marrow with pure red cell aplasia, eADA 
activity, high MCV, genetic testing available

MDS/AML, carcinomas, 
sarcomas [106]

Severe congenital neutropenia 
(SCN)

Isolated neutropenia, genetic testing 
available

MDS/AML

Paroxysmal nocturnal 
hemoglobinuria (PNH)

Complement mediated hemolysis. Flow for 
CD55/59. Predisposition for 
thromboembolism

Unknown

Amegakaryocytic thrombocytopenia Thrombocytopenia, genetic testing available Unknown

Thrombocytopenia-absent radii 
(TAR) syndrome

Thrombocytopenia, absent radii, unknown 
genetic marker

Unknown

DEB diepoxybutane, MMC mitomycin C, MDS myelodysplastic syndrome, AML acute myelogenous leukemia, eADA 
erythrocyte adenosine deaminase activity, MCV mean corpuscular volume
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 Primary Immunodeficiency

Severe deficiencies of the immune system can 
lead to life-threatening infections and are a gen-
eral indication for allo-HSCT [113]. Immune 
deficiencies can be subclassified into lymphoid 
versus myeloid diseases.

Lymphoid-related immunodeficiencies: The 
major form of lymphoid deficiency is severe 
combined immunodeficiency (SCID). There are 
at least 18 different genetic mutations leading 
to the clinical phenotype classified as SCID, 
which leads to a failure of T-cell development 
or function.

X-linked SCID is the most common type 
leading to a γ-chain defect in the interleukin 2 
receptor gene (IL2RG) which plays a major role 
in signaling the growth and development of 
lymphoid cells, specifically T cells. The IL2Rγ 
chain also plays a role in other interleukin recep-
tor formation including that of IL4, IL7, IL11, 
IL15, and IL21 [114]. Other mutations that can 
lead to a similar clinical picture involve autoso-
mal recessive mutations in Janus kinase 3 
(JAK3) or in the IL7 receptor alpha chain 
(IL7Rα). The next most common type of SCID, 
which accounts for approximately 17% of cases, 
is caused by a deficiency of adenosine deami-
nase (ADA). This deficiency leads to lymphoid 
apoptosis. In addition patients with ADA defi-
ciency suffer from  skeletal complications as 
well as sensorineural hearing deficits that are 
not rectified with HSCT [115].

Recombinase-activating gene deficiencies 
(RAG-1 or RAG-2) are another form of autoso-
mal recessive SCID. These mutations result in 
the inability to form antigen receptors involving 
any V, D, or J gene rearrangements. A variant of 
this allows for only partial impairment of genetic 
rearrangement resulting in a clinical phenotype 
called Omenn’s syndrome. Omenn’s syndrome is 
characterized by desquamation, diarrhea, hype-
reosinophilia, hepatosplenomegaly, and increased 
IgE with few to absent additional immunoglobu-
lin subtypes. Circulating T cells are present but 
ineffective [116]. Additional indications for 
HSCT that affect the lymphoid population of 
cells are outlined in Table 4.3.

HSCT for SCID is considered a medical emer-
gency. Outcomes for allo-HSCT are vastly 
improved when HSCT occurs within the first few 
months of life prior to any infections [117–119].

Wiskott-Aldrich syndrome (WAS) is an 
X-linked disorder caused by mutations in the 
WASP gene. It is characterized by microthrom-
bocytopenia, recurrent infections, and eczema. 
These patients also have an increased predisposi-
tion to leukemia and lymphoma. Although symp-
toms can be managed for some time with platelet 
transfusions and prophylactic antimicrobials, the 
ultimate treatment is allo-HSCT. Improved out-
comes have been shown if allo-HSCT takes place 
prior to 5 years of age [120].

Table 4.3 Indications for transplant of primary immune 
deficiencies

Primary immune deficiencies treated with allogeneic 
HSCT

Lymphoid deficiencies

  T-cell predominantly affected SCID

   X-linked SCID

    γ-Chain defect of IL2RG

   Autosomal recessive variants of SCID

    JAK3 deficiency

    IL7Rα deficiency

    ADA deficiency

    Purine nucleoside phosphorylase deficiency

    RAG1 or RAG2 deficiency

    Omenn’s syndrome

    Artemis mutation

    DNA ligase IV mutation

    CD3 chain mutation

    CD45 deficiency

    Zap70 mutation

  Mixed T and B cells affected

   Ataxia telangiectasia

   MHC II (bare lymphocyte syndrome)

  B cells primarily affected

   X-linked infantile hypogammaglobulinemia

   X-linked hyper IgM

Mixed immunodeficiency

  Wiskott-Aldrich syndrome

Immunodeficiency affecting myeloid cells

  Chronic granulomatous disease

  Chediak-Higashi syndrome

  Leukocyte adhesion deficiency

  Griscelli syndrome
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Myeloid-related immunodeficiencies: Chediak-
Higashi syndrome is an autosomal recessive disor-
der affecting lysosomal trafficking. Its symptoms 
manifest as oculocutaneous albinism, neurologic 
abnormalities, and immune defects such as failure 
of phagolysosome formation and absent secretory 
granules by cytotoxic T cells. If untreated patients 
develop an “accelerated” form of the disease with 
symptoms mimicking macrophage-activating syn-
drome, treatment with allo-HSCT can ameliorate 
the immune defects; however, it remains to be 
determined if long-term neurologic sequelae per-
sist in later years after HSCT [121].

Chronic granulomatous disease (CGD) is 
caused by a defect in the enzyme phagocyte 
NADPH oxidase (PHOX). NADPH oxidase is 
essential to form reactive oxygen species used in 
the phagocyte killing of bacteria. It is either 
inherited as X-linked or autosomal recessive pat-
tern. Allo-HSCT is the only curative treatment. 
As with other immune disorders, the best 
 outcomes from allo-HSCT result when HSCT is 
performed early on in the course of CGD and 
prior to severe infectious complications or dif-
fuse granuloma formation [122–124].

 Hemophagocytic 
Lymphohistiocytosis

Hemophagocytic lymphohistiocytosis (HLH) is a 
severe syndrome of immune dysregulation in 
which there is uncontrolled activation of 
T-lymphocytes and macrophages. There are vari-
ants inherited in an autosomal recessive fashion 
and acquired variants which are sometime 
referred to as macrophage activation syndrome 
(MAS). For the familial or genetically inherited 
variants, the only cure is with allo-HSCT. Allo- 
HSCT for acquired types of HLH is mainly 
reserved for progressive or refractory disease 
despite therapy and for CNS involvement [125]. 
Best outcomes are in patients with well- controlled 
disease with a matched related (unaffected) donor 
(74% ± 16%), matched unrelated donor (MUD) 
(76% ± 12%), followed by mismatched unrelated 
donor (mMUD) (61% ± 23%), followed by hap-
loidentical donor (43% ± 21%) [126].

 Hemoglobinopathy

Beta-thalassemia major (BT) and sickle cell dis-
ease (SCD) are the two most common types of 
hemoglobinopathy referred for transplant.

Beta-thalassemia major: Beta-thalassemia 
major is caused by mutations affecting both 
copies of the beta-globin genes and is inherited 
in an autosomal recessive pattern. This results 
in the inability to make hemoglobin A, the pre-
dominant type of hemoglobin in adults. Patients 
with beta- thalassemia major become transfu-
sion dependent at a young age. While red cell 
transfusions have become safer and chelation 
therapy for iron overload has improved, the 
only definitive cure is with allo-HSCT. If an 
unaffected, matched, related donor is identified, 
it is reasonable to offer allogeneic HSCT prior 
to becoming transfusion dependent. OS and 
disease-free survival (DFS) at 5 years from this 
type of transplant approach is 98% and 90%, 
respectively [127]. When a matched related 
donor is not available or the patient has under-
gone an extensive amount of transfusions, the 
risks and benefits must be carefully weighed 
[128, 129]. Risk stratification based on level of 
iron overload, hepatomegaly, and portal fibro-
sis, known as the Pesaro criteria, was developed 
to help correlate with outcomes of allo-HSCT 
in beta-thalassemia major [130].

Sickle cell disease: Indications for allo-
HSCT in patients with SCD are based mainly 
on two criteria: availability of a hematopoietic 
stem cell source and severity of disease mani-
festations. Allo-HSCT for patients with 
matched sibling donors over the last 10 years 
has shown OS and EFS of greater than 90% 
[131–136]. Unfortunately, only about 15–20% 
of patients will have an unaffected matched sib-
ling available as a donor. For those patients 
without a matched related donor, availability of 
an unrelated donor in the National Marrow 
Donor Program (NMDP) registry is also low 
due to the underrepresentation of minorities 
and less homogenous gene pool.

Historically, only those patients with severe 
types of sickle cell are referred for an unre-
lated donor transplant. Criteria for severe 

A. McFarren and M.A. Pulsipher



69

 disease include frequent vaso-occlusive crises 
(≥3 over 2 years), history of stroke (silent or 
overt) requiring chronic transfusions, elevated 
transcranial Doppler velocities, multiple epi-
sodes of acute chest syndrome (≤3 in a life-
time), pulmonary hypertension, and red cell 
alloimmunization [137]. Because the risks of 
graft failure, graft- versus- host disease, and 
transplant mortality are much higher with an 
unrelated donor, it is currently recommended 
that these HSCTs only occur in the setting of a 
clinical trial. Previous trials using unrelated 
umbilical cord blood as a hematopoietic stem 
cell source showed unacceptably high rates of 
graft rejection [138]. There are current studies 
looking at the use of haploidentical related 
donors for sickle cell disease in order to be 
able to offer allo-HSCT to a greater number of 
patients [139, 140].

 Inherited Metabolic Disorders

Inherited metabolic disorders are a diverse 
group of diseases that affect the function of 
lysosomal enzymes or peroxisomes. When left 
untreated, toxic substances can build up, leading 
to impairments in neurocognitive function, 
growth, and damage to other organs including 
the heart, liver, and spleen. Enzyme replacement 
has been developed as treatment for a number of 
these disorders, but the infused enzyme is not 
able to cross the blood-brain barrier. The pro-
cess of allo- HSCT for these patients provides 
them with non- diseased hematopoietic stem 
cells that produce the enzyme for which they are 
deficient [141]. Those hematopoietic stem cells 
have the unique ability to migrate across the 
blood-brain barrier thereby stabilizing the dis-
ease process. It is crucial to transplant these 
patients early in the disease process, since much 
of the damage is irreversible even with trans-
plant. Some rapidly progressing metabolic dis-
orders do not seem to be improved with 
transplant. Current standard of care is to offer 
transplant for Hurler syndrome, X-linked cere-
bral adrenoleukodystrophy (cALD), juvenile 
metachromatic leukodystrophy (MLD), and 

infantile Krabbe [142–146]. Of note, treating 
infantile Krabbe with allo-HSCT should take 
place immediately after birth because delaying 
treatment by even a month can lead to severe 
neurologic deterioration. It is crucial for prena-
tal diagnosis to occur in order to expedite the 
transplant process. Caution should be used in 
patients with advanced forms of these diseases. 
Thorough neurocognitive testing by experi-
enced personnel should be done, and patients 
going to transplant should have a functional IQ 
score of at least 70 and a Lansky performance 
status of 80 or above [147, 148]. In the case of 
cALD, a Loes score should be given on the brain 
MRI. Best practice is that this score should be 
<10 in order for transplanted patients to have an 
acceptable quality of life [149]. Allo-HSCT is 
currently not indicated for adrenomyeloneurop-
athy (AMN), late infantile MLD, Alexander 
syndrome, Morquio syndrome (MPS IV), van-
ishing white matter disease, Zellweger syn-
drome, cerebrotendinous xanthomatosis, Fabry 
syndrome, Canavan syndrome, and cystinosis 
[150, 151]. For the numerous other inherited 
metabolic disorders, it is important to check for 
new enzyme replacement therapies as well as 
updated information as to the outcomes of allo-
HSCT in those patients.

 Osteopetrosis
Osteopetrosis is a heterogeneous, autosomal 
recessive disease affecting the activity of osteo-
clasts leading to excess bone formation and 
extramedullary hematopoiesis. Osteoclasts are 
derived from hematopoietic stem cells, and 
therefore the use of an allo-HSCT can cure the 
disease [152]. HSCT is indicated in the majority 
of  subtypes except the neuronopathic form 
caused by a mutation in the OSTM1 gene [153]. 
As with metabolic disorders, the best outcomes 
following HSCT are dictated by getting to trans-
plant early in the disease process with good 
overall function and a well-matched, preferably 
related donor. Delay in transplantation can lead 
to blindness and deafness in these patients, as 
lack of ability to remodel bone in these patients 
leads to progressive damage of nerves passing 
through cranial foraminae.
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 Key Points

• HSCT for malignant diseases can be either 
autologous or allogeneic.

• Allogeneic HSCT for malignant disorders is 
mainly reserved for diseases in the bone mar-
row such as leukemia and myelodysplasia.

• Autologous HSCT is mainly utilized in solid 
tumors and in some relapsed or refractory 
lymphomas.

• Allogeneic HSCT can also be utilized to cure 
many nonmalignant diseases. These diseases 
can be broken down into five categories:
 – Acquired severe aplastic anemia
 – Inherited bone marrow failure syndromes
 – Primary immune deficiencies
 – Hemoglobinopathies
 – Inherited metabolic disorders

• If possible, all pediatric patients undergoing a 
transplant should be enrolled on a clinical 
trial.
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Abstract

In leukemia, morphologic complete remission is defined as less than 5% 
lymphoblasts (i.e., leukemia cells) detected in the bone marrow by stan-
dard light microscopy. However, the level of detection of lymphoblasts by 
light microscopy is only approximately 1 in 100. As more sensitive tech-
niques to detect lymphoblasts were perfected [such as multichannel flow 
cytometry and antigen receptor or translocation amplification by poly-
merase chain reaction (PCR)], it became clear that patients in “morpho-
logic remission” may in fact harbor up to 1010 leukemia cells. The presence 
of this “minimal residual disease” (MRD) at the end of the induction or 
consolidation phases of treatment of newly diagnosed ALL patients has 
been found to be an independent prognostic factor. Furthermore, the pres-
ence of MRD before HSCT strongly correlates with risk of relapse both in 
ALL and AML. At the defined levels of MRD (e.g., ≥0.1% or ≥10−3 for 
ALL and ≥0.1% for AML), there is a significant worsening in outcome.

 Introduction

Morphological complete remission (CR) of leu-
kemia is defined as less than 5% blasts by stan-
dard microscopic examination of the bone marrow 
aspirate. Evaluation by light microscopy often 
cannot distinguish leukemic blast cells from nor-
mal hematopoietic progenitor blast cells. Patients 

with leukemia in remission may have variable 
numbers of leukemic cells that are not detectable 
by microscopy. It is estimated that patients who 
are in morphological complete remission can har-
bor up to 1010 leukemic cells [1]. When patients in 
morphological CR have residual leukemic cells 
noted by more sensitive detection techniques than 
microscopy, this is referred to as minimal residual 
disease (MRD) positivity.

In the modern era of risk-adapted therapy, 
long-term survival can be achieved in up to 
80–90% [2, 3] and 60–70% [4, 5] of patients 
diagnosed with acute lymphoblastic leukemia 
(ALL) and acute myeloid leukemia (AML), 
respectively. Application of risk-adapted therapy 
requires accurate identification of risk factors 
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that allow escalation or de-escalation of therapy. 
Persistence of MRD after induction and/or con-
solidation chemotherapy courses has become an 
important risk factor for both ALL and AML.

Earlier studies for MRD detection in pediatric 
patients with newly diagnosed ALL showed that 
MRD at the end of induction or consolidation is 
an independent prognostic factor; these measure-
ments are now used to define higher-risk groups 
that receive more intensive chemotherapy treat-
ment regimens [6]. This applies to both low- and 
high-risk patients as defined by traditional param-
eters and is often used in combinations with other 
known risk factors (e.g., age, cytogenetics) to 
determine therapy [7]. Persistence of MRD after 
reinduction has also been noted to be prognostic 
in patients with relapsed ALL [8].

Although the role of the level of MRD after 
initial therapy leading to determination of high or 
low intensity of therapy in pediatric AML is less 
defined, similar MRD-based risk determination 
of therapy is being prospectively investigated, 
and an adverse impact of MRD on relapse risk in 
AML has been observed [9, 10].

Allogeneic hematopoietic stem cell transplanta-
tion (HSCT) is used to treat patients noted to be at 
very high risk for relapse based on genetic muta-
tions or persistence of MRD after initial therapy or 
who have relapsed after initial chemotherapy treat-
ment. In spite of the intensity of this therapy, a sig-
nificant number of patients relapse after allogeneic 
HSCT. Several studies have shown that MRD pre-
HSCT is predictive of relapse and survival; chil-
dren who are MRD negative in the bone marrow 
before undergoing HSCT have improved relapse-
free survival compared to MRD-positive patients 
[11–13]. Because the presence of MRD pre-HSCT 
predicts relapse risk, centers are modifying their 
therapies either to lower MRD pre-HSCT or offer 

treatment post- HSCT to prevent relapse. 
Additionally, monitoring MRD after HSCT allows 
identification of candidates who may benefit from 
early intervention to prevent relapse [14, 15].

 Approaches for MRD Assessment

Table 5.1 summarizes differences between vari-
ous methods used for MRD assessment.

Multichannel flow cytometry (MFC). 
Multichannel flow cytometry is a highly sensi-
tive, readily available, and rapid method for the 
detection of the abnormal phenotypes associated 
with leukemia cells, allowing low-cost analysis 
in large number of patients. Performing MFC- 
MRD is considered the standard of care in North 
America and has recently been standardized at a 
large number of centers throughout the country in 
order to facilitate participation in Children’s 
Oncology Group (COG) protocols.

Normal lymphoid and myeloid precursors 
exhibit a reproducible surface protein expression 
patterns through various stages of maturation, 
while leukemic cells express antigen patterns not 
found in normal cell differentiation (e.g., over- or 
underexpression of antigens expressed in cell dif-
ferentiation, expression of antigens not expressed 
on normal progenitors, or simultaneous expres-
sion of antigens usually expressed at different 
stages of normal cell development and deviation 
from normal maturation patterns) [16]. These 
patterns allow recognition of distinct leukemic 
cells at very low numbers by MFC.

Polymerase chain reaction (PCR). This 
includes antigen receptor PCR and translocation 
PCR. B- and T-cell leukemias have the unique 
property of having undergone a unique rearrange-
ment of their immunoglobulin heavy chain (IgH, 

Table 5.1 Summary of differences between various methods used for MRD assessment

Method MFC Translocation PCR Antigen receptor PCR NGS

Sensitivity 10−4 10−4–10−6 10−5 10−7

Utility (% of informative cases) >95 <50 90 95%

Need for pretreatment sample Preferred (not essential) None Essential Essential

Use universal reagents Yes Yes No Yes

Turnaround time Same day (h) 2–3 days Weeks 1 week

MFC multichannel flow cytometry, PCR polymerase chain reaction, NGS next-generation sequence
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for B-cells) or T-cell receptor (TCR) genes prior 
to the cell becoming a cancer clone. When cancer 
occurs, these unique rearrangements are located 
in all of its progeny, and testing for these rear-
rangements has become a widely accepted method 
to measure MRD in pediatric ALL [17, 18].

Real-time quantitative (RT-Q) PCR can also be 
used for detection of MRD in AML in cases that 
have chimeric fusion genes generated by chromo-
somal rearrangements/translocations (e.g., PML-
RARA/t(15;17), RUNX1- RUNX1T1/t(8;21), 
CBFB-MYH11/(inv(16)/t(16;16), t(11q23)/MLL 
fusions); this method allows MRD monitoring of 
approximately 60% of AML cases in children [19, 
20]. High WT1 expression has been used for MRD 
monitoring for AML in some cases as well [21, 22].

Because of the universal nature of IgH and 
TCR rearrangements in ALL, groups in Europe 
and other areas have adopted molecular 
approaches as a preferred method of MRD moni-
toring. However, molecular methods are much 
more challenging for AML due to the lack of 
general applicability, expense, and other issues, 
and these methods have not been widely adopted. 
RT-QPCR for BCR-ABL can be used to monitor 
MRD in CML and Ph+ ALL [15].

Next-generation sequence (NGS)-MRD. NGS 
offers the possibility for detection and follow-up 
of a wide number of genetic abnormalities. NGS 
is being explored for MRD detection in ALL 
because it can easily measure immunoglobulin 
heavy chain (IgH)–variable, diversity, and join-
ing (V[D]J) or T-cell receptor clonal rearrange-
ments [23], similar to the PCR methods 
mentioned above. This approach increases the 
sensitivity of MRD detection from 1 blast cell in 
104 to 105 cells offered by flow cytometry and 
PCR, respectively, to as high as 1 in 107 cells and 
has been shown to be predictive of relapse in 
children with ALL receiving standard chemo-
therapy [24, 25] as well as better predicting 
relapse or lack of relapse after HSCT [26].

NGS-MRD is being explored in AML [27]. In 
AML, there is a significant heterogeneity with 
associated genetic mutations making standard-
ization and need for mutation-specific PCR 
probes challenging. Therefore, NGS may have 
advantages for evaluation of MRD in AML. The 
current major challenge to standardizing this 

approach for MRD detection in AML is the base 
error rate leading to decreased sensitivity below 
the other methods. Current research is underway 
to overcome these technical issues [28].

 ALL

Table 5.2 (A, B, C, D) summarizes various stud-
ies of MRD in ALL.

MRD is an independent prognostic factor for 
newly diagnosed and relapsed ALL.

In COG/CCG/POG 9900 series (n = 2143), 
MRD was measured by MFC in BM and PB in 
children newly diagnosed with BP-ALL. In mul-
tivariate analysis, end of induction (EOI) MRD 
was the most significant (HR 4.31, P < 0.001) 
independent predictor of survival across all risk 
groups. Patients with undetectable MRD 
(≤0.01%) had a 5-year EFS of 88% compared to 
30% for patients with high MRD (>1%) [7].

In COG AALL01P2 study (n = 124), MRD 
was measured by MFC in BM in children with 
relapsed ALL. MRD was measured after each 
block of the four blocks of therapy. The 1-year 
EFS was 80% in the EOI MRD-negative (≤0.01%) 
and 58% in the MRD-positive (>0.01%) group 
(P < 0.0005). Four patterns for MRD response 
kinetics were observed. R1 patients included 
those negative at all time points tested; R2 
included those who became negative after either 
block 2 or block 3; R3 included those patients 
who decreased but still had detectable disease at 
the end of the final block of therapy; and R4 
included patients who showed no decline or rising 
MRD. The 12-month EFSs were 86% ± 8%, 
73% ± 8%, 70% ± 16%, and 19% ± 10%, respec-
tively. Patients who are MRD positive at EOI 
(block 1) or consolidation (block 2) have inferior 
outcomes compared to patients with negative 
MRD, and patients who are MRD+ at the end of 
delayed intensification (block 3) have exception-
ally poor outcomes and are unlikely to be cured 
with the same regimen/line of treatment [8].

Given the proven predictive value of MRD, sev-
eral studies have used MRD to define candidates for 
HSCT in CR1 and CR2. In St. Jude (total XV) study, 
newly diagnosed patients with end of induction 
(EOI) MRD ≥1% received additional chemotherapy 
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Table 5.2 Summary of various studies of MRD in ALL

Study group/treatment 
protocol

MRD 
method

MRD+ cutoff 
or sensitivity

MRD 
measurement 
time points Results

A: Newly diagnosed ALL

COG/P9900 [7] MFC ≥0.01% D8 PB, EOI 
and EOC BM
PB-ALL

•  EOI-MRD is an independent 
prognostic factor and a strong predictor 
of outcome across all risk groups

•  EOI-MRD is a strong prognostic 
factor in early and late relapse

•  Increasing MRD levels associated 
with a progressively poorer outcome

•  MRD identifies a subgroup of 
patients with excellent outcome on 
minimal therapy

•  EOC-MRD identifies patients with 
very high risk of relapse

•  MRD is a powerful tool for risk 
stratification and for risk adapted therapy

St. Jude/Total XIII [29] MFC ≥0.01% EOI, Wks 14, 
32 and 56 BM

•  Sequential monitoring of MRD is an 
independent prognostic factor, higher 
MRD is associated with relapse

AIEOP/AIEOP-BFM 
ALL 2000 [30]

MFC ≥0.1% D15 and EOI 
BM

•  D15 BM MRD by MFC was the most 
important prognostic factor for risk of 
relapse

•  MRD ≥ 0.1% was associated with 
2–5 folds increased risk of relapse

CHLA/BFM-based 
therapy [31]

MFC ≥0.01% EOI BM
T-ALL

•  Persistent EOI MRD alone is not an 
indication to alter therapy or relapse 
risk in pediatric T-ALL

DFCI/DFCI 95-01 [32] RT-QPCR ≥0.1% EOI BM
BP-ALL

•  Higher (>0.1%) EOI MRD is 
associated with 10.5 fold of increased 
risk of relapse

•  There is a linear relation between 
MRD level and risk of relapse

BFM/AIEOP-BFM 
ALL 2000 [33]

RT-QPCR ≥0.01% EOI (D33) and 
EOC (D78) BM
BP-ALL

•  MRD is an independent prognostic 
factor of white blood cell count, age, 
early response to prednisone, and 
genotype

•  MRD response at 2 predefined time 
points is highly predictive for relapse 
and risk stratification

BFM/AIEOP-BFM 
ALL 2000 [34]

RT-QPCR ≥0.01% EOI (D33) and 
EOC (D78) BM
T-ALL

•  EOC MRD (>0.1%) is the most 
predictive factor for relapse

•  Early (EOI) MRD level has no 
prognostic significance if late (EOC) 
MRD is negative

Belarus/
ALL-MB-2002/2008 
[35]

RT-QPCR ≥0.01% D15, EOI 
(D36), before 
and after 
maintenance 
therapy BM

•  Relapse-free survival revealed to be 
significantly associated with MRD 
levels at different time points

•  Unfavorable prognosis is associated 
with MRD ≥ 0.1% on EOI, and any 
positive MRD before and after 
maintenance therapy
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Table 5.2 (continued)

Study group/treatment 
protocol

MRD 
method

MRD+ cutoff 
or sensitivity

MRD 
measurement 
time points Results

B: Relapsed ALL

St. Jude/R11 and R15 
[36]

MFC ≥0.01% EOI (D36) BM •  EOI MRD ≥0.01% is associated with 
subsequent risk of relapse

•  EOI MRD was a significant predictor 
of outcome for patients whose first 
relapse occurred late (i.e., after 
completion of primary therapy)

•  Early relapse (i.e., while still 
receiving primary ALL therapy) is 
associated with subsequent relapse 
regardless of EOI MRD status

•  EOI MRD is a useful determinant for 
HSCT indication

COG/AALL01P2 [8] MFC >0.01% Blocks 1, 2, 
and 3 BM

•  Patients who are MRD+ at EOI 
(block 1) or consolidation (block 2) 
have inferior outcomes compared to 
patients with negative MRD

•  Patients who are MRD+ at the end of 
delayed intensification (block 3) have 
exceptionally poor outcomes and 
unlikely to be cured with the same 
regimen/line of treatment

BFM/ALL-REZ BFM 
90, 95, and 96 [37, 38]

RT-QPCR ≥0.01% EOI (D36) BM •  EOI MRD < 0.1% is associated with 
EFS of 86%, compared with 0% 
when it is ≥0.1% (retrospective study 
intermediate risk group)

•  EOI MRD < 0.1% is associated with 
EFS of 76%, compared with 18% 
when it is ≥0.1% at 10-year 
follow-up (prospective study 
intermediate risk group)

•  Patients with EOI MRD < 0.1% have 
excellent outcome with chemo-/
radiotherapy, whereas patients with 
EOI MRD ≥ 0.1% have poor prognosis

•  EOI MRD can be used to allocate 
patients to conventional post-induction 
therapy vs. allogeneic HSCT

BFM/ALL-REZ BFM 
2002 [39]

RT-QPCR ≥0.01% EOI (D36) BM •  HSCT markedly improved (EFS 
64%) the prognosis of patients with 
intermediate risk of relapse ALL and 
EOI MRD ≥ 0.1%

•  Patients with EOI MRD <0.1% has 
similar outcome with HSCT from a 
sibling donor (EFS 80%) compared 
to salvage chemotherapy (EFS 66%)

CCLG-ANZCHOG/UK 
ALL R3 relapse study 
[40]

RT-QPCR ≥0.01% EOI (D35) BM •  Patients with EOI MRD ≥ 0.01%, 
from the high-risk and intermediate 
risk groups, received HSCT

•  Patients who received mitoxantrone 
reinduction therapy have superior 
(64.6%) EFS compared to idarubicin, 
with no difference in the kinetics of 
MRD clearance

(continued)
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Table 5.2 (continued)

Study group/treatment 
protocol

MRD 
method

MRD+ cutoff 
or sensitivity

MRD 
measurement 
time points Results

C: Pre-HSCT MRD for ALL

Royal Hospital for Sick 
Children, Bristol, UK 
[41]

PCR 0.001–0.1% Pre-HSCT BM •  EFS for patients with high, low, or 
negative MRD was 0%, 36%, and 
74%, respectively

•  Pre-HSCT MRD allow identification 
of patients with resistant leukemia and 
of those with more responsive disease 

University Hospital 
Rotterdam, The 
Netherlands [42]

RT-QPCR ≥0.01% Pre-HSCT BM •  Relapse-free survival was 80% in the 
MRD-negative compared to 33% in 
the MRD-positive groups

•  Presence of detectable MRD 
pre-HSCT is associated with high 
chance of relapse

University Children’s 
Hospital of Tubingen, 
Germany [43]

PCR 0.001–0.1% Pre-HSCT BM •  EFS for patients with high, low, or 
negative MRD was 23%, 48%, and 
78%, respectively

•  MRD status pre-HSCT is a powerful 
predictor for post-HSCT outcome in 
children with ALL

Pre-BMT MRD Study 
Group [44]

PCR and 
RT-QPCR

0.001–0.1% Pre-HSCT BM •  EFS for patients with high, low or 
negative MRD was 21.4%, 40.7% 
and 75.2%, respectively

•  EFS of pre-HSCT MRD-positive 
(high and low) group was 29.8%

•  Pre-HSCT MRD is an independent 
factor to influence EFS post-HSCT

Huddinge University 
Hospital, Sweden [45]

PCR 0.001–0.1% Pre-HSCT BM •  Patients are pre-HSCT MRD+ are more 
likely to relapse than MRD patients

•  No difference in relapse rates 
between the high-(10−2 to 10−3) and 
low-(10−4 to 10−5) level MRD groups

•  Combined acute and chronic GVHD 
disease is associated with lower risk 
of relapse in MRD+ patients

BFM/ALL-REZ BFM 
96 or 2002 [11]

RT-QPCR ≥0.01% Pre-HSCT BM •  Included children with relapsed ALL 
treated according to the ALL-REZ 
BFM 96 or 2002 protocols and 
receiving stem-cell transplantation in 
≥ second remission

•  Patients with pre-HSCT MRD 
level < 10−4 had 60% EFS compared 
to 27% in patients with MRD level of 
≥10−4

•  A significant prognostic impact of 
pre-HSCT MRD was observed 
intermediate risk patients transplanted 
in CR2 (EFS 68% vs. 20% in the 
MRD- negative vs. MRD-positive 
group) and in HR patients transplanted 
in second or third remission

•  MRD as the only independent 
parameter predictive for EFS for 
post-transplantation outcome
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Table 5.2 (continued)

Study group/treatment 
protocol

MRD 
method

MRD+ cutoff 
or sensitivity

MRD 
measurement 
time points Results

Clinica Pediatrica, 
Monza, Italy [46]

RT-QPCR ≥0.01% Pre-HSCT BM •  Pre-HSCT MRD of <10−4 compared to 
≥10−4 was associated EFS and CIR of 
77.7% and 11.4% vs. 30.8% (P < 0.001) 
and 61.5% (P < 0.001), respectively

•  Pre-transplant MRD ≥ ×10−4 compared 
to ≥10−4 was associated with a 9.2-fold 
risk of relapse (P < 0.001)

•  Pre-HSCT chemotherapy to reduce 
MRD level was associated with a 
5-fold reduction of risk of failure (HR 
0.19, P = 0.01)

French minimal residual 
disease-guided protocol 
study, France [47]

RT-QPCR ≥0.01% Pre-HSCT BM •  The association between pre-HSCT 
MRD and CIR did not differ 
according to CR status

•  Pre-transplant MRD is a predictor of 
outcome for ALL and is associated 
with OS

•  OS was 72.3% of patients with 
pre-HSCT MRD < 10−3 and 40.4% of 
those with MRD ≥10−3

COG/PBMTC [12] MFC ≥0.01% Pre-HSCT BM •  Pre-HSCT MRD of ≥0.1% was 
associated with higher relapse risk 
(HR 3.3) and decreased EFS (HR 2.2)

•  Grades 1–3 aGVHD are associated 
with increased EFS (HR 0.4)

COG/PBMTC [26] NGS ≥0.00001% Pre-HSCT BM •  Pre-HSCT MRD with NGS predicted 
relapse and survival more accurately 
than MFC (P < 0.0001), especially in 
the MRD-negative group (relapse, 0% 
vs. 16%; P = 0.02; 2-year overall 
survival, 96% vs. 77%; P = 0.003)

•  aGVHD defined the relapse risk of 
pre-HCT NGS-MRD-positive patients; 
2-year relapse probabilities were 73% 
for patients with no aGVHD by day +55 
and 17% for those who experienced 
aGVHD by day +55 (P = 0.02)

D: Post-HSCT MRD for ALL

Royal Hospital for Sick 
Children, Bristol, UK 
[48]

PCR 0.001–0.1% Post-HSCT: 
1–4, 6, 9, 12, 
18, and 
24 months BM

•  Any positive post-HSCT MRD is a 
poor prognostic factor; 88% post-
HSCT MRD-positive patients relapsed

•  Of the patients who remained in CR, 
22% showed intermittent low level of 
MRD positivity (0.01–0.001%) up to 
9 months post-HSCT, and most of 
them had aGVHD grade I–II raising 
the possibility of a GVL effect and 
benefit from immune intervention

Czech Pediatric 
Hematology Group [49]

RT-QPCR 0.01–0.1% Post-HSCT: 
1–3, 6, 9, 12, 
18, and 
24 months BM 
and PB

•  All patients with detectable post-
HSCT MRD eventually relapsed

•  Immune modulation and DLI did not 
prevent relapse

(continued)
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Table 5.2 (continued)

Study group/treatment 
protocol

MRD 
method

MRD+ cutoff 
or sensitivity

MRD 
measurement 
time points Results

Clinica Pediatrica, 
Monza, Italy [46]

RT-QPCR ≥0.01% Post-HSCT: 1, 
3, 6, 9, and 
12 months BM

•  Patients who were post-HSCT 
MRD-positive post-transplant had 
40.3% EFS; and a 2.5-fold risk of 
failure (P = 0·04) if any MRD was 
detected in the first 100 days, which 
increased to 7.8-fold (P = 0·002) if 
detected after 6 months

•  Post-HSCT MRD positivity was not 
always associated with relapse (EFS 
40.3%), but was associated with a 
2.5-fold risk of failure (P = 0.04) if 
any MRD was detected in the first 
100 D, and 7.8-fold (P = 0.002) if 
detected after 6 months

•  Immunosuppression modulation or 
DLI based on MRD improved outcome

•  Post-HSCT MRD ≥10−3 was always 
associated with relapsed, despite 
immunosuppression modulation or DLI

BFM/ALL-REZ BFM 
2003 [14]

RT-QPCR ≥0.01% Post-HSCT: 1, 
2, 3, 6, and 
12 months BM

•  Post-HSCT MRD was inversely 
correlated with EFS (P < 0.004) and 
positively correlated with CIR (P < 0.01)

•  Post-HSCT MRD ≥ 10−4 was 
associated with lower EFS 
(P < 0.003)

•  Post-HSCT MRD predictive power of 
leukemic relapse at 1, 3, 6, and 
9 months was >96%, >87%, >71%, 
and >61%, respectively

COG/PBMTC [26] MFC
NGS

≥0.01%
≥0.00001%

Post-HSCT: 
peri- 
engraftment, 
3-month, and 
8-month BM

•  Post-HSCT NGS-MRD predicted 
relapse than MFC-MRD 
(P < 0.0001), especially early after 
HSCT (day 30 MFC-MRD-positive 
relapse rate, 35%; NGS-MRD-
positive relapse rate, 67%; P = 0.004)

•  Any post-HSCT NGS positivity 
increased the relapse risk (HR 7.7; 
P = 0.05), independent of pre-HSCT 
MRD and aGVHD

ALL Acute lymphoblastic leukemia, MRD minimal residual disease, BP B-precursor, COG Children’s Oncology Group, 
MFC multichannel flow cytometry, D day, EOI end of induction, EOC end of consolidation, BM bone marrow, Wks 
weeks, CHLA Children’s Hospital Los Angeles, RT-QPCR real-time quantitative polymerase chain reaction, DFCI 
Dana–Farber Cancer Institute, AIEOP Associazione Italiana Ematologia Oncologia Pediatrica, BFM Berlin–Frankfurt–
Muenster, EFS event-free survival, HSCT hematopoietic stem cell transplantation, CCLG Children’s Cancer and 
Leukaemia Group in the UK and Ireland, ANZCHOG Australian and New Zealand Children’s Haematology/Oncology 
Group, CR complete remission, HR high risk, CIR cumulative incidence of relapse, OS overall survival, PBMTC 

with the goal of reducing MRD prior to allogeneic 
HSCT. In this study, patients received HSCT due to 
high MRD (n = 26; 21 at EOI and 5 for persistent 
MRD at week 16) resulting in 5-year EFS of 79.5% 
compared to 43% in historical controls [50]. COG 
study AALL 0232 for high-risk B-precursor (BP)-

ALL with high EOI MRD (>0.1 to <1%) demon-
strated that additional intensification of 
chemotherapy did not prevent relapse and death with 
no improvement in 5-year OS and EFS. Subjects 
(9.2%, n = 37) that were withdrawn from the study 
in CR1 to pursue HSCT had no relapses prior to or 
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during the follow-up period [51]. In the AIEOP-
BFM ALL 2000 study, patients (21%) with high 
level (≥10−3) of MRD at day 78 of chemotherapy 
had a 7-year EFS of 40.5% when they received 
HSCT in CR1 demonstrating lower rate of relapse 
after HSCT (13 of 55 patients) as compared to 
patients who did not receive HSCT (23 relapses over 
42 patients) [34]. These results collectively support 
the role of HSCT in CR1 based on MRD.

The BFM study group showed that MRD sta-
tus can be used as an indication to allocate 
patients in CR2 to HSCT. HSCT improved EFS 
of patients with intermediate-risk relapsed ALL 
with high EOI MRD (week 5) to achieve similar 
outcome to low MRD patients treated with che-
motherapy only [37–39].

On MRD blinded results, patients who were 
MRD-negative (<10−3) as compared to MRD- 
positive patients (≥10−3) had 10-year EFS of 76% 
and 18% and cumulative incidence of relapse of 
21% and 61%, respectively [38]. Subsequently, 
patients with intermediate-risk relapse and a high 
EOI MRD level (≥10−3, n = 99) were assigned to 
receive HSCT, while those with low MRD levels 
continued chemo- and radiotherapy (n = 109). 
This MRD-based treatment allocation to HSCT 
improved the EFS of patients with intermediate-
risk relapsed ALL and high EOI MRD from 18 to 
64%, which was similar to patients with low EOI 
MRD (70%) [39].

St. Jude R11 and R15 studies for ALL in CR2 
demonstrated similar results to the BFM group. 
Multivariate analysis showed that positive 
(≥0.01%) EOI MRD (day 36) was independently 
associated with subsequent relapse with high inci-
dence among patients treated with chemotherapy 
alone who had positive MRD (n = 12) compared 
to those who became MRD negative (<0.01%) 
[n = 13] with cumulative incidence of relapse of 
81% vs. 25% (P = 0.004). Therefore, EOI MRD is 
a useful determinant for HSCT indication [36].

Multiple studies showed that pre-HSCT MRD 
level of (10−2–10−3) and (10−5–10−7 to undetect-
able) was associated with up to 80% and 0–30% 
relapse probability, respectively [11, 12, 26, 42–
47]. Pre-HSCT MRD identified patients that are 
at high risk for relapse post-HSCT.

A study from the BFM group examined the 
prognostic value of pre-HSCT MRD in children 

(n = 91). Patients with pre-HSCT MRD (n = 46) 
<10−4 had an EFS of 60% and cumulative inci-
dence of relapse of 13% compared to an EFS of 
27% and cumulative incidence of relapse of 57% 
in patients with MRD level of ≥10−4 (n = 45) (with 
P = 0.004 for EFS and P < 0.001 for cumulative 
incidence of relapse). Although the pre- HSCT 
MRD strongly impacted the EFS post-HSCT, this 
information indicated that patients with persistent 
pre-HSCT MRD may still benefit from HSCT as 
this group had an EFS of 27% [11].

A study (n = 146) from COG/PBMTC showed 
increased risk of relapse in children with pre- 
HSCT MRD ≥0.1% (HR 3.3; P = 0.01), whereas 
acute GVHD grades I–III were associated with 
lower relapse risk (HR 0.4; P = 0.04) [12]. Another 
study by the same group showed that pre-HSCT 
NGS-MRD in patients with BP-ALL (n = 56) pre-
dicted relapse and survival more accurately than 
MFC (P < 0.0001), especially in the MRD-
negative group (relapse, 0% vs. 16%; P = 0.02; 
2-year overall survival, 96% vs. 77%; P = 0.003), 
and that aGVHD defined the relapse risk of pre-
HCT NGS-MRD-positive patients; 2-year relapse 
probabilities were 73% for patients with no 
aGVHD by day +55 and 17% for those who expe-
rienced aGVHD by day +55 (P = 0.02) [26].

Several studies have shown that detectable post-
HSCT MRD is associated with relapse [14, 26, 46, 
48, 49]. A recent BFM study (n = 113) showed that 
positive post-HSCT MRD predicts relapse. The 
level of MRD was inversely correlated with EFS 
(P < 0.004), and MRD ≥ 10−4 was associated with 
inferior EFS (P < 0.003). The ability of MRD to 
predict relapse after 1, 3, 6, and 9 months was 
>96%, >87%, >71%, and >61%, respectively [14]. 
Similarly, a study from COG/PBMTC showed that 
any post-HSCT NGS-MRD positivity increased 
risk of relapse (HR 7.7; P = 0.05). Additionally, 
post-HSCT NGS-MRD detection was better at pre-
dicting relapse than MFC-MRD (P < 0.0001), 
especially early after HSCT (day 30 MFC-MRD-
positive relapse rate, 35%; NGS-MRD-positive 
relapse rate, 67%; P = 0.004) [26].

Post-HSCT MRD positivity increased the 
relapse risk (HR = 4.5, P = 0.01). An optimal 
window to initiate intervention to prevent relapse 
is between day +55 and +200 after HSCT [52]. 
MRD assessment pre- and post-HSCT identifies 
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a group of patients who are at a particularly high 
risk or with impending relapse post-HSCT. This 
group of patients may benefit from immune inter-
vention including faster withdrawal of immuno-
suppression and use of donor lymphocyte 
infusions and post-HSCT leukemia therapy.

COG/PBMTC studies [12, 26] showed that 
aGVHD post-HSCT is associated with decreased 
relapse in patients with positive pre-HSCT MRD, 
supporting the role of immune intervention. In a 
study from Sweden, patients with detectable pre- 
HSCT MRD (n = 25), 2 of 11 patients with both 
acute and chronic GVHD relapsed, as compared 
with 11 of 14 patients with no GVHD or only 
acute or chronic GVHD (P = 0.005). The combi-
nation of acute and chronic GVHD was associ-
ated with lower risk of relapse (odds ratio 0.07; 
P = 0.014) [45]. A Dutch study showed that, in 
patients with pre-HSCT MRD ≥10–4 (n = 18), 
preemptive immune intervention (early cyclo-
sporine tapering (n = 13)) followed by consecu-
tive, incremental DLI (n = 6) was associated with 
aGVHD grade II in 23% of patients, and EFS in 
the intervention group was 19% [53].

In an Italian study, patients who were MRD pos-
itive posttransplantation had an EFS of 40.3%. 
While post-HSCT MRD positivity was not always 
associated with relapse, it was associated with a 2.5-
fold risk of failure (P = 0.04) if any MRD was 
detected in the first 100 days and 7.8-fold (P = 0.002) 
if detected after 6 months. Immunosuppression 
modulation or DLI based on MRD improved out-
come. However, post-HSCT MRD ≥10−3 was 
always associated with relapse, despite immuno-
suppression modulation or DLI [46].

 AML

The role of MRD in the management of AML is 
less defined. St. Jude AML02 study showed that 
patients with MRD positivity (≥0.1%) at the end 
of induction I are more likely to relapse than 
MRD-negative patients (39% vs. 17%) [10]. A 
British/Dutch study showed similar results, 
where patients who were MRD positive at the 
end of induction I had lower relapse-free survival 
compared to patients who were MRD negative 
(85% vs. 44%) [54]. COG showed that 16% of 

patients (n = 252) considered responsive to induc-
tion therapy had detectable disease (residual leu-
kemia ≥0.5%), predicting a 4.8 and 3.1 times 
increased risk of relapse and death, respectively 
[55]. In another study, COG showed that end of 
induction I MRD in AML was the only factor that 
remained prognostic when compared with cyto-
genetic and molecular risk groups [9]. The BFM 
group reported that while MRD positivity in 
AML correlated with poorer outcomes, it did not 
contribute to overall risk stratification [56].

A retrospective study in adults (n = 99) exam-
ined the effect of pre-HSCT MRD in AML in CR1. 
Pre-HSCT MRD was associated with increased 
risk of relapse and death after myeloablative HSCT 
after controlling for other risk factors. Pre-HSCT 
MRD was positive (<0.01% in two patients, 0.01–
0.1% in 8 patients, and >0.1% in 14 patients [range, 
0.007–3%; median, 0.29%]) in 24 patients. The 
2-year estimates of overall survival were 30.2% 
(range, 13.1–49.3%) and 76.6% (range, 64.4–
85.1%) for MRD-positive and MRD-negative 
patients; 2-year estimates of relapse were 64.9% 
(range, 42.0–80.6%) and 17.6% (range, 9.5–
27.9%). After adjustment for all or a subset of cyto-
genetic risk, secondary disease, incomplete blood 
count recovery, and abnormal karyotype, pre-
HSCT MRD positivity was associated with 
increased overall mortality (HR 4.05; P < 0.001) 
and relapse (HR, 8.49; P < 0.001) relative to nega-
tive pre-HSCT MRD [58].

In a different study, the same group examined 
the effect of pre-HSCT MRD AML in CR1 
(n = 183) or CR2 (n = 70) in adults demonstrating 
similar negative impact of pre-HSCT MRD positiv-
ity. The 3-year OS was 73% and 32% for MRD-
negative and MRD-positive CR1 patients, 
respectively, and 73% and 44% for MRD- negative 
and MRD-positive CR2 patients, respectively. 
Similar estimates of relapse were 21% and 58% for 
MRD-negative and MRD-positive CR1 patients, 
respectively, and 19% and 68% for MRD-negative 
and MRD-positive CR2 patients, respectively. Risks 
of death and relapse were 2.61 times and 4.90 times 
higher for MRD- positive patients (P < 0.001). 
Together, these findings indicate that the negative 
impact of pre- HCT MRD is similar for AML in 
CR1 and CR2 with even minute levels (≤0.1%) as 
being associated with adverse outcome [13].
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In a more recent study of adult patients with 
AML (n = 359), who underwent myeloablative 
HSCT from a peripheral blood or bone marrow 
grafts, the 3-year relapse estimates were 67% in 76 
patients in MRD-positive morphologic remission 
and 65% in 48 patients with active AML compared 
with 22% in 235 patients in MRD- negative remis-
sion. The 3-year overall survival estimates were 
26%, 23%, and 73% in these three groups, respec-
tively. MRD-negative remission status was associ-
ated with longer overall and progression-free 
survival as well as lower risk of relapse compared 
with MRD-positive morphologic remission status 
or having an active disease, with similar outcomes 
between the latter two groups [58].

A recent study examined the effect of pre- 
HSCT MRD status on outcomes of HSCT, in 
AML, after either myeloablative (MAC) or 
reduced intensity (RIC) conditioning regimens in 
203 adult patients (MAC, n = 80, and RIC, 
n = 123) with no morphologic evidence of disease 
pre-HSCT. The graft sources included 130 umbil-
ical cord blood (UCB) and 73 sibling donors. 
MFC (sensitivity 0.1%) was used to evaluate 
MRD. Twenty-five patients were MRD+, includ-
ing 15 (18.7%) receiving MAC and 10 (8.1%) 
RIC HSCT. Among RIC patients, MRD+ was 
associated with significantly inferior relapse, 
DFS, and OS (multiple regression HR, 3.8; 
P < 0.01 for relapse; HR, 2.9; P < 0.01 for DFS; 
and HR, 3.4; P < 0.01 for OS). In contrast, MRD+ 
status was not associated with relapse or decreased 
OS after MAC. These data suggest that MAC, but 
not RIC, overcomes the negative effect of pre-
HSCT MRD+ after sibling or UCB HSCT [59].

In a St. Jude study, in children with very-high- 
risk ALL (n = 64) or AML (n = 58), MRD was an 
independent prognostic factor (P = 0.0035), and 
higher MRD levels pre-HSCT predicted a poorer 
survival after HCT (P = 0.0019). However, the 
increase in risk of death associated with a similar 
increment of MRD was greater in ALL than in 
AML, suggesting that a pre-HSCT reduction of 
leukemic burden would have a higher impact in 
ALL. At any given MRD level, survival rates 
were higher for patients treated in recent proto-
cols: the 5-year overall survival for patients with 
ALL was 49% if MRD was detectable (66.7% if 
MRD was <0.1% and 42.9% if it was 0.1 to 

<5.0%) and 88% if it was not, and the corre-
sponding rates for patients with AML were 67% 
and 80%, respectively. Although pre-HSCT 
MRD is a strong prognostic factor, it should not 
be regarded as a contraindication for HSCT [60].

 Key Points

• Detection of MRD before HSCT strongly cor-
relates with the risk of relapse both in ALL 
and AML.

• At the defined levels of MRD (e.g., ALL 
≥0.1% [12] or ≥10−3 [38, 39]; AML ≥0.1% 
[13, 57, 58, 60]), there is a big falloff in out-
come. With levels above that, outcomes are 
not zero but are much worse.
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Abstract

All patients being considered for hematopoietic stem cell transplantation 
(HSCT) are required by federal (e.g., the FDA) and other regulatory agencies 
[e.g., Foundation for Accreditation of Cellular Therapy (FACT)] to undergo a 
pre-HSCT evaluation. The purpose of this evaluation is to ensure that the 
HSCT candidate is adequately “fit” enough to tolerate HSCT and to determine 
if the potential benefit from HSCT (i.e., a cure from a malignancy, halting the 
progression of a disorder, or replacement of a non- or dysfunctional immune 
system) outweighs the potential risks including death and short- and long-term 
debilitating side effects. To this end, organ function (e.g., liver, kidneys, heart, 
and lungs) and performance status are determined. Because HSCT recipients 
are profoundly immunocompromised and thus susceptible to life-threatening 
and opportunistic infections as well as reactivation of latent infections, all 
HSCT candidates undergo a thorough infection evaluation prior to the start of 
the conditioning regimen. All potential HSCT recipients also undergo restag-
ing or reassessment of their disease state. The results of this evaluation along 
with the results of the other pre-HSCT testing are used to customize the 
patient’s conditioning regimen and supportive care plan in order to maximize 
the benefits while minimizing the morbidity of HSCT. This chapter details the 
components of this pre-HSCT recipient evaluation.
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 Introduction

To ensure that HSCT recipients are able to toler-
ate hematopoietic stem cell transplantation 
(HSCT), an abundance of testing is performed 
prior to initiation of the conditioning regimen. 
Timing is of the essence when it comes to pre-
transplantation workup and testing. The majority 
should be undertaken after all treatment for the 
patient’s underlying condition has been com-
pleted, and the patient has sufficiently recovered 
from this treatment.

The official website of the National Donor 
Marrow Program (https://bethematch.org) is an 
invaluable resource for HSCT-related informa-
tion for both health-care professionals and the 
patients and their families. Table 6.1 lists the 
required testing that is performed on all potential 
HSCT recipients prior to transplant.

 Disease Assessment and Restaging

The selection of testing to be performed pre- HSCT 
is based upon the potential HSCT patient’s underly-
ing disease, and this testing must be completed and 
results finalized prior to the start of the conditioning 
regimen. The degree of disease response may influ-
ence the choice of conditioning regimen, the type of 
transplant, and if HSCT is the appropriate choice of 
treatment modality at that time. Table 6.2 summa-
rizes the restaging workup by disease type.

 Confirmatory HLA Typing

Human leukocyte antigen (HLA) typing of the 
potential HSCT recipient is performed at diag-
nosis or at time of decision to proceed to an allo-
geneic HSCT. Prior to moving forward with 

Table 6.1 Required pre-HSCT recipient testing

Other Organ function evaluation Laboratory evaluation Infection evaluation

•  Disease 
assessment and 
restaging

• MUGA
• Echocardiogram
• EKG

•  24-h urine collection for 
creatinine clearance

•  CT scan of the sinuses, 
chest, abdomen, and 
pelvis

•  Confirmatory 
HLA typing for 
allogeneic 
HSCT

• Pulmonary function testing • ABO
• Rh
• RBC antibody screen
• Direct coombs

• Respiratory viral swab
  – Influenzas A, B
  –  Respiratory syncytial 

virus (RSV)
  – Parainfluenzas 1, 2, 3
  – Adenovirus
  – Metapneumovirus
  – Rhinovirus

• Dental clearance • Bun
• Creatinine
• Electrolytes
• Glucose
• Calcium
• Magnesium
• Phosphorus
• LDH

• Antibody titers for:
  – CMV
  – Epstein-Barr virus
  – Herpes simplex virus
  – Toxoplasmosis
  – Varicella zoster
  – HIV-1 and HIV-2
  – HTLV-1 and HTLV-2
  – Syphilis

– • Ophthalmologic exam • Liver function tests –

– • Neuropsychological testing • Total protein
• Albumin

–

– • Audiogram • CBC with differential
• Reticulocyte count

–

– •  Nutrition evaluation • PT/INR/PTT –

– – •  Beta-HCG, if applicable –

– – •  Serum immunoglobulin G 
(IgG) level

–

C. Eichelberger and V.I. Brown
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Table 6.2 Summary of restaging workup by disease type

Disease Restaging

• Leukemia:
  – Acute myelogenous leukemia
  – Acute lymphoblastic leukemia
  – Chronic myelogenous leukemia
  – Juvenile myelomonocytic leukemia

• Bone marrow biopsy and aspirate:
  – Cytogenetics
  – Flow cytometry
  – Minimal residual disease evaluation
• Lumbar puncture:
  – Dependent upon disease type and history of CNS disease

• Lymphoma:
  – Hodgkin lymphoma
  – Non-Hodgkin lymphoma

• PET/CT or CT scan of the chest, abdomen, and pelvis
• Bone marrow biopsy:
  – If history of marrow involvement

• Myelodysplastic syndromes
• Myeloproliferative disorders

• Bone marrow biopsy and aspirate:
  – Cytogenetics
  – Flow cytometry
  – FISH

• Bone marrow failure syndromes:
  – Severe aplastic anemia
  – Fanconi anemia
  – Paroxysmal nocturnal hemoglobinuria
  – Pure red cell aplasia
  – Amegakaryocytosis
  – Congenital thrombocytopenia
  – Diamond-Blackfan syndrome

• Bone marrow biopsy and aspirate
  – Cytogenetics
  – Flow cytometry

• Inherited primary immune system disorders:
  – Severe combined immunodeficiency (SCID)
  –  Combined variable immunodeficiency 

(CVID)
  – Wiskott-Aldrich syndrome

• Confirmation of inherited disorder

• Hemoglobinopathies:
  – Beta thalassemia major
  – Sickle cell disease

• Hemoglobin electrophoresis
• Iron overload evaluation of the liver and heart
• % hgb S for patients with sickle cell disease

• Inherited metabolic disorders:
  – Krabbe disease
  – Hurler syndrome
  – Adrenoleukodystrophy
  – Metachromatic leukodystrophy

• Enzyme levels
• MRI of the brain

• Neuroblastoma • MRI/CT scan
• MIBG scan
• Bone scan
• Urine catecholamines (VMA and HVA)
• Bone marrow biopsy and aspirate

• Brain tumors • MRI of the brain and spine
• LP for CSF cytology

• Germ cell tumors • CT of the chest, abdomen, and pelvis
• Tumor markers:
  – AFP
  – Beta-HCG

HSCT, transplant centers are required to have 
this typing completed twice. This confirmatory 
typing can be completed at any time, but it must 
be performed on a sample obtained from a dif-
ferent blood draw from the original specimen, 
and the results must be finalized prior to the start 
of conditioning.

 Organ Function Evaluation

Cardiac Evaluation: Every patient being consid-
ered for HSCT undergoes a cardiac evaluation 
[1, 2]. A complete echocardiogram (EHCO) is 
performed before the conditioning regimen is 
begun in order to assess cardiac function and to 
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evaluate for any heart anomalies. A shortening 
fraction (SF) of 28% or greater is required before 
undergoing myeloablative conditioning. If 
decreased heart function or any other abnormal-
ity is detected, then a cardiology consultation 
may be needed to intervene and optimize the 
patient’s cardiac function prior to undergoing 
HSCT. A multiple-gated acquisition (MUGA) 
scan can also be performed, but an echocardio-
gram is usually sufficient and better tolerated by 
pediatric patients. An electrocardiogram (ECG) 
is also performed in order to assess the HSCT 
candidate for the presence of arrhythmias and to 
provide a baseline ECG prior to the initiation of 
the conditioning regimen.

Pulmonary Evaluation: The pulmonary 
function of a HSCT candidate needs to be 
evaluated. Pulmonary function testing (PFT), 
including a diffusing capacity of the lungs for 
carbon monoxide (DLCO) corrected for hemo-
globin, is performed to assess lung function 
prior to HSCT. DLCO should be >66% [2, 3]. 
If not, then a pediatric pulmonary specialist 
should be consulted. Generally, younger chil-
dren may not be able to cooperate sufficiently 
when undergoing pulmonary function testing, 
and thus the results may not be reliable. 
However, oxygen saturation and symptomatol-
ogy which are also assessed can be used as a 
surrogate of pulmonary function for children 
who are unable to correctly perform PFTs.

Dental Evaluation: Pediatric patients who are 
preparing to undergo HSCT (both allogeneic and 
autologous) should be up-to-date on their every 
6-month dental maintenance. If not, then a dental 
assessment and a gentle cleaning should be per-
formed prior to the start of the conditioning regi-
men. All dental caries need to be adequately 
addressed before undergoing HSCT. Any signs 
or symptoms of infection should be reported and 
completely treated prior to starting any condi-
tioning regimen.

Ophthalmologic Examination: A baseline 
eye exam is completed on all anticipated alloge-
neic HSCT recipients prior to conditioning 
therapy.

Neuropsychological Testing: Children and ado-
lescents whose planned conditioning regimen con-
tains total body irradiation (TBI) should undergo a 

baseline neuropsychological assessment. This eval-
uation includes behavioral observations, intellectual 
ability, academic achievement, adaptive behavior, 
executive functioning, memory and learning, visual 
perceptual, behavioral and emotional status, and 
attention and response regulation.

Hearing Evaluation: An audiogram is performed 
for those recipients who will receive  ototoxic condi-
tioning regimens (e.g., carboplatin). Many of these 
children have had a baseline audiogram at diagnosis 
and have had serial tests done throughout therapy. 
Chemotherapy adjustments in dosing and/or selec-
tion can be made if there has been a considerable 
loss in hearing. This is particularly important in chil-
dren whose language development is at its peak or 
earlier (usually <5 years of age).

Nutritional Status: Patients who undergo HSCT 
(both allogeneic and autologous), particularly 
when conditioned with a myeloablative regimen, 
are in a catabolic state, and thus their caloric 
demand is great. Thus, a nutritional assessment 
prior to starting the conditioning regimen is impor-
tant. This evaluation, preferably performed by a 
registered dietician, should include a diet history, 
the need for prior supplementation (e.g., oral or 
nasogastric tube feedings and total parenteral nutri-
tion), and laboratory evaluation including serum 
albumin and total protein. Every effort to improve 
a patient’s nutritional status should be made prior 
to HSCT because the majority of patients will 
require enteral or parenteral supplemental nutrition 
during the immediate post-HSCT phase.

 Laboratory Evaluation

24 h Urine for Creatinine Clearance: To help 
assess renal function, urine is collected for 24 h, 
and a creatinine clearance is calculated from this 
urine collection prior to the start of the condition-
ing regimen. This evaluation is necessary to 
ensure medication dosing accuracy and is partic-
ularly important when known nephrotoxic agents 
are part of the planned conditioning regimen or 
part of the supportive care plan.

ABO/Rh/RBC Antibody Screen/Direct Coombs: 
Prior to HSCT, a patient’s blood type (ABO, Rh) is 
confirmed, and blood is screened for the presence 
of red blood cell (RBC) antibodies.

C. Eichelberger and V.I. Brown
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Blood Chemistries and Electrolytes: In addi-
tion to checking baseline electrolytes and LDH, 
BUN and creatinine are checked for baseline 
renal function. Similarly, baseline liver function 
tests (LFTs) (transaminases and bilirubin) are 
obtained prior to HSCT.

Hematopoietic Function: A complete blood 
cell count (CBC) with differential and reticulo-
cyte count is performed as a baseline.

Coagulation Status: Prothrombin time and 
partial prothrombin time (PT/PTT) are measured 
as a baseline prior to HSCT.

Pregnancy Status: Pregnancy is contraindi-
cated for undergoing HSCT. Thus, a beta-HCG 
test, if applicable, is performed prior to the start 
of the conditioning regimen.

Serum Immunoglobulin (IgG) Level: A serum 
IgG level is checked prior to HSCT. IF the IgG 
level is <400–500, then intravenous immuno-
globulins (IVIg) is infused prior to the start of the 
conditioning regimen, and then continued 
replacement as per institutional guidelines, but is 
typically replaced every 2 weeks during the peri- 
and early post-HSCT period.

 Infection Evaluation

CT Scans of Sinus/Chest/Abdomen/Pelvis: CT 
scans are done pretransplant for a multitude of 
reasons. While often done as part of the patient’s 
disease restaging, CT scans of the sinuses, chest, 
abdomen, and pelvis are primarily performed in 
an anticipated allogeneic HSCT recipient to 
assess for any underlying infection prior to the 
start of the conditioning regimen [1, 2]. Any sus-
picious lesions (particularly of an infectious eti-
ology) need to be investigated further prior to 
undergoing HSCT. A biopsy of the suspicious 
lesion may be warranted to establish a diagnosis. 
The presence of any active infection is an abso-
lute contraindication for undergoing HSCT. The 
infection must be adequately treated before 
undergoing HSCT.

Respiratory Viral Swabs: A deep nasal pha-
ryngeal swab is completed on both autologous 
and allogeneic HSCT candidates within 7 days of 
starting the conditioning regimen. This specimen 
is done to detect the presence of influenzas A and 

B; respiratory syncytial virus (RSV); parainflu-
enzas 1, 2, and 3; adenovirus; human metapneu-
movirus; and rhinovirus. The decision to delay 
HSCT is based upon type of virus isolated and/or 
symptomatology.

Infectious Disease Titers: It is imperative to 
evaluate all potential HSCT patients for active 
and prior infections, particularly latent infections 
that may be reactivated, while the patient is pro-
foundly myelo- and immunocompromised dur-
ing the peri- and post-HSCT periods. Infectious 
disease titers tested prior to starting any condi-
tioning regimens include antibody titers for cyto-
megalovirus (CMV), Epstein-Barr virus (EBV), 
herpes simplex virus (HSV), toxoplasmosis, vari-
cella zoster virus (VZV), HIV-1 and HIV-2, 
HTLV-1 and HTLV-2, and syphilis.

 Fertility Preservation

Fertility should be discussed with parents and 
with patients who have reached puberty 
(Tanner stage III) prior to receiving high-dose 
chemotherapy and/or total body irradiation 
(TBI). TBI and many of the drugs used in con-
ditioning regimens can cause gonadal failure 
and premature ovarian failure resulting in per-
manent infertility. Table 6.3 lists the com-
monly used drugs that can lead to male 
infertility and their corresponding cumulative 
doses. Sperm cryopreservation is highly rec-
ommended prior to the start of the condition-
ing regimen if the patient has not done so 
already [4]. Similarly, high-dose chemother-
apy and TBI are likely to cause permanent 
ovarian failure in female patients. Fertility 

Table 6.3 Commonly used drugs with their cumulative 
doses that are associated with causing male infertility

Drug Cumulative dose

• Cyclophosphamide • 7 g/m2

• Ifosfamide • 42–60 g/m2

• Nitrosoureas-BCNU, CCNU • 1 g/m2, 500 mg/m2

• Melphalan • 140 mg/m2

• Busulfan • 600 mg/m2

• Procarbazine • 4 g/m2

• Cisplatin • 500 mg/m2

6 HSCT Recipient Pretransplantation Evaluation
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cryopreservation in female patients may be 
more difficult due to timing issues and the 
general invasiveness of the necessary proce-
dures. Ovarian stimulation prior to oocyte pro-
curement is required, and oocyte procurement 
requires an invasive procedure and is difficult 
to preserve. An experience reproductive endo-
crinologist needs to be consulted.

 Key Points

• A systematic “checklist” is completed for all 
HSCT candidates to assess their “fitness” and 
“appropriateness” to undergo HSCT.

• The pre-HSCT assessment includes an organ 
function evaluation of the liver, kidneys, heart, 
and lungs, laboratory evaluation, infection sta-
tus evaluation, and performance status as well 
as restaging of the patient’s underlying disease 
or disorder.

• The results of the pre-HSCT assessment are 
used to customize the HSCT candidate’s con-
ditioning regimen.

• If not previously addressed, fertility preservation 
is discussed with the HSCT candidate and their 
family as part of the pre-HSCT evaluation.
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Abstract

The selection of the most suitable donor and stem cell source is a critical 
component of hematopoietic stem cell transplantation (HSCT). The factors 
that contribute to this selection are many, making the process complex. The 
most important contributing factor of donor selection and stem source is 
based on the inherent genetic makeup of the donor as it relates to the HSCT 
recipient. The cluster of genes that compared for compatibility (termed histo-
compatibility) contain human leukocyte antigens (HLA) genes located in the 
short arm of chromosome 6 in humans. These genes are inherited together 
(i.e., linked), and the most important determinants are HLA-A, HLA-B, 
HLA-C, HLA-DRB1, HLA-DQB1, and HLA- DPB1. Because a person 
inherits one HLA cluster (termed locus) from each parent, siblings with the 
same parents have a 25% chance to be a “match” with the potential HSCT 
recipient. The process of evaluating histocompatibility is termed HLA match-
ing and can be performed at the antigen and allele level. The allele level is 
more accurate and thus is termed “high-resolution” typing. Because increased 
HLA disparity between the donor and recipient increases post-HSCT mor-
bidity and mortality, every effort is made to select the most suitable donor in 
terms of HLA histocompatibility. Potential hematopoietic stem cell (HSC) 
sources include bone marrow, peripheral blood after cytokine mobilization, 
and umbilical cord blood. Each HSC source is commonly used, with bone 
marrow as the most common source for pediatric allogeneic HSCT. However, 
umbilical cord blood is used frequently as an alternative source when no suit-
able related or unrelated matched sibling donor is available. Because of the 
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nature of the naïve T cells contained within umbilical cord blood, greater 
HLA disparity between umbilical cord blood donor source and the potential 
HSCT recipient is better tolerated than with bone marrow or peripheral blood 
HSCs. Haploidentical related donors as HSC source is being used more fre-
quently but is still considered investigational in the pediatric population.

 Introduction

Hematopoietic stem cells (HSCs) are multipotent 
cells that give rise to all other blood cell types [1]. 
Their precursors arise from the mesoderm. 
Functional hematopoietic stem cells first appear in 
the human embryonal yolk sac, but, as the fetus 
grows, the HSCs migrate to the liver and undergo a 
burst of proliferation [1]. Throughout the remainder 
of the pregnancy, hematopoietic stem cells are pro-
duced in the liver. However, the production transi-
tions to the bone marrow shortly after birth [1].

Hematopoietic stem cells are the main compo-
nent in the hematopoietic stem cell transplantation 
(HSCT) product (the HSCT product is also referred 
to as “graft”). The selection of an appropriate donor 
source for the recipient is a critical and a complex 
process that takes into account multiple factors. 
HSCs can be collected from bone marrow (BM), 
peripheral blood (PB) after cytokine mobilization, 
and umbilical vein cord blood (UCB) after delivery 
[1, 2]. Selection of an HSC donor is unique to the 
patient’s specific  disease, the suitability of the 
donor-recipient match, and the HSC source(s) 
available. It is crucial to know the advantages and 
disadvantages as well as the relative risks of each 
HSC source, both related and unrelated. This chap-
ter addresses how the suitability of a donor is deter-
mined and how well “matched” the donor-recipient 
pair impacts the outcome of the transplant. The 
impact of HSC source selection, i.e., bone marrow 
versus peripheral blood versus umbilical vein cord 
blood, is addressed in Chap. 8.

 Human Leukocyte Antigen 
Nomenclature and Typing

 HLA Nomenclature

In order for allogeneic hematopoietic stem cell 
transplantation (HSCT) to be successful, the 

donor’s immune system must closely resemble 
(or “match”) the recipient’s immune system. 
Otherwise, the recipient will reject the donor’s 
HSCs, blocking repopulation of the recipient’s 
bone marrow, and, conversely, the donor’s mature 
T cells will recognize the recipient as “foreign” 
and attack the recipient’s tissues, causing graft- 
versus- host disease (GvHD) [2]. Selection of the 
most suitable donor for an allogeneic HSCT is 
primarily based on how closely matched the 
human leukocyte antigens (HLA) are between 
the donor and the recipient. Thus, HLA typing 
must be performed for both the recipient and the 
donor. HLA typing and matching are imperative 
in HSCT, since disparity in HLA antigens and 
alleles can result in graft rejection and/or signifi-
cant morbidity and mortality due to GvHD [2]. 
The genes encoding these antigens in humans are 
located on the short arm of chromosome 6 
(6p21.3) and consist of approximately 3600 kb of 
DNA called the major histocompatibility com-
plex (MHC) [2–4]. (Note: MHC is another name 
for HLA; the two are interchangeable.) Figure 7.1 
illustrates the relative location of the HLA genes 
on the short arm of chromosome 6.

Although there are more than 300 genes that 
contribute to immune response within the HLA 
system, there are only two major classes that gov-
ern the acceptance and/or rejection of a donor 
HSC graft. The first is MHC Class I whose key 
members include HLA-A, HLA-B, and HLA- 
C. The second is MHC Class II whose key mem-
bers are HLA-DR, HLA-DQ, and HLA-DP 
[3–7]. MCH Class I and II alleles are highly poly-
morphic. They are antigen-presenting proteins 
that display degraded normal intracellular pro-
teins (Class I) as well as foreign proteins derived 
from bacteria, viruses, and foreign allogeneic 
cells to T cells (Class II). The presentation of 
these antigens within the context of “self” results 
in T-cell recognition, activation, and elimination 
[4, 8]. In the context of allogeneic HSCT, these T 
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cells provide alloimmunity, i.e., immune response 
to nonself-antigens, and are the basis for GvHD 
or graft failure [9].

The HLA Class I and II antigens are heterodi-
mers and are structurally similar molecules. They 
differ in the polymorphism of their protein-/
peptide- presenting domains. The amino acid vari-
ation within the antigen-presenting region 
changes the conformation within the domain, 
thereby altering peptide-binding specificity [4, 8]. 
The HLA gene system has the highest number of 
polymorphisms in humans [4, 6]. Thus far, more 
than 1300 alleles have been identified among the 
12 expressed loci of HLA Class I and II [8]. The 

alleles may differ by as little as one amino acid 
caused by a missense mutation. For example, 
HLA-B has more than 400 known alleles [8]. In 
order to maintain diversity and create a unique but 
comprehensive T- and B-cell repertoire for each 
individual, one needs to maintain this diversity in 
the population. This uniqueness ensures that the 
immune system will be able to discern all poten-
tially encountered foreign antigens from self and, 
therefore, be protected against foreign pathogens. 
The role of Class I (CD8+) and Class II (CD4+) 
molecules is to bind to self and/or nonself pep-
tides and present them to CD8+ cytotoxic T cells 
or CD4+ helper T cells, respectively [8]. During 
T- and B-cell development, the body will elimi-
nate cells that demonstrate higher affinity to self 
to avoid autoimmune dysregulation.

Individuals inherit half of their HLA alleles 
as a single linked locus from each parent, mak-
ing each child haploidentical to the parent. 
Figure 7.2 illustrates an example of such an 
inheritance pattern, demonstrating that each full 
sibling has a 25% chance being a “match” to the 
patient at the antigen level. The loci of these 
HLA alleles are very close together, and, as a 
result, they are linked and are inherited together 
in a cluster as a single locus. However, there is a 
1% chance of a crossover event to occur between 
the two HLA loci. Thus, a potential sibling 
donor matched at the antigen level may not 
match at the allele level which may have clinical 
relevance because allele- level mismatches nega-
tively affect survival and increase the risk of 
developing GvHD. HLA allele frequency is also 
dependent of ethnic variation. Different ethnic 
groups often share various yet specific alleles 
when compared to the general population. As a 
result, one is more likely to match within the 
same ethnic group [4, 6, 8, 10]. The alleles are 
codominant, i.e., both alleles are equally 
expressed [4, 8, 11]. The genes encoding MHC 
Class I proteins are telomeric and are expressed 
on the cell surface of nearly all cells with the 
exception of erythrocytes (red blood cells) and 
corneal endothelium [8]. They bind and display 
peptides derived from cytosolic proteins. 
Conversely, the genes encoding MHC Class II 
are centromeric and are only expressed on anti-
gen-presenting cells such as macrophages, 
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Fig. 7.1 Chromosome 6 and its inheritance of HLA are 
essential to HSCT and “matching” recipient to their 
donor. The relative position of the HLA-A, HLA-B, HLA- 
C, and HLA-DRB1 genes in the MHC on the short arm of 
chromosome 6 at band 6p21.3 is indicated. These specific 
exons within each gene are routinely sequenced in the 
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recipient matching for sequences in this exon is typically 
performed with medium resolution molecular techniques. 
The relative position of the HLA-DPB1 gene (in red), 
which plays a role in histocompatibility in the allogeneic 
HCT setting but at this time is not routinely sequenced 
during the donor selection process, is also indicated. This 
research was originally published in Blood. Edus 
H. Warren et al, Effect of MHC and non-MHC donor/
recipient genetic disparity on the outcome of allogenic 
HCT. Blood. 2012;Vol:120. © the American Society of 
Hematology. Used with permission
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dendritic cells, Langerhans cells, monocytes, 
and B cells [3, 5, 6, 8]. They present peptides 
derived from endocytosed proteins from bacte-
ria, viruses, and other foreign molecules.

 HLA Typing

The HLA nomenclature was first established in 
1968 by the World Health Organization (WHO) 
Nomenclature Committee [3, 7, 8]. This nomen-
clature was structured in a way to accommodate 
expandability, ambiguity, and uniqueness of HLA 
typing as more genes and alleles are discovered. 
HLA nomenclature provides information regard-
ing its locus, allele family, amino acid difference, 
noncoding variations, intron variation, and level of 
expression [7, 8]. HLA typing was first performed 
by serology using antiserum that was obtained 
from pregnant women who were sensitized to 

paternal HLA haplotypes [8]. The first two digits 
in the nomenclature are serologically derived. The 
next two digits (digits three and four) specify the 
allele sequence. The fifth digit is used when 
needed to account for any silent polymorphisms. 
This is followed by the sixth and seventh digits 
which record any variations identified outside of 
the coding region [8]. Figure 7.3 represents an 
example of this nomenclature as it stands today.

Traditionally, HLA nomenclature has been cat-
egorized at three different levels of specificity: low, 
intermediate, and high resolution. The lowest level, 
which is the least specific, specifies the HLA locus 
and the antigen family only, e.g., HLA-A*02 [6, 7]. 
Low-resolution HLA typing is performed by sero-
logic cytotoxicity. Lymphocytes are added to 
Terasaki plates which contain individual wells with 
specific antibodies [8, 11]. These antibodies can be 
synthesized or collected form maternal sera after 
pregnancy as mentioned above [8]. The best cells to 
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type Class II are B cells. Class I can be typed with 
any type of lymphocyte [7, 8, 11]. The reaction 
between the antibody and the lymphocytes causes 
cell death, and it is this pattern that identifies the 
specific HLA antigens that are present for that indi-
vidual [8, 11]. Intermediate-resolution typing speci-
fies alleles within the HLA family, e.g., 
HLA-A*02:101 [6, 7, 11]. This typing is performed 
by flow cytometry whereby lymphocytes isolated 
from the patient’s blood is mixed with fluorescently 
labeled monoclonal antibodies against HLA anti-
gens. This process tags cells that express a specific 
HLA antigen that is recognized by the specific anti-
HLA antibody [6, 11]. Lastly, high-resolution typ-
ing is the most specific and detailed method of HLA 
typing because it encompasses complete nucleotide 
sequencing of the HLA gene cluster [4, 6, 7, 8, 11]. 
This is required for  hematopoietic stem cell trans-
plantation, whereas low resolution is sufficient for 
organ transplantation [8]. High-resolution typing, 
also known as molecular typing, entails DNA 
extraction and amplification by polymerase chain 
reaction (PCR) of the genes that encode HLA-A, 
HLA-B, HLA-C, and HLA-DRB1 [4, 8, 11].

There are over 72 registries preserving more 
than 20 million unrelated donor samples that 
are used for high-resolution typing when indi-

cated. These registries include samples from 
potential donors of both unrelated bone marrow 
and umbilical cord blood (UCB) [4, 7]. Low to 
intermediate typing is performed for all prelim-
inary searches for unrelated donors, whereas 
high- resolution sequencing is typically reserved 
once potential donors are identified [4, 8].

Prior to 2002, all donor searches were per-
formed with low to intermediate resolution [9]. 
From 1988 to 2002, there were multiple improve-
ments in HLA typing methods and its technology 
[4, 9]. From 1988 to 1992, low-resolution HLA 
typing using serology was performed with antisera 
as described above [4, 6, 8, 9, 11]. Sequence- 
specific primer (SSP), which is high-resolution 
typing with DNA extraction performed by PCR 
technology, was introduced in 1993 for HLA Class 
II typing. In 1996, low-resolution sequence- specific 
primer (SSP) was introduced for HLA Class I typ-
ing [4, 6, 8, 9, 11]. By 2000, high- resolution (HR) 
HLA SSP typing was used for Class II, and, by 
2002, HR HLA typing by SSP and sequence-based 
typing was available for both HLA Class I and 
Class II [4, 6, 8, 9, 11]. High- resolution typing for 
HLA Class I lagged behind HLA Class II due to 
the genetic complexity of the former (e.g., the pres-
ence of double exons that require more probes and 
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Fig. 7.3 HLA nomenclature. HLA-A*02:101:01:02:N: 
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Reprinted with permission: Eduardo Nunes et al. 
Definitions of histocompatibility typing terms. This figure 
was originally published in Blood. Definitions of histo-
compatibility typing terms. Blood. 2011; Vol 1:118. © the 
American Society of Hematology. Used with permission
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primers proving to be more difficult to perform as 
compared to HLA Class II) [4]. After 2002, high-
resolution (HR) typing was routinely performed 
for HLA Class I and Class II. With high-resolution 
HLA typing, serologically indistinguishable but 
functionally distinct HLA subtypes in MHC Class 
I and Class II can be distinguished [4, 11]. This 
transition from low-/intermediate-resolution to 
high- resolution typing was shown to be the main 
factor that led to improvement of the overall sur-
vival by approximately 25% of recipients of 
matched unrelated donor (MUD) HSCTs after 
2002 (Fig. 7.4) [4, 9]. The donor and recipient that 
were considered “matched” prior to 2002 often 
were not a match when retrospectively typed with 
high resolution [5, 9]. These results illustrate how 
subtle differences between the donor’s and recipi-
ent’s immune systems can impact outcome.

In general, the current standard for bone mar-
row and peripheral blood HSC HLA typing is to 
evaluate the degree of histocompatibility (i.e., 
match) at five different genetic loci (HLA-A, 
HLA-B, HLA-C, HLA-DRB1, HLA-DQB1) with 
ten determinants. However, the practice at many 
institutions is to use matching at only four genetic 
loci (HLA-A, HLA-B, HLA-C, HLA- DRB1) 
with eight determinants, eliminating DQB1 [3, 4]. 
With UCB, the MHC histocompatibility between 

the donor and recipient can be more permissive as 
there is a lower incidence of GvHD due to the 
immunologic naivety (i.e., tolerance) of the lym-
phocytes within umbilical cord blood product. 
Thus, matching at only three genetic loci (HLA-
A, HLA-B, HLA-DRB1) with six determinants is 
considered sufficient [3, 4, 12].

 Donor Selection: Matched Sibling 
Donors Versus Alternative Donors

Once a suitable HLA-matched donor has been 
identified, then the donor must undergo a com-
plete medical evaluation prior to donation. The 
evaluation of a suitable identified donor is 
detailed in Chap. 8.

An HLA-matched sibling donor is considered 
the optimal HSC donor for allogeneic HSCT, as it 
is associated with the lowest risk of GvHD and 
graft rejection [13, 14, 15]. However, only 25% 
of patients in need of an allogeneic HSCT will 
have a matched sibling donor (MSD). With the 
increasing numbers of “blended” families, the 
likelihood of a patient having an MSD decreases 
further. As a result, the majority of HSCTs utilize 
alternative donors including mismatched sibling 
donor (mMSD) with mismatch at 1 allele, 
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permission from 
Macmillan Publishers 
Ltd: Bone Marrow 
Transplantation 
(1294–1300; 
doi:10.1038/
bmt.2012.8), copyright 
20 February 2012
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matched unrelated donor (MUD), mismatched 
unrelated donor (mMUD) with mismatch at 1 
allele, unrelated umbilical cord blood (UCB) 
(matched versus 1–2 mismatches), and lastly 
haploidentical donor from a parent or a sibling 
(see Fig. 7.5: Algorithm for Donor Selection) [4, 
5, 13, 14, 15]. These alternative donor HSCTs 
have been investigated for feasibility and 
 efficiency of engraftment. With advances in 
immunosuppression and better supportive care to 
prevent and/or decrease morbidity and mortality 
related to GvHD, alternative donor HSCT has 
better success rates now than in the past. 
Figure 7.6 shows an algorithm used for the selec-
tion of an alternative donor when an MSD is 
unavailable [13–20].

Another important factor regarding donor 
selection for optimal outcomes in HSCT is the 
disease state of the recipient [16]. Regarding 
malignant conditions, if the recipient is not in 
remission at the time of transplant, then, 

regardless of HLA-matched donor or type of 
donor cells, the outcome is inferior as com-
pared to HSCT recipients with no detectable 
disease at the time of HSCT. As a result, HSCT 
at an optimal time (i.e., when the recipient is 
in remission/has no detectable disease) may 
restrict availability of certain types of donors 
and/or donor HSC sources. For example, if the 
recipient does not have a matched sibling, it 
typically takes at least 2–4 months to identify 
and work up a matched unrelated donor. This 
may not be feasible for patients with high-risk 
disease, as the disease can progress while try-
ing to finalize a donor. As a result, the avail-
ability of alternative sources such as UCB 
should be investigated since this HSC source 
is readily available: UCB is typed prior to 
cryopreservation and is available for use typi-
cally within 2–3 weeks and sometimes sooner 
[19–21]. Alternatively, haploidentical donors 
are more readily available than both MUD and 

HLA-Matched
Sibling

(A, B, C, DRB1) 

Multiple
Donors 

Single allele
mismatch

related donor 

YES

YES
NO

Preferences
Gender: Male or

Nulliparous female
Young donor

CMV matched with
recipient 

YES

Assess donor
suitability 

NO

Consider/run search
for alternative

sources:
Umbilical cord blood

Haploidentical  

NO

Fig. 7.5 Algorithm for donor selection. This figure illus-
trates the steps used to identify the most suitable donor. It 
is usually useful to conduct a search for an unrelated 

donor at the same time to prevent delay in case an appro-
priate well-matched related donor is not available
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UCB but have historically been associated 
with unacceptable rates of GvHD and/or graft 
rejection and still considered investigational 
in the pediatric setting.

 Donor Availability

The National Marrow Donor program (NMDP) 
was first established in 1986. Over the years, it 
has grown to 10.5 million adult donors and about 
two hundred thousand cord blood units banked 
[10]. Over the past few decades, the registered 
number of HSCTs facilitated by the NMDP has 
increased due to the vast donor pool. In 2002, the 
NMDP assisted in six thousand unrelated trans-
plants compared to fifteen hundred in the decades 
past [10].

Despite the exponential growth in the donor 
pool, the availability and the likelihood of find-
ing a matched unrelated donor are largely depen-

dent on the ethnicity/race of the recipient [10, 
12, 22]. For example, a potential HSCT patient 
of northern European descent has a much higher 
probability of having a suitably matched unre-
lated donor compared to other ethnic groups 
such as African American or Hispanic due to the 
underrepresentation of these populations in the 
donor pool [12, 22]. As seen in Table 7.1, a 
Caucasian recipient of northern European eth-
nicity has a 75% chance of having an 8 out of 8 
HLA-matched donor and a 97% chance of hav-
ing a 7 out of 8 HLA-matched donor [10]. On the 
other hand, a patient that is African American 
has only a 16–19% chance of having an eight out 
of eight HLA-matched donor and a 66–76% 
chance of having a 7 out of 8 HLA-matched 
donor [10]. This is also applicable to umbilical 
cord blood units available (e.g., 87% chance for 
a five out of six matched UCB donor available 
for a patient of Northern European descent ver-
sus 56–58% chance for a 5 out of 6 matched 

YES

Search NMDP, BMDW and
Cord blood (Donor registries) 

Unrelated
donor 

iden�fied  

Youngest donor available
Male preferred to female
Female donor=nulliparous

CMV compa�bility b/w donor and recipient

Alterna�ves:
Haploiden�cle related donor

or
Umbilical cord blood  

Donor cleared for
transplant and 

available? 

TRANSPLANT

Haploiden�cle
donor 

UCB available with
minimum cell dose
of 3x10^7 TNC/kg

(pt weight)   

UCB matched at
an�gen A, B and allele

DRB1
(min of 4/6 to the

pa�ent)    

YES NO

YES

YES

YES

NO

Choose the best donor between the two

YES

YES

YES

Fig. 7.6 General algorithm for selection of alternative HSC donors if matched sibling not identified or unavailable for 
donation
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UCB available for a patient of African American 
descent) [10]. The likelihoods of finding a suit-
able MUD for patients of other ethnicities and 
races, including Native American, Asian, 
Southeast Asian, and Hispanic, fall in between 
those of Northern European and African 
American descent. As ethnic and racial diversity 
increases, the donor pool becomes more limited. 
The issue of HSCT for underrepresented ethnici-
ties and races goes beyond just the identification 
of a potentially suitable donor because not all 
identified potential donors will actually end up 
donating HSCs. Identified potential donors need 
to be contacted and have confirmatory testing 
done if they are still willing to donate. Once 
HLA typing has been confirmed, then the poten-
tial needs to be medically cleared for donation. 
Finally, the HSCs are then collected. Attrition 
occurs at every step of this process from the 
identification to actual donation of HSCs (see 
Fig. 7.7), and this attrition rate varies by ethnic-
ity and race at almost every step of this process 
(see Table 7.2). The attrition rate is highest for 
donors of African American descent which 
results in the lowest overall availability of only 
23%. As such, it is imperative to have alternative 
strategies and donor sources identified sooner 
rather than later and to encourage underrepre-
sented minorities to register as donors with the 
NMDP and to donate UCB [12, 22].

Once a donor is selected and HSCs are 
infused, engraftment is what defines a success-
ful HSCT (see Chap. 10). Briefly, engraftment is 
defined by neutrophil and platelet recovery, 
whereas immune reconstitution refers to T- and 
B-cell function recovery. Engraftment is critical 
for patient survival. Without it, survival is dis-
mal due to death from infectious complications 
or uncontrolled bleeding. If there is graft fail-
ure, then patients frequently must undergo an 
emergent second HSCT in order to provide a 
working immune system and a chance at both 
cure and survival. Graft failure is a rare compli-
cation in HSCT and is discussed in detail in 
Chap. 11. One can have primary graft failure 
which is the lack of initial engraftment and/or 
autologous stem cell recovery without evidence 
of donor engraftment, or one can have  secondary 
graft failure which is usually due to an infection 
insult (e.g., CMV, HHV6, adenovirus, parvovi-
rus) resulting in the loss of initial graft and pos-
sible autologous recovery [18, 23–25]. As HLA 
disparity increases, the probability of graft fail-
ure also increases. The overall chance of graft 
failure is approximately 5–20%, and the proba-
bility is higher after an UCBT than an MSD or 
MUD (e.g., 10–20% versus 2% versus 9–12.3%, 
respectively) [13, 14, 17, 18, 23–25].

In general, platelet recovery lags behind neu-
trophil recovery by at least a week. Compared to 

Table 7.1 Summary of unrelated adult donor and umbilical cord blood availability by ethnicity/race and degree of 
histocompatibility

US racial or ethnic group

Likelihood of identifying an 
adult donor

Likelihood of identifying a cord blood unit 
for patients <20 years old

8/8 HLA 
match

≥7/8 HLA 
match

6/6 HLA 
match

≥5/6 HLA 
match

≥4/6 HLA 
match

White European 75 97 38 87 99

Middle Eastern or N. African 46 90 18 75 98

Native American (North, Central or 
South, Caribbean, Alaskan)

32–52 77–91 14–26 66–86 97–98

Asian and Pan Pacific (Chinese, 
Korean, Filipino, South Asian, 
Vietnamese)

33–42 83–88 12–20 70–77 97–98

Hispanic, Mexican 34–40 80–87 17–19 71–75 98

Southeast Asian 27 76 12 70 98

African American, Black South or 
Central American, Black Caribbean

16–19 66–76 5–7 56–58 95–96

Adapted from Gragert et al., NEJM, 2014, 371:339–348
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MSD and MUD HSCT, UCB transplantation is 
associated with a slower recovery of both neutro-
phils and platelets [15, 18–22, 26–31]. This delay 
is likely due to limited cellularity/lower CD34+ 
cell count (hematopoietic stem cell marker) and 
the immaturity of cord blood cells as compared to 
BM or PBSC used in MSD and MUD [18, 30, 32]. 
However, it is this naivety that allows for increased 
HLA disparity between the donor and recipient 
without worsening morbidity and mortality from 
GvHD, thus increasing the donor pool for under-
represented ethnic and racial populations as men-
tioned above [3, 4, 10, 18, 22, 32]. On average, 

patients who undergo MSD HSCT have faster 
neutrophil engraftment (defined as a sustained 
ANC > 500) as compared to MUD HSCT (17 days 
versus 22 days) [15, 18, 27, 33]. Platelet recovery 
occurs on average 22 days after MSD HSCT ver-
sus 32 days after MUD HSCT (see Table 7.3) [15, 
18, 27, 33]. Ninety-eight percent of HLA MSD 
HSCTs show neutrophil recovery by day 42 post-
HSCT, as compared to 97% with MUD and 83% 
with UCB HSCT [13, 15, 17]. Similarly, platelet 
recovery by 100 days post-HSCT is 90%, 80%, 
and 65%, for MSD, MUD, and UCB HSCTs, 
respectively [13, 15, 17] (see Table 7.3). Delayed 

Donor registered in NMDP

Search is run and
potential donors identified

Potential Donor Contacted

Potential Donor still willing to donate

Potential donor provides DNA
sample for confirmatory typing 

Confirm that initial typing is
consistent

Donor is medically cleared to donate

Date of collection and stem cell
source is set

Stem cells collected

Fig. 7.7 Donor availability and attrition of actual unrelated donors. This figure demonstrates how a donor is selected 
for the recipient, which also represents the attrition down to the selection of the “most suitable” unrelated donor

Table 7.2 Summary of attrition of actual adult donors by race and ethnicity

Broad US racial and ethnic 
groups

% available for 
confirmatory HLA typing

% HLA typing 
NOT discrepant

% medically cleared 
and agree to donate

% overall 
availability

White 62 98 83 51

Black 36 95 69 23

Asian or Pacific Islander 42 97 73 29

Hispanic 44 96 68 29

Native American 45 98 98 28

Adapted from Gragert et al., NEJM, 2014, 371:339–348
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engraftment certainly increases the risk for treat-
ment-related morbidity and mortality (TRM)  with 
increased risk of infection and graft rejection [13, 
14, 26]. However, given that most patients will not 
have a matched sibling donor, alternative donor 
stem cell sources (often mismatched) are fre-
quently used because it is the sole option available, 
and thus, the risks of graft rejection and/or TRM 
supersede the option of not undergoing HSCT 
altogether for patients who will otherwise die 
emergently from their underlying disease. This is 
especially true for minority and mixed ethnicity 
patients who are underrepresented in the unrelated 
donor and UCB registries [19].

The incidence of grade II to IV acute GvHD at 
100 days post-allogenic HSCT is less frequent in 
recipients of an MSD HSCT as compared to hap-
loidentical and MUD HSCT [13, 14, 16, 17, 34, 
35]. The incidence of severe, life-threatening acute 
GvHD is typically worse in haploidentical and 
MUD as compared to MSD HSCT [13, 14, 16, 17, 
34, 35]. UCB transplantation, even in the cases 
with higher HLA disparity, is associated with a 
lower incidence and severity of both acute and 
chronic GvHD as compared to MUD and haploi-
dentical HSCT [19, 20, 22, 26, 28, 29]. Similar to 
other sources, the incidence of GvHD in UCB 
recipients increases as HLA disparity increases. 
However, this is typically less frequent and less 
severe as compared to MUD, PBSC, haploidenti-
cal, and MSD HSCTs [19, 20, 22, 26, 28, 29].

Severe GvHD accounts for much of the mor-
bidity and mortality during the post-HSCT period. 
However, GvHD has also shown improved sur-
vival due to underlying graft versus leukemia 
(GVL) effect. GvHD is thought to promote natural 
killer cell alloreactivity that induces GVL, thereby 
increasing the likelihood of preventing post-HSCT 
relapse [16, 17, 34, 36]. The goal is to balance the 
risk of GvHD with the benefit of GVL.

HLA mismatch directionality significantly 
impacts the likelihood of an HSCT recipient of 
developing GvHD and graft rejection/failure. For 
example, HLA DRB1 mismatch is associated with 
an increased incidence of GvHD, whereas HLA-C 
mismatch is associated with increased incidence of 
graft failure. Although any mismatch increases the 
risk of morbidity and mortality posttransplant, these 
two associations have been seen consistently in sev-
eral past studies [37–40]. The two potential direc-
tional vectors are graft versus host (GvH) and host 
versus graft (HvG), depending on missing shared 
alleles [12, 22, 37–40]. In the GvH HLA mismatch 
(e.g., HLA DRB1 disparity) scenario, the T cells 
from the donor graft mount an immune response 
against the recipient because the donor T cells rec-
ognize the mismatched recipient’s antigens as for-
eign [12, 22]. Conversely, when residual recipient T 
and NK cells recognize the incoming donor HSCs 
as “foreign,” they mount an immune response that 
leads to graft rejection, i.e., HvG response [12, 22].

Treatment-related morbidity and mortality 
(TRM) are more likely to occur with a mismatched 
related donor, MUD and UCB as compared to 
MSD [13–15, 35]. It has been reported that the 
3-year post-HSCT TRM is 10% with MSD (95% 
CI 8–12%), 24% with MUD (95% CI 19–30%), 
and 27% with mismatched related donor (mMRD) 
(95% CI 20–34%) [13–15, 35]. Treatment-related 
mortality is often higher in UCBT as compared to 
MUD and haploidentical HSCT due to slow initial 
engraftment associated with UCBT [12–15, 22, 
35]. The relapse rates after MUD and UCB HSCT 
are comparable once engraftment has occurred, 
though TRM is often higher in UCBT due to 
delayed engraftment as mentioned above [19, 26].

In an international multicenter trial, overall 
survival (OS) and disease-free survival (DFS) 
were shown to be comparable between MSD 
HSCT and MUD HSCT [13–15, 28, 35]. Four- 
year disease-free survival was 67% versus 71% 
in MUD and MSD, respectively [13–15, 28, 
35]. There was no statistical difference in out-
come between MUD HSCT with 9/10 or 10/10 
HLA matches [15]. The overall survival in 
patients with leukemia who undergo HSCT has 
been found to be inferior with UCB as com-
pared to MUD and MSD HSCT and is felt to be 
secondary to increased TRM from delayed 

Table 7.3 Timing from HSCT to engraftment by hema-
topoietic stem cell source

MSD 
(days)

MUD 
(days)

UCB 
(days)

Neutrophil recovery 
(ANC > 500/μL)

16–18 22–24 25–28

Platelet recovery 
(>20,000/μL)

20–22 30–34 50–54

7 How to Select a Donor and Hematopoietic Stem Cell Source: Related Versus Unrelated Donors
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engraftment which increases infection risk [19, 
21, 22, 26, 27]. Other factors such as delayed 
immune reconstitution and possibly a less 
robust GVL effect are associated with decreased 
overall survival in UCB recipients. In some 
studies, however, once engrafted, the disease-
free survival of UCBT recipients is comparable 
to those who underwent MUD or MSD HSCT 
[19, 21, 22, 26, 27].

 HSC Source Options and Selection

The actual procurement and processing of HSCs 
from bone marrow, peripheral blood, and umbili-
cal vein cord blood are described in detail in 
Chap. 8.

 Summary

In summary, outcomes following allogeneic 
HSCT for both malignant and nonmalignant dis-
orders have improved tremendously over the past 
several decades. While a 10/10 MSD bone mar-
row HSCT is the first choice of donor and stem 
cell source for pediatric patients, there are alter-
native donor transplant options available today 
that were not available in the past. These include 
UCB, especially for recipients of various ethnic 
and racial backgrounds that are underrepresented 
in the bone marrow and UCB registries. The 
option of using haploidentical donors is being 
used more frequently nowadays due to better 
supportive care and GvHD prophylaxis and treat-
ment available today. Lastly, more precise HLA 
typing at the molecular level as a result of 
improved technology (i.e., high-resolution 
sequencing) has directly contributed to improved 
outcomes post-HSCT over the past 20 years. 
However, despite all of these advancements, 
there continues to be significant morbidity and 
mortality after HSCT. As a result, further work is 
needed to find the appropriate balance between 
the risks and benefits of each donor for both 
malignant and nonmalignant diseases in an effort 
to minimize morbidity and mortality while maxi-
mizing outcomes.

 Key Points

• Selection of the most suitable donor is a criti-
cal but complex process.

• Human leukocyte antigens (HLA) genes are 
located on the short arm of chromosome 6 and 
are inherited together in a cluster.

• The most important HLA determinants are 
HLA-A, HLA-B, HLA-C, HLA-DRB1, HLA- 
DQB1, and HLA-DPB1.

• Increased HLA disparity increases posttrans-
plant morbidity and mortality.

• Advancements in HLA typing, particularly 
the ability to perform high-resolution typing, 
have resulted in improved overall survival of 
patients.

• Hematopoietic stem cell sources include 
bone marrow (most common in pediatric 
HSCT patients), peripheral blood after cyto-
kine mobilization, and umbilical cord blood. 
Each HSC source has its advantages and dis-
advantages. Currently, the HSC source and 
ideal donor is bone marrow from a matched 
sibling. Umbilical cord blood is often used 
as an alternative (even as a mismatch) when 
no matched sibling or unrelated donor is 
available.
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Abstract

Donor selection for HSCT is determined by eligibility, suitability, and availabil-
ity. Donor eligibility is mandated by the regulatory requirements designed to 
minimize the risk of transmitting infectious diseases from the donor blood prod-
uct to the HSCT recipient. In contrast, donor suitability is a clinical concept: It 
involves the incorporation of various factors unique to hematopoietic stem cell 
transplantation (HSCT), with histocompatibility between the donor and recipi-
ent the most important. While many suitable donors may be technically “ineli-
gible,” HSCT may proceed with proper documentation. The most common 
scenario is for autologous donors, for whom disease transmission into a disease-
naïve donor is not an issue. Selection of a preferred donor must incorporate the 
availability of potential donors because HSCTs are often time sensitive. 
Hematopoietic stem cells (HSCs) can be harvested successfully from bone mar-
row, from umbilical cord blood (which is a rich source of HSCs), and from 
peripheral blood following cytokine stimulation +/− plerixafor. Each source has 
its unique set of advantages and drawbacks. Successful engraftment is depen-
dent upon HSC dose which varies by HSC source. A minimum of 2–2.5 × 106 
CD34+ cells/kg recipient weight is typically required for successful engraftment 
following bone marrow or peripheral stem cell transplantation. Minimal cell 
doses for umbilical cord blood are approximately tenfold lower (~2–2.5 × 107 
total nucleated cells/kg recipient weight),  which would typically contain ~2 x 
10s CD34+ cells/kg recipient weight). Special processing may be required for 
some donor units; ABO incompatibility between the donor and recipient is one 
of the most common reasons for special processing. Cryopreservation can allow 
storage of HSC products for years or even decades. There are many reactions 
that can occur as a result of HSC infusions, and so careful observation and 
prompt intervention to treat any reactions are essential.
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 Donor Selection and Evaluation

 Eligibility, Suitability, and Safety 
of the Donor

A central component of stem cell donation involves 
ensuring the eligibility, suitability, and safety of 
the donor from the beginning through the comple-
tion of the collection process. Minimal require-
ments in these areas are set by various regulatory 
agencies such as the Food and Drug Administration 
(FDA) [1] and the Foundation for Accreditation of 
Cellular Therapy (FACT) [2], although details of 
implementation can vary among institutions.

The criteria for donor eligibility are derived 
directly from the guidelines used by the FDA to 
minimize the risk of transmitting infectious dis-
eases from donors of blood or other cellular tissues 
to the recipients of those products. Eligibility is 
determined by a combination of medical history 
and direct testing for the presence of infectious 
agents (also defined by FDA as Relevant 
Communicable Agents and Diseases). For the vast 
majority of donated cellular products (e.g., red 
blood cells and platelets), the donor pool is large 
and the eventual recipient is unknown, so the regu-
lations are very conservative in order to minimize 
the risk of having a product that is potentially infec-
tious, even when the magnitude of risk is actually 
quite small (an example is the exclusion of poten-
tial donors who have lived in Europe during out-
breaks of mad cow disease).

Donor suitability is a broader concept, encom-
passing the issue of whether HSCT is going to pro-
vide an adequate and safe replacement for the 
recipient’s own hematopoietic system and will pro-
vide adequate treatment of the underlying disorder. 
This universally includes the ability of the graft to 
maintain adequate hematopoiesis (production of 
erythrocytes, platelets, and granulocytes) and also 
to reconstitute immune function, while minimizing 
the potential that the new immune system will react 
against the recipient and lead to graft-versus-host 
disease (GvHD). However, in specific circum-
stances, additional issues may become relevant: 
For instance, when HSCT is intended to correct an 
inborn error of metabolism, it would be important 
to know that the donor cells will provide an ade-
quate level of the missing enzyme [3].

There are also additional infectious disease con-
siderations when evaluating a potential stem cell 
donor above those involved in determining eligibil-
ity. An example that is frequently  encountered 
involves cytomegalovirus (CMV). An  individual 
who becomes infected with CMV will permanently 
carry a reservoir of CMV-infected leukocytes that 
could potentially infect an immunocompromised 
recipient. However, prior CMV infection does not 
make a donor ineligible for standard blood product 
donation, especially since the risk of CMV infec-
tion from cellular products such as red blood cell or 
platelets can be minimized by filtration to remove 
the infected leukocytes [4]. Because leukocyte 
reduction would also remove the HSCs, it is clearly 
not applicable to products intended for HSCT, and 
so CMV-positive products cannot be made “CMV-
safe.” Thus, careful consideration of both donor 
and recipient CMV status becomes very important 
in determining the risk of viral transmission.

As discussed in Chap. 7, the prime determinant 
of donor suitability is HLA compatibility. For most 
transplants, a fully matched related donor (usually 
sibling, occasionally parent or child) is ideal. 
Because the genes in the HLA cluster are relatively 
close together, recombination is a rare event and 
haplotypes are almost always transmitted intact 
from parent to child. As a result, the probability that 
two full siblings will be complete HLA matches is 
~25%, and the odds of finding a complete match 
will obviously increase when there are more full 
siblings. However, with the decrease in average 
family size over the past several decades and an 
increasing number of “blended” families, only a 
small minority of transplant candidates will have a 
fully matched sibling [5]. For treatment of inher-
ited diseases such as sickle cell disease or thalas-
semia, the potential donor would also need to be 
free of the disease, which further decreases the 
odds of finding a suitable family donor.

Enormous antigenic diversity is one of the hall-
marks of the HLA system; thus, the odds are very 
low that two randomly selected individuals will be 
complete or near-complete matches. With the 
development of large donor registries that have 
millions of potential donors (such as the National 
Marrow Donor Program’s “Be The Match” registry 
and similar ones worldwide), the overall probabil-
ity of finding a suitably matched unrelated donor 
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has increased [6]. However, because there are dif-
ferences in the distribution of HLA antigens among 
different ethnic and racial groups, the probability of 
finding a complete HLA match also depends upon 
the ethnicity and race of the recipient, and, for cer-
tain groups (such as African-Americans), the num-
ber of complete HLA matches within the registries 
may be quite limited [7, 8]. Even for ethnicities and 
races with greater representation in the donor regis-
tries, other donor characteristics (e.g., CMV status 
as described above) may serve to reduce the num-
ber of suitable donors to just a few.

Because the number of suitable donors may be 
extremely small, one can have a situation where the 
most suitable donor (or, in extreme cases, the only 
suitable donor) is not considered eligible by the 
usual donor criteria. This can arise either where the 
actual infectious risk is small (e.g., recent receipt of 
a tattoo or the mad cow disease example described 
above) or where the recipient is already infected 
with the disease that makes the donor ineligible 
(e.g., hepatitis B). Because the majority of HSCTs 
occur in situations where the recipient’s disorder 
carries an imminent risk of mortality or severe 
morbidity, the potential benefit of proceeding with 
HSCT from an ineligible donor may well outweigh 
the (presumably small) risk of introducing a new 
infection into an immunocompromised host. From 
an operational perspective, proceeding with such 
an HSCT requires the treating physician to docu-
ment that the recipient’s medical condition repre-
sents a medical emergency that requires use of an 
ineligible product. In addition, FACT requires that 
both the donor and recipient be informed of the 
nature of the condition leading to the ineligible sta-
tus and that both donor and recipient provide writ-
ten consent that they are willing to assume the risk 
of transmitting (for the donor) and receiving (for 
the recipient) the specified condition and agree to 
proceed with the donation and transplant [2].

A final aspect of donor suitability overlaps with 
the issue of donor safety; namely, the potential for 
being able to donate a sufficient number of hemato-
poietic stem cells to insure timely and adequate 
engraftment in the recipient. In most situations, this 
requires administration of a minimum of 2–2.5 × 106 
CD-34+ mononuclear cells per kilogram of recipi-
ent body weight. As  discussed in more detail below, 
a large weight discrepancy between a small donor 

and large recipient may affect the feasibility of 
obtaining a sufficient number of HSCs, especially 
when bone marrow is the stem cell source.

Acquisition of HSCs involves a medical proce-
dure (either bone marrow harvest under anesthesia 
or collection of peripheral stem cell by apheresis) 
with some degree of associated risk and discom-
fort. Because the allogeneic donor derives no direct 
benefit from the procedure, it is vital to make sure 
that the risks are both minimized and acceptable. 
Evaluation of donor safety starts with a medical 
history with a special focus on conditions that 
might make anesthesia or apheresis unusually risky 
for the donor. Obviously, there will be overlap 
between a history focused on donor safety during 
the collection process and one focused on identify-
ing potential risks to the recipient, and so it is often 
most efficient to cover all aspects concurrently (see 
Fig. 8.1 for an example) [9–11]. Note that recom-
mendations for donor screening can change 
quickly, as illustrated by the recognition of Zika 
virus as a potential blood-borne pathogen in early 
2016 [12]. Similarly, a physical exam of the donor 
is required to help identify medical conditions that 
might affect the assessment of the donor’s suitabil-
ity to donate and to preclude conditions that might 
increase the risk involved with donation. Both eth-
ics and regulations dictate that both the donor exam 
and the subsequent determination that it is safe for 
the donor to undergo the HSC collection procedure 
be performed by a physician who is not part of the 
recipient’s HSCT team [2].

Laboratory evaluation of the donor includes both 
infectious disease markers (IDM) that are included 
as part of the eligibility determination mandated by 
the FDA [13], as well as an assessment of relevant 
organ function (e.g., liver and kidney function) and 
information on additional infectious diseases that 
might be relevant for the HST recipient (e.g., EBV 
status) (see Table 8.1). Additional donor assess-
ment, such as chest X-ray or EKG, may be indi-
cated especially in older patients undergoing 
anesthesia as part of the collection.

By FDA regulations, IDM testing for determi-
nation of eligibility must be performed within 30 
days of HSC collection and the results available 
prior to collection [2]. Results must also be avail-
able prior to the start of the recipient’s condition-
ing regimen because an unexpected positive 
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marker might indicate that the intended donor is 
no longer suitable, potentially resulting in a situa-
tion in which a recipient’s own hematopoietic sys-
tem has been ablated, and yet there are no stem 
cells available for hematopoietic  reconstitution 
[2]. With the advent of some  longer reduced-

intensity conditioning regimens that extend over 
several weeks, repeat testing of the donor may be 
required in order to meet both requirements.

Final medical clearance is required just prior to 
any HSC collection procedure and should include 
both interval history, physical exam, and a pre-col-

Stem Cell Donor – Medical History Form

Date: 

Name: Birthdate: 

Address: 

Phone Number: 

The following questions are used to obtain any information that may help us determine if your blood contains any
infections that may be passed to the person receiving your stem cells.  The Stem Cell Transplant Coordinator will review
your answers with you.  All information is confidential.

If you have never participated in sex with another person (for instance, if the donor is a child), answers to questions 
related to sex activity will be “no”.

Please answer yes or no for every question.  If the answer is yes to any question,
please circle that question and write the date or year it happened or

provide other information as requested.
Yes No

1.  Are you currently taking an antibiotic?
2.  Are you currently taking any other medication for an infection?
3. Have you ever taken any of the follow medications?  If so, please indicate when the last dose was 

taken:
Growth Hormone from Human Pituitary Glands—used usually for
children with delayed or impaired growth
Hepatitis B Immune Globulin –given following an exposure to 
hepatitis B (Note: This is different from the hepatitis B Vaccine
which is given to prevent future infection
Insulin from Cows (Bovine, or Beef, Insulin)—used to treat diabetes
Any experimental or unlicensed medication or vaccine

4. Female donors: Have you been pregnant or are you pregnant now?
(Males: check here: )

At any time in the past 12 weeks, have you:
5. Had any vaccinations or other shots?
6. Had contact with someone who had a smallpox vaccination?

In the past 6 months have you:
7. Had a Zika virus infection?
8. Lived in or traveled to an area with active Zika virus transmission? (Review the list of Zika virus 

areas of transmission)
9. Had sexual contact with a man, who in the 6 months prior to sexual contact, has had a Zika virus 

infection or lived in or traveled to an area with active Zika virus transmission? 

In the past 12 months have you:
10. Had a major illness or surgery?
11. Been told by a healthcare professional that you have West Nile virus infection or any positive test for 

West Nile Virus?
12. Had a blood transfusion?
13. Come into contact with someone else’s blood?

Fig. 8.1 An example of a questionnaire designed to cover 
both donor eligibility and medical conditions that might 
relate to donor safety. Items that are taken either directly 
from the current version of the HPC, Apheresis and HPC, 

Marrow Donor History Questionnaire, version 1.5 or its 
supporting documents [10] are in black. Supplemental 
items that are solely directed at donor suitability for dona-
tion are in red
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Stem Cell Donor – Medical History Form

Name: Birthdate: Yes No
In the past 12 months have you:

14. Had acupuncture or an accidental needle-stick?
15. Had a transplant or graft from someone other than yourself, such as an organ, bone marrow, stem cell, 

cornea, sclera, bone, skin or other tissue?
16. Had sexual contact with anyone who has HIV/AIDS or has had a positive test for the HIV/AIDS 

virus?
17. Had sexual contact with a prostitute or anyone else who takes money or drugs or other payment for 

sex?
18. Had sexual contact with anyone who has ever used needles to take drugs or steroids, or anything not 

prescribed by their doctor?
19. Had sexual contact with anyone who has hemophilia or has used clotting factor concentrates?
20. Female donors: Had sexual contact with a male who has ever had sexual contact with another male? 

(Males: check here: )
21. Had sexual contact with a person who has hepatitis?
22. Lived with a person who has hepatitis?
23. Had a tattoo?
24. Had ear or body piercing?
25. Had or been treated for syphilis, gonorrhea or other sexually transmitted infection?
26. Been in juvenile detention, lockup, jail, or prison for more than 72 hours?

In the past three years have you:
27. Been outside the United States or Canada?

In the past five years have you:
28. Received money, drugs, or other payment for sex?
29. Male donors: had sexual contact with another male, even once?

(Females: check here: )
30. Used needles to take drugs, steroids, or anything not prescribed by your doctor?
31. Used clotting factor concentrates?

From 1980 through 1996:
32. Did you spend time that adds up to three (3) months or more in the United Kingdom (England, Scotland, 

Northern Ireland, Wales, the Isle of Man, Channel Islands, Gibraltar, Falkland Islands)?
33. Were you a member of the U.S. military, a civilian military employee, or a dependent of a member of 

the U.S. military?  If so, please answer questions 34 and 35.
34. From 1980 through 1990, did you spend a total time of 6 months or more associated with a military 

base in any of the following countries: Belgium, the Netherlands, or Germany?
35. From 1980 through 1996, did you spend a total time of 6 months or more associated with a military 

base in any of the following countries: Spain, Portugal, Turkey, Italy, or Greece?

From 1980 to the present, did you
36. Spend time that adds up to five (5) years or more in Europe? (Albania, Austria, Azerbaijan, Belgium, Bosnia-

Herzegovina, Bulgaria, Croatia, Czech Republic, Denmark, Finland, France, Germany, Greece, Hungary, Republic of 
Ireland, Italy, Liechtenstein, Luxembourg, Macedonia, Netherlands, Norway, Poland, Portugal, Romania, Slovak Republic, 
Slovenia, Spain, Sweden, Switzerland, the United Kingdom, Federal Republic of Yugoslavia (Serbia and Montenegro))

37. Receive a blood transfusion in the United Kingdom or France?

Fig. 8.1 (continued)
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Stem Cell Donor – Medical History Form

Name: Birthdate: Yes No

Have you EVER:
38. Had a positive test for the HIV/AIDS virus?
39. Been refused as a blood donor or told not to donate?
40. Had hepatitis or a positive test for hepatitis?
41. Had malaria?
42. Had any other parasitic disease or positive test, including Chagas Disease (T cruzi) or babesiosis? 

(If so, please describe:_______________________________________________________________)
43. Tested positive for HTLV, had adult T-cell leukemia, or had unexplained paraparesis (partial paralysis 

affecting the lower limbs)?
44. Received a dura mater (or brain covering) graft?
45. Had sexual contact with anyone who has born or lived in Africa?
46. Been in Africa?
47. Been diagnosed with any neurological disease?
48. Had a transplant or other medical procedure that involved being exposed to live cells, tissues, or organs 

from an animal?
49. Has your sexual partner or a member of your household ever had a transplant or other medical 

procedure that involved being exposed to live cells, issues, or organs from an animal?
50. Had any type of cancer, including leukemia?
51. Had any problem with your heart or lungs?
52. Had a bleeding condition or a blood disease?
53. Had a severe allergic reaction?
54. Had asthma?
55. Required treatment for elevated blood pressure? 
56. Been diagnosed with diabetes? 
57. Been diagnosed with an autoimmune disorders? (Includes any of the following: Rheumatoid arthritis (RA),  

Systemic lupus erythematosisus (SLE), Fibromyalgia, Multiple sclerosis, Psoriasis, Vitiligo, Guillan-Barre
syndrome, Idiopathic thrombocytopenic purpura (ITP), Antiphospholipid syndrome (APS), Sjogen’s syndrome,
Iritis, Episcleritis, Crohn’s disease, Ulcerative colitis, Raynaud’s phenomenon, Ankylosing spondylitis)

58. Been diagnosed with Hashimoto’s thyroiditis or Grave’s disease?
(If so, has this been successfully treated and are you currently medically stable? ________________)

59. Have any of your relatives had Creutzfeldt-Jakob disease?-

Do you have any of the following:
60. Unexplained weight loss (10 pounds or more in the last 2 months)?
61. Night sweats?
62. Blue or purple spots on or under the skin or in your mouth?
63. Long-lasting white spots or unusual sores in the mouth?
64. Lumps in the neck, armpits, or groin lasting over a month?
65. Diarrhea lasting over a month?
66. Persistent cough or shortness of breath?
67. Fevers higher than 100.5° F. for more than 10 days?

Donor has received statement of risk of transmission of infectious diseases. Yes No
Donor’s arms have been inspected for parenteral drug use Yes No

Indicate any positive findings 
Medical exemption needed Yes No
NMDP Donor Educational material given Yes No

Signature: 
Stem Cell Transplant Coordinator

Fig. 8.1 (continued)
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Addendum 1: Pre-donation questionnaire

Date:

Name: Birthdate: 

Yes No
1. Have any of the answers given on the medical history form changed?
2. In the past 48 hours, have you taken aspirin or anything that has aspirin in it?
3. In the past 48 hours, have you taken any other anti-inflammatory medications, such as Ibuprofen or 

Naprosyn?

4. In the past 14 days, have you taken Plavix© (Clopidogrel) or Ticlid© (Ticlopidine)?
5. In the past month, have you taken any other medications? (If so, please list below)

______________________________________________________________________________
6. Have you donated any blood or undergone apheresis for the purpose of donating blood products (such

as platelets) in the last 16 weeks?

7. Are you feeling healthy and well today?

Donor physical exam meets standards for donation: Yes No

Female donors only: date of last pregnancy test: ___________________________

Donor meets all criteria for donation: Yes No
(If no, the medical exemption has been granted and documented: Yes No NA )

Signature: 
Stem Cell Transplant Physician

Fig. 8.1 (continued)
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Addendum 2: STEM CELL DONOR SCREENING QUESTIONNAIRE

Part I:  SARS: Please seek medical attention and call the Cost as Center if you should develop any of
these symptoms in the month following donation. 

DEFINITION: Suspected SARS (Severe Acute Respiratory Syndrome)
Respiratory illness of unknown etiology with onset since February 1, 2003, which meets the following criteria: 
•    Measured temperature > 100.4°F (>38°C), AND
•   One or more clinical findings of respiratory illness (e.g. cough, shortness of breath, difficulty breathing,
      hypoxia, or radiographic findings of either pneumonia or acute respiratory distress syndrome), AND
•    Travel within 10 days of onset of symptoms to an area with documented cases or suspected community
      transmission of SARS (affected areas), OR close contact within 10 days of onset of symptoms with either a
      person with a respiratory illness who traveled to a SARS-affected area or a person known to be a suspect
      SARS case.
     -  Travel includes transit in an airport in an area with documented or suspected community transmission of
      SARS.
    - Close contact is defined as having cared for, having lived with, or having had direct contact with
      respiratory secretions and/or body fluids of a patient known to be a suspect SARS case.
    -  Probable SARS affected areas include, but are not limited to: China (mainland); Hong Kong;
      Hanoi,Vietnam;  Singapore; Toronto, Canada; Taiwan.

� SARS may be transmitted through blood and tissue donation.  SARS cannot be transmitted to you as a result
of the donation process. 

Part II:   WNV: Please seek medical attention and call the hospital if you should develop any of these
symptoms in the month following donation.  

DEFINITION:  Suspected WNV (West Nile Virus)
Viral infection transmitted to humans by a mosquito bite, which meets the following criteria:  
•    Measured temperature > 100.5°F (>38 °C), AND
•    Headache, and possibly
•    One or more clinical findings (flu-like symptoms, eye pain, body aches, generalized weakness, new skin
      rash, or swollen lymph nodes)
•    Convulsions, coma or paralysis

� The above may be symptoms of West Nile Virus infection which is known to be transmitted through blood
      and tissue donation.  West Nile Virus cannot be transmitted to you as a result of the donation process.

I understand the information given on this form and will comply with the request to report symptoms to this
institution after seeking medical attention should any of the above symptoms occur within four weeks of
donation.  

Participant
Name(print)

Participant
Signature   Date

Fig. 8.1 (continued)
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lection CBC. Females of childbearing potential 
should have a current (within 7 days) pregnancy test 
performed prior to the start of collection (or mobili-
zation if performed); for allogeneic collections, a 
pregnancy test is also mandated within 7 days prior 
to the start of the recipient’s preparative regimen [2].

 The Special Case of the Autologous 
Donor

While the above description applies to allogeneic 
HSCT, in some circumstances, the donor is also the 

recipient. This occurs in situations in which the 
HSCs are being used to provide hematopoietic 
recovery following high-dose chemotherapy,  and 
where the likelihood of tumor contamination of the 
stem cell product is low and there is no need for any 
alloreactivity (i.e., “graft-vs-leukemia” effect). 
Autologous donation obviously carries no risk of 
transmitting a new infection, and so formal deter-
mination of donor eligibility—including IDM test-
ing—is not required by the FDA. Furthermore, 
because the donor will indeed derive personal ben-
efit from the stem cell collection, there may be 
more tolerance for potential health risks associated 
with the collection procedure than would be the 
case for an allogeneic donor.

 Consent and the Special Case 
of the Donor Who Is a Minor

While informed consent is an integral part of 
any medical procedure, all HSC collection 
 procedures are invasive and so are associated 
with a substantially greater than minimal risk of 
complications. As such, written consent follow-
ing a complete and comprehensive description 
of the procedure and the risks involved is abso-
lutely required prior to initiation of the proce-
dure and, for the reasons outlined above in the 
discussion of IDM testing, should be obtained 
prior to the start of the recipient’s conditioning 
regimen. However, given the time-sensitive 
nature of most HSCTs, it is prudent to have 
these discussions early in the donor evaluation 
process since early identification that a potential 
donor is unwilling to go through the actual 
donation process avoids both wasted time and 
expense, and allows the transplant team to iden-
tify an acceptable alternative donor.

The issue of consent becomes more compli-
cated when the optimal donor is a minor. (Take 
note: this is restricted to situations in which the 
donors and recipients are related; minors are not 
considered as potential donors for an unrelated 
recipient.) Since matched sibling donors are usu-
ally felt to be superior to unrelated donors, it is not 
uncommon for the potential related donor to be a 
child or young adult. However, in this situation, it 

Table 8.1 Donor laboratory evaluations

Tests to be obtained on all 
potential donors
(tests that are required by 
FDA and/or FACT are in 
bold)

Suggested tests for donor 
safety screening

• CMV IgG and IgM •  CBC with differential 
and reticulocyte count

•  HIV I and II Ab (± p24 
Ag)

• BUN/creatinine

• HTLV I and II Ab • Liver function

• RPR • Urinalysis with micro

•  Hepatitis B panel (sAb, 
sAg, core Ab IgM)

•  Serum or urine 
β-hCG (post-
menarchal female)

•  Required prior to 
donation

• Hepatitis C Ab (IgG) • EKG (adult)

•  Trypanosoma cruzi IgG 
and IgM

(–)

•  Hemoglobin 
electrophoresis

(–)

•  Type and Screen (+ 
identification if Ab 
screen positive)

•  Two separate samples 
required for confirmation 
of blood type

(–)

•  HCV, HIV, and West 
Nile Virus (WNV) NAT

  –  WNV not required for 
international donors

(–)

• HSV I/II IgG and IgM (–)

• Varicella zoster IgG/IgM (–)

•  EBV panel (VCA IgG, 
VCA IgM, Nuclear Ag, 
Early Ag)

(–)

• Toxoplasma gondii IgG (–)
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is the parents of the potential donor who must pro-
vide consent for the collection, which in turn 
involves a potential conflict of interest insofar as 
they are also the parents who are responsible for 
the health of the sibling recipient. Indeed, some 
have questioned the ethics of using minor donors 
in any but exceptional circumstances [14]. 
However, it is now commonly accepted that many 
minors—particularly teenagers, but even younger 
children—can well understand the implications of 
a proposed procedure and give informed assent to 
participation. Furthermore, they may have a strong 
desire to help their sick relative and even feel dis-
tress if they are arbitrarily excluded merely on the 
basis of age [15–17]. The American Academy of 
Pediatrics Committee on Bioethics has issued the 
following five criteria that should be fulfilled when 
considering donation of HSCs from a minor [18]:

 1. There is no other medically equivalent histo-
compatible adult relative who is willing and 
able to donate.

 2. There is a strong personal and emotionally 
positive relationship between the donor and 
recipient.

 3. There is a reasonable likelihood that the recip-
ient will benefit.

 4. The clinical, emotional, and psychosocial 
risks to the donor are minimized and are rea-
sonable in relation to the benefits expected to 
accrue to the donor and to the recipient.

 5. Parental permission and, when appropriate, 
child assent are obtained.

Additional factors to be considered when 
choosing among multiple suitable sibling donors 
include:

 1. Donors closer to the age of majority are pre-
ferred over younger donors.

 2. Heavier donors are generally preferred over 
lighter ones, especially with larger body 
weight recipients.

Finally, given the potential for conflict of inter-
est or even coercion on the part of family and med-
ical staff, it is important to engage a patient 
advocate who is neither a relative nor a member of 
the medical team treating the recipient. The patient 

advocate should have appropriate training and 
experience, so they can help educate the potential 
donor, determine that the donor’s assent is freely 
given (for older donors), and also  provide an inde-
pendent assessment that the proposed donation is 
ethically appropriate (which is especially impor-
tant for very young donors who may be unable to 
fully comprehend the implications of donation and 
so are unable to provide informed assent) [15, 16]. 
Often the role of donor advocate is well fulfilled 
by a social worker or another nonmedical profes-
sional who may have a broad awareness of the 
overall family situation and dynamics. In many 
institutions, there is a multidisciplinary team 
whose focus involves the entire family of a patient 
with a life-threatening disease, and often members 
of this team (typically including a member of the 
pastoral care team) will have a preexisting rela-
tionship with the potential donor that allows them 
to effectively fulfill the role of advocate.

 Hematopoietic Stem Cell Source 
Selection, Mobilization, 
and Collection

 Selection of Stem Cell Source

Current sources of HSCs include bone marrow, 
peripheral blood, and umbilical cord blood. 
Bone marrow normally contains a small but 
clinically relevant number of hematopoietic 
stem cells and was the first cell source utilized 
in HSCT. Under basal conditions, there are very 
few HSCs in the peripheral blood circulation, 
but that number transiently rises during the 
period of marrow recovery from chemotherapy 
to a level that can allow successful collection 
by apheresis of enough HSCs to provide suc-
cessful engraftment. This approach was origi-
nally used in the 1980s for autologous 
collections in patients with solid tumors, espe-
cially those who had been heavily pretreated 
with chemotherapy and/or radiation (especially 
to the pelvis) that compromised the ability to 
collect sufficient numbers of bone marrow cells 
[19, 20]. Marrow stimulation by hematopoietic 
growth factors (G-CSF, GM-CSF) enhances 
this effect [21], and indeed in normal individu-
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als, the administration of G-CSF and/or 
GM-CSF is often sufficient to mobilize ade-
quate numbers of HSCs without any antecedent 
chemotherapy, which has allowed adoption of 
this technique for allogeneic donors [22–24]. 
Because neutrophil engraftment is generally 
faster with peripheral blood stem cells com-
pared to bone marrow (in part because higher 
doses of CD34+ cells can usually be obtained 
but also probably because of the inclusion of 
more mature myeloid precursor cells), periph-
eral blood stem cells rapidly became the pre-
dominant stem cell source, especially for adult 
recipients [25]. In comparison to these HSC 
sources, umbilical cord blood (UCB) contains a 
relatively high concentration of HSCs, so much 
so that successful engraftment can occur at cell 

doses of approximately 10% of those required 
for bone marrow or peripheral blood collec-
tions [26] (although the volume of cord blood 
that can typically be collected does limit the 
total number of cells available per unit).

There are advantages and disadvantages to 
each of these cell sources, and selection often 
depends upon multiple factors,  including the 
expertise and experience available at an indi-
vidual transplant program (see Table 8.2). As a 
general rule of thumb for pediatric HSCT, 
peripheral blood stem cell collection is pre-
ferred for autologous transplants because an 
adequate number of cells can often be collected 
to provide for multiple infusions with fewer 
risks and less discomfort than are associated 
with bone marrow harvest. For allogeneic 

Table 8.2 Advantages and disadvantages of stem cell sources

Cell source Advantages Disadvantages

Bone marrow • Reliable source of HSCs in most donors
•  Less potential for graft-vs-host disease 

(compared to PBSC)
•  Potential for repeat donation (HSCs or 

lymphocytes) in case of graft failure
• No need for mobilization

•  Surgical procedure under general 
anesthesia

•  Harvest volume limits, especially in 
smaller donors

• Post-procedure discomfort
•  Significant red cell contamination 

may be an issue if donor and 
recipient are not ABO/Rh 
compatible

•  Final product may contain significant 
amounts of heparin

•  Identification and screening of donor 
and scheduling of procedure may be 
time-consuming

Peripheral blood HSCs • Potential for greater CD34+ HSC yields
• Faster engraftment
• Less RBC contamination
•  Potential for repeat donation (HSCs or 

lymphocytes) in case of graft failure

•  Usually requires placement of 
special pheresis catheter(s)

•  Mobilization required 
(chemotherapy, cytokines, 
plerixafor)

•  Timing of mobilization may be 
difficult to predict

•  Greater risk for graft-vs-host disease 
compared to allogeneic bone marrow

•  Identification and screening of donor 
and scheduling of procedure may be 
time-consuming

Umbilical cord blood •  Requires less stringent HLA matching (of 
particular value for ethnic groups 
underrepresented in donor registries)

• Generally least risk of graft-vs-host disease
• Comparable antitumor effect
•  Units are prescreened for infectious disease 

markers
• Rapid availability
• Small volume

• Slower engraftment
• Greater risk of graft failure
• Slower immune reconstitution
•  Limited cell dose (may be overcome 

with multiple unit infusions)
•  No potential for repeat donation or 

donor lymphocyte infusions
•  Expensive (especially for multiple 

unit infusions)
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HSCT, bone marrow has again become the pre-
ferred HSC source in many centers due to a 
lower risk of developing GvHD as compared to 
peripheral blood stem cells [27–33]; however, 
collection of bone marrow is a more involved 
(and potentially unacceptable) process for the 
donor, and volume considerations may make it 
unfeasible when the recipient weighs much 
more than the donor. In these situations, periph-
eral blood stem cells may be preferable. The use 
of UCB rather than bone marrow or peripheral 
blood is influenced by the underlying diagnosis, 
recipient size (individual UCB units may not 
have sufficient cell doses to ensure engraftment 
in larger recipients), and program preferences.

 Bone Marrow Harvest: Theoretical 
and Practical Considerations

The hematopoietic stem cells are contained 
within the population of mononuclear cells and 
are identified by expression of the cell surface 
marker CD34. Doses of 2–2.5 × 106 CD34+ 
cells are considered the minimum to allow 
effective engraftment in a reasonable time 
frame, and doses of 3–5 × 106 are often pre-
ferred to reduce the risk of graft failure or 
delayed engraftment (these numbers are for 
bone marrow and peripheral blood; comparable 
doses for UCB are about 10% of these). A cer-
tain number of T cells are also required for suc-
cessful engraftment and immune reconstitution, 
although this is usually only a practical concern 
when the cell product undergoes specific post-
collection depletion of T cells.

Bone marrow cells are collected by aspira-
tion through a needle inserted into the marrow 
space, typically the posterior superior iliac 
crests although the anterior crests are also at 
times utilized. The material aspirated from the 
marrow space is an admixture of marrow spic-
ules and blood; as the volume of an individual 
aspirate increases over approximately 5 mL, it 
becomes disproportionately diluted with blood, 
so typically aliquots of 5–10 mL are obtained. 
The total nucleated cell count in such an aspi-
rate is usually about 20,000 /μL, of which about 

1% will be CD34+. Thus, the concentration of 
CD34+ cells will be about 2 × 105/mL which 
means that a  successful harvest typically 
requires a minimum of 10 mL/kg of recipient 
weight, but typically 15 mL/kg of recipient 
weight is collected. For a 50 kg recipient, that 
translates into 500 mL, and, with a volume per 
aspirate of about 5 mL, approximately 100 
aspirations will be required.

Even with exceptional local anesthesia of 
the periosteum and overlying skin and soft tis-
sue, the insertion of the bone marrow needle is, 
at best, uncomfortable, and the aspiration itself 
is unavoidably accompanied by transient but 
significant discomfort or pain. Multiple needle 
insertions through skin into bone also introduce 
the potential for introducing infection. Thus, it 
is only practical to perform a bone marrow har-
vest in the operating room under general anes-
thesia and with meticulous attention to 
appropriate skin preparation, draping, and 
maintaining strict sterile technique throughout 
the procedure to avoid either infecting the 
donor or introducing microbial contamination 
into the collected product (which would, in 
turn, infect the immunocompromised recipi-
ent). Repeated aspirations are performed at 
multiple adjacent sites from both posterior 
superior iliac crests, varying the angle of the 
needle slightly each time. Over time the aspi-
rates will become increasingly diluted with 
blood, so sometimes other sites (such as the 
anterior iliac crests) will also be used [34].

Bone marrow tends to clot very rapidly, so the 
syringes are rinsed with heparin prior to each 
aspiration, and the collected marrow is promptly 
transferred to a container containing enough hep-
arinized saline to maintain adequate anticoagula-
tion. The original collection containers were open 
to the air (originally metal beakers, later plastic 
bags suspended from a special frame with an 
opening on top). While easy to use, these had the 
potential for introducing airborne contamination, 
not to mention the catastrophic event of tipping 
over the container and spilling the product. More 
recently, closed systems have been developed that 
significantly reduce the risk of accidental spillage 
and exposure to air particles. Using either type of 
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system, the final collection product is passed 
through a series of filters designed to remove 
large particles (e.g., bone spicules) and then into a 
blood collection bag for transfer to the processing 
lab. The total amount of heparin introduced into 
the product frequently represents a significant 
anticoagulant dose for the recipient, a consider-
ation when planning for pre-infusion processing.

Bone marrow aspirates contain essentially the 
same concentration of red cells as peripheral 
blood, thus the final marrow product includes a 
significant volume of red cells. This volume of 
blood cells can pose a risk of a severe hemolytic 
reaction if the donor and recipient are not ABO 
compatible, and so the bone marrow product may 
require additional processing to deplete the prod-
uct of red cells (or occasionally plasma) prior to 
infusion [35, 36]. It may also represent a signifi-
cant loss of red cells for the donor, which sets a 
limit on the volume that can be obtained, espe-
cially from very small donors. 20 mL/kg donor 
weight is considered an absolute limit for the total 
volume harvested. When the anticipated volume 
exceeds 10–15 mL/kg donor weight, consider-
ation should be given to either autologous red cell 
collection beforehand (not a standard procedure 
in smaller children but one that can be specially 
arranged through blood collection centers) or 
transfusion of a parental blood unit (if compati-
ble). This can limit the utility of bone marrow har-
vests when the recipient is much larger than the 
donor and the maximum harvest volume would 
provide an insufficient cell dose. While it is not 
intuitively obvious that administration of G-CSF 
would increase the number of CD34+ cells in the 
bone marrow, in practice, there does appear to be 
some increase which may be sufficient in mar-
ginal situations [37–39]. If the disparity in weight 
is too great, then peripheral stem cell collection 
may be the only practical option.

 Peripheral Blood Stem Cell Collection: 
Theory

The principle underlying therapeutic apheresis 
involves subjecting whole blood to centrifuga-
tion, which separates blood components on the 

basis of density. Erythrocytes, being the denser 
cellular component, will sediment to the gravita-
tional “bottom,” plasma will remain on “top,” and 
the white cells and platelets will form an inter-
face between the two, often referred to as the 
“buffy coat” (see Fig. 8.2 for an example from an 
umbilical cord blood unit). Modern apheresis 
machines continuously remove blood from the 
patient and introduce it into the centrifugation 
chamber, from which the desired component may 
be removed and the remaining elements returned 
to the patient. Because the removal and replace-
ment of blood is a continuous process, it is pos-
sible over several hours to process volumes of 
blood that far exceed the patient’s total blood vol-
ume. The technology is similar whether being 
used for therapeutic exchanges of red cells or 
plasma (in which case replacement of red cells or 
plasma is also given to the patient) or for removal 
of platelets or leukocytes. For the purpose of a 
peripheral blood hematopoietic stem cell harvest, 
it is the leukocyte layer containing the CD34+ 
stem cells that is removed and collected.

Fig. 8.2 Umbilical cord blood unit following erythrocyte 
sedimentation. The light-colored buffy coat (marked by 
the blue arrow) is clearly visible at the interface between 
erythrocytes (below) and plasma (above)
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For this process to be successful, there 
must be a sufficient number of CD34+ cells 
in the peripheral blood circulation to allow 
the harvesting of an adequate cell dose in 
some practical time frame. A commonly used 
minimal threshold for initiating peripheral 
blood stem cell harvest is 10 CD34+ cells/μL 
[40], which is equivalent to 1 × 104 /mL. To 
achieve a minimal target dose of 2–2.5 × 106 
CD34+ cells/kg recipient weight (which, for 
 autologous donors, will obviously be the 
same as donor weight) would require remov-
ing the number of HSCs contained within 
200–250 mL/kg whole blood—an amount 
approximately three times the average blood 
volume of 70–75 mL/kg. While at first this 
may seem impractical, the HSC population 
found in the peripheral blood after chemo-
therapy or cytokine stimulation is in dynamic 
equilibrium with the bone marrow, and so 
over the course of a few hours, there is con-
tinuous replenishment of the peripheral stem 
cell population from the larger marrow popu-
lation. Given typical conditions, it is quite 
feasible to process 2.5–3 times the total blood 
volume over a period of approximately 6 h, 
and so if the collection process were 100% 
efficient, it would theoretically be possible to 
collect enough CD34+ cells in 1 day from an 
individual with 10 CD34+ cells/microliter to 
provide for a single HSC infusion. In prac-
tice, the efficiency of collection is not 100% 
(40–50% efficiency is more typical) [41], and 
many current autologous HSCT regimens 
involve dual or even triple infusions. Thus, 
the prudent transplant physician prefers to 
have an “extra” dose of cells in case of non-
engraftment (rare with autologous peripheral 
stem cell infusions, but not unheard of) or a 
mishap leading to loss of a stored product 
(such as rupture of the storage bag for frozen 
products—again, a rare but potentially cata-
strophic occurrence without a backup unit). 
This may require 2–3 days of collection when 
the CD34+ count is close to the 10 /μL thresh-
old but may be accomplished in a single ses-
sion when the peripheral CD34+ count is 
higher.

 Peripheral Blood Stem Cell Collection: 
Practical Considerations

The practical issues involved with peripheral 
blood stem cell collection in children include stem 
cell mobilization, vascular access, fluid/blood 
volume issues, and procedural risks [42–44].

As stated above, while peripheral blood stem 
cell counts may be sufficiently increased during 
recovery from chemotherapy to allow for suc-
cessful harvest, counts are generally much 
increased with the post-chemotherapy use of 
hematopoietic cytokines. For allogeneic donors 
who are not receiving chemotherapy, cytokine 
administration alone is the primary method for 
inducing mobilization of HSCs into the periph-
eral blood.

For the autologous donor who is receiving 
chemotherapy as part of their overall oncology 
care, successful mobilization is dependent upon 
both the chemotherapy regimen used and the 
adequacy of bone marrow reserve. Successful 
mobilization can be achieved after many differ-
ent chemotherapy combinations, although some 
drugs are considered to have a relatively high 
potential for depleting stem cells and are com-
monly avoided. Marrow reserve is largely a 
function of the total exposure to chemotherapy 
and radiation, which in turn may prompt consid-
eration of relatively early preemptive harvest of 
patients who may have a relatively high risk of 
becoming candidates for autologous transplant 
(e.g., very high-risk lymphoma or germ cell 
tumors) or for whom autologous transplant is 
part of frontline therapy (e.g., high-risk neuro-
blastoma) [45]. For the typical autologous dona-
tion, our practice has been to initiate G-CSF at a 
conventional dose of 5 μg/kg daily (either subcu-
taneous or intravenous) for 5 days, then escalate 
to 10 μg/kg. With this regimen, a rise in periph-
eral CD34+ cells is typically seen around day 10, 
concurrent with an increase in the total periph-
eral WBC. For allogeneic donors or autologous 
donors who are not receiving myelosuppressive 
chemotherapy, short courses of high-dose G-CSF 
(up to 10–15 μg/kg/day as either single or 
divided doses) will often result in an adequate 
rise in 4–5 days [22–24]. Cytokine stimulation is 
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sometimes accompanied by bone pain, presum-
ably due to marrow expansion, for which admin-
istration of NSAIDs, narcotics, and the 
antihistamine loratadine can be effective [46].

Mobilization of HSCs into the peripheral 
blood circulation is a transient phenomenon, and 
so the window for collection can be relatively 
narrow (e.g., 1–3 days). Because multiple hospi-
tal services are involved in the collection process, 
ideally, one would plan for the anticipated surge 
in peripheral blood stem cells to occur early in 
the week, which would allow for multiple days of 
collection while avoiding the staffing issues that 
can arise on weekends. This, in turn, requires 
coordination between the primary oncology team 
and the collection team in terms of scheduling the 
antecedent course of chemotherapy.

Not all donors will mobilize a sufficient num-
ber of CD34+ cells into the periphery to allow 
successful collection. This situation is particularly 
likely among patients who have been heavily 
treated with chemotherapy and/or radiation, but it 
may also happen in normal allogeneic donors who 
are not receiving chemotherapy as part of their 
mobilization protocol. Plerixafor, a drug that acts 
as an antagonist of the CXCR4 molecule which is 
responsible for the binding of HSCs to the bone 
marrow stroma, will cause a transient and often 
dramatic increase in the release of CD-34+ cells 
into the peripheral blood and, in combination with 
G-CSF, can be used to facilitate harvest in patients 
who cannot be mobilized with cytokines alone 
[47, 48]. Plerixafor is generally administered 
11–12 h prior to the planned start of collection 
and can be repeated for multiple days if needed. 
Because it is relatively expensive, insurance cov-
erage is sometimes dependent upon demonstra-
tion that an adequate collection cannot be obtained 
with cytokine stimulation alone.

The flow of blood (both removal and replace-
ment) required for efficient peripheral blood stem 
cell collection in modern devices is generally 
10–100 mL/min. While flow rates in this range can 
usually be achieved in adult donors using large 
bore peripheral IV catheters, this is impractical in 
most pediatric donors. While many autologous 
donors will already have a semipermanent central 
line in place, the central catheters most commonly 

used in pediatric patients (Broviac, Hickman, 
Port-a-Cath, etc.) are insufficiently rigid and will 
collapse when attempting to remove blood at the 
required rate. Thus, for allogeneic donors and even 
the majority of autologous donors, a dedicated 
double-lumen apheresis catheter will be required. 
These can generally be placed under conscious 
sedation without general anesthesia. For a 1–2 day 
collection, placement of a femoral catheter may be 
most practical although it does severely limit 
mobility of the donor. When longer collections are 
contemplated, placement of a jugular or subcla-
vian catheter may be more comfortable but is asso-
ciated with different risks (e.g., pneumothorax) 
[33]. Given the uncertainties outlined above con-
cerning the timing of collection, careful coordina-
tion with the personnel responsible for placement 
of the catheter is essential to avoid unacceptable 
delays in initiating the collection procedure. Also, 
for collections that are likely to require more than 
a single session, placement of a temporary apher-
esis catheter normally requires the donor to remain 
inpatient for the duration of the procedures.

An alternative approach for patients for whom 
autologous donation and HSCT are clearly indi-
cated at the time of initial diagnosis (e.g., high- 
risk neuroblastoma) is placement of a 
double-lumen dialysis catheter at the time of 
diagnosis. Although somewhat larger and cum-
bersome than a typical transcutaneous CVL and 
requiring more day-to-day maintenance than a 
subcutaneous catheter, this type of catheter pro-
vides adequate access not only for the stem cell 
collection (thus bypassing any time delays 
required for specific apheresis catheter place-
ment) but also for the delivery of routine chemo-
therapy, supportive care, and the transplant 
procedure and so may avoid the need for repeti-
tive line placements and removals.

The volume contained within the tubing and 
circuit of most apheresis machines is 200–
250 mL, and for routine collection from adults, 
the circuit is typically primed with normal saline. 
For larger donors, this volume of saline is modest 
compared to the overall blood volume and the 
flow through the circuit rapid enough to allow 
timely formation of the erythrocyte-plasma inter-
face from which HSCs will be collected. For 
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smaller donors, however, infusing this volume of 
saline while simultaneously removing the same 
volume of whole blood would cause a rapid and 
significant dilution of their intravascular red cell 
mass. Also, because the flow through the machine 
is slower, it can take much longer for a stable 
interface to form which, in turn, can markedly 
prolong the collection procedure. Thus, for 
smaller donors (i.e., <20 kg), it is standard prac-
tice to prime the circuit with red cells diluted to a 
hematocrit close to that of the donor [49]. While 
this approach does introduce an additional expo-
sure to blood product(s) for the donor, it avoids 
dramatic shifts in the donor’s hemoglobin con-
centration and can significantly shorten the 
“ramp-up” interval between initiating the proce-
dure and actually being able to collect HSCs.

In most cases, the actual collection process is 
relatively free of side effects. In some cases, there 
can be alterations in blood pressure or symptoms 
like nausea or vomiting that result from fluid 
shifts, but these typically respond to a brief cessa-
tion of the procedure or reduction in flow rates. 
Anticoagulation within the circuit is achieved 
with citrate which is largely returned to the donor, 
so there is the potential for symptomatic decreases 
in ionized calcium levels [44]. In adults, the resul-
tant hypocalcemia is sometimes managed with 
oral administration of calcium (e.g., Tums) when 
symptoms arise, but children seem to be more 
prone to this side effect and may be less capable 
of recognizing and responding to the early symp-
toms of hypocalcemia (e.g., facial tingling). 
Therefore, preemptive infusion of calcium chlo-
ride into the blood being returned to the donor, 
titrated by symptoms and/or ionized calcium lev-
els, is often preferred for the pediatric donor.

 Post-collection Care of the Donor

Bone marrow donation and peripheral blood stem 
cell collections are considered relatively safe pro-
cedures with a low incidence of serious compli-
cations [33, 50, 51]. Donors should have a CBC 
performed at the completion of their procedure to 
determine whether there has been a significant 
change in blood counts that might warrant trans-
fusion support. Donors undergoing peripheral 

stem cell collections can generally be discharged 
home following completion of their collection 
and removal of their pheresis catheter and com-
monly experience no more than minor discom-
fort at the catheter site. Donors undergoing bone 
marrow harvest are much more likely to have sig-
nificant procedure site pain even with administra-
tion of local anesthetic agents to the skin and 
periosteum and often require both NSAID and 
narcotic medications to achieve adequate pain 
control. We routinely book an overnight bed for 
pediatric donors undergoing marrow harvest in 
anticipation that they will require parenteral pain 
medications following the procedure, although 
some donors (especially older teenagers) will be 
adequately controlled with oral pain medications 
and be discharged home the same day. Regardless, 
it is also important to follow up with the donor 
 following the procedure to make sure there are no 
signs or symptoms of complications, including 
prolonged pain or evidence for procedure site 
infection. In some cases—especially for large- 
volume marrow donations that would include 
harvesting large numbers of erythrocytes—
empiric oral iron supplementation to facilitate 
red cell production may be desirable.

 Post-collection Processing: ABO 
Incompatibility

 Introduction

In contrast to solid organ transplantation, in which 
ABO matching is critical for long-term graft integrity 
and ABO-mismatched transplants are rarely per-
formed, crossing the ABO barrier is feasible in HSCT 
because ABO antigens are not expressed on early 
hematopoietic progenitors and stem cells. Strategies 
exist to minimize the potential acute issues arising 
from ABO incompatibility between donor and recip-
ient. Currently, ABO-incompatible HSCTs are per-
formed using all types of grafts including peripheral 
blood hematopoietic progenitor cells (HPC, aphere-
sis), bone marrow (HPC, marrow), and umbilical 
cord blood (HPC, cord blood) [52, 53].

ABO compatibility involves A and/or B anti-
gens expressed on either donor or recipient cells 
together with anti-A and/or anti-B antibodies in 
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either donor or recipient plasma. Thus, there can 
be three types of ABO incompatibility. Major 
ABO incompatibility occurs when the recipient’s 
plasma contains antibodies against A and/or B 
antigens on the donor’s cells (e.g., when the 
recipient is blood type O and the donor is blood 
type A, B, or AB). Minor ABO incompatibility is 
present when the donor graft contains antibodies 
against A and/or B antigens on recipient cells 
(e.g., donor is blood type O and recipient is blood 
type A, B, or AB). Bidirectional incompatibility 
is the least common type of ABO incompatibility 
(present in up to 5% of transplants) and occurs 
when either the donor is blood group B and 
 recipient is blood group A or vice versa. Fig. 8.3a 
details the donor-recipient combinations that 
might require post-collection processing.

 Management of Major ABO 
Incompatibility

The presence of erythrocytes in the stem cell 
graft that can interact with recipient isohemag-
glutinins may result in immediate hemolysis. 
Additional complications can occur in the form 
of delayed RBC donor engraftment and pure red 
cell aplasia due to continued production of recip-
ient type isohemagglutinins by persistent recipi-
ent B lymphocytes [54].

To avoid occurrence of a significant hemolytic 
reaction in the setting of a major ABO- mismatched 
HSCT, the volume of infused donor erythrocytes 
should be minimized. An important parameter 
that should guide the decision-making process is 
the maximum volume of ABO- mismatched eryth-
rocytes that can be safely infused. Although this 
volume is not well defined in the literature, most 
published studies suggest that a volume between 
10 and 40 mL of mismatched erythrocytes can be 
tolerated by adult recipients without a major reac-
tion. In practice, most institutions limit the vol-
ume of infused mismatched erythrocytes to 
20–30 mL (in adults) or 0.2–0.4 mL/kg recipient 
weight (in children or smaller adolescents/adults). 
The algorithm in Fig. 8.3b describes recommen-
dations for red cell depletion depending upon 
stem cell source, recipient isohemagglutinin titer, 
and estimated volume of donor red cells.

The HSC source that is most likely to require 
red cell depletion is bone marrow because eryth-
rocytes may constitute 25–35% of the final prod-
uct volume. For example, a typical bone marrow 
product volume of 10 mL/kg would result in a red 
cell dose of approximately 3 mL/kg or about ten 
times the maximally tolerated dose. Peripheral 
blood stem cell products obtained by apheresis 
are considerably less likely to require red blood 
cell depletion because apheresis methodology 
generally results in significantly less erythrocyte 
contamination than is typical for bone marrow 
collections. However, the apheresis collection 
facility should be instructed to attempt to mini-
mize red blood cell contamination if major ABO 
incompatibility is a concern.

Major ABO incompatibility is usually not a 
very significant concern in umbilical cord blood 
transplantation (UCBT) because most cord blood 
units undergo a process of red cell depletion prior 
to cryopreservation [55, 56]. However, if the 
umbilical cord blood unit had not been red cell 
depleted, then a significant dose of incompatible 
red cells might be infused, and indeed there have 
been multiple reports of adverse events in recipi-
ents receiving non-red-cell-depleted incompatible 
umbilical cord units. Thus, in the rare case in 
which a cord blood unit that has not been red blood 
cell (RBC) depleted is to be infused into a small 
pediatric patient, it is at least necessary to wash the 
unit after thawing, which usually results in a sig-
nificant decrease in the post-thaw hematocrit.

Methods for RBC reduction in the processing 
laboratory include manual centrifugation, hydroxy-
ethyl starch-facilitated sedimentation using manual 
or automated methodology,  density gradient sepa-
ration, and automated or semiautomated apheresis 
instrument cell separation [55–58].

Manual centrifugation is the simplest method 
and involves centrifugation of the product bag at 
400–4000 ×g. This results in concentration of 
erythrocytes (RBCs) at the bottom of the bag from 
which they can be slowly drained or, alternatively, 
the buffy coat (which contains the CD34+ HSCs) 
can be removed from the top of RBC layer. In 
either case, the resulting product is red cell depleted, 
but, because the separation of RBCs and nucleated 
cells is incomplete, there is also some depletion of 
stem cell- containing mononuclear cells.
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Hydroxyethyl starch (HES) causes clumping 
(rouleaux) of RBCs and allows for their differ-
ential sedimentation to occur without centrifu-
gation. The process involves mixing the HSC 
product with HES and removal of the sedi-
mented erythrocytes after 30–90 min. Similarly 
to manual centrifugation, the RBC fraction 
does contain some contaminating nucleated 
cells. If the final HSC dose is critical, repeated 
HES sedimentation can be performed on the 
removed RBCs in an attempt to recover addi-
tional nucleated cells. Using this method, RBCs 
can be effectively removed while mostly pre-
serving the final nucleated cell content of the 
product [59].

Density gradient media such as Ficoll- Hypaque 
can also be used to isolate mononuclear cells. 
Ficoll-Hypaque has a density intermediate 
between erythrocytes (and granulocytes) and 
mononuclear cells (and platelets). The HSC prod-
uct is initially layered over the Ficoll-Hypaque, 
and after centrifugation erythrocytes and granulo-
cytes will be under the layer with mononuclear 
cells and platelets concentrated at the interface 
between Ficoll-Hypaque and plasma. Mononuclear 
cells recovered using this method will be of the 
highest purity in regard to RBC contamination 
compared with other methods listed here, although 
the overall recovery of hematopoietic stem and 
progenitor cells is similar.

Fig. 8.3 (a) Donor-recipient ABO mismatches for which 
either RBC or plasma depletion should be considered. See 
figure (b) for details regarding RBC depletion. (b) 
Algorithm for RBC depletion depending upon recipient 

isohemagglutinin titer and stem cell source. HPC-A 
hematopoietic progenitor cell, apheresis (i.e., peripheral 
stem cell collection), HPC-M hematopoietic progenitor 
cell, marrow (i.e., bone marrow), TV total volume

Donor Blood Type
A B AB O

Recipient
Blood 
Type 

A - RBC, Plasma RBC Plasma
B RBC, Plasma - RBC Plasma

AB Plasma Plasma - Plasma
O RBC RBC RBC -

Recipient anti-donor
isohemagglutinin 

titer 

≥ 
1:

32

HPC, A

HPC, M

≤0.3 mL/kg or < 20 mL (TV) RBC

≥0.4 mL/kg or ≥ 30 mL (total volume) RBC

If critical HPC dose, consider slow
infusion in two doses 6 hours apart;

otherwise RBC deplete  

≤ 
1:

16 HPC, M
≥0.4 mL/kg or ≥ 30 mL (TV) RBC

Double buffycoat or
Prepacyte procedure 

≥0.3 mL/kg or ≥ 20 mL (TV) RBC

Guidelines for Red Cell Depletion

Infuse without modification;
Monitor for acute hemolytic

reaction

≥0.4 mL/kg or  ≥ 30 mL (TV) RBC

0.3-0.4 mL/kg or 20-30 mL (TV) RBC

HPC, Cord Blood
(RBC replete) 

Post-thaw 
large volume wash

<0.4 mL/kg or <30 mL (TV) RBC

≥0.4 mL/kg or ≥ 30 mL (TV) RBC

Infuse without modification;
Monitor for acute hemolytic reaction

Consultation between
Cell Processing Lab and

Transplant MD

Major HBO
Incompatibility 

<0.4 mL/kg or <30 mL (TV) RBC

RBC depletion

HPC, A

W. Ferguson and A. Babic



129

Automated or semiautomated instruments based 
on apheresis technology can also be used for red 
cell depletion. The method involves centrifugation 
and separation of mononuclear cells based on their 
differential density and results in good RBC reduc-
tion with expected percent recoveries of CD34+ 
cells from the low 60s to high 80s [60–62].

 Management of Minor ABO 
Incompatibility

In cases of minor ABO incompatibility, reduction 
of plasma volume in the donor product can be per-
formed to limit the amount of donor isohemaggluti-
nins that can cause acute hemolysis in the recipient. 
This is important in pediatric patients in which the 
relative volume of infused donor plasma might be 
larger, thus increasing the risk of hemolysis. The 
method for plasma removal involves centrifugation 
of the product in a bag followed by the removal of 
plasma after phase separation. In this process, as 
much plasma as possible should be removed taking 
care to avoid disturbance in the cell layer. This can 
be achieved using a plasma extractor.

Minor ABO-incompatible HSCT can also cause 
delayed hemolysis due to the presence of passenger 
donor lymphocytes in the donor HSC product. These 
B lymphocytes can produce donor-type isohemag-
glutinins in the recipient which, in turn, can bind to 
and hemolyze residual recipient erythrocytes. This 
type of reaction typically develops from 5 to 15 days 
following stem cell infusion, although less than 15% 
of patients in this situation will actually experience 
significant hemolysis. This reaction is best managed 
by the transfusion of RBCs that are not of the recipi-
ent’s blood group in the posttransplant period.

 Management of Bidirectional ABO 
Incompatibility

The recipient undergoing bidirectional ABO- 
incompatible HSCT is at risk of developing the 
complications associated with both minor and 
major ABO-mismatched transplantation. The 
best option to address this type of incompatibility 
is to perform red cell depletion in a fashion that 
will also result in plasma depletion. However, 
either delayed hemolysis due to isohemaggluti-

nin production by donor lymphocytes and/or 
delayed RBC engraftment due to the persistence 
of recipient lymphocytes is still possible.

 Graft Engineering

Whereas depletion of red cells and/or plasma is uti-
lized to avoid hemolysis in the immediate post-infu-
sion period, manipulations of the mononuclear cell 
population are intended to alter the longer-term 
function of the graft. This most commonly focuses 
on minimizing the posttransplant complication of 
GvHD. While all allogeneic HSCTs carry some risk 
for GvHD, the incidence and severity increase with 
HLA mismatching between donor and recipient. 
Attempts at using related haplo-identical donors 
were initially plagued with very high rates of GvHD 
[63, 64]. GvHD is mediated through alloreactive 
cytotoxic T lymphocytes, and so reducing the num-
ber of donor T cells infused into the donor would be 
expected to ameliorate the risk of developing 
GvHD. However, bulk depletion of donor T cells is 
associated with an increase of graft failure or rejec-
tion as well as an increased risk of relapse (presum-
ably by decreased graft-vs-malignancy effect, also 
mediated by cytotoxic T cells) and overall trans-
plant-related mortality [64–66]. While the risk of 
graft failure can be overcome by infusing higher 
doses of CD34+ cells (approximately 5–10 times 
the normal dose; obviously a method that, for the 
technical reasons discussed earlier, mandates utili-
zation of peripheral blood as the stem cell source) 
and is associated a with relatively low risk of GvHD, 
this strategy does not necessarily overcome the ten-
dency for T-cell- depleted grafts to exhibit much 
slower immune recovery with a resulting increased 
risk of posttransplant infections [67, 68].

Methods for graft cell manipulation have 
been available for several decades. These meth-
ods involve either selective depletion or enrich-
ment of particular cell populations. Although 
graft cell depletion can be performed in vivo or 
ex vivo, cell enrichment can currently only be 
performed ex vivo.

Ex vivo cell manipulation is most often per-
formed using immunomagnetic separation. 
Currently, there are modern devices (e.g., 
CliniMACS, manufactured by Miltenyi Biotec) 
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that can provide either positive selection of 
CD34+ cells or negative selection of T cells 
(CD3+ or T-cell receptor αβ+ cells) and/or B 
cells (CD19+) in a fashion appropriate for 
clinical use. Either case involves mixing the 
stem cell product with paramagnetic beads 
coated with antibodies reacting with the cell 
surface molecule(s) of interest. Cells possess-
ing the targeted surface antigen will bind to 
the paramagnetic beads, which in turn can be 
immobilized by a magnetic field applied to the 
periphery of the container. With negative 
selection, the beads will bind the cell 
subpopulation(s) to be depleted, and the 
remaining cells can be washed through and 
used for infusion into the recipient. With posi-
tive selection, the beads will bind the subpop-
ulation targeted for enrichment; after eluting 
the remainder of the population, the desired 
cells can be “knocked off” the paramagnetic 
beads and recovered for subsequent infusion. 
Positive selection tends to result in a purer cell 
population (e.g., approximately 90–95% 
CD34+ cells with an approximately 4.5 log 
depletion of CD3+ cells).

Ex vivo cell depletion for pediatric patients 
has been most studied in the setting of haplo- 
identical transplantation [69]. For example, a 
study of 41 children with a mixture of malig-
nant and nonmalignant diseases who were 
transplanted with CD3+/CD19+-depleted 
grafts following reduced intensity conditioning 
demonstrated a high rate of engraftment and 
immune recovery along with low transplant- 
related mortality (which would include post-
transplant infections) [70]. However, both 
methods will deplete the graft of some CD34− 
populations, including less mature γδ+ T cells, 
NK cells, T regulatory cells, dendritic cells, 
and potentially other immune cell types, that 
are unlikely to contribute to the development 
of GvHD but are likely quite important in 
broader posttransplant immune reconstitution. 
To minimize loss of beneficial immune cell 
types, alternative T-cell depletion strategies 
have been developed to selectively deplete αβ+ 
T cells, or more specifically alloreactive donor 

T lymphocytes, but these have not yet been 
evaluated in large numbers of patients and are 
still under investigation.

In vivo T-cell depletion was originally pro-
vided by anti-thymocyte globulin (ATG). ATG is 
a polyclonal product obtained from either horses 
or rabbits that has a broad range of lymphocyte 
reactivity (predominately, but not exclusively, 
targeted at T lymphocytes) which has long been 
utilized as part of pretransplant conditioning reg-
imens in order to remove recipient lymphocytes 
that might mediate graft rejection. However, 
some ATG persists through the time of HSC infu-
sion and can also react with infused donor T lym-
phocytes. Several studies involving all common 
HSC sources have shown decreased rates of 
GvHD in patients receiving ATG in comparison 
to those receiving similar non-ATG conditioning 
regimens [71–73]. Similar amelioration of GvHD 
has been shown with conditioning regimens con-
taining more specific T-cell antibodies, such as 
the anti-CD52 mAb alemtuzumab (Campath) 
which has become a common component of non- 
myeloablative conditioning regimens [74, 75]. 
However, these approaches still result in a rela-
tively nonspecific removal of T-cell populations.

An interesting approach to in vivo T-cell 
depletion involves posttransplant administra-
tion of cyclophosphamide [76–79]. Originally 
applied to haplo-identical HSCTs with a high 
risk of GvHD, this approach of in vivo T-cell 
depletion involves the administration of a mod-
erately high dose of cyclophosphamide to the 
recipient 2–3 days following HSC infusion. 
The underlying rationale is that donor T cells 
that recognize alloantigens in the recipient will 
be actively proliferating at this point and so be 
killed by a cell cycle-specific alkylating agent, 
whereas the remaining T cells (including those 
reactive to a wide array of viral antigens) will 
not be proliferating and so be relatively resis-
tant to cyclophosphamide. This approach has 
led to a low rate of GvHD not only in patients 
receiving haplo- identical HSCTs but also has 
been used successfully in more traditional 
transplant settings [80, 81]. However, because 
this approach is still relatively new, the long-
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term effects on tumor control and immune 
reconstitution remain to be fully defined.

 Cryopreservation of Stem Cell 
Products

Freshly obtained HSC products (either bone 
marrow or peripheral HSCs obtained by apher-
esis) maintain adequate levels of viability for 
about 48 h, after which time both cell viability 
and ability to engraft start to decline. This is 
typically enough time to allow for characteriza-
tion and minimal processing of products even if 
transported from a distant collection center, 
although when utilizing international donors—
which is increasingly common—the timeline 
for long- distance transport can be tight and so 
might require some flexibility on the part of the 
transplant center to make sure that cells are 
infused in a timely fashion. More extensive 
manipulation of cellular products obviously is 
more time- consuming and so, for all practical 
purposes, requires that products be collected 
either at the center that will be doing the manip-
ulation or one that is geographically located so 
as to minimize time spent in transport.

Alternatively, products can be frozen when it is 
impractical to infuse within 1–2 days after collec-
tion—for instance, autologous donations when 
the anticipated time to infusion may be weeks or 
months in the future, or umbilical cord blood 
donations. Successful cryopreservation requires 
the addition of an agent that inhibits intracellular 
formation of ice crystals, which would otherwise 
destroy the cells. The most commonly used agent 
is dimethyl sulfoxide (DMSO), usually added to a 
final concentration of 10%. Because DMSO is 
itself somewhat toxic to nucleated cells, the freez-
ing process should be initiated as quickly as pos-
sible once it is added to the product. Specially 
designed controlled-rate freezers are usually used 
for freezing down the HSC collection because the 
rate at which cells are frozen is important in pre-
serving their viability. Once frozen, cell products 
are stored in liquid nitrogen, which maintains 
them at a temperature of <−150 °C. Under these 

conditions, cell products can be successfully pre-
served for years [82, 83].

While frozen HSC products can be maintained 
for extended periods of time, the actual process 
of freezing and subsequent thawing does result in 
some cell damage and death. Typical cell losses 
range from 10% to as much as 50% even under 
ideal processing and freezing conditions, 
although there is evidence that much of the cell 
loss involves granulocytes, with relative sparing 
of CD34+ cells [84]. When feasible, this poten-
tial for nontrivial cell loss should be taken into 
account when calculating the number of cells to 
be collected; thus, one might want to have a pre- 
thaw dose of 3–4 × 106 CD34+ peripheral blood 
stem cells collected by apheresis in order to 
ensure subsequent infusion of ≥2 × 106 viable 
CD34+ cells after freezing and thawing.

One issue that sometimes arises is whether 
allogeneic stem cell products should be col-
lected and cryopreserved prior to the recipient 
starting the conditioning regimen. The argu-
ment in favor of this would be to avoid the situ-
ation in which a recipient has received a 
myeloablative conditioning regimen, and then 
something happens to the donor (e.g., illness, 
accident) that precludes safe collection. 
However, while prior collection and cryopreser-
vation would avoid that scenario, the potential 
for cell loss during the freezing and thawing 
process would mean that the donor would be 
subjected to a more prolonged collection pro-
cess than might otherwise not be required. 
While this might represent a modest increase in 
risk for apheresis collection, it might represent 
a significant risk for bone marrow donations 
and, depending upon donor and recipient size, 
may not be feasible at all. For this reason, many 
if not most centers rely on the strategy of plan-
ning to collect from the selected allogeneic 
donor just prior to the planned infusion while 
taking precautions to avoid the donor’s expo-
sure to infections or injury and with some con-
tingency plan that could be quickly implemented 
if the primary donor becomes unavailable (e.g., 
alternative related or unrelated donor, umbilical 
cord blood).
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 Thawing Cryopreserved Stem Cells

Prior to infusion, cryopreserved HSCs are 
thawed relatively quickly. Once thawed, HSCs 
are subject to additional cell damage primarily 
due to the cellular toxicity of DMSO; in addi-
tion, the mixtures of DMSO used for cryopreser-
vation lead to increased intracellular osmolarity, 
such that exposure to a normal osmotic environ-
ment can lead to rapid influx of water and further 
cell lysis. For this reason, freshly thawed cells 
are typically diluted with a hyperosmolar solu-
tion of albumin and dextran, which serves to 
minimize osmotic stress and also results in a 
lower DMSO concentration to which the cells 
are exposed. Because of the potential for addi-
tional cell loss, cryopreserved cells are usually 
infused within a relatively short period of time (a 
few hours) after thawing.

Following thawing and dilution, additional 
manipulations can be performed on HSC units 
(such as removal of red cells and removal of 
plasma), but these processes increase the time 
from thawing to infusion, and the procedures 
themselves can introduce additional cell loss. 
For this reason, it is preferable to perform 
manipulations such as red cell or plasma deple-
tion prior to freezing if feasible. Currently, this is 
standard practice during preparation of umbili-
cal cord blood units for banking, and so those 
products will typically have only modest vol-
umes of red cells or plasma. However, older 
units or those collected outside the United States 
may not have undergone red cell or plasma 
depletion, and so it may be necessary to perform 
post-thaw depletion in these situations even at 
the risk of some stem cell loss.

An additional instance in which post-thaw 
washing may be necessary is when a relatively 
large-volume product is being infused into a 
small recipient, who might then be exposed to an 
excessive amount of DMSO. Many of the imme-
diate reactions to infusions as described below 
are felt to be caused or exacerbated by DMSO. In 
addition, there have been occasional reports of 
neurotoxicity attributed to infusion of DMSO. For 

these reasons, the amount of DMSO infused is 
typically limited to no more than 1 g/kg recipient 
body weight. A similar situation might arise with 
cryopreserved bone marrow, since heparin is typ-
ically used to prevent coagulation of bone mar-
row products; however, alternative interventions 
(such as concurrent administration of protamine) 
are available to neutralize the potential anticoag-
ulant effect of heparin.

 Hematopoietic Stem Cell Infusion

HSC infusions, regardless of source, have the 
potential of causing infusion reactions [85, 86]. 
These can range from mild to severe or even life- 
threatening. Common reactions include nausea, 
vomiting, fever, changes in heart rate (either tachy-
cardia or bradycardia), and changes in blood pres-
sure (either hypotension or hypertension). 
Allergic-type reactions can also occur but are rarely 
severe. Cryopreserved units are more likely to have 
such side effects, due to histamine release by 
DMSO, but any cell source can have complica-
tions. Additional factors contributing to side effects 
include fluid overload, hemolysis due to ABO 
incompatibility, and reactions to cellular debris 
(e.g., from lysed granulocytes). Especially in 
smaller recipients, careful attention to the volumes 
in the stem cell unit (total volume, red cell and 
plasma volumes, DMSO) is especially important in 
anticipating and preventing severe reactions.

Typical preparation for a stem cell infusion 
might include a short period of fluid restriction (to 
obviate fluid overload during the infusion) and 
premedication with antiemetics, acetaminophen, 
antihistamines (typically diphenhydramine), and 
steroids (methylprednisolone or hydrocortisone). 
Often a diuretic (furosemide or mannitol) is 
administered around the time of HSC infusion in 
order to both prevent fluid overload and maintain 
urine flow in situations where there might be red 
cell lysis and intravascular release of hemoglobin.

As outlined above, there is often a relatively 
limited time within which HSCs need to be 
infused in order to maximize viability. However, 
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it is still important to observe all of the typical 
safeguards in properly identifying the unit and 
ensuring that the correct HSC unit is being 
infused, since administration of an incorrect unit 
would have catastrophic consequences. Although 
regular blood products are routinely irradiated 
and leukoreduced by filtration, both of these must 
be avoided since they would destroy or remove 
the HSCs and render the product useless.

Because of the potential for severe side 
effects, an appropriately trained physician or 
advanced practice professional should be pres-
ent for the entire duration of the procedure. 
Infusions should be started slowly, with the 
rate being adjusted as tolerated. Mild side 
effects may respond to slowing the infusion 
rate, but additional medications may be 
required for allergic-type reactions or hyper-
tension, especially with relatively large- 
volume infusions. Cells are typically infused 
by gravity without an infusion pump. Regular 
filtration sets (not leukodepletion filters) may 
be used, especially if there is concern for cel-
lular aggregates or particles in the infusate 
(more common with marrow infusions). 
Especially for smaller patients with small-
bore central catheters, there might be signifi-
cant physical resistance that slows the rate at 
which the product can be infused. While this is 
more likely to be an issue with a product that 
contains a significant number of red cells, it 
can also occur even with relatively erythrocyte- 
poor apheresis products. Thus, at times, man-
ual infusion using a syringe might be necessary 
in order to ensure administration in a timely 
fashion.

Recipients should be carefully monitored for 
several hours following the infusion for potential 
side effects. Of note, DMSO and its metabolites 
are partially excreted into the urine, but a signifi-
cant amount enters the lungs and is exhaled into 
the environment. The distinctive smell of DMSO 
is variously described as “garlic” or “creamed 
corn.” While the recipient usually becomes 
quickly acclimated to the smell, families should 
be advised that it can linger for hours or even 
days afterward.

 Key Points

• Donor eligibility is determined by the regula-
tory requirements established for donors of 
blood products that are designed to minimize 
the risk of transmitting infectious diseases.

• Donor suitability is a clinical concept that 
incorporates various factors unique to hemato-
poietic stem cell transplantation (HSCT), spe-
cifically including histocompatibility typing 
but also potentially including other biologic 
characteristics of the donor and recipient.

• The most suitable donor may be technically 
“ineligible,” but with appropriate documenta-
tion, such transplants may proceed. This is 
especially true for autologous donors, for 
whom disease transmission into a disease- 
naïve donor is not an issue.

• Because HSCTs are often time-sensitive pro-
cedures, selection of a preferred donor must 
incorporate the availability of potential donors.

• Hematopoietic stem cells (HSCs) can be suc-
cessfully harvested from bone marrow, from 
umbilical cord blood (which is a rich source of 
HSCs), and also from peripheral blood fol-
lowing cytokine stimulation +/− plerixafor. 
Each source has its unique set of advantages 
and drawbacks.

• Successful engraftment following bone mar-
row or peripheral stem cell transplantation 
typically requires a minimum of 2–2.5 × 106 
CD34+ cells/kg recipient weight (which for 
bone marrow translates into ~2–2.5 × 108 total 
nucleated cells/kg recipient weight). Minimal 
cell doses for umbilical cord blood are approx-
imately tenfold lower (~2–2.5 × 107 total 
nucleated cells/kg recipient weight).

• Donor safety—especially for allogeneic 
donors, for whom donation provides no direct 
medical benefit—is a paramount concern in 
both donor selection and stem cell collection 
procedures.

• Matched sibling donors (MSD) are usually the 
ideal donors; in the United States, donation of 
bone marrow or peripheral stem cells by minor 
related donors is considered ethical but does 
require special safeguards to protect the donor.
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• Special processing may be required for some 
donor units; ABO incompatibility between the 
donor and recipient is one of the most com-
mon such situations.

• Cryopreservation can allow storage of stem 
cell products for years or even decades.

• There are many reactions that can result from 
stem cell infusions, especially with  cryopreserved 
units; post-thawing processing may decrease the 
risk of some reactions, but careful observation 
and prompt intervention to treat any reactions 
are essential.
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Abstract

Hematopoietic stem cell transplantation (HSCT) was first developed to cure 
radiation poisoning and then evolved as a rescue treatment for high-dose 
cancer therapy. As our understanding of cancer and the donor immune sys-
tem grew, new conditioning therapies were developed that were safer and 
emphasized the role of graft-versus-malignancy (GVM) effect (also referred 
to as graft-versus-tumor (GVT) or graft-versus-leukemia (GVL) effect). 
Conditioning therapy has three important roles, including anticancer ther-
apy, immunosuppression, and creation of open HSC niches in the bone mar-
row, but only 0, 1, 2, or 3 of these requirements may be needed depending 
on the patient and disease. Conditioning regimens range from myeloablative 
in which the host’s hematopoietic stem cells are destroyed by high doses of 
chemotherapy with or without total body irradiation (TBI) to non-myeloab-
lative (NMA) which relies almost completely on significant immunosup-
pression to permit the host’s immune system to allow the donor HSCs to 
reside in HSC bone marrow niches and repopulate the host’s immune sys-
tem with the donor’s. This chapter discusses the rationale for the need of 
conditioning; the types of conditioning regimens, including individual 
agents; and how each is utilized to fulfill these purposes of conditioning 
therapies. In addition, examples of six common pediatric conditions and 
how conditioning therapies have been optimized to provide the best chance 
of cure while minimizing toxicity from HSCT are detailed in this chapter.

 Conditioning Therapy: Historical 
Beginnings

Successful hematopoietic stem cell transplantation 
(HSCT) requires administration of radiation and/
or chemotherapy prior to infusion of hematopoi-
etic stem cells (HSCs). The purpose of this condi-
tioning or preparative regimen is to overcome the 
immunologic barrier of the host to facilitate allo-
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geneic HSC engraftment and to provide anticancer 
therapy for malignant diseases. The foundations of 
HSCT began in the 1940s and 1950s when research 
was heavily focused on potential protection and 
treatment of sublethal to lethal doses of radiation 
that may occur with nuclear reactor accidents or 
atomic bombs leading to aplastic anemia [1, 2]. 
Jacobson et al. provided the first hope of an anti-
dote using a mouse model of radiation exposure 
and curing irradiation- induced aplasia through 
splenic transplantation [3]. Lorenz et al. subse-
quently provided the same cure by injecting 
homologous bone marrow in mice and guinea pigs 
postirradiation [4]. Additional work proved that 
the protective effect of spleen and bone marrow 
transplant was cellular replacement of the bone 
marrow by donor cells and that successful engraft-
ment of allogeneic cells was only accomplished if 
a certain threshold dose of radiation was delivered 
to the animals [2].

The use of HSCT quickly advanced from ani-
mal models to human trials secondary to acciden-
tal radiation exposures as well as an experimental 
approach to cure certain cancers. The use of 
HSCT in humans was first attempted in France by 
a team of physicians who were caring for five 
patients who had accidental exposure to high- 
dose radiation. Bone marrow infusions from 
donors were used, and four survived, although all 
were later found to have recovery of autologous 
hematopoietic cells [5]. Around the same time, 
Thomas et al. attempted to infuse bone marrow 
cells in five patients with cancer that had received 
radiation and/or chemotherapy in attempts to treat 
subsequent deficiencies in hematopoiesis [6]. 
There was a temporary “take” of donor cells, later 
termed engraftment, in two irradiated patients, but 
no sustained donor hematopoiesis. As in animals, 
Thomas et al. postulated that more prolonged or 
permanent engraftment might occur after suffi-
cient dosing of radiation was used to produce 
marrow aplasia. They also theorized that unlike 
radiation, chemotherapy agents with extreme 
marrow toxicity may not be sufficient to engraft 
donor cells if they lack immunosuppressant prop-
erties that are part of irradiation. The importance 
of sufficient immunosuppression was made more 
apparent in 1968 when the first successful human 
engraftment of allogeneic HSCs occurred under 

the direction of Dr. Robert Good in a patient with 
severe combined immunodeficiency (SCID) [7].

 Conditioning Therapy: Why It Is 
Necessary

Born out of the atomic era, conditioning therapy 
with whole-body irradiation followed by infu-
sion of HSCs was discovered and led the way for 
further advancements in conditioning agents for 
the treatment of malignancy. Today, there is a 
wide variety of agents and dosing used for con-
ditioning therapy, and the choice of conditioning 
regimen is based on multiple factors including 
underlying disease, status of disease at the time 
of HSCT, age of the patient, HLA matching, 
immunocompetency of the recipient, comorbidi-
ties of the patient, and physician/treatment cen-
ter preference. For patients with malignancy, the 
conditioning therapy must provide a component 
of anticancer treatment. In the case of autolo-
gous HSCT, conditioning therapy allows for 
administration of otherwise lethal doses of che-
motherapy in cancers that exhibit a steep dose-
response curve to conditioning agents. The first 
requirement in allogeneic HSCT is that the anti-
cancer therapy must provide extended cancer 
control until sufficient immunologic recovery of 
the donor immune system has occurred to pro-
duce a graft-versus-malignancy (GVM) effect 
(also referred to as graft-versus-tumor (GVT) or 
graft- versus- leukemia (GVL) effect).

The second requirement for allogeneic HSCT is 
adequate immunosuppression to overcome the 
robust rejection barriers of the recipient’s innate and 
adaptive immune systems. Unlike high-dose whole-
body irradiation (also referred to as total body irra-
diation (TBI)) that is both myelo- and 
immunosuppressive, some agents have only one of 
these properties, and, therefore, combination thera-
pies have been developed. If the appropriate immu-
nosuppression is not provided to the recipient, the 
infused cells will be efficiently rejected, resulting in 
primary graft failure (discussed further in Chap. 11).

The third requirement for successful HSCT 
revolves around the concept of making “space” 
within the recipient bone marrow for engraftment 
of donor HSCs. This “space” within the bone mar-
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row is the hematopoietic stem cell niche, including 
supporting elements such as endothelial cells, adi-
pocytes, specialized osteoblasts, and macrophages 
[8]. The role of the niche is to keep HSCs pro-
tected in a quiescent state, to control HSC self-
renewal, and to influence differentiation of HSCs 
and their progenitors during times of replication, 
typically following damage to the bone marrow 
stroma [8]. Current theories assume that the num-
ber of niches controls the number of HSCs that can 
be supported in the bone marrow. As the number 
HSC niches is small, the total number of HSCs is 
limited and in order for donor cells to engraft in 
the recipient, either new niches need to be created 
(the “augmentation model”) or recipient HSCs 
need to be replaced by incoming donor HSCs (the 
“replacement model”) [9]. There also exists the 
possibility that leukemia stem cells can occupy the 
hematopoietic stem cell niche and act as a further 
barrier to donor HSC engraftment [10].

Conditioning therapy, as part of an allogeneic 
HSCT, can be used to help create space in the 
bone marrow by “opening” HSC niches. 
According to the replacement model, condition-
ing therapy can deplete recipient HSCs (and pre-
sumably leukemia cells) from the HSC niche and 
provide a more permissible environment for 
donor HSC engraftment. As HSCs are typically 
quiescent, the conditioning agents must have 
activity against non-replicating cells, but not so 
toxic as to eliminate stromal elements necessary 
to support HSC engraftment [8]. Busulfan and 
irradiation are common conditioning agents, and 
they are very damaging to HSCs. In contrast, 
cyclophosphamide has no activity against HSCs 
because of their robust expression of aldehyde 
dehydrogenase, which converts the active prodrug 
of cyclophosphamide to its inactivated form [11].

The dose intensity of conditioning agents will 
influence the number of unoccupied niches and, 
therefore, the degree of donor engraftment and 
post-HSCT chimerism, assuming that adequate 
immunosuppression is also provided. Higher- 
intensity conditioning regimens result in higher 
engraftment and donor chimerism. However, the 
requirement for conditioning therapy to open HSC 
niches is not absolutely necessary, particularly in 
situations where a low percentage of donor chime-
rism is curative for the disease. This has been dem-

onstrated in murine syngeneic and congenic HSCT 
models (i.e., in experiments where little to no 
immunologic barrier exists for transplantation) in 
which a small number of donor HSCs engraft in 
the absence of conditioning therapy [12]. Similarly, 
in experimental HSCT of minor histocompatibil-
ity mismatches, engraftment of a small number of 
donor HSCs can also be achieved with T-cell sup-
pression alone [12]. It is uncertain in these experi-
ments if donor cells can actually displace recipient 
HSCs from the niche or if they engraft unoccupied 
niches that are created by physiologic migration of 
stem cells between the bone marrow and periph-
eral blood. Nonetheless, these experiments prove 
that donor HSC engraftment can occur without 
conditioning in the absence of an immunologic 
barrier. Human HSC engraftment without condi-
tioning therapy has also been established in 
patients with SCID, the only category of diseases 
that does not always require conditioning therapy 
secondary to a lack of T and, in some cases, NK 
cells to reject donor HSCs.

 Rationale and Classification 
of Conditioning Therapy

 Rationale and Graft-Versus- 
Malignancy (GVM) Effect

In the early days of transplant, it became clear that 
high-dose chemotherapy alone could not eliminate 
malignant cells in many patients. There was also 
growing evidence that the therapeutic benefit of 
HSCT was not solely due to high-dose condition-
ing therapy but augmented by a GVM effect [13]. 
The first suggestion of GVM was introduced in 
1956 when irradiated mice receiving an allogeneic 
HSCT were able to clear their leukemia burden, 
but recipients of syngeneic transplant could not 
[14, 15]. It is now believed that both T and NK 
cells are the principal immune cells to mediate 
GVM through secretion of cytokines resulting in 
tumor lysis and by direct cellular interaction 
through the Fas and perforin pathways [16]. The 
clinical evidence in humans for GVM by T cells 
includes (1) higher relapse rates in allogeneic 
HSCT recipients with T-cell- depleted donor 
grafts, (2) higher relapse rates in syngeneic HSCT 
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recipients, (3) lower rates of relapse in HSCT 
patients with graft-versus-host disease (GvHD), 
and (4) recognition that donor lymphocyte infu-
sions (DLI) can cure some patients that relapse 
after HSCT [17–19]. Evidence for a role of NK 
cells has come from both murine and human stud-
ies. These observations include that (1) haploiden-
tical allogeneic HSCT for acute myeloid leukemia 
(AML) demonstrated higher survival rates if the 
HLA mismatch was in favor of NK-cell alloreac-
tivity [20] and (2) NK cell incompatibility with 
donor umbilical cord units was associated with 
reduced leukemia relapse [21]. Randomized trials 
and retrospective studies comparing autologous 
versus allogeneic HSCT for AML [22, 23] and 
acute lymphoblastic leukemia (ALL) [24, 25] 
demonstrated lower relapse rates following alloge-
neic HSCT suggesting a GVM effect. The best 
evidence to date for an immunologic GVM effect 
is the re-induction of remission following DLI to 
treat post-HSCT relapse. Chronic myelogenous 
leukemia (CML) has been shown to be most 
responsive to DLI, AML having intermediate 
sensitivity, and ALL having little to no response 
to DLI historically [26–28]. Modern strategies 
currently being developed to exploit GVM 
include ex vivo expansion and genetic modifica-
tions of T and NK cells to specifically target can-
cer cells [16].

 Classification of Conditioning 
Regimens

Recognition of the GVM effect led investigators 
to readdress the role and intensity of conditioning 
therapy. Traditional myeloablative regimens are 
very toxic. Therefore, a more desirable regimen 
would be one that provides sufficient immunosup-
pression to prevent rejection and rely on donor 
immunoreactivity for HSC engraftment and anti-
cancer therapy. Replacement of more toxic agents 
was made possible with the introduction of fluda-
rabine to a combination of conditioning regimens, 
which provides profound T-cell suppression [29, 
30]. Initial trials using less toxic conditioning 
regimens were performed in patients considered 
ineligible for high-dose therapy secondary to 
older age or comorbidities [31]. These regimens 

were quickly extended to pediatric patients with 
poor performance status from prior intensive che-
motherapy and patients with nonmalignant dis-
eases that do not require intensive cytoreductive 
conditioning treatment. Reduced- intensity regi-
mens in children are particularly attractive given 
the long-term effects associated with high dose, 
total body irradiation (TBI), and alkylator chemo-
therapy including infertility, cognitive deficits, 
growth retardation, and secondary malignancies.

With a rapid increase in the number and types 
of conditioning therapies, a universal classifica-
tion system was needed to categorize the inten-
sity of therapy. In the late 1990s, Dr. Richard 
Champlin proposed a set of criteria, now known 
as the “Champlin criteria,” during the First 
International Workshop of Non-myeloablative 
Stem Cell Transplantation to define the varying 
intensities of conditioning therapy [32]. From 
this conference, three classifications of condi-
tioning therapy were defined:

 1. Myeloablative conditioning (MAC): 
Conditioning regimen expected to eradicate 
the bone marrow and induce profound pancy-
topenia within 1–3 weeks from administra-
tion. The pancytopenia is long lasting, usually 
irreversible, and in most cases fatal if not res-
cued by HSC infusion.

 2. Non-myeloablative (NMA): Conditioning reg-
imen that will cause minimal cytopenia and 
does not require HSC infusion for support.

 3. Reduced-intensity conditioning (RIC): 
Conditioning regimen that is not classified 
as MAC or NMA. RIC regimens result in 
reversible myelosuppression (recovery within 
28 days) when given without HSC infusion, pro-
duce mixed chimerism in some patients at time 
of first assessment (~30 days post- HSCT), and 
have a low rate of non- hematologic toxicity.

Most RIC regimens combine fludarabine with 
an alkylating agent or TBI in which the dose of che-
motherapy or radiation is reduced by at least 30% 
[30]. RIC regimens in pediatric patients are not 
commonly used for malignancy unless the patient 
has significant comorbidities or an underlying 
genetic condition predisposing to increased toxicity 
from a MAC regimen. Head-to-head comparisons 
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in prospective trials between MAC and RIC for can-
cer are lacking, but retrospective analyses demon-
strate similar rates of relapse and survival in 
pediatric AML [33, 34] and ALL [35]. For nonma-
lignant populations, however, RIC has demon-
strated similar outcomes compared to MAC 
regimens for some diseases (sickle cell anemia, 
thalassemia, primary immunodeficiency disorders, 
chronic granulomatous disease, Hurler’s syndrome) 
[36–39] or improved outcomes for other diseases 
(hemophagocytic lymphohistiocytosis, X-linked 
lymphoproliferative disease) [40, 41]. All of these 
analyses are retrospective, and prospectively ran-
domized trials comparing these two strategies are 
lacking. However, because of the perceived safety 
profile with RIC regimens, the number of both adult 
and pediatric patients transplanted with this strategy 
continues to increase (Fig. 9.1) despite the lack of 
rigorous data to support a RIC approach.

NMA regimens typically consist of very low- 
dose irradiation (100–300 cGy TBI or TLI), 
fludarabine, cyclophosphamide, and/or serother-
apy, which would include use of various forms of 
anti-thymocyte globulin (ATG) or alemtuzumab. 
Excluding patients with bone marrow failure, 
these regimens are rarely applied to the pediatric 
population. A final classification, although not 
originally part of the Champlin classification sys-
tem, is the designation of “reduced-toxicity 
 conditioning” (RTC), which has been applied to 

regimens that contain a combination of nucleoside 
analogs rather than traditional alkylating agents 
or TBI [42–44]. These regimens typically contain 
a combination of fludarabine and clofarabine 
with busulfan or treosulfan and are still consid-
ered under the classification of myeloablative but 
with fewer off-target side effects.

Following this conceptual classification of 
conditioning therapies, the National Marrow 
Donor Program (NMDP) and the Center for 
International Blood and Marrow Transplant 
Research (CIBMTR) had an expert panel pro-
pose operational definitions of RIC regimens to 
aid in research [32]. These two consortia defined 
RIC as any regimen that includes (1) TBI of 
≤500 cGy as a single fraction or ≤800 cGy if 
fractionated, (2) <9 mg/kg of oral busulfan (or 
intravenous equivalent), (3) <140 mg/m2 of mel-
phalan, (4) <10 mg/kg thiotepa, and (5) BEAM 
(BCNU, etoposide, cytarabine, melphalan). The 
acceptability of these definitions were tested in 
2006 by a survey to participants at the BMT 
Tandem Meetings, with more than 60% of the 
respondents agreeing or strongly agreeing with 
the first four operational definitions, but only 
32% agreed or strongly agreed that BEAM 
should be downgraded to a RIC regimen [32].

A summary of MAC, RTC, RIC, and NMA 
allogeneic conditioning regimens used in pediatric 
patients is provided in Table 9.1. It is important to 
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Fig. 9.1 Data from the Center for International Blood 
and Marrow Transplant Research (CIBMTR) demonstrat-
ing rates of both myeloablative and reduced-intensity 
transplants from 2003 to 2013. The ratio of reduced- 
intensity to myeloablative transplants has steadily 

increased with a peak of 42% of all allogeneic adult and 
pediatric transplants in 2012. (Data from Pasquini MC, 
Zhu X. Current uses and outcomes of hematopoietic stem 
cell transplantation: 2015 CIBMTR Summary Slides)
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Table 9.1 Short- and long-term toxicities associated with myeloablative total body irradiation

Timing Side effect Comments

During • Nausea/vomiting • Treat with scheduled antiemetics

• Parotitis • Typically resolves within 1–2 days

• Skin irritation/erythema • Avoid use of lotions during treatment

Early onset • Mucositis • Supplementation with glutamine

• Alopecia • Rarely permanent

• Diarrhea • Treat with antimotility agents if necessary

• Interstitial pneumonitis • Typically occurs 1–4 months post-HSCT

• Veno-occlusive disease • 5–22% [215, 216]

• Marrow suppression • Ablation with fractionated doses >800 cGy

Late onset • Hypothyroidism • 27–57% [217, 218]
• Annual TSH/free T4 screening

• Cataracts • 30–62% [219]
• Annual screening
• Ophthalmology visit every 1–3 years [220]

• Puberty and fertility • Delayed puberty (47–68% of females, 38–77% of males [221])
•  Infertility (pregnancy in 2% of female and 6% of male (partner) 

adult TBI recipients [222])
• Consider pre-HSCT sperm banking/oocyte preservation

• Short stature • 20–84% [223, 224]
• Monitor growth velocity
• Early referral to endocrine

• Dental complications • Monitor for dental caries
• Monitor for salivary dysfunction
• Monitor for damage to developing teeth

• Chronic renal impairment • 17% [225]
•  Annual screen with serum creatinine, urinalysis, and blood pressure 

[220]

•  Cardiovascular 
complications

• Cerebrovascular disease
• Coronary artery disease
• Congestive heart failure
• Conduction abnormalities
• Valve disease
• Metabolic syndrome
• Annual exams
• Fasting glucose and lipid panel every 2 years
• 2D echocardiography every 1–5 years [220]

• Pulmonary complications • Restrictive phenotype and diffusion impairment [226]
• Screen with pulmonary function testing [220]
• Avoid tobacco use

•  Osteonecrosis and low bone 
mineral density

• Measurement of bone mineral density
• MRI of painful joints
• Supplement Vitamin D

•  Neurodevelopmental 
deficits

•  Deficits in executive functioning, attention, memory, intelligence 
quotient, and math and reading [220, 227]

Screen with neuropsychiatric testing and early academic intervention

• Secondary malignancies •  Therapy-related AML/MDS, melanoma, oral, brain, liver, uterine, 
cervix, breast, bone, and connective tissue cancers [228]
Age-appropriate screening (skin and oral checks, Pap smear, 
colonoscopy, mammogram) and counseling of lifestyle modifications

Common pediatric allogeneic conditioning regimens plotted according to their relative immunosuppressive and myelo-
suppressive properties
ATG anti-thymocyte globulin, Bu busulfan, Clo clofarabine, Cy cyclophosphamide, Flu fludarabine, Mel melphalan, 
Treo treosulfan, TBI total body irradiation
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realize that each of these conditioning regimens 
represents a continuum of myelo- and immuno-
suppression as opposed to discrete categories of 
toxicity. This alternative way of looking at condi-
tioning regimens is depicted in Fig. 9.2 that plots 
individual regimens based on myelo- and immu-
nosuppressive properties.

 Conditioning Therapy Agents

 Total Body Irradiation (TBI)
Despite its toxicity, total body irradiation (TBI) 
remains a frequently used conditioning agent sec-
ondary to its ideal conditioning properties includ-
ing extreme immuno- and myelosuppression, 
effectiveness against leukemia and lymphoma 
cells, and the ability to penetrate sanctuary sites 
including the testes and CNS [45]. The mecha-
nism of action of irradiation is the induction of 
both single- and double-stranded DNA breaks 
and cellular membrane damage [46]. This injury 
leads to cell death through active apoptosis and 
passive necrosis as the damaged cell attempts to 
undergo mitosis with unrepairable chromosomal 
damage [46]. The initial dose of radiation given 
to humans was based on experiments in animals 
and was given as a single fraction of 1000 cGy 
[30]. Administration of this large, single dose 
of irradiation was associated with high rates of 
interstitial pneumonitis and treatment- related 
mortality [47]. By fractionating the dose of TBI 
delivered (and thus reducing the rate of admin-

istration), the toxicity profile was improved [47, 
48]. Most modern-day regimens fractionate or 
hyperfractionate a total dose of 1200–1600 cGy 
to decrease organ toxicity yet maintain antileu-
kemic activity. Higher-dose radiation is associ-
ated with decreased rates of relapse in adults but 
not increased survival secondary to increased 
treatment-related mortality [49]. The most com-
monly employed regimen in pediatric myeloabla-
tive conditioning is 1200–1325 cGy fractionated 
twice a day over 3–4 days in combination with 
chemotherapy. Cyclophosphamide was the first 
chemotherapeutic agent added to TBI as ini-
tial trials with TBI alone resulted in fatal tumor 
lysis, and “pretreatment” with cyclophosphamide 
reduced this risk [44]. Other agents included in 
TBI-based conditioning regimens include cytara-
bine, etoposide, melphalan, and busulfan.

Morbidity from TBI is extensive as irradiation 
can induce tissue injury throughout the body. The 
list of toxicities, both acute and long-term, is 
extensive and summarized in Table 9.1. The 
extent and severity of late effects are dependent 
on the method and dose of radiation as well as the 
age of the patient. Fractionation and dose reduc-
tion decrease the risk of interstitial pneumonitis 
and cataract formation, while most acute toxicities 
correlate with overall TBI dose and dose rate [47, 
50]. Radiation at a younger age (particularly 
under the age of 2–3 years) has been associated 
with higher rates of neurocognitive defects and 
secondary malignancies [51, 52]. While TBI is a 
very effective component of conditioning regimens 
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for successful engraftment and elimination of 
cancer cells (particularly leukemia), it is associ-
ated with a number of significant short- and long-
term toxicities such that alternative conditioning 
regimens are designed to exclude TBI from the 
conditioning regimen.

In principle, tissues outside of the lymph tis-
sue, the bone marrow, and, for leukemia, the CNS 
and testes should not require irradiation for suc-
cessful engraftment and anti-malignancy therapy. 
Therefore, tissue blocks are used commonly now-
adays to decrease radiation exposure to the lungs 
and prevent the development of interstitial pneu-
monitis [53]. Irradiation of lymphoid tissue only 
(known as total lymphoid irradiation (TLI)) can 
have significant immunosuppressive effects with-
out myelosuppression and reduced tissue toxicity. 
Also, low-dose irradiation (TBI or TLI) has been 
employed in reduced-intensity and non- 

myeloablative regimens and exerts a primarily 
immunosuppressive effect on the recipient. Doses 
as low as 200 cGy along with additional agents 
such as fludarabine and cyclophosphamide are 
commonly employed with successful engraftment 
in both pediatric and adult patients (Table 9.2).

 High-Dose Chemotherapy
Development of alternative, solely chemotherapy- 
based regimens was necessary in the early days 
of HSCT secondary to the lack of access to TBI 
at some centers [44]. Today, alternative condi-
tioning regimens are purposely chosen to avoid 
short- and long-term toxicities of TBI. There are 
particular therapeutic properties that guide selec-
tion of combination chemotherapy, including (1) 
steep dose-response curve with myelotoxicity 
being the usual dose-limiting toxicity, (2) tolera-
bility at higher doses, (3) cell cycle nonspecific-

Table 9.2 Commonly used conditioning regimens for pediatric allogeneic transplantation

Conditioning regimen Standard dosing Disease indications

Myeloablative regimens

Cyclophosphamide/total body 
irradiation

Cyclophosphamide (120 mg/kg over 2 days)
TBI (1200–1320 cGy fractionated over 3 days)

ALL (standard in the 
USA)

Busulfan/cyclophosphamide 
+/− anti-thymocyte globulin 
(ATG)

Busulfana (12.8 mg/kg IV over 4 days)
Cyclophosphamide (120–200 mg/kg over 2–4 days)
Thymoglobulin (ATG) (6 mg/kg over 3 days)

AML/MDS
Sickle cell anemia
Thalassemia

Reduced-toxicity regimens

Fludarabine/busulfan +/− ATG/
alemtuzumab

Fludarabine (160 mg/m2 over 4 days)
Busulfana (12.8 mg/kg over 4 days)
Thymoglobulin (ATG) (6 mg/kg over 3 days)
Alemtuzumab (variable)

AML/MDS (standard in 
the USA)
Nonmalignant disorders

Fludarabine/treosulfan Fludarabine (150 mg/m2 over 5 days)
Treosulfan (30–42 g/m2 over 3 days)

AML/MDS
ALL
Nonmalignant disorders

Clofarabine/busulfana Clofarabine (150 mg/m2 over 5 days)
Busulfana (12.8 mg/kg IV over 4 days)

AML/MDS

Reduced-intensity regimens

Fludarabine/reduced busulfana 
+/− ATG/alemtuzumab

Fludarabine (160 mg/m2 over 4 days)
Busulfana (6.4 mg/kg over 2–4 days)
Thymoglobulin (ATG) (6 mg/kg over 3 days)
Alemtuzumab (variable)

AML
Nonmalignant disorders

Alemtuzumab/fludarabine/
melphalan

Fludarabine (150 mg/m2 over 5 days)
Melphalan (140 mg/m2)
Alemtuzumab (variable)

Nonmalignant disorders

Non-myeloablative regimens

Cyclophosphamide/ATG 
+/− total body irradiation (TBI)/
total lymphoid irradiation (TLI)

Cyclophosphamide (200 mg/m2 over 4 days)
Thymoglobulin (ATG) (7.5 mg/kg over 3 days)
TBI (200 cGy)
TLI (400 cGy)

Aplastic anemia (CyATG 
standard in the USA for 
matched sibling donor)

aSarting dose of busulfan based on age and weight; subsequent doses adjusted based on PK studies
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ity, (4) wide biologic activity (active against 
multiple tumor types), and (5) synergistic effects 
when combined with other agents without over-
lapping toxicity.

 Alkylator Chemotherapy
The most widely used class of drugs that encom-
passes many of the above properties is alkylator 
chemotherapy. Alkylating agents are antitumor 
drugs that act through the production of reactive 
intermediates that covalently bind to a variety of 
cellular molecules, with DNA molecules as the 
primary target. The binding of an alkylating agent 
to DNA molecules results in the formation of both 
inter- and intra-strand DNA cross-links, prevent-
ing further DNA synthesis and ultimately result-
ing in cytotoxicity [54]. Alkylating agents can 
bind to DNA independent of its replication, thus 
making this class of drugs cell cycle- nonspecific. 
This property, combined with the fact that these 
agents exhibit a linear dose-response relationship, 
has made them one of the primary drug classes 
used in HSCT for a variety of diseases.

The most commonly used alkylating agents 
used today are busulfan, cyclophosphamide, mel-
phalan, thiotepa, and treosulfan. As described 
below, these agents differ in their toxicity against 
bone marrow precursors, cancer cells, and 
immune cells, as well as their side effect profiles, 
all of which impact the decision of which and 
how much of each agent to use in conditioning. 
Fludarabine is typically paired with an alkylator 
as it inhibits DNA repair following DNA alkyla-
tion and therefore provides synergistic activity 
against cancer and lymphoid cells [45].

Busulfan (Bu): Busulfan (Busulfex®, 
Myleran®) [55] is a bifunctional alkylating agent 
that is widely used in HSCT conditioning regi-
mens for both malignant and nonmalignant dis-
eases. Cells of the myeloid lineage are highly 
susceptible to the cytotoxic effects of busulfan, 
and this drug is particularly toxic to hematopoi-
etic stem cells [56]. However, the effects of 
busulfan on mature lymphocytes are limited, and, 
therefore, it has minimal immunosuppressive 
properties. The total daily dose for HSCT is typi-
cally 3.2 mg/kg IV given either once daily or 
divided every 6 h, depending on age and weight. 
It is routinely administered over 2–4 consecutive 

days, with longer therapy durations achieving 
myeloablation. Because of its relatively narrow 
therapeutic index, busulfan dosing is adjusted 
using pharmacokinetic monitoring to achieve a 
target steady-state plasma concentration (Cpss) 
or area under the curve (AUC) level [57]. An 
AUC is calculated following several measure-
ments of drug plasma concentrations typically 
following the first administered dose. A target 
Cpss of 600–900 ng/mL or AUC of 900–
1200 μM min is commonly used during high- 
dose busulfan therapy [58]. Dosing for subsequent 
doses may be adjusted based on the calculated 
Cpss or AUC. Alternatively, utilization of a small 
test dose of busulfan (0.8 mg/kg) has been shown 
to be an effective method to calculate the dose 
required to reach the target Cpss or AUC [59].

Busulfan is available in oral and intravenous 
(IV) formulations. Oral bioavailability of busulfan 
is highly variable, with up to a threefold difference 
in busulfan AUC levels after oral dosing observed 
within individual patients [60]. In adults, the rela-
tionship between dose and AUC within the same 
patient has been shown to be much more predict-
able over multiple days of IV busulfan administra-
tion [60]. However, due to the many challenges 
associated with oral busulfan use, such as limited 
pill size, need for re- dosing after vomiting, and 
increased liver toxicity, IV is the preferred route of 
administration for pediatric HSCT patients.

Busulfan undergoes extensive metabolism in the 
liver, primarily through conjugation with glutathi-
one. Several studies have demonstrated that busul-
fan clearance declines with increasing age and body 
weight, which leads to the potential for underdosing 
in pediatric patients [61]. Thus, younger children 
require drug administration every 6 h compared to 
once daily in adolescents and adults. Also, second-
ary to a larger volume of distribution, larger doses 
(1.1 mg/kg/dose) must be used in children younger 
than age 4 or ≤12 kg in order to achieve the same 
cytotoxic effects [62]. Regardless of age, all dosing 
of busulfan should be delivered based upon the 
results of pharmacokinetic monitoring.

Busulfan is highly lipophilic and exhibits a 
low level of protein binding, allowing it to read-
ily cross the blood-brain barrier to penetrate both 
the brain and cerebrospinal fluid [63]. This 
property not only enhances the activity of 
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busulfan against leukemia and lymphoma cells 
in the CNS but also results in the propensity to 
cause seizures, particularly in the setting of high-
dose therapy. Therefore, all patients receiving 
busulfan require seizure prophylaxis with an anti-
convulsant medication, starting 12–24 h before 
busulfan therapy and continuing through 24–48 h 
after therapy completion. Levetiracetam (Keppra®) 
is the preferred anticonvulsant prophylaxis agent 
as it has few drug interactions, is not metabolized 
in the liver, and will rapidly achieve therapeutic 
concentrations following an initial loading dose.

Common toxicities that occur with high-dose 
busulfan therapy include nausea and vomiting, 
diarrhea, and mucositis, which occur in more than 
80% of the patients [64]. Busulfan may also cause 
hyperpigmentation of the skin, especially in skin 
folds and nail beds, and may be accompanied by 
rash and pruritus. Skin discoloration typically 
resolves 7–10 days following drug administration, 
but, in rare cases, it can be permanent. Seizures are 
also a common adverse effect, as mentioned 
above. More rare but serious toxicities associated 
with high-dose busulfan are pulmonary toxicity 
and sinusoidal obstructive syndrome (SOS), also 
known as veno-occlusive disease (VOD) of the 
liver. SOS has been reported as occurring in up to 
20% of the patients receiving high-dose busulfan 
[65]. However, it is important to note that much of 
the data regarding the incidence of busulfan-
induced SOS dates from an era when the drug was 
most commonly combined with cyclophospha-
mide, which also carries a high risk of VOD [60]. 
Therefore, the true incidence of VOD from high-
dose busulfan alone is likely lower with the use of 
newer, reduced-toxicity regimens. Busulfan-
associated pulmonary toxicity manifests as bron-
chopulmonary dysplasia and interstitial pulmonary 
fibrosis, often referred to as “busulfan lung” [66]. 
It is characterized by progressive, restrictive lung 
disease defined by a decrease in forced vital capac-
ity (FVC) and diffusing capacity for carbon mon-
oxide (DLCO). Busulfan pulmonary toxicity 
occurs in up to 5% of the patients, and onset may 
often be delayed, occurring 4 months to 10 years 
following therapy [66]. Late effects of high-dose 
busulfan therapy include gonadal atrophy and 
infertility and secondary malignancies.

Busulfan has several clinically important drug 
interactions. The administration of acetaminophen 
(Tylenol®) use should be avoided within 72 h of 
busulfan administration as it can increase busulfan 
concentrations and lead to an increased risk of tox-
icity [67]. Acetaminophen depletes glutathione 
stores needed for the conjugation and elimination of 
busulfan, resulting in decreased busulfan clearance 
and higher levels of drug exposure [67]. The use of 
the azole class of antifungals (e.g., fluconazole, 
 voriconazole, posaconazole) should also be avoided 
within 24 h of busulfan administration because they 
can decrease the clearance of busulfan by approxi-
mately 20% through suspected inhibition of hepatic 
CYP3A4-mediated metabolism [68]. Metronidazole 
(Flagyl®) also decreases busulfan clearance, and 
concurrent use of these agents has been shown to 
cause a dramatic increase in serum busulfan con-
centrations by up to 79–87%. Therefore, the use of 
metronidazole should be avoided within 24 h of 
busulfan administration [69].

Cyclophosphamide (Cy): Cyclophosphamide 
(Cytoxan®) is another commonly used alkylator 
and is most commonly used in HSCT in prepara-
tive regimens for malignancies and as prophy-
laxis for graft-versus-host disease (GvHD) [70]. 
Cyclophosphamide is unique among the alkylat-
ing agents due to its significant  immunosuppressive 
properties. It affects both T- and B-cell functions 
in a dose-dependent manner. At low doses, cyclo-
phosphamide selectively inhibits the function of 
regulatory T cells and can also induce B-cell tol-
erance [71]. At high doses, cyclophosphamide 
leads to profound lymphocyte depletion while 
having little effect on HSCs and platelets [72]. 
The total daily dose of cyclophosphamide used in 
HSCT is 50–60 mg/kg/day and is typically 
administered for 2–4 consecutive days.

Cyclophosphamide requires metabolism by the 
CYP P450 enzymes in order to form two metabo-
lites, 4-hydroxycyclophosphamide and aldophos-
phamide. Aldophosphamide is further converted to 
the active metabolites, phosphoramide, and acro-
lein [73]. Aldophosphamide can also be inactivated 
to a nontoxic metabolite via oxidation by aldehyde 
dehydrogenase (ALDH) [74]. Hematopoietic pro-
genitor cells have high levels of ALDH activity and 
thus are relatively unaffected by the cytotoxic 
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effects of cyclophosphamide [11]. This explains 
why high doses of cyclophosphamide can be 
administered without resulting in myeloablation. It 
also plays an important role in the efficacy of post-
HSCT cyclophosphamide therapy for GvHD pro-
phylaxis by permitting selective cytotoxicity to 
rapidly proliferating lymphocytes without con-
comitant damage to the newly infused HSCs.

The most common toxicities that occur with 
high-dose cyclophosphamide are nausea, vomit-
ing, and mucositis [75]. Another important toxic-
ity is hemorrhagic cystitis, which is due to an 
interaction with one of the active metabolites, 
acrolein, with the bladder wall resulting in irrita-
tion and epithelial damage [76]. It typically occurs 
shortly after administration of cyclophosphamide, 
and there are very few treatment options once it 
occurs. Therefore, aggressive preventative strate-
gies are employed, including hyperhydration, the 
administration of MESNA (2- mercaptoethane sul-
fonate Na) at 60–100% of the cyclophosphamide 
dose, and monitoring urine hemoglobin and spe-
cific gravity during 24 hours following cyclophos-
phamide administration (see Chaps. 16 and 22 for 
further discussion of hemorrhagic cystitis) [77]. 
More rarely occurring toxicities associated with 
high-dose cyclophosphamide use are cardiotoxic-
ity, SOS, and syndrome of inappropriate antidi-
uretic hormone (SIADH) secretion [75]. The 
dose-limiting toxicity of cyclophosphamide is car-
diotoxicity, which manifests in its most severe 
form as a hemorrhagic myocarditis that presents as 
acute heart failure leading to cardiogenic shock 
and death [78]. Less severe forms of cardiac tox-
icities include tachyarrhythmias, hypotension, and 
myocarditis. These toxicities are associated with 
the magnitude of the dose in a single treatment 
course, most commonly occurring with doses 
>150 mg/kg. It is typically acute, occurring within 
48 h to 10 days of administration; it occurs in <7% 
of HSCT patients (see Chap. 23 for further discus-
sion of cyclophosphamide-induced cardiotoxic-
ity). Although rare, cyclophosphamide therapy is 
also associated with an increased risk of develop-
ing a secondary leukemia or myelodysplasia [75].

Melphalan (Mel): Melphalan (Alkeran®, 
Evomela®) [79] is another alkylating agent and, 
like busulfan, is particularly toxic to hematopoietic 

stem cells [54]. Melphalan is routinely used in 
autologous HSCT conditioning regimens for 
lymphoma and neuroblastoma. It is typically 
given as a single dose of 140–200 mg/m2, and the 
dose must be reduced for renal dysfunction. A 
minimum dose of 100 mg/m2 is required for 
myelosuppression and doses ≥140 mg/m2 are 
myeloablative. The primary adverse effect asso-
ciated with melphalan therapy is gastrointestinal 
(GI) toxicity, including nausea/vomiting, diar-
rhea, and mucositis, throughout the entire GI 
tract [80]. Using cryotherapy during administra-
tion can reduce the severity of mucositis. 
Cryotherapy causes vasoconstriction of the blood 
vessels in the oral mucosa and, thus, reduces drug 
exposure to the area by keeping the mouth cold 
(using ice or other cold liquids/foods), starting 
10 min prior to and continuing until 30 min after 
melphalan infusion [81]. Diarrhea caused by 
melphalan therapy is typically delayed, occurring 
5–7 days following its administration, and is a 
direct result of sloughing of the GI mucosa. 
Development of a secondary leukemia or myelo-
dysplastic syndrome is a rare delayed toxicity 
associated with melphalan use [80].

Thiotepa (Thio): Thiotepa (Tepadina®) [82] is 
an alkylating agent metabolized by CYP P450 to 
its primary metabolite, triethylenephosphoramide 
(TEPA), along with several other metabolites, all 
of which have cytotoxic activity [54]. Thiotepa has 
potent antitumor properties but is myeloablative at 
high doses. Therefore, it has traditionally been 
used in autologous HSCT preparation regimens 
for CNS tumors and neuroblastoma. However, it is 
also felt to have some immunosuppressive effects 
and has been used increasingly in conditioning 
regimens for allogeneic HSCT, particularly in hap-
loidentical HSCT regimens, due to improved 
engraftment rates with its use [83, 84]. The usual 
dose of thiotepa is 5–15 mg/kg/day for 1–3 days, 
with doses ≥10 mg/kg/day achieving full mye-
loablation. Thiotepa is highly lipid-soluble and 
readily penetrates the blood- brain barrier, thus 
explaining its utility in CNS malignancies [85].

Toxicities most commonly associated with 
thiotepa use are nausea/vomiting and mucositis 
[86]. Thiotepa is also excreted into sweat and 
can cause skin rash and discoloration, flaking, 
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peeling, and chemical burns if left on the skin 
[87]. Therefore, a strict skin care regimen must 
be utilized during high-dose thiotepa therapy. 
Beginning with the first dose and continuing until 
24 h after completion of the last dose of thiotepa, 
it is recommended for the patient to bathe with a 
mild soap and change clothes, dressings, and 
bedding every 6 h. Patients should wear loose 
clothing and should not apply any skin lotions, 
ointments, or other occlusive substances or dress-
ings during this time. It is also important that any 
caregivers avoid direct skin-to-skin contact with 
the patient or their clothing/bedding and they 
need to wear gloves when providing care to avoid 
accidental drug exposure. Severe, but less com-
monly occurring, toxicities associated with thio-
tepa use are CNS toxicity; hepatic toxicity, 
including SOS; and development of secondary 
leukemia [86]. These side effects are described in 
more detail in Chaps. 15 and 24–26.

Treosulfan (Treo): Treosulfan (Ovastat®) is a 
busulfan analog first approved for use in Europe for 
the treatment of advanced ovarian cancer and is 
now used as an investigational agent in HSCT con-
ditioning regimens. Treosulfan has potent effects on 
both committed and primitive stem cells, as com-
pared to busulfan which primarily effects primitive 
stem cells [88]. Treosulfan also has immunosup-
pressive properties with activity against T, B, and 
NK cells [89, 90]. It is typically dosed at 14 g/m2/
day IV for 3 consecutive days. In contrast to busul-
fan, treosulfan exhibits a linear correlation between 
AUC levels and dose with little interpatient variabil-
ity and, therefore, does not require pharmacokinetic 
monitoring and dose adjustment [88]. Treosulfan 
also does not undergo hepatic metabolism, another 
major difference from busulfan.

One of the primary advantages of treosulfan is 
its markedly decreased toxicity profile in compari-
son to busulfan. Since treosulfan does not undergo 
hepatic metabolism and does not penetrate extra-
medullary sites with great affinity, it is associated 
with much lower rates of hepatic toxicity and VOD 
than busulfan. Penetration of treosulfan into the 
CNS is low and therefore does not require seizure 
prophylaxis. However, increased brain exposure 
has been demonstrated in young compared to old 
rats, and treosulfan administration in children less 
than 6 months has been associated with irritability, 

hypertonicity, and rarely seizures, indicating a 
potential higher CNS exposure for very young 
patients [91, 92]. GI side effects such as mucositis 
and diarrhea are the most common adverse effects 
seen with treosulfan therapy and are typically less 
severe than with what is observed with busulfan, 
with the incidence of severe grade III–IV toxicity 
reported as low as 5–20.7% [88].

Carmustine (BCNU): Carmustine [93] belongs 
to the nitrosourea group of alkylating agents and is 
most commonly used in preparation for autologous 
HSCT for lymphoma. It is usually administered as 
a single dose of 300 mg/m2. Carmustine is highly 
lipid-soluble resulting in CSF concentrations >50% 
of blood plasma levels and, thus, has potent activity 
in the CNS [54]. The most common toxicities asso-
ciated with carmustine use are phlebitis, CNS tox-
icity, and acute nausea and vomiting, typically only 
lasting 4–6 h following drug administration [94]. 
The phlebitis and CNS toxicity caused by carmus-
tine are due to the IV formulation, which is solubi-
lized in ethanol. Therefore, the CNS effects are 
similar to those of alcohol intoxication (dizziness, 
blurred vision, etc.), and pediatric patients tend to 
experience these effects to a greater degree. 
Carmustine also causes pulmonary toxicity, and 
doses >450 mg/m2 should be avoided. When doses 
of 450 mg/m2 have been used as part of the condi-
tioning regimen, pneumonitis developed in about 
20% of the patients [95]. The incidence has been 
reduced by decreasing the dose of carmustine to 
300 mg/m2. Patients should be monitored for new 
pulmonary symptoms such as dyspnea, particularly 
in the first 2 months post-HSCT, with prompt ste-
roid treatment if BCNU pneumonitis is suspected.

 Antimetabolite Chemotherapy
Cytarabine (ara-C): Cytarabine (Cytosar®) [96] 
is an antimetabolite cytotoxic agent. It is an ana-
log of cytidine and is cell cycle-specific for S 
phase. Upon entry into the cell, cytarabine is 
phosphorylated to its active form, arabinosylcy-
tosine triphosphate (ara-CTP), which is then 
responsible for the subsequent inhibition of DNA 
polymerase and chain elongation. The antime-
tabolites exert their antineoplastic effects by 
mimicking the structure of the naturally occur-
ring nucleic acids to incorporate into DNA to ter-
minate DNA replication [54]. It is most commonly 
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used in autologous HSCT conditioning regimens 
for lymphoma and is typically dosed at 400 mg/
m2/day for 4 consecutive days. Cytarabine is 
highly water-soluble, distributes rapidly into total 
body water, and yet also has the ability to pene-
trate the CNS [97].

The toxicity of cytarabine therapy is depen-
dent on the dose and duration of therapy. 
Cytarabine is one of the few agents used in HSCT 
conditioning regimens that is dosed similar to or 
lower than doses used for other indications. 
Therefore, toxicity associated with cytarabine at 
HSCT doses is generally mild, with the most 
common being nausea and vomiting [98]. These 
GI effects are highly associated with dose admin-
istration and usually subside quickly following 
completion of the infusion. Cerebellar and oph-
thalmic toxicities typically seen with high-dose 
cytarabine therapy are quite rare when used in 
HSCT.

Fludarabine (Flu): Fludarabine (Fludara®) is 
a member of the purine nucleoside analog group 
of antimetabolites, specifically an analog of ade-
nosine [99]. It exerts its cytotoxic effects by 
incorporation into DNA as a false nucleotide and 
subsequently inhibits key DNA replication 
enzymes that ends in DNA chain termination 
[54]. Fludarabine also impairs DNA repair mech-
anisms, owing to its ability to have both cell 
cycle-specific and cell cycle-nonspecific activity, 
and, when paired with an alkylating agent, this 
effect is synergistic [100]. It also has pronounced 
immunosuppressive properties through its potent 
effects on lymphocytes and can cause a decrease 
in the CD4+/CD8+ ratio for up to 24 months fol-
lowing treatment [101]. Fludarabine is used in a 
wide variety of HSCT conditioning regimens for 
both malignant and nonmalignant diseases. It is 
typically dosed at 30–40 mg/m2/day for 4–5 con-
secutive days.

Fludarabine is one of the most well-toler-
ated agents used in HSCT conditioning regi-
mens. It has a low toxicity profile, and this, 
along with its potent immunosuppressive 
effects, is why it has become widely used in 
both reduced-intensity and reduced-toxicity 
HSCT regimens [45]. The primary adverse 
effects associated with fludarabine use are mild 
myelosuppression and increased infection risk, 

which is expected with any agent used in prep-
aration for HSCT. Outside of these, the most 
common toxicities are mild nausea and vomit-
ing, occurring in approximately 30% of the 
patients [102]. Neurotoxicity is a rare side 
effect that is associated with high doses of 
fludarabine (>50 mg/m2/dose); however, doses 
this high are rarely used in HSCT [101].

Clofarabine (Clo): Clofarabine [103] is a 
second- generation purine antimetabolite. In com-
parison to fludarabine, it is incorporated into 
DNA more readily, and its structure makes it 
resistant to intracellular enzymatic inactivation 
[54]. It also causes mitochondrial damage to 
induce apoptosis, which is an effect not observed 
with fludarabine. These key pharmacokinetic 
properties of clofarabine render it to have 
enhanced antileukemic activity as compared to 
the first-generation purine analogs and make it an 
ideal agent for use in reduced-intensity or 
reduced-toxicity regimens for leukemia in an 
effort to reduce post-HSCT relapse rates. It is 
currently utilized in reduced-toxicity HSCT con-
ditioning regimens for leukemia, particularly in 
patients with active disease at the time of 
HSCT. Clofarabine is typically dosed at 
30–40 mg/m2/day for 4–5 consecutive days and 
used in combination with an alkylating agent.

Similarly to fludarabine, clofarabine is a 
potent immunosuppressive agent, and thus one of 
its primary toxicities is risk for infection [104]. 
Other commonly occurring toxicities are mild 
nausea and vomiting, palmar-plantar erythro-
dysesthesia, and hepatotoxicity. Hepatotoxicity 
occurs in up to 25–40% of the patients and mani-
fests as transient elevation of transaminases and 
serum bilirubin that typically resolves within 
15 days following clofarabine administration 
[105]. Less common but serious toxicities associ-
ated with clofarabine use include capillary leak 
syndrome (CLS) and severe dermatologic reac-
tions. CLS is rare, occurring in approximately 
4% of the patients, but is generally severe. 
Premedicate with corticosteroids prior to each 
dose is recommended. In the event that CLS 
develops, subsequent doses should be dose- 
reduced and infused over a longer period of time. 
Clofarabine can cause a variety of dermatologic 
side effects, most commonly manifesting as 
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pruritic rash and hand-foot syndrome; however, 
in rare cases these reactions can progress to 
Stevens- Johnson syndrome (SJS) and toxic epi-
dermal necrolysis (TEN). Clofarabine therapy 
should be discontinued if any sign of an exfolia-
tive rash occurs [105].

 Other Chemotherapeutic Agents
Carboplatin (Carbo): Carboplatin is a member of 
the platinum analog group of antineoplastic 
agents that exert their cytotoxic effects by bind-
ing to purine bases in DNA creating DNA cross- 
links that ultimately result in double-strand 
breaks. When compared to the other platinum 
compounds, carboplatin produces greater myelo-
suppression [54]. Carboplatin is most commonly 
used in autologous HSCT conditioning regimens 
for CNS tumors, neuroblastoma, and germ cell 
tumors. It is usually dosed per kilogram of body 
weight in pediatric patients weighing ≤12 kg and 
by body surface area or AUC-based dosing in 
older patients. Typical dosing for HSCT ranges 
from 10 to 17 mg/kg/day for 2–4 days; 400 to 
700 mg/m2 for 3–4 days; or a target AUC of 
7 mg/mL min per dose for 1 day. Carboplatin 
dosing must be adjusted for renal dysfunction, 
and the dosing method utilized can vary depend-
ing on the presence of preexisting renal insuffi-
ciency [106].

The most common toxicities associated with 
carboplatin use are nausea and vomiting, renal 
toxicity, ototoxicity, and neuropathy [106]. 
Upward of 80% of the patients will experience 
nausea and vomiting with carboplatin, and it is 
often delayed up to 5 days after receipt of the 
drug. Utilization of aggressive antiemetic regi-
mens for prevention is essential. Renal toxicity 
occurs in up to 25% of the patients and is due to 
interaction between the drug and the distal renal 
tubules. Often, renal function can decline with-
out an associated increase in serum creatinine. 
The renal damage also results in wasting of cat-
ions, specifically magnesium, potassium, and 
calcium; as a result, many patients require sup-
plementation during and immediately following 
carboplatin therapy [107]. Therefore, IV hydra-
tion during carboplatin therapy is essential to 
minimize renal toxicity. It is also important to 

note that carboplatin can cause hypersensitivity 
reactions that typically occur within minutes of 
drug administration [106]. Appropriate anaphy-
laxis precautions should be in place, and patients 
need to be closely monitored for signs and symp-
toms of reaction.

Etoposide (VP-16): Etoposide (Toposar®) 
[108] is a epipodophyllotoxin-type topoisomer-
ase II inhibitor that acts by creating cleavage 
complexes on DNA that interact with topoisom-
erase II and lead to double-strand DNA breaks 
that halt cell cycle progression, typically in early 
G2 or S phase [54]. It is one of the few cell cycle- 
specific agents used in HSCT conditioning regi-
mens. Etoposide is most commonly used in 
autologous conditioning regimens for lym-
phoma, neuroblastoma, and germ cell tumors. It 
is also used in some allogeneic HSCT condition-
ing  regimens for acute lymphoblastic leukemia 
(ALL). Etoposide is most commonly dosed at 
200 mg/m2/day for 3–4 consecutive days but 
may be dosed based on kilograms of body weight 
in smaller pediatric patients. Etoposide is highly 
protein-bound (94–98%) and, as a result, has 
very little penetration into the CNS. Etoposide is 
metabolized in the liver, primarily by CYP P450. 
Etoposide requires dose adjustments for renal 
dysfunction and elevated serum bilirubin levels 
[109]. It is important to note that the drug is 
highly unstable and can quickly precipitate at 
concentrations <0.4 mg/mL. This often results in 
large fluid volumes for adequate dilution of the 
dose and may require total daily or hourly fluid 
restriction requirements in small or fluid- 
sensitive patients.

The most common toxicities associated with 
high-dose etoposide use are nausea and vomiting, 
mucositis, hypotension, and palmar-plantar eryth-
rodysesthesia (hand-foot syndrome) [109]. 
Hypotension with etoposide therapy occurs during 
the infusion and is due to the IV diluents polysor-
bate 80 and polyethylene glycol. It can typically be 
managed by slowing of the infusion rate. A rare 
but important delayed toxicity of etoposide ther-
apy is secondary leukemia; fortunately, the risk is 
much less when used in HSCT regimens com-
pared to other treatment regimens where patients 
receive a total of ≥6 g/m2 of etoposide [110].
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 Preparative Regimens for Common 
Pediatric Conditions

 Acute Lymphoblastic Leukemia (ALL)
ALL is the most common pediatric cancer. 
Approximately 3000 children and teenagers are 
diagnosed with ALL annually in the USA [111]. 
Well-designed clinical trials have improved sur-
vival rates from 10% to 20% observed in the 
1950s [112] to greater than 90% survival reported 
in the most recent clinical trials [113, 114]. 
Despite these excellent survival rates, the out-
come for patients who relapse is very poor, 
though timing of relapse is critical. Patients that 
have late relapses have survival rates of about 
50%, compared to only 20–30% if they relapse 
while still receiving therapy [115]. Which 
patients should receive transplant and when to 
perform the transplant remain controversial. 
While these topics are addressed in Chaps. 4 and 
5, a table of common indications is provided in 
Table 9.3.

As outlined earlier, ideal agents used in the 
preparative regimen for ALL should provide suf-
ficient immunosuppression to support donor 
engraftment, provide antileukemic treatment, and 
penetrate the CNS and testes, which are the sec-
ond and third most common locations of relapse, 
respectively, after the bone marrow. Early reports 
of successful sibling donor allogeneic bone mar-
row transplant for acute leukemia started appear-
ing in the late 1970s and early 1980s [116, 117]. 
At that time, studies included both AML and 
ALL, as well as both pediatric and adult patients 
altogether. The regimens used in these early stud-
ies involved a single fraction of 1000 cGy TBI 
plus 2 days of cyclophosphamide (60 mg/kg IV 
X two doses). The disease status in these early 
reports ranged from second complete remission 
(CR2) to active disease, and patients in CR2 had 
improved outcomes as compared to patients with 
higher stage disease. The next evolution of condi-
tioning regimens for ALL involved changing TBI 
from a single dose to hyperfractionated regimens. 
The goal with hyperfractionation was to further 
improve the reduction in leukemic burden by pro-
viding a higher total dose of radiation while 
decreasing toxicity to normal tissues, particularly 

pulmonary toxicity. An early report from 
Memorial Sloan Kettering Cancer Center in 1981 
included both pediatric and adult patients with 
acute leukemia (both ALL and AML). This report 
included 47 patients that received cyclophospha-
mide plus 1320 cGy TBI divided in 11 total frac-
tions and compared the outcomes to their 
previous transplant protocol that included 12 
patients that received the same dose of cyclo-
phosphamide followed by a single dose of 
1000 cGy TBI. Patients receiving hyperfraction-
ated TBI had improved disease-free survival 
(DFS) as well as decreased incidence of intersti-
tial pneumonitis (33% vs 70%) and resulted in 

Table 9.3 Acute lymphoblastic leukemia: possible indi-
cations for transplant

CR1 (currently being studied)

Primary induction failure

Persistent minimal residual disease (MRD) after 
consolidation

Extreme hypodiploidy (<44 chromosomes)

Infants with MLL rearrangements <6 months with 
high-risk characteristics

Emerging CR1 HR features (unknown if improved with 
HSCT)

Early T-cell precursor ALL

T-Cell ALL lacking biallelic TCR gamma locus 
deletions

IKZF1 deletions

CR2 (currently being studied)

High risk

  •  Isolated marrow relapse on treatment or within 6 
mo of completion of therapy (36 months from 
diagnosis)

  •  Combined marrow and extramedullary relapse 
within 18 months of diagnosis

Intermediate risk

  •  Isolated extramedullary relapse within 18 months 
of diagnosis

  •  Marrow relapse (isolated or combined) more than 
6 months after completion of therapy or 36 months 
from diagnosis (moves to HR if persistent MRD 
after re-induction)

CR3+ (currently being studied)

Any second or greater relapse, whether bone marrow, 
isolated extramedullary or combined relapse

Transplant in the first remission is still considered some-
what controversial. Indications for HSCT for relapsed dis-
ease would be considered more standard. Table is adapted 
from Pulsipher et al. [229]
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improved overall survival [48]. A follow-up study 
expanded the pediatric cohort, again including 
both ALL (n = 59) and AML (n = 38) patients 
using the same regimen. A low rate of interstitial 
pneumonitis was again observed with improved 
DFS. Among the 59 patients with ALL, those 
transplanted in CR2 had a DFS of 64%, as com-
pared to only 42% for those in CR3 and only 23% 
in those in CR4/relapse [118].

Cyclophosphamide with TBI (Cy/TBI) is gen-
erally considered the standard of care condition-
ing regimen for pediatric ALL. However, relapse 
remains a significant problem, and, therefore, 
some centers have tried other chemotherapy 
agents with TBI or with Cy/TBI with the goal of 
further decreasing relapse rates. Other agents 
partnered with TBI, including etoposide (VP-16) 
[119, 120], cytarabine (ara-C) [121], thiotepa 
[122], and melphalan [123, 124], have produced 
variable results. A retrospective study performed 
by the Center for International Blood and Marrow 
Transplant Research (CIBMTR) compared vari-
ous HSCT conditioning regimens in 765 children 
transplanted in CR2 or greater with either a 
related or unrelated donor from 1998 to 2007. 
This study compared four groups categorized 
into high- or low-dose TBI (≤1200 cGy vs 
≥1300 cGy) with each group further divided into 
cyclophosphamide as a single chemotherapeutic 
agent versus cyclophosphamide plus etoposide. 
This large retrospective study found no decrease 
in relapse rate from the higher dose of TBI or the 
addition of etoposide. Furthermore, the treatment- 
related mortality was significantly increased in 
patients receiving high-dose TBI and the addition 
of etoposide [125].

Because of the significant long-term toxicities 
associated with TBI, many transplant centers have 
explored chemotherapy-only approaches to con-
ditioning regimens for ALL. The most commonly 
studied chemotherapy regimen is cyclophospha-
mide with busulfan. There are two combinations 
of these agents that have been used, Bu/Cy2 
(busulfan 16 mg/kg given over 4 days plus cyclo-
phosphamide 120 mg/kg given over 2 days) and 
Bu/Cy4 (busulfan 16 mg/kg given over 4 days 
plus cyclophosphamide 200 mg/kg given over 
4 days). A retrospective study from the CIBMTR 

compared outcomes for patients that received Cy/
TBI (n = 451) to those that received Bu/Cy regi-
mens (n = 176) between 1988 and 1995. The 
authors found that recipients of Cy/TBI had an 
improved 3-year overall survival (55% vs 40%, 
p = 0.003) and that recipients of Bu/Cy regimens 
were more likely to experience death and treat-
ment failure [126]. It should be noted that this was 
studied in an era before IV busulfan was routinely 
available and monitoring for busulfan pharmaco-
kinetics was not consistently performed.

These studies have led to the practice of using 
Cy/TBI as the standard conditioning regimen, 
particularly in the USA. International centers, 
however, have favored different combinations. A 
large retrospective study from the Japan Society 
for Hematopoietic Cell Transplantation studied 
767 children transplanted for ALL with one of 
four chemotherapy combinations with TBI, and 
they found a 5-year event-free survival (EFS) of 
71% for those children that received TBI plus 
melphalan which was superior to the other three 
comparator arms, including Cy/TBI [124]. There 
is also emerging data for newer chemotherapeu-
tic agents with improved toxicity profiles, such as 
treosulfan. In a retrospective study from the 
European Society for Blood and Marrow 
Transplantation (EBMT) database, 71 patients 
with ALL received a chemotherapy- only regimen 
that included treosulfan and resulted in very low 
rates of early regimen-related toxicity and a 
3-year EFS of 51%. These results have opened 
the door to challenge the accepted paradigm that 
Cy/TBI should be considered the standard of care 
conditioning regimen for ALL. There is a current 
trial in Europe called FORUM (NCT01949129) 
that is randomizing patients to receive etoposide/
TBI versus two possible chemotherapy-only 
approaches—fludarabine/thiotepa/treosulfan or 
fludarabine/thiotepa/busulfan (IV). This study 
opened in 2013 and has a target enrollment of 
1000 patients. The results of this study could 
have a major impact on how pediatric ALL 
patients are transplanted in the future.

 Acute Myelogenous Leukemia (AML)
AML is the second most common form of leuke-
mia in the pediatric population with more than 
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700 children and adolescents diagnosed per year 
in the USA [111]. In the 1970s, patients with 
AML did quite poorly despite initial responses 
to chemotherapy with DFS rates ranging from 
30% to 50%. This led investigators to try alterna-
tive treatments such as allogeneic HSCT if an 
initial remission could be obtained. With more 
intensive chemotherapy regimens, survival rates 
with chemotherapy have approached those pro-
vided with allogeneic HSCT in the first remis-
sion. Therefore, allogeneic HSCT is typically 
reserved for those patients with high-risk fea-
tures at diagnosis (Table 9.4) or those who 
relapse after initial therapy. This topic is 
reviewed in more detail in Chap. 4.

As discussed in the ALL section above, much 
of the proof of concept that allogeneic HSCT 
could provide long-term disease control was 
reported in several studies that included both 
ALL and AML patients and used the Cy/TBI 
regimen [48, 116, 117]. The first report of an 
exclusively AML population transplanted in CR1 
was published in 1979. Thomas et al. reported the 
results of 19 patients, including six pediatric 
patients that received Cy/TBI (single dose) fol-
lowed by a matched sibling donor bone marrow 
transplant. The overall survival was about 60%, 
including five of six pediatric patients. Pulmonary 
toxicity was common, however, with five deaths 
from interstitial pneumonitis [127]. This study 
was followed by several single-institution reports 
in an exclusively pediatric patient population that 
confirmed long-term DFS of about 60–65% when 
transplanted in CR1 [128, 129].

In order to potentially decrease rates of 
transplant- related mortality (TRM) and late 
effects, approaches using chemotherapy only 
were developed. The regimen most commonly 
used in pediatrics involved myeloablative doses 
of busulfan with high-dose cyclophosphamide. A 
randomized trial comparing Cy/TBI to Bu/Cy 
(cyclophosphamide 120 mg/kg) that included 
both pediatric and adult patients revealed similar 
3-year EFS rates between the regimens (66% vs 
67%) when only the pediatric cohort was ana-
lyzed. When the entire cohort was analyzed, the 
EFS was comparable only in those patients with 
CR1, as compared to those with advanced dis-
ease where the EFS was superior in the Cy/TBI 
group (22% versus 66%; p = 0.002) [130]. In the 
1990s, there were four randomized controlled tri-
als that compared Cy/TBI to Bu/Cy in leukemia 
patients. The studies included only a small num-
ber of pediatric patients, and only two of the stud-
ies included AML patients [130, 131]. A 
comparison study to better assess the long-term 
outcomes of patients enrolled on these four stud-
ies found that AML patients receiving Bu/Cy had 
a 10% lower survival, which was not statistically 
significant, with similar rates of long-term com-
plications [132].

For more than 20 years, the Bu/Cy combina-
tion has been the preparative regimen used on 
successive studies sponsored by the various pedi-
atric cooperative groups, with the only change 
being the introduction of IV instead of PO busul-
fan. While this combination had a long track 
record in sibling donor HSCT of achieving EFS 

Table 9.4 AML-risk stratification according to the most recent COG study, AAML1031 (NCT01371981)

Risk assignment

Low risk High riska

LR group 1 LR group 2 HR group 1 HR group 2 HR group 3

FLT3 ITD allelic ratiob Low/neg Low/neg High Low/neg Low/neg

Good-risk molecular markersc Present Absent Any Absent Absent

Poor-risk cytogenetic markersd Any Absent Any Present Absent

Minimal residual disease at 
the end of induction (>0.1%)

Any Negative Any Any Positive

Bold indicates overriding risk factor in risk group assignment
aPatients meeting the high-risk criteria are recommended to proceed to transplant in CR1 from the best available donor
bFms-like tyrosine kinase 3 (FLT3) internal tandem duplication (ITD) allelic ratio is determined by dividing the ITD 
product peak by the wild-type product peak. High-risk status is defined as an allelic ration >0.4
cNPM1, CEBPa, t(8;21), or inv.(16)
dMonosomy 7, monosomy 5, or del(5q)
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of 60% [133], there is a high rate of toxicity 
including SOS (VOD) (20–50%) [134, 135] and 
hemorrhagic cystitis (16–24%) [130, 136], result-
ing in unacceptably high TRM. In order to reduce 
toxicity, fludarabine is being used more fre-
quently to replace cyclophosphamide, and, in 
several adult studies, fludarabine has dramati-
cally reduced the incidence of 1-year TRM to 
1–15% [137, 138]. In 2009, Pulsipher et al. 
reported the results of a prospective clinical trial 
for pediatric patients with high-risk hematologic 
malignancy (n = 47) that were ineligible for tradi-
tional myeloablative regimens, including 15 
patients with AML, that received fludarabine 
with myeloablative busulfan (FluBu4). The entire 
cohort had a 2-year EFS of 40% and a 2-year 
TRM of 11% [139]. In a single-institution retro-
spective report, 20 pediatric patients with a 
myeloid malignancy were transplanted using the 
Flu/Bu4 regimen with a 2-year overall survival of 
63% and 2-year TRM of 14% [140]. Based on 
these results and a strong desire to both limit 
TRM while improving EFS in the pediatric popu-
lation, the Children’s Oncology Group has moved 
to Flu/Bu4 as the standard conditioning regimen 
on its most recent clinical trial (AAML1031; 
NCT0137198).

A challenging scenario faced by pediatric 
HSCT physicians is what to do with refractory 
AML patients because standard conditioning 
regimens result in relapse rates exceeding 50% 
and overall survival of <20%. Clofarabine is an 
agent felt to have increased antileukemic effects 
and has been combined with fludarabine 
(CloBu4) for refractory leukemia patients. A 
study from the University of Michigan investigated 

this high-risk population, including 31 patients 
(adult and pediatric) with refractory AML, and 
found 100% of the AML patients achieved a CR 
by D30 post-HSCT, and the 1-year OS was 
encouraging at 48% [141].

 Neuroblastoma
Neuroblastoma is the most common extracranial 
solid tumor of childhood and the most common 
cancer diagnosed in patients under a year of age. 
Approximately 700 children in the USA are diag-
nosed with this disease each year [111]. The 
diagnosis is rarely made after the age of 10 years 
and is most commonly diagnosed before the age 
of 2. The clinical severity of the disease is quite 
variable, with low- and intermediate-risk patients 
having excellent long-term survival, while those 
with high-risk disease having <40% EFS with 
conventional chemotherapy alone. Defining 
high-risk disease in neuroblastoma requires a 
complicated algorithm that includes disease stag-
ing, age of the patient, and biologic and patho-
logic characteristics of the tumor. A simplified 
version of this algorithm is provided in Table 9.5.

Initial chemotherapy regimens for high-risk 
neuroblastoma patients in the late 1970s and 
early 1980s resulted in dismal long-term survival 
rates of only 9%. Subsequent studies from the 
Children’s Cancer Group (CCG) intensified che-
motherapy dosing and improved a 4-year survival 
to 30% [142]. Improvements in cryopreservation 
in the mid-1980s led to the feasibility of collect-
ing bone marrow HSCs to be stored for future 
use, opening up the possibility of myeloablative 
chemotherapy followed by autologous HSC res-
cue. The agents chosen for the myeloablative 

Table 9.5 Characteristics 
of high-risk neuroblastoma: 
presence of these high-risk 
features helps define a 
population of patients that 
may benefit from autolo-
gous transplantation as 
consolidation following 
response to initial 
induction therapy

Stagea Age MYCN Ploidy INPCb

3 Any Amplified Any Any

3 ≥18 months Not amplified Any Unfavorable
4 <365 days Amplified Any Any

4 365 days (18 months) Amplified Any Any

4 365 days (18 months) Any DI = 1 Any

4 365 days (18 months) Any Any Unfavorable
4 >18 months Any Any Any

Bold indicates overriding risk factor in risk group assignment
aStage as defined by the International Neuroblastoma Staging System
bINPC, International Neuroblastoma Pathology Classification
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conditioning regimen were quite variable but 
included melphalan +/− TBI [143], cisplatin/eto-
poside/melphalan + TBI [144], carboplatin/eto-
poside/melphalan (CEM) + TBI [144], and 
thiotepa/cyclophosphamide [145]. Initial reports 
of HSCT included patients with high-risk dis-
ease, but they could be in CR or have progressive 
disease. When limited to those in CR1 following 
induction chemotherapy, these various regimens 
provided a 3-year EFS of 32–50%. These encour-
aging results prompted the CCG to perform a 
randomized clinical trial (CCG 3891) to help 
determine if patients with high-risk neuroblas-
toma did better following consolidation with pro-
longed chemotherapy (n = 190) or with 
consolidation consisting of myeloablative che-
motherapy (CEM + TBI) followed by autologous 
HSC rescue (n = 189). Patients in the autologous 
transplantation arm had improved 3-year EFS 
34% vs 22% (p = 0.03), establishing autologous 
HSCT as part of the standard of care for high-risk 
neuroblastoma patients [146].

Because inclusion of a myeloablative autolo-
gous HSCT improved outcomes, some groups 
tested whether survival could be further improved 
by performing tandem autologous HSCT (i.e., 
two sequential autologous HSCTs). Tandem 
transplantation would permit further dose intensi-
fication as well as introduction of additional non-
cross-reactive anti-neuroblastoma agents. The 
largest study included 156 patients who received a 
first transplant with CEM followed by a second 
transplant using melphalan + TBI. The 3-year 
EFS for these patients approached 55% [147, 
148]. Based on these favorable results, the COG 
performed a phase III clinical trial (ANBL0532; 
NCT00567567) that randomized patients with 
high-risk neuroblastoma to receive one myeloab-
lative HSCT (CEM) versus two (thiotepa/Cytoxan 
followed by CEM). Although TBI was included in 
many early transplant protocols, radiation was 
omitted from this study over concern of long-term 
toxicity in a cohort of patients in which the major-
ity of participants are under 3 years of age. This 
study has completed accrual, and initial analysis 
of the data appears to indicate a superior EFS in 
those patients that received tandem HSCTs, but 
the final results have not yet been published.

The European Society for Paediatric Oncology 
(SIOPE) conducted a randomized study compar-
ing CEM to a newer combination of busulfan/
melphalan (Bu/Mel) in high-risk neuroblastoma 
patients. The induction chemotherapy leading 
up to HSCT is also a different backbone from 
what is traditionally used in the COG protocols. 
Approximately one third of the patients enrolled 
on the clinical trial were eligible for HSCT and 
underwent randomization (n = 598). The study 
found an improved 3-year EFS for those random-
ized to Bu/Mel as compared to CEM (49% vs 
33%; p < 0.001), with a lower incidence of severe 
toxicity except for a higher incidence of VOD in 
the Bu/Mel arm (18% vs 4%; p < 0.001). Of note, 
there were no deaths attributable to SOS/VOD on 
this study [149, 150]. In response to these results, 
the COG designed the next high-risk neuroblas-
toma protocol to assess the toxicity profile of 
Bu/Mel when given as part of the standard COG 
backbone (induction chemotherapy pretrans-
plant and posttransplant maintenance therapy 
+/− radiation therapy). This trial, ANBL12P1 
(NCT01798004), opened in April 2013 and com-
pleted its accrual goals in April of 2015, having 
enrolled 150 total patients and 99 patients com-
pleting the Bu/Mel preparative regimen. The final 
results of the study have not been published, but 
the study progress report indicates that there have 
been six patients with severe SOS/VOD and three 
patients with severe pulmonary complications. 
Once more long-term follow-up data is obtained, 
we may learn if Bu/Mel should be accepted as a 
new standard of care.

The aforementioned trials included high-risk 
patients who demonstrated chemotherapy 
response to induction regimens, but autologous 
HSCT is not curative for patients with relapsed or 
progressive disease. One experimental strategy 
for treating these patients includes giving radio-
labeled metaiodobenzylguanidine (mIBG) as 
therapy. mIBG is a norepinephrine analog that 
concentrates in the sympathetic nervous tissue 
and pathologic neuroblastoma tumors. 
Radiolabeling mIBG with iodine isotope I-131 
results in the therapeutic compound 131I-mIBG, 
in contrast to labeling with iodine-123, which is 
used for diagnostic imaging. Initial studies of 
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infused 131I-mIBG as a single agent to help con-
centrate the radiotherapy within sites of disease 
resulted in short-term disease responses in 
10–55% of the patients [151]. One of the main 
toxicities of mIBG therapy is bone marrow sup-
pression, and many patients require stem cell res-
cue. This led researchers from the University of 
Michigan to perform a pilot study that combined 
131I-mIBG treatment on day −21 followed by 
standard myeloablative CEM on days −7 to −4 
with infusion of autologous peripheral blood 
stem cells on day 0. Twelve patients who failed 
induction therapy were enrolled; responses were 
seen in eight patients [152]. In a follow-up multi-
center study, 22 patients with refractory or pro-
gressive neuroblastoma received 131I-mIBG 
followed by CEM and autologous peripheral 
blood HSCT. Of the 22 patients, six had a CR/
PR, and an additional 15 had either a mixed 
response or stable disease [153]. Given the poten-
tial improved outcomes with Bu/Mel, a pilot 
study of eight patients with refractory neuroblas-
toma first received 131I-mIBG treatment followed 
by autologous peripheral blood HSC rescue, fol-
lowed 8 weeks later by Bu/Mel and autologous 
peripheral blood HSC infusion. Of the eight 
patients enrolled, there were three CRs and two 
PRs [154]. This promising approach has been 
brought forward as the initial treatment of high- 
risk neuroblastoma patients in a COG pilot study 
(ANBL09P1; NCT0175356). Patients received 
five cycles of induction therapy followed by 
131I-mIBG treatment with peripheral blood HSC 
rescue. Patients without progressive disease 
received Bu/Mel followed by autologous periph-
eral blood HSC rescue 12 weeks after 131I-mIBG 
treatment. The trial enrolled 99 patients, and 27 
received Bu/Mel myeloablative chemotherapy 
followed by autologous peripheral blood 
HSCT. The trial is closed to accrual as of January 
2016, and patients are still in active follow-up.

 Idiopathic Aplastic Anemia
Aplastic anemia is characterized by pancytopenia 
and a hypocellular bone marrow in the absence of 
an infiltrative process. The etiology is variable, 
including idiopathic, environmental exposure, as 
well as the presenting feature of a bone marrow 

failure disorder. In the pediatric patient popula-
tion, it is essential to rule out genetic causes such 
as Fanconi’s anemia, dyskeratosis congenita, and 
Shwachman-Diamond syndrome since these dis-
orders can impact both donor selection and con-
ditioning regimen. Approximately 70–80% of 
the pediatric patients with aplastic anemia will be 
classified as idiopathic, though children under the 
age of 5 years have a higher likelihood of having 
a genetic cause [155]. Current outcomes follow-
ing a sibling donor allogeneic HSCT are superior 
to immunosuppression therapy (anti-thymocyte 
globulin (ATG) plus cyclosporine), and selection 
of a sibling donor HSCT is the standard treatment 
for severe or very severe aplastic anemia.

Initial studies of sibling donor HSCT from 
Seattle in the 1970s used high-dose cyclophos-
phamide (50 mg/kg/day × 4 days) and demon-
strated poor results, with survival in only 12 
of 22 patients 1-year post-HSCT. Graft rejec-
tion occurred in 5 of 22 patients [156]. Other 
reports emerged regarding a high rate of graft 
failure when patients were conditioned with 
cyclophosphamide alone, and the mechanism 
of this finding was felt to be inadequate eradi-
cation of the recipient immune system. This 
assumption was supported by the observation 
that graft rejection rates were higher if recipi-
ents had received significant pretransplant 
transfusions [157, 158]. To increase the level of 
immunosuppression, many centers added TBI 
to cyclophosphamide. A retrospective report 
from the CIBMTR found that patients that 
did not receive radiation (n = 290) had nearly 
three times the risk of graft failure (RR = 3.2; 
p < 0.0001) as compared to those patients that 
did receive a radiation-based conditioning reg-
imen (n = 334), but this did not translate into 
improvements in overall survival secondary to 
the toxicity associated with TBI [159].

The next generation of studies focused on 
decreasing toxicity from TBI but improving the 
degree of immunosuppression provided by cyclo-
phosphamide alone with the addition of ATG 
(Cy/ATG) to the conditioning regimen. In a pro-
spective study of 39 patients that received a 
matched related donor bone marrow transplant 
for severe aplastic anemia, only two patients 
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experienced graft rejection (5%), and the 3-year 
OS was 92%, comparing favorably to a matched 
historical control conditioned with cyclophos-
phamide alone (3-year YR OS of 72%) [160]. 
These findings were confirmed by several other 
groups, including a multicenter prospective study 
of 94 patients that demonstrated a low rate of 
graft rejection (4%) with outstanding 6-year OS 
of 88% [161]. This combination is now consid-
ered the standard upfront therapy for all children 
and young adults (< 40 years) with severe aplas-
tic anemia and a suitably matched sibling donor. 
The dose of anti-thymocyte globulin use can vary 
depending on the formulation used, but generally 
horse ATG (ATGAM [Pfizer, USA]) is given at 
40 mg/kg/day × 3 days, rabbit ATG (thymoglob-
ulin [Sanofi, France]) is given at 2.5 mg/
kg × 3 days, or rabbit ATG [Fresenius, Germany] 
is given at 10 mg/kg/day × 3 days [162].

The course for patients without a suitable sib-
ling (or related) donor has been more challeng-
ing. Due to higher risks of long-term toxicity, 
alternative donor HSCT has been reserved in 
general for those aplastic anemia patients that fail 
initial therapy with immunosuppression. Initial 
response rates with immunosuppression approach 
70%, but there are continued issues with clonal 
evolution with as many as 20% of the patients 
developing MDS or AML [163]. Initial attempts 
to apply the Cy/ATG regimen used in the related 
donor setting were dismal, with two early deaths 
and three patients with very poor engraftment 
[164]. A retrospective evaluation of 141 patients 
with aplastic anemia that received an unrelated 
donor HSCT through the assistance of the NMDP 
demonstrated similar poor results. In this cohort, 
the majority of patients received a conditioning 
regimen that included TBI (86%), and the major-
ity were a 6/6 HLA serologic match (74%). Rates 
of non-engraftment were still high (11%), and 
high rates of both acute and chronic GVHD led to 
an overall survival of only 36% [165].

One of the first advances in unrelated donor 
HSCT was optimization of the dose of TBI 
required to assist engraftment while limiting 
HSCT-associated toxicities. In a dose de- 
escalation study, the addition of a single fraction 
of 200 cGy to the standard Cy/ATG regimen 

achieved engraftment in 95% of the patients and 
resulted in an overall survival in the HLA- 
matched recipients of 55% [166]. In an attempt to 
further improve the toxicity profile, many centers 
transplanted unrelated donor recipients with 
combinations that included fludarabine (30  mg/
m2 × 4 days) for its attractive immunosuppressive 
properties while removing the low-dose TBI 
from the preparative regimen with impressive 
overall survival rates in the range of 68–73% 
[167, 168]. Recently, there has been an effort to 
replace ATG with alemtuzumab, a CD52 mono-
clonal antibody with extensive immunosuppres-
sive effects. A retrospective study from the 
British Society for Blood and Marrow 
Transplantation included 55 unrelated donor 
recipients that received alemtuzumab in addition 
to fludarabine and cyclophosphamide. The total 
median dose of alemtuzumab delivered was 
approximately 1 mg/kg, and all doses were deliv-
ered pre-HSCT, though further information 
regarding the exact timing was not provided. The 
5-year OS for these patients was excellent (88%), 
approaching outcomes with upfront HSCTs 
using matched related donors [169]. Improved 
results in the unrelated setting have brought into 
question if patients with a suitably matched unre-
lated donor available should also receive upfront 
HSCT over a traditional trial of immunosuppres-
sion. However, this debate is yet to be solved, 
and, unlike patients with a matched related donor, 
upfront unrelated HSCT is not considered the 
current standard of care.

 Sickle Cell Disease
In the USA, there are approximately 100,000 
children and adults with sickle cell disease. It is 
the most common inherited blood disorder in the 
USA, and it will affect 1 in 400 African-American 
newborns annually. Despite improvements in 
supportive care, the natural history of this disease 
is one that evolves into a disabling chronic condi-
tion, with less than 50% of adult patients able to 
work [170]. Allogeneic HSCT can be curative, 
but concerns of excessive toxicity and lack of 
appropriate donors have resulted in less than 
1300 total transplants in the USA and Europe 
combined [171]. The indications for HSCT 
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remain controversial, but the generally accepted 
indications have been summarized in Table 9.6.

The first successful HSCT in a patient with 
sickle cell disease was performed in an 8-year- 
old child diagnosed with AML in 1982 who 
received a MSD, myeloablative HSCT condi-
tioned with Cy/TBI as directed by her enrollment 
on a clinical AML trial. Her donor was her 
brother who had sickle cell trait. Her AML and 
sickle cell disease were cured by HSCT, and her 
level of hemoglobin S fell to 30%, consistent 
with sickle cell trait [172]. Subsequent HSCT tri-
als for patients with sickle cell disease used a 
backbone of busulfan and cyclophosphamide 
(Bu/Cy) with or without ATG. After adjustments 
to busulfan dosing and then the addition of ATG 
in an attempt to decrease the risk of graft rejec-
tion [173], myeloablative Bu/Cy (busulfan 
12.8 mg/kg IV, cyclophosphamide 200 mg/kg) 
with ATG became the standard of care. 
Recognition that patients with sickle cell disease 
are more vulnerable to CNS toxicity post-HSCT 
(including seizures, intracranial hemorrhage, and 
recurrent stroke) led to further improvements in 
supportive care. Survival was improved by opti-
mization of supportive care such as maintaining 
antiseizure prophylaxis through the duration of 
calcineurin inhibitor therapy, higher platelet 
thresholds (maintain platelets above 50,000/μL), 
prevention of severe anemia and hyperviscosity 
(Hgb maintained between 9 and 11 g/dL), and 

strict blood pressure control (within ±20% of the 
baseline). Employment of these interventions 
with myeloablative Bu/Cy plus ATG condition-
ing in a MSD setting has achieved excellent 
HSCT outcomes with overall survival rates of 
over 90% and disease-free survival of 85% 
[173–176].

These early trials of allogeneic HSCT were 
limited to younger patients (<16 years of age) 
and often focused on those with more severe 
manifestations of disease. In order to expand the 
indications for HSCT to older patients and to 
those with more severe comorbidities, non- 
myeloablative conditioning regimens were inves-
tigated. Non-myeloablative approaches are 
attractive even for patients without additional 
high-risk features to prevent long-term toxicity, 
including the potential to preserve future fertility. 
Decreased intensity of the preparative regimen 
needs to be balanced by the increased risk of 
graft rejection. Since only 10–18% of sickle cell 
patients will have an appropriate HLA-matched 
sibling donor [177], some studies investigating 
non-myeloablative approaches also included 
HLA-matched unrelated donors as well. An ini-
tial study of non-myeloablative conditioning 
(fludarabine 180 mg/m2, busulfan 6.4 mg/
kg + ATG) included three patients with sickle cell 
disease (1 MSD, 2 MUD). The outcome of these 
three patients was poor with the MSD recipient 
dying of GVHD and both MUD recipients alive 
but with engraftment failure [178].

An alternative reduced-intensity approach was 
studied in 43 MSD recipients and included the 
use of alemtuzumab starting at day −22 over 
4 days (total dose 48 mg), fludarabine starting at 
day −8 (150 mg/m2 divided over 5 days), and 
melphalan on day −3 (140 mg/m2). One patient 
who received a related umbilical cord blood 
transplant (UCBT) without additional bone mar-
row cells failed to engraft. The OS and ESF were 
93% and 91%, respectively. The three deaths in 
this study were secondary to complications from 
GvHD. Recipient chimerism was present in 28% 
of the patients at 1-year post-HSCT, requiring the 
use of donor lymphocyte infusions in two patients 
[36]. Given these promising results, this reduced- 
intensity platform was tested for unrelated donors 

Table 9.6 Potential indications for allogeneic HSCT for 
sickle cell disease

Degree of 
acceptance Sickle cell complication

•  Commonly 
accepted

• Stroke/cerebral ischemia

• Silent cerebral infarction

•  Frequently 
accepted

• Recurrent acute chest syndromea

•  Frequent vaso-occlusive/pain crisesa

•  Persistent transcranial Doppler 
velocity > 200 cm/s

• Red cell alloimmunization

• Sickle nephropathy

• Sickle lung disease

•  Tricuspid regurgitant 
velocity > 2.5 m/s

aPatients should have failed an adequate trial of 
hydroxyurea
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in a multicenter study through the BMT CTN 
(BMT CTN 0601; Sickle Cell Unrelated Donor 
Transplant Trial; NCT00745420). Initially, the 
trial allowed both 8/8 HLA MUD and 5–6/6 
HLA-matched unrelated cord blood (UCB) 
donors. There was a very high rate of graft failure 
in UCBT recipients, with only three of eight 
patients having sustained donor engraftment. 
Therefore, the trial was closed to further accrual 
on the UCBT arm [179]. The data on the MUD 
arm of the trial was presented at the American 
Society for Blood and Marrow Transplantation 
(ASBMT) in February 2016. Twenty-nine 
patients received a MUD, and three suffered early 
graft rejection with autologous recovery. The 
1-year OS and EFS were 86% and 76%, respec-
tively; however, there was a very high rate of 
chronic GvHD at 62%. There was also a very 
high rate of posterior reversible encephalopathy 
syndrome (PRES; 35%), leading to changes in 
GvHD prophylaxis and/or treatment which may 
have contributed to the high rates of chronic 
GvHD [180].

Other investigators have evaluated a reduced- 
toxicity regimen with busulfan (3.2–4 mg/kg/
day × 4 days), fludarabine (30 mg/m2 × 6 days), 
and alemtuzumab (52 mg/m2 total with escalating 
doses × 4 days), with very promising results in 
the MSD setting (n = 18). The OS and ESF were 
both 100%, including three recipients of a sibling 
UCB unit. The patients achieved high levels of 
donor chimerism, with no patient requiring a DLI 
[181]. Unfortunately, when this same approach 
was attempted with eight unrelated cord blood 
recipients, three patients had primary graft failure 
and subsequently died of infection [182].

Given the high rate of graft failure with cord 
blood and difficulty finding a matched unrelated 
donor (only 16–19% of African-Americans cur-
rently have an 8/8 HLA match in the NMDP reg-
istry) [183], familial haploidentical (FHI) 
allogeneic HSCT has become a viable option for 
sickle cell patients without a matched sibling 
donor. One study of mostly adult patients (median 
age of 30 years; range, 15–46 years) investigated 
a reduced-intensity regimen consisting of ATG 
(days 9–7), cyclophosphamide (14.5 mg/kg/d on 
days −6 and −5), fludarabine (30 mg/m2/day on 

days −6 to −2), and TBI (200 cGy on day −1). 
There were 14 patients that received FHI alloge-
neic HSCT, and three patients received 
MSD. GvHD prophylaxis included post-HSCT 
cyclophosphamide (50 mg/kg on day +3 and +4), 
followed by mycophenolate mofetil (MMF) and 
either tacrolimus or sirolimus. All of the MSD 
recipients were engrafted, but 43% of the FHI 
allogenic HSCT experienced graft rejection. Of 
the ten patients that were engrafted, five became 
full donor chimeras and were able to discontinue 
immunosuppression, whereas the other five were 
mixed chimeras and required ongoing immuno-
suppression [184]. For patients who can tolerate 
a myeloablative conditioning approach, there is 
emerging evidence that a myeloablative regimen 
followed by a FHI allogeneic HSCT with periph-
eral blood HSCs that are enriched for stem cells 
(CD34+ selection) with a T-cell add-back 
(2.0 × 105 CD3 cells/kg) may have promise. In an 
abstract presented at ASBMT, 14 patients 
received a myeloablative regimen with hydroxy-
urea and azathioprine (days −59 to −11), fludara-
bine (30 mg/m2/day days −17 to −13), busulfan 
(3.2 mg/kg/day on days −12 to −9), thiotepa 
(10 mg/kg on day −6), cyclophosphamide 
(50 mg/kg/day on days −7 to −4), rabbit ATG 
(2 mg/kg/day on days −5 to −2), and total lym-
phocyte irradiation (500 cGy on day −2). The 
authors report that 100% of patients were 
engrafted and had a very low rate of acute GvHD 
(<15%) and a 1-year EFS of 92% with stable 
donor chimerism [185].

Finally, for those patients with a sibling donor 
option but with significant concern for chemo-
therapy- associated toxicity, there are data that 
non-myeloablative HSCT may be feasible. A 
single-center prospective study investigated the 
use of alemtuzumab (1 mg/kg in divided doses on 
days −7 to −3) and TBI 300 cGy on day −2. The 
patients received G-CSF-stimulated peripheral 
blood HSCs from an HLA MSD. Patients were 
maintained on sirolimus starting on day −1 and 
continued until at least 1-year post-HSCT with 
demonstration of stable donor chimerism. Thirty 
patients were enrolled on this study, with a 
median age of 29 years (range, 17–65 years). At 
1-year post-HSCT, 25 patients had full donor- type 
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hemoglobin. Four patients had late graft rejection 
with autologous recovery. The EFS was 87% 
with no patient developing acute or chronic 
GVHD [177]. These results were recently con-
firmed in the second single-center prospective 
study that enrolled 13 patients, with a DFS of 
92% and with no patients developing acute or 
chronic GvHD [186].

Allogeneic HSCT for patients with sickle 
cell disease remains a controversial and com-
plex topic. Once the decision has been made to 
evaluate a patient for HSCT, many factors con-
tribute to the determination of the best condi-
tioning regimen, including donor type (MSD, 
MUD, FHI) and patient comorbidities. Future 
studies through the BMT CTN will continue to 
explore FHI allogeneic transplantation using a 
reduced-intensity backbone and may help fur-
ther expand both the donor pool and patient 
eligibility.

 Severe Combined  
Immunodeficiency (SCID)
Severe combined immunodeficiency (SCID) is a 
heterogeneous disorder that results in profound 
deficiency of T-, B-, and, in some cases, natural 
killer (NK)-cell function. There are over 18 dif-
ferent genetic mutations associated with SCID 
which can be categorized into defects of cytokine 
signaling, V(D)J recombination, T-cell receptor 
signaling, hematopoietic cell precursor survival, 
and toxic accumulation of metabolites [187–
189]. Subtypes of SCID are additionally defined 
by the presence or absence of NK cells (NK+ or 
NK−) and B cells (B+ or B−), although humoral 
immunity is always impaired either directly from 
the genetic defect or indirectly by the absence of 
T-cell-dependent maturation.

Without immune reconstitution, the disorder 
is uniformly fatal by 2 years of life secondary to 
severe infection and/or autoimmune complica-
tions. HSCT may correct part or the entire 
immune defect for each of these disorders. Other 
potential options include gene therapy, but this is 
currently only available for common gamma 
chain and adenosine deaminase (ADA) defi-
ciency [190]. Enzyme replacement for ADA defi-
ciency is also available but is associated with 

waning immunity, autoimmunity, and malig-
nancy with long-term administration [191].

HSCT for SCID is generally associated with 
favorable outcomes for patients, but important 
allogeneic HSCT decisions, including whether to 
use conditioning therapy, and, if so, how much, 
are difficult as different subtypes of SCID can 
present unique challenges for engraftment and 
toxicity. For example, radiosensitive SCID, 
which includes Artemis, DNA-dependent protein 
kinase catalytic subunit (DNA-PKcs), Cernunnos- 
XLF, and DNA ligase IV defects, imparts the 
conflicting challenge of having increased risk of 
failed engraftment but heightened sensitivity to 
DNA-damaging agents. In a recent report detail-
ing the outcomes of patients with Artemis muta-
tions with follow-up >5 years, 86% had growth 
deficiency, and 48% had dental abnormalities if 
alkylator chemotherapy was administered as part 
of the HSCT conditioning regimen [192]. 
Although mixed chimerism is curative of the 
immune defect in SCID, failure to eliminate 
recipient hematopoietic stem cells may impart a 
lifetime cancer risk in certain subtypes including 
myelodysplastic syndrome in reticular dysgene-
sis and lymphoma in cartilage hair hypoplasia 
and hypomorphic forms of radiosensitive SCID 
[193–196]. Barriers to engraftment include 
patients with hypomorphic mutations resulting in 
low numbers of functioning T cells and leaky 
SCID, a subtype in which an oligoclonal popula-
tion of T cells is produced that can occasionally 
lead to Omenn syndrome, an autoimmune condi-
tion characterized by erythroderma, lymphade-
nopathy, and hepatosplenomegaly. The presence 
of any immune barrier, weak as it may be, 
increases the risk of graft rejection, especially if 
no conditioning regimen is provided [197].

The rarity of disease, with an incidence of 
1/58,000 newborns, limits our knowledge of the 
disease, and most literature to date consists of 
retrospective experience with small patient 
cohorts [198]. Because the best outcomes occur 
before the onset of infection, HSCT during the 
newborn period is also recommended, but knowl-
edge of chemotherapy pharmacokinetics and 
pharmacodynamics is poor in this age group. 
Although our knowledge of busulfan is improving, 
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very little is known about other drugs that may 
result in increased toxicity [199, 200]. Melphalan 
metabolism is not well defined and demonstrated 
extreme pulmonary complications in 17/30 
(57%) infants less than 1 year of age with nonma-
lignant conditions when combined with fludara-
bine and alemtuzumab [200]. Use of treosulfan in 
infants less than 6 months of age is associated 
with transient CNS toxicity including hyperto-
nicity and irritability, likely from a more imma-
ture blood-brain barrier [201]. Patients with 
SCID commonly have multiple long-term com-
plications secondary to the underlying disease, a 
history of severe infections, and likely from che-
motherapy given at a young age. A study of SCID 
patients greater than 2 years out from HSCT 
identified mortality in 7% of patients with infec-
tion, organ failure, and chronic GVHD as the 
most common etiologies [202]. SCID patients 
have lower IQ in comparison to unaffected sib-
lings, but surprisingly use of conditioning in a 
study of 56 SCID patients did not impact IQ sig-
nificantly [203].

Despite this variability, the commonality 
between SCID patients is a weakened immune 
system that may or may not be significant enough 
to require a conditioning therapy for donor 
engraftment to be successful. In general, a suc-
cessful HSCT for SCID results in the reconstitu-
tion of T-cell immunity. Other components of the 
immune system, such as B- and NK-cell immu-
nity, may also be missing secondary to the genetic 
defect and may or may not be reconstituted along 
with T-cell donor engraftment. Patients who do 
not obtain B-cell function require lifelong intra-
venous immunoglobulin (IVIG). Long-term 
complications from failure to reconstitute 
NK-cell immunity are not well understood, but 
lack of NK cells is concerning for continued 
immune compromise, particularly to viral infec-
tions such as HPV.

The engraftment of T cells is dependent on 
many factors including the “permissiveness” of 
the recipient to accept a donor T-cell graft. 
Recipient factors that increase the likelihood of 
successful T-cell engraftment include the absence 
of NK cells [38], empty “T-cell niches” that are 
not occupied by recipient pro-T cells [204], pres-

ence of maternal T cells [205–207], and absence 
of autologous T cells that can mediate donor graft 
rejection [197]. Non-recipient factors important 
for donor T-cell engraftment include donor-type 
and conditioning therapy. Bone marrow from a 
matched sibling donor, which is typically infused 
without a preceding conditioning regimen, results 
in higher T-cell counts in comparison to other 
donor types [38]. The impact of conditioning 
therapy on T-cell engraftment depends on the 
SCID subtype and donor source. When only 
looking at the impact of conditioning regimen 
across all SCID and donor subtypes, a retrospec-
tive study by the Pediatric Immune Deficiency 
Treatment Consortium (PIDTC) demonstrated 
that neither the use of nor the intensity of condi-
tioning was significantly associated with graft 
failure and need for second transplant [38]. 
However, the study showed that use of a condi-
tioning regimen increased the CD3+ and naïve 
CD4+ (CD4+/CD45RA+) populations, but not the 
overall CD4+ population.

The same factors that influence T-cell engraft-
ment can also influence donor B-cell engraft-
ment. However, engraftment of donor B cells has 
proven more difficult than T cells. Factors that 
increase the likelihood of donor B-cell engraft-
ment include a matched sibling donor [38], 
development of acute GvHD [207], and absence 
of NK cells [207], although the impact of NK 
cells is less understood for B-cell reconstitution 
[208]. It is now becoming clear that conditioning 
therapy is highly associated with donor B-cell 
engraftment. In a retrospective review of 
European centers, patients who received condi-
tioning therapy had a higher percentage of donor 
B-cell chimerism, B-cell function, and lower per-
centage of HSCT recipients on IVIG therapy 
[209]. The retrospective PIDTC study found that 
B-cell chimerism was more common with condi-
tioning (23/26 vs 7/31) in non-matched sibling 
donors and conditioning therapy was associated 
with normal IgA levels and independence from 
IVIG [38]. A third study demonstrated that all 19 
patients with primary immunodeficiencies who 
received a MAC regimen with busulfan and 
cyclophosphamide were off IVIG in comparison 
to 5 out of 33 patients who received RIC and 
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were still on IVIG [210]. A review of seven pub-
lished studies demonstrated that use of busulfan 
resulted in better B-cell function but did not guar-
antee B-cell function as 35–45% of patients still 
required IVIG despite receiving conditioning 
therapy [211].

As we continue to accumulate knowledge of 
this enigmatic disease, recommendations on use 
of conditioning therapy will be better delineated. 
At this time, however, the conditioning approach 
for SCID is extremely variable among centers. 
For matched sibling donors, the expert consen-
sus is to use no conditioning unless the patient 
has leaky SCID, Omenn syndrome, or reticular 
dysgenesis [212]. However, recent publications 
indicate that 10–34% of sibling donor HSCT 
recipients receive a conditioning regimen [38, 
210]. When conditioning therapy is omitted 
prior to matched sibling donor HSCT, outcomes 
are excellent with survival ranging from 89% to 
95% and donor B-cell engraftment in 40–50% 
[211, 212].

Mismatched related HSCTs are commonly 
administered after ex vivo T-cell depletion to 
lower the risk of GvHD and are infused without 
preceding conditioning therapy. The survival out-
comes with this approach are good (OS 79%), but 
approximately 25% will require “booster” infu-
sions to improve T-cell engraftment, and 58% 
require long-term IVIG [38, 213, 214]. In North 
America, currently 66% of mismatched related 
transplants are given without conditioning [38].

The majority of unrelated HSCTs, including 
UCBT, have historically been administered with 
chemotherapy. Recent data demonstrate that only 
10% of unrelated bone marrow, peripheral blood, 
and UCB HSCTs are given without conditioning, 
24% with immunosuppression only, and the 
remaining receiving either RIC (35%) or MAC 
(31%) [38]. Because of low patient numbers, 
there is minimal data regarding patients that 
receive unrelated donor transplants with no con-
ditioning. The largest study to date compared 37 
patients who received an unrelated donor bone 
marrow, peripheral blood, or cord transplant 
UCB HSCT either without conditioning or with 
serotherapy only with 66 non-conditioned 
matched sibling donor bone marrow or cord 

patients [207]. The need for a second HSCT was 
similar in both donor sources (19% unrelated and 
15% related) but highest in the unrelated cohort 
who received serotherapy (28%). Despite the 
need for second transplants, the overall survival 
in the serotherapy cohort was 100%, similar to 
the non-conditioned matched related donor 
cohort (91%) and superior to the non- conditioned, 
unrelated donor cohort (56%) likely secondary to 
the protective effect against GvHD.

For patients who do receive conditioning in 
the unrelated donor setting, the intensity of ther-
apy also impacts outcome. In a historical com-
parison of MAC and RIC HSCTs for unrelated 
donors, OS was significantly better in patients 
who received a RIC regimen (94% vs 53%) 
[210]. The retrospective PIDTC cohort identified 
a higher incidence of organ toxicity from MAC, 
with 64% of deaths secondary to pulmonary tox-
icity and an additional 21% of the deaths related 
to other organ toxicity [38]. In contrast, death in 
the RIC cohort was largely attributed to infection 
(71%), with only 18% of patients dying from pul-
monary or other organ toxicity.

Another important factor in the decision to 
use chemotherapy is the infection status of the 
patient. Recent data indicate that use of a condi-
tioning regimen can be detrimental to survival 
in the setting of active infection. The PIDTC ret-
rospective study specifically evaluated the 
impact of conditioning on patients with active 
infection receiving a mismatched related donor 
HSCT and identified a significant decrease in 
survival (65% vs 39%) when a conditioning 
regimen was used [38].

In conclusion, the use of chemotherapy for 
SCID is variable and dependent on multiple fac-
tors including the underlying genetic condition, 
the donor, the presence of autologous or mater-
nal T cells, the need for B-cell engraftment, and 
the infection status of the patient. Current con-
sensus is that chemotherapy is not necessary for 
matched sibling donors or maternal donors when 
maternal T cells are already detected at birth. 
Conditioning is likely necessary for patients for 
the following groups: (1) leaky SCID, particu-
larly when lacking a matched sibling donor; (2) 
Omenn syndrome; (3) reticular dysgenesis given 
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a high rate of rejection and risk of MDS; and (4) 
SCID variants, including hypomorphic muta-
tions, that present with decreased but not absent 
immunity. Conditioning therapy will improve 
the chances of a donor B-cell chimerism and 
naïve T-cell production, but donor B cells are not 
necessary for B-cell function in certain SCID 
subtypes with normal B-cell phenotypes such as 
IL-7Rα, CD3δ and ε chain deficiencies, and 
ADA deficiency following adequate detoxifica-
tion by donor cells. Finally, conditioning should 
be used with extreme caution in patients with 
radiosensitivity disorders secondary to increased 
long-term effects and in patients with active 
infection as current data suggests decreased sur-
vival when chemotherapy is administered.

 Key Points

• The three key roles of a conditioning regimen 
in HSCT are to provide immunosuppression, 
to provide anticancer therapy, and to create 
openings within the bone marrow’s HSC 
niches.

• Conditioning regimens range from the most 
intensive (myeloablative) to the least intensive 
(non-myeloablative).

• Myeloablative conditioning results in mye-
loablation of the host’s bone marrow resulting 
in full bone marrow aplasia that requires 
ex vivo HSCs for immune reconstitution. 
Common myeloablative conditioning regi-
mens include cyclophosphamide/TBI and 
busulfan/cyclophosphamide/ATG.

• Non-myeloablative conditioning relies pre-
dominantly on profound immunosuppression 
in contrast to myeloablation to permit engraft-
ment of donor HSCs. If given enough time, 
the patient’s own bone marrow will have 
autologous reconstitution if the immunosup-
pression is removed and no donor engraftment 
is present.

• The selection of the appropriate conditioning 
regimen is multifactorial and depends primar-
ily upon the underlying disease being treated 
and the physical status and age of the potential 
HSCT recipient.
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Engraftment and Chimerism
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Abstract

The goal of hematopoietic stem cell transplantation (HSCT) is sustained 
engraftment. Engraftment is defined as neutrophil and platelet recovery 
after a period of aplasia. In order to be considered engrafted, the patient 
post-HSCT needs to have an absolute neutrophil count (ANC) >500 mm2 
for the first 3 consecutive days. Platelet recovery occurs when the patient 
has sustained a platelet count >20,000 μL−1 for 3 consecutive days without 
a platelet transfusion in the 7 preceding days. Typically, neutrophil engraft-
ment occurs first with platelet engraftment occurring 1–3 weeks later, 
depending on the donor and hematopoietic stem cell (HSC) source. Other 
factors that influence engraftment include the use of growth factors during 
the peri-HSCT period, the bone marrow microenvironment of the recipi-
ent, the HSC dose, and donor graft manipulation. Often at the time of 
engraftment, patients will develop a “flu-like” syndrome with fevers, 
chills, worsening mucositis, peripheral edema, joint and muscle aches, 
and/or abdominal pain due to a cytokine storm driven by donor T cells. 
The degree of donor engraftment is measured by the percentage of donor-
derived blood cells in the HSCT recipient, termed donor chimerism. 
Multiple studies have shown that sustained donor chimerism of >90% to 
95% is associated with an improved event-free survival (EFS) and overall 
survival (OS). More importantly, a decrease in donor chimerism over time 
can predict the relapse of the underlying disease for which the patient was 
transplanted. Decrease and/or elimination of immunosuppression and 
donor lymphocyte infusions (DLI) may be able to reverse decreasing 

V.I. Brown, MD, PhD 
Division of Pediatric Oncology/Hematology,  
Penn State Health Children’s Hospital and Penn State 
Cancer Institute at the Penn State Milton S. Hershey 
Medical Center, 500 University Dr., P.O. Box 850, 
MC H085, Hershey, PA 17033-0850, USA
e-mail: vbrown1@pennstatehealth.psu.edu

10

https://doi.org/10.1007/978-3-319-63146-2_10
mailto:vbrown1@pennstatehealth.psu.edu


178

 chimerism. This chapter reviews the timing of engraftment and the factors 
which influence it. Graft failure and rejection are addressed in Chap. 11. 
Methods to measure donor chimerism and the implications of changing 
donor chimerism percentage are also addressed.

 Engraftment

 Introduction

Generally, engraftment occurs when hematopoi-
etic stem (or progenitor) cells from the donor have 
taken up residence in the recipient’s (or host’s) 
bone marrow and then give rise to all types of 
mature blood cells. According to the Foundation 
for the Accreditation of Cellular Therapy (FACT) 
and the Center for International Blood and 
Marrow Transplantation Research (CIBMTR), 
engraftment is defined as neutrophil and platelet 
recovery following a period of aplasia. Neutrophil 
recovery is defined as an absolute neutrophil 
count (ANC) >500 mm2 for first 3 consecutive 
daily measurements, and platelet recovery is 
defined as a platelet count >20,000 μL−1 without a 
platelet transfusion in the 7 days preceding the 
first of 3 consecutive days.

Typically, there is a period of pancytopenia 
(or aplasia) that develops as a result of the con-
ditioning regimen (or may be present without 
conditioning because of the underlying  condition 
such as severe aplastic anemia or primary 
 immunodeficiency). Pancytopenia is defined as 
prolonged reduction of red blood cells, platelets, 
and white blood cells in the circulating blood. 
Pancytopenia places the HSCT patient at very 
high risk for infections, bleeding, and potential 
organ dysfunction. This period of profound neu-
tropenia, anemia, and thrombocytopenia persists 
until hematopoietic stem cells (HSCs) home to 
the bone marrow and begin to produce all blood 
cell components, i.e., HSC engraftment.

Thrombocytopenia in the peri-HSCT setting 
is due to both decreased production and increased 
consumption. The decreased production is due to 
the conditioning regimen, particularly myeloab-
lative regimens, which directly affects the capac-
ity of HSCs to produce platelets. Decreased 
platelet production may also be due to the under-

lying disease, such as severe aplastic anemia. In 
contrast, factors leading to increased platelet con-
sumption include fever, sepsis, mucositis, dis-
seminated intravascular coagulation (DIC), 
sinusoidal obstructive syndrome/veno-occlusive 
disease (SOS/VOD) of the liver, and fungal infec-
tions. The most common sites of bleeding are 
mucosal membranes, skin, GI tract, respiratory 
system, GU tract, and intracranial.

Growth factors, including granulocyte colony- 
stimulating factor (G-CSF) (also known as 
filgrastim) and granulocyte macrophage colony-
stimulating factor (GM-CSF) (also known as sar-
gramostim), are sometimes used after HSC graft 
infusion to shorten the duration of profound neu-
tropenia to neutrophil engraftment. These agents 
are used most often in the context of autologous 
and umbilical cord blood transplantation (UCBT). 
Unfortunately, there is no analogous agent avail-
able for the use to hasten platelet recovery.

 Mechanism of Engraftment

Donor cells home to the bone marrow and adhere 
to the vascular endothelium in specific areas of 
the bone marrow microenvironment called niches 
that set up hospitable environments for HSCs. 
This initial process is mediated by selectins. The 
adhesion is firmed up by the interaction between 
other sets of molecules, which include integrin 
superfamily molecules expressed on the cell sur-
face of HSCs and endothelial immunoglobulin 
superfamily receptors and hyaluronan receptors 
(CD44) on the bone marrow stroma. Following 
this reinforced adhesion, the HSCs migrate to the 
hematopoietic niches within the inner endosteal 
surface of the bone. This migration is regulated 
by a gradient of extracellular matrix-bound SDF1 
(CXCL12) binding to CXC4 receptors located on 
the cell surface of HSCs. Many other cell types 
participate in this homing process, including 
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mesenchymal stromal cells, osteoblasts, bone 
marrow sinusoidal endothelial cells, certain sub-
populations of T cells, adipocytes, and fibro-
blasts, resulting in successful HSC engraftment 
(see Chap. 3 for more details). Despite the com-
plexity of this process, HSC graft failure is rela-
tively rare. Damage to the HSC niches and 
immune-mediated host-versus-graft and graft- 
versus- host reactions can hinder engraftment (see 
Chap. 11 for further discussion of graft failure).

 Timing of Engraftment

Each blood cell lineage engrafts at different 
times. In general, neutrophils are the first cell 
type to engraft, typically within 1–4 weeks after 
HSC infusion. Neutrophil engraftment is charac-
teristically followed by platelet engraftment 
occurring 3–8 weeks after HSC infusion and then 
red blood cell engraftment in 1–3 months after 
HSC infusion. It may take up to 1–3 months for a 
normal platelet count to be achieved. The lym-
phoid lineage is typically the last to engraft and 
may take up to 1–2 years post-HSCT (see Chap. 
26 for an in-depth discussion regarding immune 
reconstitution).

The timing of engraftment is multifactorial. 
These factors include the donor source (alloge-
neic versus autologous), the HSC source (bone 
marrow versus growth factor-mobilized periph-
eral blood HSCs (PBSCs) versus umbilical cord 

blood (UCB)), the presence of concurrent 
infection(s), the bone marrow microenvironment 
of the recipient, growth factor administration, 
donor graft manipulation, the agents used for 
graft-versus-host disease (GvHD) prophylaxis, 
and drug toxicity. In terms of neutrophil engraft-
ment by donor source, autologous growth factor- 
mobilized PBSCs typically engraft the fastest 
(7–14 days post-HSCT). In contrast, peripheral 
blood HSCs from an allogeneic donor engrafts in 
10–21 days after HSC infusion [1]. In compari-
son, related allogeneic bone marrow takes 
approximately 14–21 days to engraft [1]. UCB 
HSCs generally are the slowest to engraft at 
15–40 days [1, 2].

 Factors That Influence Engraftment

 HSC Source
The source of the HSCs (growth factor-mobilized 
peripheral blood, bone marrow, and umbilical 
cord blood) greatly influences the success and 
timing of engraftment. Table 10.1 summarizes a 
comparison of median neutrophil and platelet 
engraftment by donor and HSC source. In gen-
eral, neutrophil and platelet engraftment occur 
2–6 and 5–8 days earlier with growth factor- 
mobilized peripheral blood HSCs versus bone 
marrow [1, 2]. In addition, immune function 
recovers more quickly with PBSCs than bone 
marrow. This is most likely due to the higher 

Table 10.1 Comparison of median time to neutrophil and platelet engraftment by donor and hematopoietic stem cell 
(HSC) source

Donor source HSC source

Median time to 
neutrophil engraftment 
in days (range)a

Median time to platelet 
engraftment in days 
(range)b

• Autologous •  Growth factor- mobilized 
peripheral blood

12 (7–14) 21

• Autologous • Purged bone marrow 28 35

•  Allogeneic: related and unrelated • Peripheral blood 12 (10–21) 20 (7–39)

•  Allogeneic: matched, related • Bone marrow 16 (12–35) 28

•  Allogeneic: unrelated • Bone marrow 18 (10–40) 29 (8–141)

• Allogeneic: unrelated • Umbilical cord blood 23 (15–133) 56 (16–159)

•  Allogeneic: T-cell depleted • Bone marrow 16 (9–40) 29 (8–165)
aNeutrophil engraftment as defined by an ANC >500 mm2 for the first 3 consecutive days post-HSCT
bPlatelet engraftment as defined by a platelet count >20,000/uL for the first 3 consecutive days without a platelet transfu-
sion in the preceding 7 days
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number of mature T cells in PBSC-derived grafts 
versus an intermediate number of T cells in bone 
marrow versus the relatively low number of 
mature T cells in umbilical cord blood [3, 4]. 
Generally, the lower the T-cell number in the 
graft, the longer time to hematopoietic recovery. 
Alternatively, engraftment after UCBT may be 
due to HLA mismatch, as a higher number of 
HLA mismatched UCBTs have been performed 
as compared to both unrelated bone marrow and 
PBSC HSCT [5].

 HSC Dose
The dose of total nucleated cells (TNCs) and of 
CD34+ HSCs infused into the recipient may 
affect the time to engraftment and decrease the 
risk of rejection. Typically, 2.5 × 106 cells/kg is 
the minimum number of HSCs from bone mar-
row of peripheral blood that is required for 
engraftment. In general, a higher TNC and 
CD34+ cell dose from bone marrow donors 
have been found to result in faster neutrophil 
engraftment, and PBSC CD34+ dose has been 
found to be associated with faster platelet 
engraftment but also correlated with increased 
mortality and relapse of underlying disease [6]. 
Other studies have shown that a much lower 
dose of CD34+ HSCs is needed for the high 
probability of engraftment after UCBT. Wagner 
et al. [7], reported that UCB HSC grafts that 
contain at least 0.17 × 106 CD34+ cells/kg 
resulted in engraftment and a high probability 
of survival despite up to two HLA loci mis-
matches. In addition, a dose of at least 2.5 × 107 
TNC/kg is needed to have a high probability of 
engraftment [8].

Because a unit of umbilical cord blood has a 
fixed number of HSCs and the “donor” of the 
unrelated UCB unit is not available for obtaining 
supplemental HSCs, the use of UCB as the donor 
source had been limited to children and small 
adults in the past. However, because of its less 
restrictive parameters on HLA matching, the 
availability of UCB as an HSC source has permit-
ted a multitude of patients, particularly those of 
ethnic minorities, to undergo HSCT [8]. Thus, 
strategies to increase the number of UCB HSCs 
are being actively explored. One approach that 

has been successful is the infusion of two UCB 
units such that the absolute TNC dose is > 
2–3 × 108 TNC/kg. A number of studies have 
reported similar neutrophil recovery times, and, 
shortly after engraftment, one of the UCB types 
dominates although this predominance of one 
unit over the other is not related to cell dose. In 
one study in which pediatric patients with leuke-
mia were randomized to receive one versus two 
UCB units with a minimum of 2.5 × 107 TNC/kg, 
the incidence of neutrophil recovery was 89% 
and 88% in one- versus two-unit recipients, 
respectively [2]. The median time to neutrophil 
engraftment was similar: 21 days (range, 11–62) 
versus 23 (range, 11–133) in one versus two 
UCB units, respectively. In contrast, the timing of 
platelet recovery differed significantly. Platelet 
recovery was higher in recipients of one- as com-
pared to two-UCB-unit HSCTs (76% versus 
65%, respectively; p = 0.04), and the median time 
to recovery was faster in the one UCB unit at 58 
days (range, 28–295) as compared to 84 days 
(range, 22–716) in recipients of a two-UCB-unit 
HSCT. However, this study reported that the 
1-year overall survival rates were similar and not 
statistically significant (73% versus 65% for one- 
versus two-UCB-unit HSCTs, respectively, 
p = 0.17). If full donor chimerism is not achieved 
by day 90 or decreasing donor chimerism is 
noted, then donor chimerism should be moni-
tored weekly. If donor chimerism continues to 
decline, then interventions are warranted (see the 
“Implications of Donor Chimerism on Event- 
Free Survival (EFS) and Overall Survival (OS)” 
and “Interventions to Improve Donor Chimerism” 
sections and see Chap. 12, Graft Failure).

 Graft Manipulation
Donor graft manipulation can influence the 
engraftment timeframe negatively and posi-
tively, theoretically, by T-cell depletion either 
ex vivo of the donor HSC product or in vivo by 
the infusion of antithymocyte globulin (ATG) or 
Campath. However, in one large study of 541 
pediatric patients with acute leukemia who 
received an unmanipulated bone marrow 
(N = 262), T-cell- depleted bone marrow 
(N = 180), or umbilical cord blood (N = 99) unre-

V.I. Brown



181

lated donor HSCT, there was no statistically sig-
nificant difference in neutrophil or platelet 
engraftment between the unmanipulated and the 
T-cell-depleted bone marrow donor graft groups 
[5]. In contrast, engraftment was significantly 
delayed and had the highest frequency of graft 
failure in those who underwent UCBT.

The process of cryopreservation and re- 
thawing of the HSC product can negatively 
impact the integrity of the graft (see Chap. 8). In 
addition, manipulation of the HSC product to 
eliminate red blood cells in the setting of ABO 
incompatibility may also affect the HSC product 
negatively (see Chap. 8).

In contrast, the administration of growth fac-
tors (i.e., G-CSF and/or GM-CSF) may be 
employed to shorten the time to neutrophil 
engraftment [9]. The use of growth factors post- 
HSCT is dependent on many factors, including 
donor source (i.e., autologous versus allogeneic), 
HSC source, underlying disease being treated by 
HSCT, and the conditioning regimen used. This 
approach is most commonly used in the setting of 
autologous HSCT and often after UCBT [10, 11]. 
The use of G-CSF post-HSCT is particularly 
important in HSCT recipients who received a 
relatively low dose of HSCs [12].

 Bone Marrow Microenvironment 
of Recipient (Host)
The state of the patient’s bone marrow microenvi-
ronment and the patient’s underlying disease influ-
ence HSC engraftment. In addition, previously 
administered chemotherapy and radiation and the 
conditioning regimen are thought to contribute to 
creating an inhospitable bone marrow microenviron-
ment that is unable to robustly support hematopoie-
sis. The damage to the host’s HSC niches involves 
injury to endosteal, perivascular, and vascular endo-
thelial cells that make up the bone marrow stroma. 
Thus, this impaired bone marrow microenvironment 
and damage to the HSC niches can hinder hemato-
poietic recovery post-HSCT [13].

 Graft-Versus-Host Disease (GvHD) 
Prophylaxis
Immunosuppression used for GvHD prophylaxis 
may affect hematopoietic recovery. It has been 

well established that methotrexate in a dose- 
dependent manner can delay engraftment at least 
by 5 days when used as GvHD prophylaxis [14].

 Clinical Manifestations of Engraftment
Very often, patients manifest signs and symp-
toms of engraftment prior to objective evidence 
of engraftment such as increasing white blood 
cell (WBC) count in the peripheral blood. These 
signs and symptoms are reminiscent of a “flu- 
like” syndrome with new-onset fevers as the most 
common manifestation of early engraftment. In 
addition, patients can develop chills, a rash (typi-
cally erythema), malaise, joint and muscle aches, 
and abdominal pain. Mucositis becomes much 
worse with increased mucosal friability, thick-
ened and copious oral secretions and perioral 
edema. Peripheral edema and increased platelet 
consumption often occurs as well. This constella-
tion of findings are due to increased cytokine 
secretion from the new donor cells (often referred 
to as a “cytokine storm”). If this process becomes 
significantly worse, it is termed hyperengraft-
ment syndrome and may require treatment with a 
short course of corticosteroids (see Chap. 12). 
However, one cannot assume that the develop-
ment of these signs and symptoms is only due to 
engraftment. Infection(s) will also present in this 
manner; thus, blood cultures and blood for viral 
PCR testing should be obtained, and empiric 
broad-spectrum antibiotics need to be initiated 
immediately with the onset of new fevers.

Shortly after engraftment becomes evident 
in the bloodstream as a rising WBC count and 
a measurable ANC, mucositis begins to 
improve and rapidly resolves as the ANC rises. 
Also, the post-HSCT recipient begins to self-
diurese the retained fluids without pharmaco-
logic intervention. A patient’s need for blood 
product transfusions also decreases. At this 
time, patients may develop acute GvHD as 
early as initial engraftment.

 Implications of Engraftment

Persistent or chronic thrombocytopenia has been 
found to be a poor prognostic factor, especially if 
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it is in association with chronic graft-versus-host 
disease (GvHD). It also may be an indicator of 
disease relapse. In addition, thrombocytopenia 
may be due to viral or fungal infections, delayed 
engraftment, or drug toxicity. Thus, the etiology 
of persistent thrombocytopenia warrants prompt 
investigation.

 Chimerism

 Introduction

The term, chimerism, originates from Chimera, 
an ancient Greek mythological, fire-breathing 
creature that was first described in Homer’s Iliad. 
She was a creature composed of the parts of other 
creatures: the body of a lion with the head of a 
goat arising from her back, a serpent for a tail, 
and a hind part of a dragon. Donor chimerism is 
defined as the percentage of donor-derived blood 
cells and is used to confirm donor engraftment. 
Donor chimerism is a valuable tool to assess the 
risk of disease relapse and overall survival of 
recipients after allogeneic HSCT. In other words, 
the presence of host-derived cells after HSCT 
may be the result of inadequate full myeloabla-
tion and/or inadequate elimination of frank dis-
ease or minimal residual disease (MRD) that can 
ultimately lead to an overt disease relapse.

 Monitoring and Testing Methods 
of Donor Chimerism

 Testing Methods
Strategies to measure donor chimerism rely on the 
unique pattern of genetic markers that distinguishes 
donor- from recipient-derived cells. The two most 
widely used tests are (1) fluorescence in situ 
hybridization (FISH) using a set of sex 
chromosome- specific probes and (2) typing of 
polymorphisms by DNA amplification (PCR). 
XY-FISH can only be performed if there is a donor-
recipient mismatch, i.e., the donor and recipient are 
of different sexes, and thus, this method has limited 
utility. Polymorphism testing by DNA amplifica-
tion is much more versatile. The most commonly 

used method currently is short tandem repeat 
(STR) DNA analysis. STRs are genomic polymor-
phisms of loci that consist of tandemly repeated 
DNA sequences that have a variable number of 
base pairs ranging from two to eight. These loci 
may have alleles that differ among individuals. 
They are inherited in a codominant Mendelian 
fashion. The conserved, nonpolymorphic flanking 
regions of the STR DNA are used to create oligo-
nucleotide primers to the STRs. These primers are 
used to amplify via PCR the STRs which are sepa-
rated by gel electrophoresis to determine the origin 
(donor or recipient) of the post-HSCT patient’s 
cells. A prior sample from the donor is needed in 
order to interpret the results of the STR analysis 
appropriately. Analysis on whole blood from the 
HSCT recipient measures the origin (i.e., donor 
versus recipient) of both lymphoid and myeloid 
lineage components together. However, chimerism 
can be quantitated for individual cell lines [15].

 Monitoring Time Frame

Donor chimerism is dynamic with patients 
spontaneously converting from mixed chime-
rism to full donor chimerism. Commonly, 
patient with full donor chimerism may experi-
ence transient mixed donor chimerism early 
on in the post- HSCT period (up to 100 days 
post-HSCT) without untoward consequences. 
However, mixed chimerism may ultimately 
result in graft failure and thus needs to be 
monitored closely early on post-HSCT in 
order to identify patients who may benefit 
from interventions to promote full donor chi-
merism. Typically, donor chimerism is first 
checked around day 30 (as long as the patients 
show signs of engraftment by that time). 
However, Dubovsky et al. reported in 1999 the 
results of a prospective study of a heteroge-
neous pediatric patient population that under-
went HSCT [16]. Chimerism was assessed by 
STR-PCR every 1–3 days post-HSCT. They 
reported that donor engraftment could be 
detected approximately 7 days before hemato-
logic engraftment was detected. They went on 
to report that mixed donor chimerism was 
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associated with a very high risk of relapse. 
In comparison, donor chimerism analysis 
can be discontinued once full (100%) donor 
chimerism and complete blood count recov-
ery have been achieved in patients who 
received an unmanipulated donor HSCT after 
myeloablative conditioning. However, for 
patient who received a reduced intensity con-
ditioning regimen (RIC), donor chimerism 
typically needs to be monitored for a longer 
period of time and specific cell lineages 
monitored for engraftment because RIC regi-
mens are associated with incomplete eradi-
cation of host immune cells. Thus, these 
patients may have multi-lineage mixed donor 
chimerism. In order to be considered 
engrafted in patients who undergo RIC 
HSCT, patients must have ≥5% donor CD3+ 
T cells as well as normal blood cell counts. 
Otherwise, patients are considered to have 
primary graft failure (see Chap. 11 for fur-
ther discussion of graft failure).

 Full Versus Mixed (or Partial) Donor 
Chimerism

Full donor chimerism refers to the setting in 
which all of the hematopoietic cells are of alloge-
neic donor origin. While full donor chimerism is 
what is ideally achieved in recipients of an allo-
geneic HSCT, mixed (or partial) donor chime-
rism may occur. Mixed donor chimerism refers to 
the scenario in which a fraction of the recipient- 
derived hematopoietic cells (or just cells of lym-
phoid lineage) persists. Mixed donor chimerism 
may be compartmental in which not all of the cell 
lines are of both donor and recipient origin. For 
example, a post-HSCT patient may demonstrate 
full donor chimerism of the T-cell lineage but not 
of the myeloid lineage. Certain nonmalignant 
conditions, such as those of chromosomal insta-
bility (e.g., Fanconi anemia), autoimmune prolif-
erative disorders, and Bloom’s syndrome, and the 
vast majority of malignant conditions require full 
donor chimerism for successful outcomes. In 
contrast, many nonmalignant syndromes, includ-
ing primary immunodeficiencies, metabolic dis-

orders, and hemoglobinopathies as well as HLH, 
do not require full donor chimerism as long as the 
underlying disorder is adequately corrected. 
However, mixed donor chimerism is associated 
with graft rejection in some circumstances. Thus, 
the ultimate goal is to achieve full donor chime-
rism for all HSCT recipients.

 Implications of Donor Chimerism 
on Event-Free Survival (EFS) 
and Overall Survival (OS)

Donor chimerism may fluctuate early on post- 
HSCT, and mixed donor chimerism may not nec-
essarily lead to graft failure. However, a 
progressive rise in the percentage of recipient 
cells often is a harbinger of disease recurrence 
and/or graft failure. Furthermore, it is the rate of 
change of donor chimerism that is most prognos-
tic. Multiple studies have shown that donor chi-
merism greater than 90–95% is associated with an 
improved event-free survival (EFS) and overall 
survival (OS). More importantly, a decrease in 
donor chimerism over time (0–6 months post- 
HSCT) can predict relapse in patients with acute 
leukemia. In one study of a heterogeneous patient 
population ages 2–63 years who underwent allo-
geneic HSCT for a variety of malignant diseases, 
Lamba et al. [17] reported that 37% of patients 
with mixed donor chimerism at day 30 post- 
HSCT relapsed as compared to only 23% of 
patients who had achieved full donor chimerism 
at this same time point. Furthermore, 23% of 
patients with mixed chimerism versus only 7% at 
day 90 relapsed by 6 months post-HSCT. Thus, 
the overall survival was significantly lower in the 
group of patients with mixed chimerism at day 90.

In a retrospective study of adult patients with 
myelodysplastic syndrome (MDS) or AML who 
underwent RIC allogeneic HSCT, Tang et al. [18] 
found that having a higher percentage of donor- 
derived cells of myeloid origin only at day 90 
post-allogeneic HSCT had a positive impact on 
EFS and OS. In contrast, a higher percentage of 
both myeloid and T-cell origin at day 60 had a 
positive impact on EFS only and not OS. Because 
donor chimerism is a process that can change 
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over time, these relative fluctuations are more 
prognostic than the absolute values in one patient 
at one time point. In this study, increased donor 
chimerism over time was associated with a better 
OS but not EFS. Conversely, a decreasing chime-
rism over time was associated with a significantly 
worse EFS and OS. Patients who had the highest 
OS (at 83%) at one-year post-HSCT were those 
whose donor chimerism increased from 95% at 
day 30 to 100% by day 90. In contrast, patients 
whose donor chimerism that decreased from 95% 
at day 30 to 90% by day 90 had a predictably 
worse 1-year OS of only 30%. This effect was 
even more evident in patients who were trans-
planted with active disease present, had poor 
cytogenetics, and had a matched unrelated donor.

In a prospective, multicenter study of 163 pedi-
atric patients who underwent HSCT for  acute 
lymphoblastic leukemia (ALL), serial, quantita-
tive donor chimerism analyses were performed on 
peripheral blood weekly for the first 100 days and 
then monthly thereafter [19]. Patients who had 
complete donor or low- level mixed donor chime-
rism and increasing donor chimerism had a 3-year 
EFS of 66%. In contrast, patients whose donor chi-
merism decreased over time had an EFS of only 
23%. In another study of 81 AML pediatric alloge-
neic HSCT patients, decreasing donor chimerism 
was found to be a poor prognostic indicator. The 
3-year EFS for patients with full or low-level 
mixed donor chimerism was 59%, whereas those 
with increasing donor chimerism was 60%. In 
contrast, the 3-year EFS of patients with decreas-
ing chimerism was only 28% [20]. These two 
studies demonstrate that decreasing donor chime-
rism can identify post-HSCT ALL and AML 
patients who are at highest risk for relapse prior to 
overt, hematologic relapse is evident.

 Interventions to Improve Donor 
Chimerism

If decreasing donor chimerism is noted in patients 
who underwent allogeneic HSCT for hematologic 
malignancy, then interventions should be initiated 
at the time that the decrease in donor chimerism is 
identified in order to prevent a frank hematologic 

relapse. If the patient is on immunosuppression at 
the time of decreasing donor chimerism, with-
drawal of all immunosuppression is warranted. If 
the patient is not on immunosuppression, then 
donor lymphocyte infusion (DLI) should be given. 
In a group of 46 ALL patients who had decreasing 
donor chimerism post-HSCT, 31 patients received 
 immunotherapy (i.e., DLI) and withdrawal of 
immunosuppression [19]. Their disease-free sur-
vival (DFS) was 37%. In contrast, the DFS of 
those 15 patients who did not receive immunother-
apy was 0%. Patients who responded to cessation 
of immunosuppression showed evidence of rising 
donor chimerism in peripheral blood in 1 week, 
whereas patients who responded to DLI showed 
an improvement in donor chimerism in 2–3 weeks 
post-DLI. Furthermore, patients who responded to 
withdrawal of immunosuppression as the first-line 
intervention had a higher rate of achieving com-
plete/full donor chimerism than those whose first-
line therapy was DLI.

In a study of pediatric AML patients who 
underwent allogeneic HSCT, patients who had a 
decreasing donor chimerism and received 
 immunologic intervention early on had an EFS of 
36% as compared to 0% for those who received 
no immunologic intervention [20]. This study 
supports the notion that early interventions can 
improve outcomes by predicting hematologic 
relapse of AML. In another study of childhood 
AML, donor chimerism from peripheral blood 
was monitored weekly for the first 300 days post- 
HSCT and then monthly thereafter [21]. The 
bone marrow was assessed for donor chimerism 
at days 30, 60, and 100 and then 6, 9, 12, 15, and 
18 months post-HSCT. If a patient had mixed 
donor chimerism of >1% recipient-derived cells 
in the peripheral blood or bone marrow, then 
another sample was obtained within 1 week. If 
>1% recipient-derived cells were detected in two 
consecutive samples, then immunosuppression 
was discontinued, and then DLI was adminis-
tered. Of the 71 patients, 51 had continuous full 
donor chimerism. In the other 20 patients with 
mixed donor chimerism, 13 went on to receive 
immunotherapy. Of the 13, six achieved full 
donor chimerism without toxicity, and they 
remained in long-term remission. All of the 
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patients with mixed chimerism who received no 
intervention relapsed. This study confirms that 
donor chimerism post-HSCT is a prognostic indi-
cator in pediatric AML that warrants immediate 
intervention.

In a retrospective study of 104 pediatric HSCT 
patients with acute leukemia who had mixed 
donor chimerism, Horn et al. [22], reported that 
51 of the 104 patients received preemptive immu-
notherapy. All had withdrawal of immunosup-
pression, and 30 (59%) went on to receive DLI 
for persistent mixed donor chimerism. These 
patients who received preemptive immunother-
apy had similar EFS rates whether or not residual 
disease was present pre-HSCT. Furthermore, chi-
merism status and minimal residual disease 
(MRD) status pre-HSCT were no longer predic-
tors of a poor outcome in patients with mixed 
donor chimerism who received preemptive 
immunotherapy with a 5-year EFS of 68 to 69%.

Collectively, these studies demonstrate that 
donor chimerism needs to be monitored closely, 
and, in those at high risk for relapse, intervention 
should be instituted if complete donor chimerism 
is not achieved by day 90 or if decreasing donor 
chimerism is noted at any time post-HSCT. Firstly, 
immunosuppression should be withdrawn. If 
complete/full donor chimerism is not achieved, 
then DLI should be administered. If the patient is 
not on immunosuppression at the time that 
decreasing chimerism is discovered, then DLI 
should begin immediately.

 Key Points

• Sustained engraftment is the goal of HSCT.
• Engraftment is defined as neutrophil and 

platelet recovery after a period of aplasia.
• Engraftment is dependent upon the donor 

source, the HSC source, the HSC dose, donor 
graft manipulation, and the underlying disease.

• Patients typically experience a “flu-like” syn-
drome at the time of engraftment.

• Chimerism measures the percentage of donor- 
derived blood cells in the HSCT recipient.

• Donor chimerism (both lymphoid and myeloid 
lineages) should be monitored in all post- allo-

geneic HSCT patients at least at days 30, 60, 
and 90 post-HSCT until full (100%) donor 
chimerism has been achieved.

• If full donor chimerism is not achieved or is 
decreasing, then intervention(s) is warranted. 
These interventions include the  discontinuation 
of all immunosuppression and the administra-
tion of donor lymphocyte infusion (DLI) if 
stopping immunosuppression did not achieve 
100% donor chimerism or if the patient is not 
on immunosuppression at that time.

• For leukemia, a decline or not achieving full 
donor chimerism is often a harbinger of relapse.
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Graft Failure

Valerie I. Brown

Abstract

Graft failure is a very serious, life-threatening complication of hemato-
poietic stem cell transplantation (HSCT) that is fortunately rare. A 
patient is considered to have graft failure if the patient lacks hematopoi-
etic cell engraftment after HSCT. Graft failure can occur in both the 
autologous and allogeneic HSCT settings. Graft failure can be classified 
as primary or secondary. Both primary and secondary graft failure are 
defined as an absolute neutrophil count (ANC) <500/mm2. However, 
they differ in that primary graft failure has no evidence of engraftment 
by Day 28 after bone marrow or peripheral blood hematopoietic stem 
cell transplantation and by Day 42 after umbilical cord blood transplan-
tation, whereas secondary graft failure occurs after hematopoietic stem 
cell (HSC) engraftment had already been established. Graft failure is 
multifactorial which can be categorized as quantitative, qualitative, or 
immunologic. Graft rejection is a cause of graft failure and is immune 
mediated. Poor graft function may result after HSCT as well. An HSCT 
recipient is considered to have poor graft function if the recipient does 
not have adequate, sustained blood counts but has full or nearly full 
donor chimerism and often responds to a boost of CD34+ donor stem 
cells via infusion. Because graft failure is associated with significant 
morbidity and mortality, every effort needs to be made to minimize the 
risk of graft failure. If graft failure occurs, then donor lymphocyte 
infusion(s) (DLI) and use of a CD34+ donor stem cell boost followed by 
G-CSF mobilization are employed. If these measures fail, and the patient 
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dose not reconstitute with autologous HSCs, then the patient needs to 
undergo a second HSCT. This chapter discusses the risk factors, etiolo-
gies, and strategies to minimize the risk and to treat graft failure.

 Introduction and Definitions

Graft failure is a serious, sometimes deadly, com-
plication of hematopoietic stem cell transplanta-
tion (HSCT). Graft failure is defined as the lack of 
hematopoietic cell engraftment after allogeneic or 
autologous HSCT and can be classified as primary 
or secondary. Graft failure is considered primary if 
there is no evidence of initial engraftment. 
Specifically, in primary graft failure, the patient’s 
absolute neutrophil count (ANC) is <500/mm2 by 
Day 28 after myeloablative conditioning followed 
by bone marrow or peripheral blood HSCT or by 
Day 42 after myeloablative conditioning followed 
by umbilical cord blood transplantation (UCBT). 
Graft failure following myeloablative condi-
tioning is also considered primary if the ANC is 
<500/mm2, platelet count is <20,000/μL, and 
hemoglobin is ≤8 g/dL, and the patient is still 
transfusion-dependent. In comparison, a patient 
who underwent a reduced intensity conditioning 
(RIC) allogeneic HSCT with an ANC <500/mm2 
by Day 28 post-HSCT and failure to have >5% 
donor cells even with the other blood counts being 
normal is considered to have primary graft failure.

A patient who underwent myeloablative HSCT 
is considered to have secondary graft failure if the 
patient’s ANC is <500/mm2 for three consecutive 
days after already meeting the definition of 
engraftment (see Chap. 10). The decrease in ANC 
must not be related to an infection, medication, or 
disease progression. Patients develop pancytope-
nia and bone marrow aplasia, and their percent of 
donor chimerism will significantly decrease or 
will be 0% (i.e., 100% recipient). In the context of 
RIC HSCT, secondary graft failure is defined as an 
ANC <500/mm2 after initial engraftment and loss 
of donor hematopoiesis to <5% despite normal 
blood counts. Secondary graft failure can occur 
early or late in the course post-HSCT with late 
occurring more commonly in the setting of alloge-
neic versus autologous HSCT. In contrast, graft 
rejection is due to immune-mediated rejection of 

the donor graft by residual recipient immune cells. 
Graft rejection is a type of graft failure.

A patient is considered to have poor graft 
function if the patient does not achieve adequate 
blood counts despite having full or nearly full 
donor chimerism. Poor graft function requires at 
least two cell lines to be cytopenic.

 Incidence

The incidence of graft failure is difficult to mea-
sure because it is attributed frequently to the 
underlying cause and not graft failure itself. 
A rate of 1–3% has been estimated in autologous 
HSCT recipients as determined by the number of 
patients who needed the infusion of backup HSCs 
[1]. The incidence of graft failure in allogeneic 
HSCT recipients has been estimated at 2–20%, 
depending on the presence of known risk factors 
such as HLA disparities, T-cell depletion of the 
HSC graft product, or use of umbilical cord blood 
as the donor HSC source. Generally, the risk of 
graft failure is highest in donor UCBT recipients 
at 10–20%, whereas the risk is only 2% in 
matched sibling donor (MSD) HSCT recipients. 
The risk of primary graft failure for matched 
unrelated donor (MUD) HSCT recipients has 
been reported to be 9–12% [2].

 Risk Factors and Etiologies

The most common risk factors for graft failure 
can be categorized as quantitative, qualitative, or 
immunologic (see Table 11.1). The most com-
mon risk factors for primary and secondary graft 
failure differ. The most common risk factors for 
primary graft failure include increased HLA dis-
parity (most likely in the setting of haploidenti-
cal HSCT), poor bone marrow  microenvironment 
of the recipient, low HSC dose, HSC product 
manipulation (e.g., T-cell depletion) and/or 
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integrity, the disease status at the time of HSCT, 
the type and intensity of the conditioning regi-
men with UCB associated with the highest risk, 
less immunosuppression post-HSCT, and 
allograft- damaging drugs. The patient’s underly-
ing disease (i.e., bone marrow failure syndromes 
and leukemia) as well as pretreatment may play 
a significant role for increased risk of primary 
graft failure [3]. Allosensitization which may 
occur with a history of multiple blood product 
transfusions can cause wither primary or second-
ary graft failure.

While many of the risk factors for primary 
graft failure also increase the risk of secondary 
graft failure, graft-versus-host disease (GvHD) 
and certain pharmacologic agents that can cause 
myelosuppression can increase the risk of second-
ary graft failure. The etiologies of secondary graft 
failure include myelosuppression and immuno-
suppression from any etiology. While infection 
may cause primary graft failure, infection, partic-
ularly HHV-6 and CMV, more commonly cause 
secondary graft failure by suppressing the newly 
engrafted donor HSCs. The most common etiol-
ogy of late secondary graft failure is graft rejec-
tion due to the presence of residual recipient cells. 
In addition, progression of the underlying disease, 

other infections, drug effects, immunosuppres-
sion, and GvHD can cause late secondary graft 
failure. The risk factors and etiologies of graft 
failure are detailed below.

 Donor HSC Source

In pediatric patients who undergo HSCT after 
myeloablative conditioning, the overall rate of 
irreversible graft failure has been found to be 
approximately 10% [4]. In general, UCB used 
as the HSC source has been found to have the 
highest risk of graft failure, reported at 10–20% 
[2]. In contrast, MSD HSCT has been reported 
to carry the lowest risk of graft failure at 2%, 
whereas the graft failure rates for those under-
going MUD HSCT range from 9 to 12.3% [2]. 
This difference may be related directly to the 
intrinsic properties of the different HSC product 
sources. Alternatively, this difference may be 
due to HLA disparity, as the number of mis-
matched HSCTs use UCB as the HSC source, as 
compared to bone marrow and peripheral blood 
HSCs. Thus, HLA disparity rather than the HSC 
product itself may account for the different rates 
of graft failure by HSC source. In a retrospec-

Table 11.1 Risk factors of graft failure

Quantitative Qualitative Immunologic

• Donor graft source
  –  Cord blood > bone 

marrow > peripheral blood

• Older donor •  HLA disparity between donor and 
recipient

• Low CD34+ stem cell dose • Underlying disease • Allosensitization
  –  Exposure to multiple blood 

products pre-HSCT
  – Prior pregnancy

• Presence of splenomegaly • Disease status •  Presence of pre-HSCT donor- 
specific antibodies (DSAs)

– • Iron overload •  Graft manipulation

– • Bone marrow fibrosis •  Type and intensity of the 
conditioning regimen

– •  Storage techniques affecting HSC 
integrity

•  Post-HSCT immunosuppression 
regimen

– •  Pre-HSCT treatment with 
chemotherapy and/or irradiation

•  Presence of acute or chronic graft 
versus host disease

– – • Viral infection
  – HHV-6
  – CMV
  – Parvovirus

11 Graft Failure
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tive study of 309 children who underwent allo-
geneic bone marrow transplantation (BMT), a 
total of 11 patients (3.5%) had graft failure with 
four cases of primary and seven cases of sec-
ondary graft failure [3]. In this study, primary 
graft failure was defined as the absence of donor 
cell engraftment by Day 42 post-HSCT, whereas 
secondary graft failure was defined as the loss of 
donor cell engraftment after initial donor cell 
engraftment. Furthermore, a diagnosis of non-
malignant disorder, lower total nuclear cell 
(TNC) dose, conditioning regimen without total 
body irradiation (TBI) were associated with a 
higher incidence of graft failure, whereas donor 
source, CMV status of the donor and recipient, 
the CD34+ stem cell dose, and alloimmunization 
were not in this study.

 HSC Dose and Graft Manipulation

Data regarding the impact of CD34+ stem cell 
dose on graft failure after full myeloablative con-
ditioning as inconsistent because as many cells as 
possible are infused at the time of HSCT to afford 
the best chance of rapid and robust hematopoietic 
recovery. Thus, it is difficult to determine the 
effect of CD34+ stem cell dose on graft failure [5, 
6]. However, there are some data showing that 
the CD34+ stem cell dose may impact the time to 
engraftment in patients who received mismatched 
or haploidentical HSCTs. Most centers use a tar-
get dose of >10 × 106 cells/kg recipient weight 
for mismatched or haploidentical HSCTs. In con-
trast, patients who undergo RIC HSCTs have 
more rapid T-cell donor engraftment with a lower 
rate of graft failure [7].

Historically, T-cell depletion, either pan CD3+ 
or selective CD8+, may reduce the rate of acute 
GvHD, but it is associated with an increased risk 
of graft failure [8].

 Age

As we age, telomeres shorten and damage accu-
mulates in stem cells, including HSCs. These 

damaged stem cells have a diminished capacity 
for hematopoietic reconstitution. Interestingly, 
shortly after HSCT, the recipient’s newly 
engrafted donor-derived HSCs have significantly 
shorter telomeres as compared to his/her donor 
and age-matched controls with the end result of 
accelerated aging of the donor HSCs [9, 10]. 
HSCs from older donors which are more likely to 
have partially damaged and/or have shortened 
telomeres are more likely to become exhausted 
and not provide sustained engraftment. Thus, 
HSCT recipients whose donor is older are more 
likely to end up with graft failure.

 Underlying Disease/Disorder

In general, disorders that require multiple blood 
product transfusion or possess bone marrow dys-
function or failure due to poor bone marrow 
 stromal milieu are associated with higher rates of 
graft failure post-HSCT.

Hemoglobinopathies: Thalassemia is associated 
with a relatively high rate of HSCT graft failure. In 
pediatric patients <16 years old, risk factors for 
graft failure include hepatomegaly and the pres-
ence of portal fibrosis prior to HSCT. The quality 
of iron chelation therapy prior to HSCT also plays 
a role in the risk of developing graft failure [11, 
12]. In one study of patients with thalassemia who 
underwent a MSD HSCT with myeloablative con-
ditioning, none of the three risk factors (hepato-
megaly, presence of portal fibrosis, and poor 
chelation therapy) had a rate of graft failure of 10% 
as compared to 25% in patients who had all three 
risk factors present at the time of HSCT [11]. In 
contrast, another study reported that graft failure 
was seen in only three of 75 pediatric patients (4%) 
after MSD BMT following myeloablative condi-
tioning [13]. All were secondary graft failure with 
varying degrees of risk factors.

In patients with sickle cell disease, similar 
results regarding graft failure have been reported. 
In a CIBMTR study that evaluated data from a 
13-year period, the rate of graft failure after mye-
loablative conditioning with busulfan and cyclo-
phosphamide followed by MSD BMT was 15% 
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(9 of 67 patients) [14]. In other studies, graft fail-
ure rates were <10% using RIC regimens of 
alemtuzumab or ATG plus post-HST cyclophos-
phamide [15]. However, using this regimen in 
haploidentical donor HSCT, the graft failure rate 
was >40% [16].

Myelodysplastic Syndrome (MDS) and 
Myeloproliferative Disorders (MPD): Patients 
undergoing HSCT for myelodysplastic syn-
drome (MDS) or chronic myeloproliferative 
disorders (MPD), such as chronic myelogenous 
leukemia (CML), are at increased risk for graft 
failure, particularly if they had received a RIC 
regimen [3]. Often, these patients may have a 
prolonged period of cytopenia (>50 days after 
HSCT). The increased risk of graft failure may 
be due to a defective bone marrow microenvi-
ronment and/or the presence of residual 
host (recipient) immune effector T cells. Very 
often, these patients do not receive intensive 
 chemotherapy pre-HSCT and thus may have 
intact host immune cells to reject donor HSCs.

Allosensitization: Patients such as those with 
thalassemia, sickle cell disease, and severe aplas-
tic anemia will become sensitized to histocom-
patibility antigens over time as they are exposed 
to multiple blood products. Often, this sensitiza-
tion to allogeneic minor histocompatibility anti-
gens prior to HSCT can result in graft failure. 
Thus, HSCT early in the disease course (i.e., 
before allosensitization has occurred) will reduce 
the likelihood of graft failure [17].

Prior Exposures and Type and Intensity of the 
Conditioning Regimen: A prior exposure to inten-
sive chemotherapy and/or radiation may impair 
the bone marrow microenvironment such that 
graft function is negatively impacted. 
Furthermore, increasing the intensity of the con-
ditioning regimen does not necessarily amelio-
rate the risk for graft failure. In patients who 
received a RIC regimen, approximately 30% of 
patients developed graft failure if their Day 30 
post-HSCT T-cell donor chimerism was <50% 
[18]. In another study, the rate was 50% in 
patients whose post-HSCT Day 30 T-cell donor 
chimerism was <25% versus 4% if the T-cell 
donor chimerism was 51–75% [19].

Post-HSCT Immunosuppression: Post-HSCT 
cyclophosphamide is being used successfully to 
reduce graft failure in patients receiving RIC 
haploidentical BMT or EIC UCBT; NK cells 
are highly sensitive to cyclophosphamide and 
may contribute to cyclophosphamide’s impact 
on graft failure in HSCT patients. In a study of 
adult and pediatric patients with leukemia, 
MDS, and lymphoma who received a RIC 
HLA-haploidentical BMT and received post-
HSCT cyclophosphamide, the graft failure rate 
was 13% [20].

 Graft Rejection

Introduction and Definitions: Graft rejection is a 
cause of graft failure. It is mainly immune medi-
ated. Because it is immune mediated, graft rejec-
tion, by definition, only occurs in the setting of 
allogeneic (and not autologous) HSCT. Early 
 primary graft rejection is defined by the absence 
of donor hematopoiesis after 1 month post- 
allogeneic HSCT, whereas late (or secondary) 
rejection is defined as a loss of donor cells after 
initially engrafting.

Risk Factors: The risk factors of graft rejec-
tion include the presence of pre-formed antibod-
ies which may initiate graft rejection. This is 
most commonly seen in the setting in which the 
haploidentical donor has Class I or Class II anti- 
HLA antibodies present but is also seen in MUD 
HSCT [21, 22]. Also, patients who have received 
multiple blood product transfusions prior to 
HSCT are at a higher risk for graft rejection.

Donor-Related Immune-Mediated Graft 
Rejection: Donor T cells are required to achieve 
successful donor HSC engraftment. Thus, graft 
manipulation of T-cell depletion places a 
patient at a higher risk for graft rejection. The 
role of T cells in successful engraftment is not 
clear, though. They may be playing a direct 
role by suppressing or eliminating host-derived 
effector T cells. Alternatively, donor T cells 
may secrete key cytokines needed for the donor 
HSCs to home to the HSC niche in the bone 
marrow or augment HSC proliferation. CD8+ T 
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cells are thought to drive this process. In mice, 
natural killer (NK) cells derived from the host 
play a role in graft rejection and that regulatory 
T cells (Tregs) of donor or host origin can reg-
ulate NK-mediated graft rejection [23, 24]. 
Correlative data in humans are lacking at this 
time, so the role of NK cells in mediating HSC 
graft rejection is unclear.

Host (Recipient)-Related Immune-Mediated 
Graft Rejection: Host T cells are thought to play 
a role in mediating graft rejection. These memory 
T cells persist despite chemotherapy and irradia-
tion and are thought to arise after a patient is 
exposed to white blood cells (WBCs) contami-
nated within blood products. These radio- 
resistant memory T cells develop against minor 
histocompatibility antigens on the WBCs. These 
T cells which recognize these minor allo-antigens 
contribute to donor graft rejection, accounting for 
the observation that exposure to multiple blood 
product transfusions prior to HSCT is a risk fac-
tor for graft rejection [17].

Additionally, B cells which produce antibodies 
are thought to play a role in graft rejection via anti-
body-dependent, cell-mediated, or complement- 
mediated cytotoxicity [25]. Typically, pre-formed 
antibodies are not cleared with conventional condi-
tioning regimens. Studies have shown that the pres-
ence of donor-specific antibodies (DSAs) is 
associated with a high rate of graft rejection [26]. 
This seems to be particularly important in haploi-
dentical and UCB HSCTs [21, 27].

 Diagnostic Studies

To establish the diagnosis of graft failure, donor 
chimerism analysis, which measures the percent-
age of hematopoietic-derived cells that are of 
donor origin in the HSCT recipient, is performed 
(see Chap. 10, Engraftment and Chimerism). 
Donor chimerism may be evaluated from periph-
eral blood or bone marrow. The lack of donor 
cells, the presence of recipient T cells, an ANC 
<500/mm2, and the requirement of blood product 
transfusions are diagnostic of graft failure. The 
absence of loss of donor chimerism is seen with 
graft rejection.

 Strategies to Decrease the Risk 
of Graft Failure

Strategies used to help mitigate the risk of graft 
failure include prescreening for the presence of 
donor-specific antibodies when considering a 
mismatched, unrelated, or haploidentical donor 
graft. If these antibodies are present, then one 
should consider an alternative donor [28]. If 
available, a younger, unrelated donor or even an 
UCB donor (if the cell dose is adequate) should 
be considered over an old, related donor. If a 
patient has massive splenomegaly, then it may 
be advantageous to treat him/her to reduce the 
spleen size prior to HSCT. Depending on the 
indication for HSCT, such as severe aplastic 
anemia, a higher CD34+ cell dose should be 
considered [29]. Other measures to minimize 
the risk of graft rejection include the use of irra-
diated and leukocyte-reduced blood products, 
performing HSCT before exposure to multiple 
blood product transfusions has occurred, the use 
of antithymocyte globulin (ATG) in the condi-
tioning regimen, and the continuation of post-
HSCT immunosuppression. The use of 
G-CSF-mobilized peripheral blood stem cells as 
the HSC source may be advantageous, as this 
will increase the CD34+ stem cell count in the 
HSC product.

 Interventions and Outcomes

For autologous HSCT, one approach is to collect 
and store an unmanipulated portion of cells to be 
used as a backup infusion if graft failure devel-
ops. If autologous cells are not available, then a 
search for an allogeneic donor should be initiated 
immediately. Having a backup of autologous 
stem cells for patients undergoing allogeneic 
HSCT should be considered in certain circum-
stances, such as nonmalignant disorders. Growth 
factors, such as G-CSF and GM-CSF, are often 
initiated as a temporizing measure while imple-
menting a more definitive treatment strategy, 
such as donor lymphocyte infusion (DLI), CD34+ 
stem cell boost or a second HSCT with the same 
of different donor. Preemptive DLI has been used 
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successfully to prevent secondary graft failure in 
patients with declining donor CD3+ T-cell chime-
rism. However, administration of DLI for the 
treatment and prevention of graft failure needs to 
be balanced with the risk of GvHD.

In patients with poor graft function who have 
full donor or nearly full donor chimerism, the use 
of a CD34+ donor stem cell boost followed by 
G-CSF mobilization may result in improved graft 
function [30].

Consideration of a second HSCT is warranted 
in patients who do not respond to the above inter-
ventions or do not reconstitute with autologous 
HSCs; RIC over myeloablative conditioning reg-
imens is preferred for second HSCTs, but the use 
of the same of different donor is not so important, 
but one should check for the presence of DSAs. If 
DSAs are present, then one should consider using 
a different donor.

Outcomes of graft failure are very variable 
and depend upon many factors including the 
underlying condition and type and intensity of 
the conditioning regimen and if infection is 
involved. The 1-year overall survival has been 
reported to be only 24% for patients with primary 
graft failure and 25% for patients who developed 
secondary graft failure [31].

 Key Points

• Graft failure is a rare occurrence, but its devel-
opment is associated with significant morbid-
ity and mortality.

• Graft failure is defined as the lack of hemato-
poietic cell engraftment after allogeneic or 
autologous HSCT and is considered as pri-
mary or secondary graft failure.

• Primary graft failure is defined as an ANC <500/
mm2 by Day 28 following BMT or PBSCT and 
by Day 42 following UCBT, whereas secondary 
graft failure is defined as an ANC <500/mm2 for 
three consecutive days with loss of donor chime-
rism after already engrafted, and the decrease in 
ANC cannot be attributed to an infection, medi-
cation, or disease progression.

• Poor graft function occurs when an HSCT 
recipient does not have adequate, sustained 

blood counts despite full or nearly full donor 
chimerism.

• Every effort should be made to minimize the 
risk of graft failure.

• Interventions for graft failure include administra-
tion of DLI and the use of a CD34+ donor stem 
cell boost followed by G-CSF mobilization.

• If a patient with graft failure does not reconsti-
tute with autologous HSCs, then the patient 
needs a second HSCT to be performed as soon 
as possible.
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Engraftment Syndrome and 
Associated Cytokine Storm  
and Capillary Leak Syndrome

Mala K. Talekar and Jason L. Freedman

Abstract

While engraftment is the desired end point of hematopoietic stem cell 
transplantation (HSCT), the phase of neutrophil recovery can be compli-
cated by two acute entities termed engraftment syndrome (ES) and capil-
lary leak syndrome (CLS). Both ES and CLS result from the release of 
pro-inflammatory cytokines (e.g., IL-1, TNFα, and IFNγ) from donor cells 
in response to the recipient’s (or host’s) tissues. ES and CLS can be seen 
in both autologous and allogeneic HSCT settings. The incidence of ES has 
been reported to be 7–59% of autologous and 6–82% of allogeneic HSCTs. 
CLS is much more common than ES and is seen in myeloablative alloge-
neic HSCT. The clinical manifestations of ES range from mild, self- limited 
erythroderma, and high fevers to a more severe (and sometimes life-threat-
ening) entity of acute weight gain, pulmonary edema, and hepatic and 
renal dysfunction with or without encephalopathy. CLS is characterized 
by weight gain, generalized edema, hypotension, prerenal failure, ascites, 
intravascular depletion, and pericardial and/or pleural effusions. CLS typi-
cally first manifests 1–3 days prior to neutrophil recovery as measured by 
a detectable ANC in the blood, whereas ES typically occurs shortly after 
the onset of neutrophil recovery. ES is treated with a short course (usually 
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<7 days) of IV corticosteroids and supportive care including close man-
agement of fluid balance and use of diuretics. In contrast, CLS is managed 
with the aforementioned supportive care but not with corticosteroids. 
Early recognition and institution of careful fluid management is key to 
achieving a positive outcome from ES and CLS.

 Introduction

Hematopoietic stem cell transplantation (HSCT), 
particularly allogeneic, is associated with fluctu-
ations in the normal steady state of circulating 
cytokines [1]. Post-HSCT neutrophil recovery, 
although the desired indicator of hematopoietic 
engraftment, is frequently marred by the sequelae 
of interaction between pro- and anti- inflammatory 
cytokines and tissue responsiveness. This often 
results in a well-recognized clinical syndrome 
known as engraftment syndrome (ES) [2, 3]. The 
spectrum of ES can range from a mild self- 
limiting episode with erythroderma (>/=25% 
BSA) and high fevers not attributable to an infec-
tious etiology to a more severe course manifested 
by significant, acute weight gain, pulmonary 
edema, liver and renal dysfunction, and/or 
encephalopathy which can potentially be fatal 
[4–8]. The reported incidence of ES has varied 
from 6 to 82% in allogeneic HSCT and approxi-
mately 7 to 59% in autologous HSCT. This has 
been due, in part, to heterogeneity in clinical cri-
teria and nomenclature and due to the overlap-
ping clinical scenarios of ES and acute 
graft-versus-host disease (GvHD) in the alloge-
neic setting [9, 10].

 Pathophysiology of Engraftment 
Syndrome

Limited data are available about the effector cells 
and cytokine profile in ES. Although the patho-
physiology of ES is not well characterized, it has 
been established that an inflammatory cytokine 
cascade, aptly termed “cytokine storm,” with 
mediators such as interleukin-1 (IL-1), tumor 
necrosis factor alpha (TNF-α), and interferon 
gamma (IFN-γ) and their interactions with the 
recovering cellular milieu during hematopoietic 

reconstitution play a major role in the develop-
ment of the clinical syndrome [1, 11]. It is contro-
versial as to whether ES and GvHD are clinical 
variants of a single pathology versus simply aris-
ing from two separate pathological processes [12]. 
Given the similarities in clinical presentation and 
similar management strategies (such as corticoste-
roids for ES and GVHD), ES has sometimes also 
been described as “hyperacute” GVHD [9, 13].

 Cytokine Profile of Engraftment 
Syndrome

In healthy subjects, pro- and anti-inflammatory 
cytokines exist in a dynamic equilibrium or 
homeostasis [14]. The plasma concentration of 
each cytokine, the timing of cytokine release, 
cytokine receptor density, local homoeostatic 
milieu, and the tissue responsiveness to each cyto-
kine determines the clinical implications of the 
“cytokine storm” [2, 15]. The profile of cytokine 
secretion in patients undergoing HSCT has been 
found to differ markedly from that in healthy con-
trols [16]. The post-HSCT immune recovery and 
the production of cytokines from the engrafting 
immunologically active cells of the donor are both 
thought to contribute to the cytokine storm [1, 
16]. Other factors suspected to contribute to the 
cytokine fluctuations are types of conditioning 
regimens, infections, and acute GvHD. Animal 
studies have shown that tissue damage and cellu-
lar toxicity induced by conditioning regimens 
(radiation and/or chemotherapy) lead to eleva-
tions in levels of circulating inflammatory cyto-
kines (particularly IL-1 and TNF-α) and 
subsequently establish a cycle of lymphocyte acti-
vation that potentiates the development of GvHD 
[1, 17]. Mucosal injury secondary to myeloabla-
tive conditioning regimens leads to release of 
endotoxins or lipopolysaccharides from normal 
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bowel flora triggering an inflammatory cascade 
and cytokine fluctuations, particularly stimulating 
TNF-α, IL-1, and IL-12 which have been associ-
ated with mediation of GvHD [17]. Other studies 
of post-HSCT humoral cytokine profiling have 
identified elevated levels of IL-7, IL-15, and gran-
ulocyte colony-stimulating factor (G-CSF) [18–
21]. In a prospective study of 56 consecutive 
pediatric allogeneic HSCT patients, Khandelwal 
et al. demonstrated a pattern of an initial surge in 
plasma levels of pro-inflammatory cytokines (IL-
12 and IL-1β) in patients with engraftment syn-
drome in Week 4 post-HSCT followed by 
elevation in levels of anti-inflammatory cytokines 
(IL-4, IL-6, and IL-13) a week or so later [2]. In 
another retrospective study of 988 consecutive 
HSCT recipients, Chang et al. reported significant 
elevation in plasma levels of Interleukin 2  receptor 
alpha 2 (IL2Rα) and tumor necrosis factor recep-
tor 1 (TNFR1) in patients with ES [9]. DiCarlo 
et al. mapped the cytokine profile of 51 children 
undergoing HSCT (allogeneic and autologous) by 
assaying 51 cytokines and chemokines weekly for 
100 days post-HSCT [16]. They reported that 
global cytokine secretion in HSCT recipients was 
significantly lower than in concurrent healthy 
control subjects in Week 2 and 3 post-HSCT coin-
cident with WBC nadir [16].

These observations suggest that, although ES 
is an inflammatory phenomenon that explains its 
clinical constellation, a unique signature pattern 
of cytokine abnormalities still needs to be 
determined.

 Capillary Leak Syndrome

Capillary leak syndrome (CLS) is characterized 
by weight gain, generalized edema, hypotension, 
prerenal failure, ascites, intravascular depletion, 
and serous (pericardial and/or pleural) effusions. 
Of note, not all of these features need to be pres-
ent. In general, allogeneic HSCTs (vs. autolo-
gous) and those with conditioning regimens 
resulting in greater toxicity and myeloablation 
are more associated with the development of 
CLS. CLS is much more common than ES. The 
manifestations of vascular leak occur during 

 neutrophil recovery in both auto- and allo-HSCT 
settings and coincide with the inflammatory cyto-
kine cascade as described above. In addition, 
soluble thrombomodulin and plasminogen acti-
vator type 1 (markers of endothelial injury) have 
been noted to be elevated in conjunction with the 
elevation in cytokine levels and are considered 
potential triggers of vascular leak [22].

 Management of Engraftment 
Syndrome and Capillary Leak 
Syndrome

The frontline therapy for ES is the initiation of 
corticosteroids which dampens the cytokine lev-
els and, in turn, leads to improvement in the 
 clinical manifestations. In contrast, CLS alone is 
typically managed with supportive care, i.e., 
close management of fluid balance and judicious 
use of diuretics; corticosteroids are rarely used in 
the setting of CLS alone. Despite the evident role 
of pro-inflammatory cytokines in ES, targeted 
anticytokine therapy (such as etanercept or tocili-
zumab) has not proven to be of any benefit [23]. 
Recombinant human soluble thrombomodulin 
has been shown to ameliorate symptoms of vas-
cular leak in ES [24] but is not widely used. 
Supportive care (e.g., antipyretics, oxygen, topi-
cal therapy of rash, diuretics) alone has been 
shown to lead to resolution of symptoms in 
approximately 20% of the patients [23]. There is 
also no literature supporting interventions to pre-
vent ES. Whether the cytokine storm of ES con-
tributes to initiation of GVHD or whether graft 
versus host alloreactivity contributes to severity 
of ES is yet to be determined [23]. Future studies 
are needed to further characterize the cytokine 
profile and delineate management strategies for 
this potentially fatal syndrome.

 Key Points

• Engraftment syndrome (ES) is a well- 
recognized constellation of clinical symp-
toms and signs that can be seen during the 
post- HSCT neutrophil recovery phase. The 
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 spectrum of ES can range from a mild self-
limiting course with erythroderma and high 
fevers to a more severe episode manifested 
by significant, acute weight gain, pulmonary 
edema, liver and renal dysfunction, and/or 
encephalopathy which can potentially be fatal.

• Capillary leak syndrome (CLS) is seen more 
often with transplant protocols utilizing mye-
loablation and conditioning regimens with 
greater toxicity and is characterized by weight 
gain, generalized edema, hypotension, prere-
nal failure, ascites, intravascular depletion, and 
serous (pericardial and/or pleural) effusions.

• Both ES and CLS occur as a result of inter-
play between variations in the levels of 
pro- and anti-inflammatory cytokines in the 
homeostatic milieu and the recipient tis-
sue responsiveness during immune recovery 
post-HSCT.

• Recognition of the manifestations of ES and 
CLS is the key to management. Supportive 
care has been the mainstay of treatment in 
addition to immune suppression.
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Nutrition in the Peri-HSCT Period
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Abstract

Nutrition is an integral part of the supportive care of hematopoietic stem 
cell transplantation (HSCT) patients, and good nutritional status has been 
shown to improve outcomes in HSCT. However, providing proper nutri-
tional support over the course of HSCT can prove to be challenging 
because many side effects associated with HSCT transplant negatively 
impact nutrition. This chapter details the factors that can lead to inade-
quate intake, poor GI absorption, and metabolic alterations. It also 
describes how the use of anthropometric assessments and energy need 
estimations play a key role in monitoring nutritional status and determin-
ing when further interventions are needed. Specific nutritional consider-
ations in SOS/VOD and GvHD are discussed herein. Enteral and parenteral 
nutrition are compared: While enteral nutrition offers several advantages 
over total parenteral nutrition, there are situations in which full enteral 
nutrition is not feasible and parenteral nutrition is required to fulfill the 
patient’s caloric demands.

 Importance of Nutrition in the HSCT 
Setting

Hematopoietic stem cell transplantation (HSCT) 
places a major strain on the body, and provid-
ing proper nutrition plays a key role in allow-
ing patients to endure and recover from the 
process. During conditioning, patients who are 
adequately nourished have improved tolerance to 
conditioning chemotherapy and radiation therapy 
[1]. After HSCT, better nourished patients have 
a shorter time to engraftment and have more 
robust immune reconstitution, reducing the risk 
of infectious complications [2]. Nutrition support 
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also aids in recovery from post-HSCT complica-
tions such as graft-versus-host disease (GvHD) 
or hepatic sinusoidal obstruction syndrome/veno- 
occlusive disease (SOS/VOD) [1]. Adequate 
nutrition improves quality of life and, especially 
when the patient and family feel involved in the 
nutrition plan, provides psychosocial boosts [3].
Given these benefits, it is not surprising that being 
malnourished has been shown to be a negative 
prognostic factor for outcome after HSCT [1]. 
Unfortunately, many patients undergoing HSCT 
have diagnoses that directly impair their nutri-
tional status or have received therapies that affect 
their nutrition and therefore enter the HSCT pro-
cess relatively malnourished. A thoughtful regi-
men that combines multiple modes of nutrition 
support can prevent further worsening or even 
result in improvement of nutritional status.

 HSCT-Associated Side Effects 
and Their Impact on Nutritional 
Status

Regardless of a patient’s pre-HSCT nutritional 
status, nutrition support is frequently required 
during the peri-HSCT period, especially in the 
allogeneic HSCT setting. HSCT has a profound 
impact on the patient’s ability to take in, absorb, 
and process nutrients. Table 13.1 summarizes 
HSCT-associated side effects that can impact 
nutrition.

 Impaired Intake

Most pediatric patients experience a significant 
reduction in appetite and oral intake during 
HSCT. One factor negatively affecting intake is pain 
from mucositis, the inflammation and ulceration of 
the oral and gastrointestinal mucosae due to chemo-
therapy and/or radiation therapy. Chemotherapy can 
also alter patients’ taste receptors, affecting their 
desire for food. Abdominal pain from GvHD or 
SOS/VOD can prevent patients from eating and 
drinking. Additionally, the presence of SOS/VOD 
can increase fluid and sodium retention and there-
fore necessitate fluid limits.

Two of the biggest factors impairing intake are 
nausea and vomiting. There are multiple potential 
etiologies of nausea and vomiting in the HSCT set-
ting. Sloughing of mucosal tissue during mucositis 
can induce an emetogenic response. Total body 
irradiation (TBI), which is used in several HSCT 
conditioning regimens, can cause significant nau-
sea and vomiting, as can many of the chemother-
apy agents used in conditioning especially since 
they are generally given in high doses [4]. Opioids 
play a key role in pain management, but their side 
effects can include nausea. Finally, patients are sus-
ceptible to GI infections during HSCT, which can 
be a significant source of nausea and vomiting.

There are multiple pharmacologic options for 
the management of nausea and vomiting in the 
HSCT setting. First-line therapy generally 
involves a serotonin (5HT-3) antagonist such as 
ondansetron or the longer-acting granisetron. 
Second-line options include benzodiazepines 
(generally lorazepam), promethazine in patients 
≥2 years of age (typically given with diphen-
hydramine to prevent extrapyramidal effect), 
dexamethasone, and aprepitant (generally used 
with 5HT-3 antagonist ± dexamethasone) [4]. 
Additional options for older children include sco-
polamine patch and dronabinol; dronabinol also 
has the benefit of being an appetite stimulant.

 Poor GI Absorption

Damage to the GI tract from factors including 
mucositis, GI infections, and GVHD often causes 
diarrhea and inflammation. This damage alters 
transport of nutrients across the luminal surface 
and can lead to decreased nutrient absorption and 
nutrient loss from the gut [5].

Table 13.1 Treatment side effects impacting nutrition

Impaired 
intake Poor GI absorption

Metabolic 
alterations

• Pain
•  Altered 

taste
•  Fluid 

restriction
•  Nausea/

vomiting

• Diarrhea
• GI inflammation

•  Negative nitrogen 
balance

•  Impaired 
carbohydrate 
metabolism

•  Abnormal lipid 
metabolism
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 Metabolic Alterations

HSCT dramatically affects energy metabolism. 
Negative nitrogen balance is common in HSCT 
patients due to protein losses through the gut as 
well as catabolic effects on skeletal muscle dur-
ing conditioning and subsequently if the HSCT 
course is complicated by sepsis and/or 
GvHD. Carbohydrate metabolism may also be 
affected due to impaired glucose tolerance from 
GvHD therapy (steroids and/or cyclosporine) or 
from complications from sepsis. Additionally, 
HSCT may negatively affect pancreatic β-cell 
function. Finally, complications such as VOD/
SOS or liver GvHD can lead to abnormalities in 
lipid metabolism.

 Nutrition Assessment in HSCT 
Patients

 Introduction

Given the known benefits of proper nourishment 
and the myriad of nutritional complications 
HSCT recipients face, ongoing assessment of 
nutritional status of children and adolescents 

undergoing HSCT throughout the entire HSCT 
course is necessary. This necessity extends from 
the pre- to the post-HSCT transition to outpatient 
care. Pediatric malnutrition (undernutrition) 
related to chronic illness was ill defined prior to 
2014 [6]. Formalized criteria were developed in 
2014 to identify indicators of malnutrition and 
set thresholds to categorize malnutrition as either 
mild, moderate, or severe (see Table 13.2). These 
criteria can be used universally in pediatric criti-
cal illness, including HSCT, as well as for 
research purposes.

Historically, various biochemical markers 
and methods of assessing anthropometric mea-
surements were used to indicate a state of mal-
nutrition. Hepatic proteins (e.g., albumin, 
prealbumin, and transferrin) have limited value 
in defining malnutrition in critical illness [7]. 
Synthesis and serum levels of these proteins are 
significantly influenced by factors other than 
nutrition. Factors that impact serum levels of 
albumin, prealbumin, and transferrin are sum-
marized in Table 13.3. However, hepatic pro-
tein levels are indictors of  morbidity and 
mortality and can guide the clinician to identify 
patients at greatest risk of developing 
malnutrition.

Table 13.2 Criteria for diagnosing pediatric malnutrition (undernutrition) in children ages 1 month to 18 years 
(Adapted from Becker et al. 2014) [6]

Indicator Mild malnutrition Moderate malnutrition Severe malnutrition

Weight for length Z score −1.0 to −1.99a −2.0 to 2.99 −3 z score or worse

BMI for age Z score −1.0 to −1.99a −2.0 to 2.99 −3 z score or worse

Length/height Z score No data available No data available −3 z score or worse

Mid-upper arm 
circumference (≤60 months 
of age)

−1.0 to −1.99 −2.0 to 2.99 −3 z score or worse

Weight gain velocity 
(≤2 years of age)

51–75% of the World 
Health Organization 
(WHO) normb

26–50% of the WHO normb ≤25% of the WHO normb

Weight loss (2–20 years of 
age)

≥5% usual body weight ≥7.5% usual body weight ≥10% usual body weight

Deceleration in weight for 
length/height or BMI for age

Decline of 1 Z score Decline of 2 Z scores Decline of 3 Z scores

Inadequate nutrient intake 51–75% of estimated 
energy/protein need

26–50% of estimated 
energy/protein need

≤25% of estimated 
energy/protein need

aNeeds additional criteria to support diagnosis (i.e., weight loss, inadequate intake)
bWeight gain increments at the median of the WHO growth velocity standards for the time span between the two data 
points
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 Anthropometric Assessment

Height/length, weight,  weight-for-length, and 
body mass index (BMI) are used to assess nutri-
tional status [6]. Daily weight and monthly 
height/length measurements are used during the 
peri-HSCT period to assess adequacy of nutrition 
provision as well as fluid status when intake ver-
sus output is considered. Appropriate growth 
charts should be maintained to assess changes 
and trends [8]. Weekly measurements of mid- 
upper arm circumference (MUAC) can be useful 
in nutrition assessment as it is less affected by 
fluid status than weight [9].

 Energy and Protein Needs in HSCT

 Introduction

Providing adequate nutrition can be challenging 
prior to, during, and after HSCT. Accurate deter-
mination of calorie needs can minimize the risk 
of under and over feeding. Resting energy expen-
diture (REE) in children undergoing allogeneic 
HSCT was found to nadir at 80% by week three 
post-HSCT, with a gradual increase by week four 
[10, 11]. Interestingly, while REE declines, 
energy requirements are higher than expected, 
and some reports suggest that needs are as high 
as 130–180% of basal energy expenditure [12, 
13]. This wide range makes ongoing estimation 

of energy needs and adjustment to nutrition care 
plans in HSCT patients essential.

 Protein Needs

Protein needs are elevated due to decreased pro-
tein synthesis, increased protein breakdown, and 
nitrogen loss [14]. Age-based estimations of pro-
tein needs in children undergoing HSCT are 
appropriate and can be as high as two times the 
recommended dietary allowance [13, 15].

 Hydration

Fluid provision must be closely monitored. Fluid, 
including nutrition support, medications, transfu-
sions, transducers and carriers, and oral intake, 
contributes to a patient’s total intake. Clinical sta-
tus, weight, intake and output, and laboratory val-
ues (e.g., sodium, blood urea nitrogen, creatinine, 
and albumin) are considerations in determining a 
HSCT patient’s appropriate volume require-
ments. SOS/VOD is a complication that is usu-
ally accompanied by weight gain with sodium 
and fluid retention. This condition may warrant 
restriction to 80–90% maintenance fluid and 
minimal sodium intake to prevent third spacing 
[12]. Some have reported decreased energy needs 
during this condition.

 Nutrition Support Modalities

Multimodal nutrition delivery is almost universal 
in pediatric patients undergoing HSCT. Enteral 
nutrition, including oral and tube feedings, is the 
preferred route of administration to maintain gut 
integrity, reduce bacterial translocation, and pro-
vide other protective factors [16]. Most  institutions 
provide a reduced bacteria or neutropenic diet 
during hospitalization for HSCT. Restriction of 
foods with potential to introduce harmful bacteria 
such as Listeria monocytogenes, Salmonella, 
Campylobacter, Escherichia coli, and 
Cryptosporidium is the goal [13]. Foods often 
restricted with this diet include fresh vegetables 

Table 13.3 Factors that impact serum levels of albumin, 
prealbumin, and transferrin (Reprinted with permission 
from Fuhrman et al. 2004) [7]

Increase Decrease

•  Intravascular 
volume deficit

•  Exogenous 
albumin infusion

• Renal failure
• Iron deficiencya

• Intravascular volume excess
• Recumbent posture
• Extraneous loss of albumin
• Liver disease
• Pregnancy
• Hypothyroid
• Alcohol abuse
• Uremia
• Corticosteroids
• Malignancy
•  Trauma (including surgery)
• Inflammation

aTransferrin only
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and fruits, non-pasteurized dairy products, deli 
meats and cheese, and prepared salads such as 
potato salad and pasta salad. Undercooked meats, 
poultry and eggs, and salad dressing made with 
raw egg and aged cheeses are often restricted. A 
meta-analysis of neutropenic diet versus regular 
diet found no advantage to providing the neutro-
penic diet to cancer patients [17]. The American 
Society of Parenteral and Enteral Nutrition guide-
lines for adult patients undergoing HSCT cur-
rently state that it is prudent to restrict such foods 
during neutropenia [18]; therefore, most institu-
tions continue to adhere to neutropenic diets.

In children undergoing HSCT, enteral nutri-
tion is often contraindicated due to medical, gas-
trointestinal, and psychosocial aspects [16]. Use 
of parenteral nutrition may be the method of 
choice of nutrition support in the hospitalized 
phase of HSCT. Parenteral nutrition is not  without 
risks, including volume overload, thrombosis, 
and infection [19].

The choice of nutrition support is controver-
sial and requires assessment on an ongoing basis. 
Oral intake, enteral nutrition, and parenteral 
nutrition as nutrition support modalities are a 
continuum that can be used in conjunction with 
one another. Oral intake, using a reduced bacteria 
diet, may be provided throughout the hospitaliza-
tion. Gastrointestinal tubes placed prior to hospi-
talization for HSCT may be used to provide 
nutrition throughout the HSCT course. 
Nasogastric tubes placed prior to the develop-
ment of mucositis [5] or prior to stem cell infu-
sion [20] have been found to be successful by 
some. Trophic enteral nutrition can provide pro-
tective benefits, and the advantages of enteral 
nutrition over parenteral nutrition are listed in 
Table 13.4, and Table 13.5 lists the potential bar-
riers to enteral nutrition.

Enteral nutrition may be limited by gastroin-
testinal (GI) toxicities. Parenteral nutrition can be 
provided during the conditioning regimen phase 
of the peri-HSCT period but with great care due 
to electrolyte derangements that can arise as a 
side effect of the chemotherapy commonly used 
in conditioning regimens. Parenteral nutrition is 
often started immediately after HSC infusion and 
continued throughout the engraftment period. 

Changes in taste and a lack of appetite can nega-
tively impact oral intake that often necessitate 
use of enteral nutrition after engraftment and 
continued on after discharge. The continually 
evolving clinical status of the patient dictates 
which mode of nutrition support to employ. 
Individualized nutrition care plans need to be 
revised throughout hospitalization and beyond. 
Including a registered dietitian on a multidisci-
plinary team for HSCT patients is ideal.

 Nutrition Considerations 
in the Context of Gut and Liver 
GvHD

Gut and liver GvHD has profound effects on 
body composition and nutrient utilization. 
Unfortunately,  studies on nutrition support 
of children with GvHD are scant, and recom-
mendations for  monitoring nutritional status 
post- allogeneic HSCT are drawn from adults 
[21]. Recommendations include monitoring of 

Table 13.4 Advantages of enteral nutrition compared 
with parenteral nutrition (Used with Permission, 
Thompson & Duffy, 2008) [16]

•  More efficient use of nutrients through first-pass 
metabolism in the liver

•  Able to provide nutrients that are not available 
through parenteral nutrition, that is, fiber

• Helps maintain normal gut function

• Maintain gall bladder function

•  Promotes IgA, which helps prevent bacterial 
adherence and translocation

•  Helps maintain gut-associated immune function, 
GALT, and MALT

• Costs less than parenteral nutrition

• Decreased risk of infection

Table 13.5 Potential barriers to enteral nutrition in 
HSCT (Used with Permission, Thompson & Duffy, 2008) 
[16]

• Thrombocytopenia

• GI complications (nausea/vomiting/diarrhea)

• Mucositis/esophagitis

• Lack of enteral access

• Patient acceptance
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body weight and mid-upper arm circumference 
(MUAC), assessment of fluid retention, pro-
motion of oral or enteral nutrition, and serum 
vitamin and mineral level surveillance (e.g., 
magnesium, 25 OH Vitamin D, B 12, and zinc) 
with appropriate supplementation as needed. 
Additionally, many recommend the avoidance 
of prebiotics and probiotics because of the lack 
of evidence for efficacy and the probable risk of 
infectious complications. In cases of severe gas-
trointestinal failure defined as >500 mL diarrhea 
per day, parenteral nutrition is the recommended 
mode of nutritional support. Consideration of 
pancreatic enzyme therapy in exocrine pan-
creatic insufficiency is an option. A multidis-
ciplinary approach to the treatment of these 
children is prudent.

 Nutritional Status Monitoring 
Following HSCT

The goal during the peri-HSCT period (from the 
start of conditioning through early engraftment) 
is to maintain an adequate nutrient status through-
out this time course. A large proportion of pediat-
ric patients have impaired nutritional status up to 
12 months post-HSCT and may require oral 
nutritional supplements, including enteral and/or 
parenteral nutrition at the time of discharge. 
Ongoing monitoring and assessment by the phy-
sician and a registered dietitian are necessary as 
an outpatient.

 Key Points

• Proper nutritional support improves outcomes 
in HSCT.

• HSCT side effects negatively impact nutrition 
in multiple ways, relating to inadequate intake, 
poor GI absorption, and metabolic alterations.

• A variety of anthropometric assessments are 
used to assess nutritional status.

• Hepatic proteins such as albumin, prealbumin, 
and transferrin have limited value in defining 
malnutrition since they can be significantly 
influenced by factors other than nutrition.

• Ongoing estimation of energy needs and 
adjustments based on monitoring of  nutritional 
status is essential as resting energy expendi-
ture, and energy requirements can vary greatly 
from patient to patient and be affected by what 
phase of HSCT the patient is in.

• Enteral nutrition offers several advantages 
compared to parenteral nutrition, but there are 
aspects of HSCT that can be barriers to full 
enteral nutrition in which case use of paren-
teral nutrition may be temporarily necessary as 
a supplementary or sole source of nutrition.

• Because a pediatric HSCT patient’s nutritional 
status is such an important yet potentially com-
plex, component of the HSCT process, many 
institutions have a registered dietician who 
specializes in this patient population as a part 
of the multidisciplinary pediatric HSCT team.
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Mucositis and Pain in the 
Peri-HSCT Period

Arun Gurunathan, Neil S. Patel, 
and Jason L. Freedman

Abstract

Diagnosis and proper management of pain is a critical part of the neces-
sary supportive care for patients undergoing HSCT but can be a signifi-
cant clinical challenge for the healthcare team due to the multifactorial 
nature of pain in the HSCT setting. This chapter details the many causes 
of pain in HSCT. HSCT-associated pain is often due to the conditioning 
regimen (which consists of high-dose chemotherapy and/or total body 
irradiation) and graft-versus-host disease (GvHD) prophylaxis regimens 
as well as potential post-HSCT complications. Given that mucositis is 
one of the largest sources of pain and infection in patients undergoing 
HSCT, special attention is paid to mucositis-specific strategies. These 
strategies include oral care and topical therapies such as glutamine and 
palifermin which are under investigation. Systemic non-opioid pain 
medications are also discussed. The remainder of this chapter focuses on 
opioid options and discusses the principles of conversion between opi-
oids, use of caregiver-/patient-controlled analgesia (which can facilitate 
better pain control and result in a lower total amount of opioids needed), 
management of opioid side effects, and guidelines for weaning opioids to 
avoid withdrawal symptoms.

 Pain in HSCT

One of the inherent difficulties of managing pain 
during HSCT is that there are multiple potential 
causes of pain in the HSCT setting. Potential 
causes include mucositis, acute graft-versus-host 
disease (GvHD), chronic GvHD, diarrhea, sinu-
soidal obstructive syndrome (SOS) (also known as 
veno-occlusive disease, VOD), neurotoxicity, and 
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hemorrhagic cystitis, and it can be hard to accu-
rately determine the etiology. Table 14.1 lists the 
most common causes of pain. Because different 
types of pain (e.g., postsurgical, musculoskeletal, 
neuropathic) may be managed differently, provid-
ers must pay close attention to the etiology of the 
pain to help optimize pain control management.

 Mucositis

Mucositis is a common cause of pain, secondary to 
effects of chemotherapy and radiation therapy used 
as part of the HSCT conditioning or preparative 
regimens. Figure 14.1 shows a child with chemo-
therapy-induced mucositis [1]. The incidence of 
mucositis in pediatric patients undergoing HSCT is 
over 90% and is up to 99% in myeloablative regi-
mens. The prevalence of mucositis seems to be 
greater in children than adults, which may be due 
to more rapid cell division in children. In particular, 
conditioning regimens containing etoposide, mel-
phalan, and total body irradiation and immunosup-
pressive regimens containing methotrexate are 
associated with severe mucositis [2]. The inflam-
mation of oral and gastrointestinal mucosae often 
leads to oral erythema, painful ulcerations, bleed-
ing, and eventual sloughing of the mucosa. The 
natural course of mucositis is that it will persist 
until neutrophil recovery has occurred, and often it 
will get worse just around the time of engraftment. 
It is  manifested by increased perioral edema, 
mucosal swelling, and pain due to increased cyto-
kine release. In some cases, the edema and bleed-
ing along with the thickening of oral secretions 
become so significant that the patient needs to be 
intubated in order to protect his/her airway while 
awaiting engraftment.

 Graft-Versus-Host Disease (GvHD)

GvHD occurs when immune cells (predomi-
nantly T cells) transplanted from an allogeneic 
donor (graft) recognize the transplant recipient 
(host) as “foreign,” which initiates an immune 
reaction that causes damage to the recipient’s 
body (see Chaps. 18 and 19).

Acute GvHD: In the acute setting, the damage 
is most frequently to the recipient’s skin, gut, 
and/or liver. Acute GvHD which can occur in 
40–60% of allogeneic HSCT patients can be a 
significant source of pain [3, 4].

Chronic GvHD: Chronic GvHD can occur after 
previous acute GvHD, with ongoing acute GvHD, 
or arise de novo. It can affect multiple organs with 
skin the most commonly involved organ. Chronic 
GvHD of the skin tends to be sclerotic/fibrotic in 
nature. Chronic GvHD can cause pain of the skin, 
eyes, oral cavity, gut, nerves, joints, and muscles.

 Diarrhea

In a study of 142 children (100 post-allogeneic 
HSCT and 42 post-autologous HSCT), diarrhea 
and associated abdominal pain derived from mul-
tiple etiologies (mucositis, gut GvHD, and/or 
gastrointestinal infection) were reported in two- 
thirds of patients [2].

Fig. 14.1 Chemotherapy-induced mucositis. This photo-
graph depicts a child with chemotherapy-induced mucosi-
tis. It represents the classic findings of friable, inflamed, 
beefy red mucosa with perioral edema and blood and 
saliva pooling in the oral cavity. (Used from Figliolia et al. 
2008) [1]

Table 14.1 Common etiologies of pain during and after 
HSCT

Mucositis

GvHD

Infection

Sinusoidal obstructive syndrome (veno-occlusive 
disease)

Neurotoxicity

Hemorrhagic cystitis
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 Sinusoidal Obstruction Syndrome 
(SOS)

Sinusoidal obstruction syndrome (SOS), also 
known as veno-occlusive disease (VOD), ascites, 
and hepatomegaly often invoke stretch of the 
liver capsule, which can produce severe pain and 
respiratory compromise (see Chap. 15 for a 
detailed discussion of SOS).

 Neurotoxicity

Potential etiologies of nerve pain include herpes 
simplex virus (HSV) and varicella zoster virus 
(VZV) and side effects of tacrolimus and cyclo-
sporine used in allogeneic HSCT patients for the 
prevention and treatment of GvHD (see Chaps. 
18, 19, and 24).

 Hemorrhagic Cystitis

Painful hemorrhagic cystitis with associated 
dysuria can be due to chemotherapy or infection 
(most often BK viruria) and occurs in up to 25% 
of pediatric transplant patients (see Chaps. 16 
and 22 for further discussion of hemorrhagic 
cystitis) [2].

 Supportive Therapies for Mucositis

In addition to causing pain and decreased oral 
intake, the mucosal disruption weakens one of 
the body’s remaining defenses against micro-
bial invasion and fosters an environment in 
which bacteria thrive [5]. Mucositis increases 
the risk of febrile neutropenia, bacteremia, and 
need for prolonged total parenteral nutrition 
(TPN) [6]. For these reasons, mucositis-spe-
cific strategies and therapies to prevent muco-
sitis or at least limit its impact are extremely 
important.

Oral Care Protocol: Good oral hygiene helps 
to minimize the extent and severity of mucosi-
tis. However, in many centers, patients are 
instructed to not brush or floss during the peri-

HSCT period due to concern for bleeding or 
bacterial translocation complications. Instead, 
chlorhexidine rinses are often used to decon-
taminate the oral flora and are prescribed up to 
four times a day.

Topical Therapies: Upon development of 
oral lesions, mouthwashes containing a combi-
nation of antacid, antihistamine, and local anes-
thetic are often used. Throat sprays and lozenges 
that combine analgesic and anesthetic agents are 
also options. However, these agents must be 
used judiciously because mucosal breakdown 
can lead to increased absorption of local anes-
thetics into the body.

Glutamine: Glutamine is a primary fuel for 
enterocytes and gut-associated lymphoid tis-
sue. During times of stress, glutamine stores 
can decrease by over 50%. This depletion is 
thought to contribute to mucositis [5, 7]. 
Therefore, glutamine can be administered in 
enteral and parenteral forms. Results from 
studies of glutamine are inconclusive: Some 
studies have demonstrated a decrease in dura-
tion of mucositis, opiate requirement, and TPN 
requirement, but other studies have shown no 
benefit [5, 8, 9].

Palifermin: Palifermin is a recombinant kera-
tinocyte growth factor that stimulates the differ-
entiation and proliferation of GI tract epithelial 
cells. Multiple studies have clearly indicated a 
significant reduction in incidence and duration 
of severe mucositis primarily in adult patients 
undergoing allogeneic HSCT. Data on use of 
palifermin is limited in children less than 
15 years of age [10]. Though the cost of this 
medication is large, cost-benefit ratio may poten-
tially be offset as the financial impact and 
resource utilization in treating mucositis and its 
complications are large. Elting et al. showed that 
the cost per patient receiving palifermin was not 
significantly different from the cost per patient 
receiving placebo even after the cost of palifer-
min was factored in with the per diem hospital 
costs and the avoidance of adverse outcomes of 
HSCT [6]. Studies in children are ongoing, with 
a recent phase 1 study showing that palifermin 
was tolerated at 90 μg/kg/day with no dose-lim-
iting toxicity [11].
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 Management of Pain

 Non-opioid Agents

While many HSCT patients require opioid medi-
cations at some point, non-opioids are often used 
prior to or in conjunction with opioids in an 
attempt to at least limit the patient’s opioid use. 
Of note, increasing non-opioid doses above their 
recommended limits produces a “ceiling” effect 
whereupon there is little increase in analgesia but 
pronounced increase in side effects [12]. Thus, 
the use of non-opioid agents must be closely 
monitored.

Non-Steroidal Anti-Inflammatory Drugs 
(NSAIDs): Most NSAIDs are not used dur-
ing the peri-HSCT period given their inhibition 
of platelet aggregation augments the bleeding 
risk already posed by the thrombocytopenia 
and mucosal inflammation that occurs during 
HSCT. However, in some cases, choline magne-
sium trisalicylate may be utilized as it does not 
inhibit platelet aggregation [13]. However, this 
medication is not available on the market in the 
United States as of 2017 due to manufacturer 
discontinuation.

Acetaminophen: Acetaminophen does not 
affect platelets, and it has a synergistic effect with 
opioids [14]. However, it should be used with 
caution in patients with hepatic impairment. 
Scheduled acetaminophen should be avoided 
because it may blunt a patient’s ability to mount 
a fever.

 Opioid Agents

For many of the etiologies of pain discussed 
above, systemic analgesia with opioids is fre-
quently required with the use of parenteral opi-
oids, specifically morphine, hydromorphone, or 
fentanyl. These agents require a starting dose 
that likely needs to be further titrated to provide 
adequate analgesia due to patient-specific fac-
tors and tolerance. When switching patients 
between opioids due to tolerance or side effect 
management, the equianalgesic dose must be 
calculated. Due to incomplete cross-tolerance 

that can result in a higher unanticipated potency, 
the calculated dose for the new opioid may 
require a reduction by 30–50% to limit side 
effects. Table 14.2 summarizes the equianalge-
sic dosing of opioids [15].

Patient-controlled analgesia (PCA) helps 
facilitate optimal pain control with a lower total 
amount of opioid usage [16]. Table 14.3 shows 
dosing guidelines for the initial dosing of opioids 
for PCA [17–19]. This modality also allows for 
patient-specific pain management modality in 
children that are developmentally appropriate 
and cognitively able to understand the use of 
PCA. Children less than 6 years of age likely 
require a surrogate, such as parent or nurse, to 
help effectively manage pain by operating the 
PCA module. In this scenario in which parents 
are trained to facilitate analgesia, they are identi-
fied as caregiver controlled analgesia (CCA) [2]. 
Patients on PCA or CCA require continual pain 
assessments that are integral in the titration of the 
basal and bolus doses, especially as patients 
develop tolerance to the dose of their opioid. 
Furthermore, opioid side effects may require the 
implementation of adjunct medications. 
Table 14.4 lists the most common side effects of 
opioids and how to manage them.

As the patient’s pain subsides and sources of 
pain resolve, weaning of opioids is critical to 
prevent withdrawal symptoms. The basal and 
bolus infusion doses are typically weaned by 
10–20% depending on the duration of PCA use 

Table 14.2 Equianalgesic dosing of opioids (not 
accounting for incomplete cross-tolerance) [15]

Drug Enteral dose Parenteral dose

Oxycodone 20 mg N/A

Morphine 30 mg 10 mg

Hydromorphone 7.5 mg 1.5 mg

Fentanyl N/A 0.1 mg

Table 14.3 Dosing guidelines for initial PCA dosing 
[17–19]

Drug
Basal dose IV 
(mcg/kg/h)

Bolus dose IV 
(mcg/kg/dose)

Morphine 0–20 15–20

Hydromorphone 0–4 3–4

Fentanyl 0–1 0.25

A. Gurunathan et al.
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and patient response to initial weans. Enteral 
conversion of opioids can be completed when 
patients can tolerate this route; options for 
enteral opioids include oxycodone, morphine, 
hydromorphone, or methadone. The equianalge-
sic dose, duration of action, and incomplete 
cross-tolerance should be accounted for when 
calculating the enteral opioid dose. In some sce-
narios, weaning may be continued when patients 
are discharged with close follow-up to titrate 
patients safely off opioids when the pain source 
is no longer present.

 Key Points

• There are many causes of pain in the HSCT 
setting, largely relating to side effects of the 
HSCT conditioning and GVHD prophylaxis 
regimens as well as to potential post-HSCT 
complications.

• Mucositis is one of the largest sources of 
pain and infection in patients undergoing 
HSCT. Mucositis-specific strategies include 
oral care and topical symptom-directed ther-
apies; glutamine and palifermin are being 
studied.

• A variety of systemic non-opioid and opioid 
pain medications have been used in patients 
with HSCT-related pain.

• When switching patients between opioids due 
to tolerance or side effect management, the 
equianalgesic dose must be calculated and the 
final dose should take into account incomplete 
cross-tolerance.

• In patients requiring significant amounts of 
opioids, patient-controlled analgesia can help 
to facilitate optimal pain control with a lower 
total amount of opioid usage.

• As pain subsides, careful weaning of opioids 
is critical to prevent withdrawal symptoms.
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Hepatotoxicity in the Peri-HSCT 
Period

Valerie I. Brown

Abstract

Hepatotoxicity in the peri-hematopoietic stem cell transplantation 
(HSCT) period is relatively common with an incidence of approximately 
80%. Because the liver plays such a central role in the metabolism of 
drugs; elimination of toxins; detoxification of metabolic waste products; 
synthesis of key proteins, such as albumin and clotting factors; bile pro-
duction; the storage of vitamins A, D, E, and K; as well as the synthesis, 
metabolism, and/or storage of carbohydrates, proteins, and fats, liver 
damage during any phase of HSCT can cause a significant degree of 
morbidity and mortality. The most common causes of HSCT-related 
hepatotoxicity that occur during the peri-HSCT period include the che-
motherapy and/or irradiation used in conditioning regimens, medica-
tions commonly used during the peri-HSCT period (e.g., 
immunosuppressants and antibiotics), total parental nutrition (TPN), 
iron overload, and infection/sepsis. The most common hepatic complica-
tions during the peri-HSCT period are transaminitis, sinusoidal obstruc-
tion syndrome/veno-occlusive disease (SOS/VOD), acute graft versus 
host disease (GvHD) of the liver, and infections involving the liver. 
Because infections and acute GvHD are addressed in detail in other 
chapters (see Chaps. 17 and 18, respectively), this chapter will focus 
primarily on transaminitis and SOS.

 Introduction

Hepatotoxicity that occurs during the peri- 
hematopoietic stem cell transplantation (HSCT) 
period which spans from the beginning of con-
ditioning through the early post-HSCT period 
(< day 100 post-HSCT) is common with an 
incidence of approximately 80%. These hepatic 
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complications are most often related to the toxic 
effects of the conditioning regimen (both che-
motherapy and radiation), medications, infec-
tions, total parental nutrition (TPN), and graft 
versus host disease (GvHD). The most common 
hepatic complications seen during the peri-HSCT 
period include transaminitis, sinusoidal obstruc-
tion syndrome/veno-occlusive disease (SOS/
VOD), infections of the liver, and acute GvHD 
of the liver. Often, HSCT-induced liver injury is 
ultimately reversible, such as transaminitis, but 
certain etiologies, such as SOS, account for a sig-
nificant percentage of transplant-related morbid-
ity and mortality (TRM). Thus, close monitoring 
of liver function, frequent viral surveillance, and 
prompt intervention are the keys to the successful 
management of hepatic complications in the early 
HSCT setting. Because infections (see Chap. 17) 
and acute GvHD (see Chap. 18) are addressed in 
depth elsewhere, this chapter will concentrate on 
the topics of transaminitis and SOS.

 Transaminitis

 Introduction

Transaminitis is defined as the elevation of liver 
transaminases as a result of liver injury. Liver 
enzymes include alanine transaminase (ALT), 
aspartate aminotransferase (AST), and alkaline 
phosphatase (AP). ALT is best at detecting hepati-
tis (i.e., inflammation of the liver) and is more 
specific than AST which is found in the heart and 
muscles in addition to the liver. AP is increased 
when bile duct obstruction is present. Direct bili-
rubin is also a measure of liver function because 
direct bilirubin arises from conjugation in the 
liver. Transaminitis may be asymptomatic and 
self-limited, but it can also represent significant 
liver damage causing severe hepatic dysfunction.

 Risk Factors and Etiologies

Many drugs used during HSCT (e.g., antibiotics, 
antifungal agents, and immunosuppressants) as 
well as total parenteral nutrition (TPN) are 
 frequently the cause of asymptomatic elevation 

of hepatic enzymes (see Chap. 28 for a compre-
hensive list of drugs and agents used in HSCT). 
In addition to drugs and TPN, iron overload and 
infections/sepsis can cause transaminitis. Acute 
GvHD can also be the etiology of transaminitis 
during the peri-HSCT period and is discussed 
elsewhere (see Chap. 18).

 Diagnostic Studies

The diagnostic workup for transaminitis that 
arises during the peri-HSCT period includes 
ascertaining the characteristics of any signs or 
symptoms from the history or physical examina-
tion, such jaundice or abdominal pain, in the con-
text of the timing of the HSCT process. Laboratory 
evaluation includes liver function tests (LFTs), 
serum chemistries, PT/INR, albumin, CBC, iron 
and total iron-binding capacity (TIBC), ferritin, 
and quantitative PCR for adenovirus, CMV, and 
EBV. Imaging studies, including abdominal ultra-
sound, CT, or MRI, may be warranted.

 Management and Outcomes

The overarching management of transaminitis in 
the context of the peri-HSCT period is to address 
the potential etiologies of the transaminitis. For 
example, if a drug(s) is suspected, then every effort 
should be made to discontinue the causative agents 
and replace it with another that is potentially less 
hepatotoxic, such as the substitution of voricon-
azole with caspofungin for fungal prophylaxis. In 
some cases, it is not feasible to discontinue the 
hepatotoxic agent, such as TPN in a HSCT patient 
with severe mucositis. In cases such as these, strat-
egies to limit the exposure are attempted. Another 
strategy is to monitor drug levels, as supratherapeu-
tic levels of some drugs correlate with an increased 
degree of worsening hepatic function [1].

 Iron Overload

Introduction: Secondary iron overload is caused 
by multiple transfusions of packed red blood 
cells (pRBCs). One unit of pRBCs contains 
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approximately 200 mg heme iron. This iron is 
deposited in organs, particularly the heart and 
liver, and can cause life-threatening damage. 
Many patients, such as those with AML, thalas-
semia, severe aplastic anemia, and sickle cell dis-
ease, who come to HSCT have received a 
significant number of pRBC transfusions. Iron 
overload can manifest itself early or late in the 
HSCT course. The sequelae from iron overload 
have been associated with other complications 
seen with HSCT. These include acute and chronic 
GvHD, infections (particularly fungal), SOS, late 
cardiotoxicity, and transaminitis [2].

Clinical manifestations: Most often, patients 
with iron overload are asymptomatic early on 
despite damage to tissues that has already begun 
[3]. Iron overload may lead to hair loss, skin 
color changes, heart arrhythmias, joint pain, 
osteoporosis, hepatosplenomegaly, abdominal 
pain, cirrhosis, amenorrhea, hypothyroidism, 
hypogonadism, adrenal insufficiency, hypopitu-
itarism, hyperglycemia, and depression.

Diagnostic studies: Ferritin, iron, and TIBC 
are frequently checked pre-HSCT. While ferritin 
is an acute-phase reactant and is elevated with 
any inflammatory process, serum ferritin reflects 
the amount of stored iron in the body, and a serum 
ferritin >1000 μg/L is indicative of significant 
iron overload [4]. An MRI is often used to esti-
mate iron levels in the liver. Superconducting 
quantum interference device (SQUID) uses a 
low-power magnetic field with detectors that 
measure the interference of iron within the field 
and can be a noninvasive method to measure liver 
iron overload, but it is still considered investiga-
tional [5]. The gold standard to diagnose liver 
iron overload is a liver biopsy because it provides 
a direct assessment of iron deposition in the 
hepatic tissue and gives an accurate measurement 
of liver iron concentration (LIC). However, a 
liver biopsy, even when using a transjugular 
approach, is invasive and carries a significant risk 
for bleeding and infection. Thus, it is rarely per-
formed in the HSCT setting.

Management and outcomes: Traditionally, the 
management of iron overload is scheduled, inter-
mittent phlebotomy. However, this approach is con-
traindicated in patients with anemia which is often 
the case for the potential HSCT patients. Thus, 

alternative treatments should be instigated such as 
the use of iron-chelating agents. Deferoxamine is an 
iron chelator that is administered as a continuous 
subcutaneous infusion, and so compliance can be an 
issue even though it has proven efficacy [6, 7]. Oral 
iron chelators, such as deferasirox, are efficacious 
in this setting and are commonly used [8].

 Sinusoidal Obstruction Syndrome 
(SOS)

 Introduction

Sinusoidal obstruction syndrome (SOS) (previ-
ously known as veno-occlusive disease, VOD) has 
been recognized for decades as a potentially life-
threatening complication of HSCT. SOS ranges 
from a mild, reversible process to a life- threatening, 
severe syndrome with multi-organ failure. 
Historically, severe SOS had been associated with 
a high mortality rate (before the advent of defib-
rotide). SOS arises from damage to the epithelial 
cells of the sinusoids and to hepatocytes. It can 
also occur after hepatotoxic chemotherapies in a 
non-HSCT setting, such as 6-thioguanine. This 
syndrome was first described in 1920 following 
the administration of Senecio tea that contained 
pyrrolizidine alkaloid. The name veno-occlusive 
disease was first attributed in the late 1950s to 
describe a hepatotoxic syndrome of painful hepa-
tomegaly, fluid retention, hyperbilirubinemia, and 
ascites that occurred after the ingestion of Senecio 
tea [9]. It was first described in a myeloablative 
SCT setting in 1979 by Jacobs et al. [10]. Further 
work in the 1980s showed that partial to complete 
obstruction of the terminal hepatic venules with 
central necrosis and damage to the sinusoids was 
present in the liver upon autopsy [11–13]. Work in 
the 1990s noted the presence of hypercoagulabil-
ity as well as fibrin and factor VIII deposition in 
the terminal hepatic venules in patients with SOS 
[14, 15]. These observations were the basis of the 
initial prophylaxis and treatment strategies using 
anticoagulation for SOS, but they were generally 
unsuccessful ([16–21] and reviewed in Dignan 
et al. [22]). Subsequent work suggested that the 
initial damage occurs in the sinusoids with occlu-
sion of venules as a consequence, rather than a 
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cause, of this syndrome and, thus, was more 
appropriately termed sinusoidal obstruction syn-
drome instead of VOD [11, 23].

 Pathophysiology

In normal hepatic microanatomy, the major func-
tional unit is the portal triad which is composed 
of branches of the (1) portal vein, (2) hepatic 
artery, and (3) bile duct. Each triad is further 
divided into a hexagonal “lobule” centered 
around a terminal hepatic vein, i.e., the central 
vein. Each lobule is segmented into acini. Each 
acinus is subdivided into zones that represent dif-
ferent metabolic regions that move blood from 
the afferent blood flow toward the central vein. 
Zone 3 of the acinus is the area that is typically 
found to be damaged in SOS (see Fig. 15.1) [11]. 
Blood from the portal vein and hepatic artery 
mixes in the sinusoids which are narrow cavities 
lined by fragile sinusoidal endothelial cells and 
then empties through the central vein. Sinusoids 

are fenestrated, and so plasma normally flows 
freely into the space of Disse.

The severity of SOS is proportional to the 
extent of injury to the liver. Conditioning regimen 
agents damage sinusoidal endothelial cells and 
hepatocytes, triggering multiple pathways that 
result in inflammation and destruction of the cyto-
skeletal structure of these cells with the cells occu-
pying Zone 3 of the hepatic acinus being the most 
vulnerable to damage [11]. Activation of these 
pathways leads to sinusoidal narrowing. Along 
with deposition of fibrinogen and factor VIII as 
well as erythrocyte congestion, the damage to the 
sinusoidal endothelial cells leads to the loss of 
endothelial cell fenestrations. Red blood cells can 
then enter into the space of Disse and cause sinu-
soidal cell damage and denudation of the sinusoi-
dal lining. The sloughed sinusoidal endothelial 
cells, erythrocytes, hepatocytes, and other debris 
embolize downstream, causing venous conges-
tion. This congestion leads to venous occlusion 
that often progresses to disruption of the normal 
liver architecture with centrilobular necrosis. This 

Hepatic acinus
zone

Hepatic artery
branch

Bile ductile

Hepatic portal
vein branch

Portal triads

Hepatocyte

Liver sinusoid
Endothelial cells

Central vein

1
2

3

Fig. 15.1 Schematic representation of the hepatic acinus. 
In sinusoidal obstruction syndrome, obstruction of the 
hepatic sinusoids occurs in zone 3 of the hepatic acinus 
(Reprinted by permission from Macmillan Publishers 
Ltd.: Mohty M, Malard F, Abecassis M, Aerts E, Alaskar 

AS, Aljurf M, et al. Sinusoidal obstruction syndrome/
veno-occlusive disease: current situation and perspec-
tives—a position statement from the European Society for 
Blood and Marrow Transplantation (EBMT). Bone 
Marrow Transplantation. 50(6):781–9, 2015 [84])
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state can then progress to occlusion of the terminal 
venules and liver fibrosis, ultimately leading to 
liver failure and often death.

Damage to the endothelial cells and hepatocytes 
is mediated or directly caused by cytokines, such as 
TNF-α, IL-1β, and IL-6. Increased expression of 
adhesion molecules ICAM-1 and VCAM-1 on 
endothelial cell surfaces also occurs in response to 
the damage. Activation of leukocytes that release 
additional inflammatory cytokines causes digestion 
of the extracellular matrix resulting in portal vein 
hypertension and hepatic venous outflow obstruc-
tion that leads to hepatic enlargement with capsular 
distension. The end result is clinically manifested as 
SOS. In the late stages of this process, portal venous 
flow reversal occurs, and hepatorenal syndrome fre-
quently develops in severe SOS that will progress 
ultimately to multi-organ failure and death if early 
recognition and intervention do not occur.

In addition to the mechanical damage to the 
liver caused by this inflammatory state, SOS is 
also characterized by having a procoagulant state. 
SOS is associated with low levels of antithrombin 
3, factor VII, and protein C as well as a high level 
of plasminogen activator inhibitor (PAI-)1, which 
is an important inhibitor of fibrinolysis [24–27]. 
Tumor growth factor (TGF)-beta which is a cyto-
kine directly involved in fibrinogenesis and 
released from platelets is associated with an 
increased risk of developing SOS [28]. The illus-
tration in Fig. 15.2 represents the steps that lead 
to the clinical manifestation(s) of SOS.

 Incidence

The incidence of SOS in HSCT patients is report-
edly variable, ranging from 11% to 60%, and has 
been reported to be up to 55% of patients who 
received high-dose alkylator therapy as part of 
their conditioning regimen (reviewed in [29]). 
This wide range is most likely due to different 
diagnostic criteria that have been used over time. 
The mean incidence of SOS in pediatric patients 
has been reported to be 25% as compared to 
13.7% in adult patients [30]. One hypothesis 
addressing this difference between pediatric and 
adult patients is that the underlying indications 

for HSCT in pediatric patients are associated 
with a substantial increased risk of SOS, includ-
ing neuroblastoma, familial hemophagocytic 
lymphohistiocytosis (HLH), and osteopetrosis. 
Regardless, the incidence of SOS depends upon 
the proportion of patients who are at high risk for 
developing SOS pre-HSCT and their exposure to 
high-dose chemotherapy with or without irradia-
tion used in their conditioning regimen. Overall, 
the reported incidence of SOS is declining due to 
the increased use of reduced-intensity and non-
myeloablative conditioning regimens, pharmaco-
logic dosing of busulfan, generally “healthier” 
patients pre-HSCT, and a decreased delay in rec-
ognition and initiation of treatment of SOS.

 Risk Factors

Risk factors for SOS can be divided into two 
groups: pre-HSCT and HSCT related. In gen-
eral, one cannot alter the pretransplant risk fac-
tors, only recognize them, whereas one can 
minimize the risk by selecting a conditioning 
regimen that minimizes risk for SOS without 
compromising the “benefits” from the condition-
ing regimen. Table 15.1 summarizes the risk fac-
tors for developing SOS. One of the major risk 
factors for developing SOS is pre-existing liver 
disease and/or dysfunction, including a history 
of viral hepatitis, iron overload, liver fibrosis 
and/or cirrhosis, prior liver transplantation, 
transaminitis, hyperbilirubinemia, abdominal 
irradiation, or hepatotoxic chemotherapy. Drugs, 
such as gemtuzumab ozogamicin and inotu-
zumab ozogamicin, are associated with a very 
high risk of developing SOS if given proximal to 
the start of the HSCT conditioning regimen [31, 
32]. The age of the patient at the time of HSCT 
contributes significantly to a patient’s risk for 
developing SOS. Younger children are at higher 
risk because of immature liver function. Cesaro 
et al. [33] showed that there was an increased 
incidence of SOS in patients <6.7 years versus 
≥6.7 years (17% vs. 4%). Another study of 138 
children undergoing a total of 144 HSCTs found 
the risk to be 30.4% in patients less than 2 years 
old, 12.5% in patients aged 2–8 years old, and 
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Chemotherapy/ Hepatic Insult

ROS Generation Glutathione Depletion

Damage to Sinusoidal
Endothelial Cells 

MMP Generation

Cytokine Release PAI-1 Generation

Fibrin Deposition

Collagen Deposition

Sinusoidal Narrowing
and Venous Congestion 

Venous Occlusion

Hepatic Enlargement with
Capsular Distension and Portal 

Venous Reversal of Flow 

Clinical Manifestations of SOS

Fig. 15.2 Illustration of SOS pathogenesis. The patho-
genesis is a complex process that involves glutathione 
depletion,  inflammation, procoagulant environment, and 
fibronogenesis that leads to sinusoidal narrowing and 
venous congestion in the liver that can evolve into venous 

occlusion resulting in hepatic enlargement with capsular 
distension and venous reversal of flow which is mani-
fested as severe sinusoidal obstruction syndrome (SOS). 
ROS, Reactive oxygen species; MMP, matrix metallopro-
teinase; PAI-1, plasminogen activator inhibitor-1
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7.7% in patients older than 8 years old [34]. 
Patients with advanced malignancies, HLH, 
adrenoleukodystrophy, osteopetrosis, and thalas-
semia are at a higher risk of developing SOS. The 
patient’s health status at the time of HSCT plays 
a role. The presence of comorbidities and/or 
Karnofsky performance score <90% is associ-
ated with a higher risk of developing SOS [35]. 
A history of serious infections, such as CMV or 
sepsis, is associated with a higher risk of devel-
oping SOS as well. Patients who received total 
parenteral nutrition (TPN) prior to HSCT have a 
higher risk for developing SOS [36]. A genetic 
variant of the glutathione s-transferase gene has 
been associated with an increased risk for SOS 

[30, 37]. Because glutathione is essential in the 
metabolism of a number of chemotherapeutic 
agents that are utilized in HSCT, polymorphisms 
of the glutathione s-transferase gene can affect 
tissue glutathione levels that can lead to increased 
endothelial cell toxicity.

HSCT-related factors include the type of 
HSCT (syngeneic/autologous is at less risk than 
allogeneic HSCT), the degree of HLA compati-
bility (major mismatch > minor mis-
match > match), the HSC source (peripheral 
blood < bone marrow or T-cell depleted HSC 
products < T-cell replete HSC products), the type 
of GvHD prophylaxis used, concurrent hepato-
toxic drugs, and the conditioning regimen used. 

Table 15.1 Compilation of risk factors of sinusoidal obstruction syndrome (SOS)

Pre-HSCT-related risk factors HSCT-related risk factors

• Liver dysfunction
  – Elevated transaminases
  – Elevated bilirubin

• Allogeneic > autologous
  – Parental > sibling
  – Haploidentical > sibling

• Pre-existing liver disease
  – Viral hepatitis
  – CMV positivity

• Grade of HLA compatibility
  – Major mismatch > minor mismatch > match

• Age (particularly <1–2 years old) • Myeloablative conditioning > reduced-intensity conditioning (RIC)
  –  Busulfan + cyclophosphamide > 

cyclophosphamide + busulfan > busulfan alone > fludarabine > TBI 
(>12 Gy) + cyclophosphamide or 
BCNU + cyclophosphamide + etoposide

•  Prior exposure to gemtuzumab 
ozogamicin or inotuzumab ozogamicin 
(particularly in proximal to HSCT)

• GvHD prophylaxis
  – CSA + MTX > CSA > sirolimus + MTX + tacrolimus

• Liver transplantation • T-cell replete grafts

• Ferritin levels >1000 ng/mL • Acute GVHD of the gut and/or liver

•  Need for parenteral nutrition prior to 
HSCT

• Peripheral blood stem cells > bone marrow

• Prior abdominal radiation –

•  Poor performance status (<90%, 
Karnofsky score)

–

• Prior HSCT –

• Underlying disease
  – Advanced leukemia
  – Immunodeficiency
  – Myelodysplasia
  – Inborn errors of metabolism
  – Thalassemia
  – JMML

–

•  Prior life-threatening infections, e.g., 
sepsis

–

• Genetic factors
  –  Glutathione s-transferase (GSTM1)-

null genotype

–
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Patients receiving myeloablative conditioning 
regimens are at higher risk for developing SOS 
than those receiving reduced-intensity condition-
ing. Both cyclophosphamide and busulfan alone 
are associated with SOS [38]. Cesaro et al. [33] 
reported that busulfan itself was associated with 
an increased risk of SOS (25% vs 13%), as con-
firmed in other studies. This risk is dependent 
upon the exposure/dose of busulfan because 
pharmacokinetic-targeted dosing of IV busulfan 
is associated with a decreased risk of developing 
SOS as compared to oral dose adjusted [39]. The 
agents used in conditioning regimens and the 
sequence in which they are given impact the 
HSCT patient’s risk for developing SOS. The risk 
is higher in patients who were conditioned with 
the combination of busulfan and cyclophospha-
mide rather than busulfan alone, and the adminis-
tration of busulfan followed by cyclophosphamide 
is associated with a higher risk of SOS than 
cyclophosphamide followed by busulfan [40]. 
Busulfan depletes glutathione stores which leave 
sinusoidal cells of the liver more vulnerable to 
damage caused by cyclophosphamide metabo-
lites. While total body irradiation (TBI) alone 
(12–15 Gy) does not usually cause SOS, TBI can 
be synergistic with high-dose alkylator therapy to 
induce SOS ([24, 35] and reviewed in [41]). 
Combinations of GvHD drugs, particularly siro-
limus with methotrexate and/or tacrolimus, are 
associated with a higher incidence of SOS as 
compared to these drugs given individually [42]. 
In addition, having undergone a previous HSCT 
places the patient at higher risk for developing 
SOS during the peri-HSCT period [24].

 Clinical Features

SOS is characterized by fluid retention, rapid 
weight gain, right upper quadrant abdominal 
pain, hepatomegaly, ascites, and hyperbilirubine-
mia with no other identifiable cause for the liver 
dysfunction that typically develops over a rela-
tively short period of time. Most commonly, SOS 
occurs from the first day of conditioning to day 
+30 post-HSCT, with a mean of day +12. 
However, SOS can occur after day +30 post- 

HSCT and can be more difficult to recognize 
resulting in a delay in the initiation of treatment.

Very often, severe SOS is associated with 
multi-organ failure (respiratory, renal, and/or car-
diac). In addition, patients can develop confusion, 
encephalopathy, renal insufficiency, renal failure, 
pleural effusion or infiltration, and hypoxia. These 
manifestations are discussed in depth elsewhere in 
this chapter (see “Complications” section below).

Bearman [43] related the risk of developing 
severe SOS to the degree and rate of weight gain 
and increase in bilirubin to the day post- 
HSCT. While the specifics of this relationship may 
not be as relevant today with better supportive care 
and prophylaxis, the rule of thumb remains that 
the likelihood of severe SOS is increased if the 
patient experiences a quick weight gain and jaun-
dice early on in the HSCT course. However, it 
needs to be noted that approximately one-fourth of 
pediatric patients with moderate to severe SOS 
will not have hyperbilirubinemia [44].

 Differential Diagnosis

In general, the classic triad of SOS is rapid weight 
gain with or without ascites, an elevated bilirubin 
with or without jaundice, and right upper  quadrant 
pain and/or hepatomegaly. All of these findings are 
nonspecific and can be seen during the HSCT 
course without developing SOS. Because the diag-
nosis of SOS is one of exclusion, one must con-
sider the differential diagnosis of this constellation 
of signs and symptoms. In addition to SOS, capil-
lary leak syndrome, drug toxicity, sepsis/infection, 
renal failure, congestive heart failure, acute GvHD, 
TPN-induced hepatic injury, cholestasis, hemoly-
sis, as well as others listed in Table 15.2 should be 
considered when a patient develops one or more of 
these findings in the peri-HSCT period.

 SOS Surveillance, Diagnostic Studies, 
and Diagnostic Criteria

SOS surveillance: The diagnosis of SOS is one 
of exclusion and is based upon a patient meeting 
a set of established clinic criteria. Because early 
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recognition with initiation of treatment without 
delay is associated with a better outcome in 
patients with SOS, close monitoring is essential 
in patients at high risk for developing 
SOS. Patients need to be evaluated on an ongo-
ing basis because the diagnosis of SOS is itera-
tive rather than one point in time. Furthermore, 
patients may quickly escalate from mild or 
moderate to severe SOS very quickly, typically 
with a more than doubling of bilirubin over only 
24 h [43]. Patients require daily assessment for 
signs of fluid overload, ascites, and hepatomeg-
aly. Strict intake/output (I/O) needs to be 
recorded. Serum bilirubin, ALT, and AP should 
be monitored daily. One needs to pay attention 
to platelet consumption and transfusion needs, 
as rapid platelet consumption is often seen with 
SOS [45, 46]. This increased need for platelet 
transfusions is thought to be due to progressive 
endothelial damage.

Diagnostic imaging: Ultrasound with Doppler 
may be helpful in excluding other disorders in 
patients suspected to have SOS. However, this 
imaging modality is neither very sensitive nor 
specific for the diagnosis of SOS but may con-
tribute valuable information when used in con-
junction with clinical and laboratory findings. 
Findings of ascites, reversal of flow in the portal 
vein, hepatic artery resistance index (0.75), and 
abnormal portal vein waveform are suggestive of 
VOD [47]. Reported abnormalities seen with 
ultrasound include thickening of the gallbladder 
wall, reversal of portal vein blood flow, ascites, 
hepatomegaly, and splenomegaly; prospective 
studies have failed to show consistent results 
[48]. Other imaging measurements for predict-
ing SOS or for diagnosis prior to the clinical 

manifestations of SOS include transient elastog-
raphy (TE) measurement which is a noninvasive, 
indirect method to evaluate liver fibrosis by 
assessing liver stiffness. However, results using 
TE measurements to act as an indirect marker of 
SOS in adult HSCT patients have been mixed 
[49, 50]. The usefulness of liver stiffness and 
other measurements as ascertained by ultrasound 
and other imagining techniques are under 
investigation.

Liver biopsy: While a definitive diagnosis of 
SOS can be made via the use of invasive testing, 
such as percutaneous or transjugular liver biopsy, 
these procedures are rarely performed because of 
the very high risk of bleeding associated with 
these procedures in an already thrombocytopenic 
patient.

Biomarkers: While no reliable biomarker(s) 
of SOS has been identified thus far, it is an area 
of active investigation. Predictive biomarkers of 
endothelial injury, such as von Willebrand fac-
tor, thrombomodulin, E-selectin, and soluble 
intracellular adhesion molecule-1 (sICAM-1), 
have been investigated but are not currently 
incorporated into standard of care [51]. One 
study identified ST2, ANG2, L-Ficolin, hyal-
uronic acid (HA), and vascular cell adhesion 
molecule-1 (VCAM1) together to be a bio-
marker panel that can be used to make the diag-
nosis of SOS early on in its course [52]. Using a 
biomarker panel of L-Ficolin, HA, and VCAM1, 
Akil et al. [52] were also able to stratify patients 
at risk for SOS as early as the day of HSCT 
infusion. While these studies are promising, the 
use of a biomarker panel to identify patients at 
risk or to diagnose SOS early on in its course is 
still investigational.

Table 15.2 Summary of the differential diagnosis of SOS based on signs and symptoms

Rapid weight gain Jaundice/elevated bilirubin RUQ pain/hepatomegaly/ascites

• Congestive heart failure • Biliary obstruction or infection • Congestive heart failure

• Renal failure • Acute hepatic GVHD • Fungal infections

• Sepsis • Cholestasis • EBV lymphoproliferative disease

• Capillary leak syndrome • Cyclosporine • Pancreatitis

– • Hemolysis • Portal vein thrombosis

– • Autoimmune hepatitis –

– •  Drug- or TPN-induced injury/toxicity –

– • Fungal abscess or viral hepatitis –
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Diagnostic criteria: Because the associated 
findings of SOS are nonspecific, criteria were 
devised and then modified to provide clinicians 
guidelines for making the diagnosis of SOS 
[12, 15, 53, 54]. Table 15.3 summarizes three 
sets of these criteria. In general, the Baltimore 
criteria are more indicative of severe SOS and 
are used more often in adult HSCT patients, but 
because of the stringent criteria, cases of SOS 
may be excluded when using the Baltimore cri-
teria. In comparison, the Seattle criteria are 
considered to be more liberal or inclusive. 
Therefore, use of these criteria may result in the 
misidentification of patients having SOS and 
thus be overtreated. At this time, the modified 
Seattle criteria are used routinely in the pediat-
ric HSCT patient population, as this set of crite-
ria is the most relevant to this HSCT patient 
population [15].

A patient does not necessarily need to meet 
all of the criteria in order to be deemed appro-
priate to begin treatment for SOS. For exam-
ple, the absence of an elevated bilirubin does 

NOT mean that SOS is absent if other criteria 
are present. Over one-fourth of pediatric 
patients with SOS will not have an elevated 
bilirubin at the time of diagnosis of SOS [44]. 
Furthermore, waiting for all of the criteria to 
manifest may delay initiation of therapy, result-
ing in a poorer outcome [55]. Performing an 
ultrasound with Doppler very early on in the 
HSCT course may lead to more timely diagno-
sis and thus therapeutic intervention. In some 
cases, SOS occurs after day 30 post-HSCT and 
is often under-recognized but should be con-
sidered in patients who have received high-
dose busulfan.

 Grading of SOS

The severity of SOS is based upon clinical crite-
ria, but these criteria can only be assigned retro-
spectively. Table 15.4 summarizes the guidelines 
for assigning grade of SOS (mild versus moderate 
versus severe) as well as treatment by grade. Mild 

Table 15.4 General guidelines for assigning grade and treatment of SOS by grade

Grade
Bilirubin 
(mg/dL) Transaminases

Weight 
above 
baseline

Renal function 
(creatinine 
above 
baseline)

Rate of 
change of 
these factors General treatment strategy

Mild <5 <3× normal <2% Normal Slow (over 
6–7 days)

Observation → supportive care 
alone

Moderate 5.1–8 3–8× normal 2–5% <2× normal Moderate 
(over 
4–5 days)

Judicious use of 
diureticsa ± paracentesisb

Severe >8 >8× normal >5% >2× normal Rapid (over 
2–3 days)

Defibrotide (6.25 mg/kg IV 
q6h for a minimum of 
21 days)

aNeed to preserve renal blood flow and avoid prerenal azotemia
bIndicated if respiratory compromise or severe pain present

Table 15.3 Criteria used to diagnose SOS

Baltimore criteria Seattle criteria Modified Seattle criteria

– More indicative of severe SOS – More Inclusive – Most relevant

Bilirubin must be >2 mg/dL before 
D + 21 post-HSCT, and two of the 
following criteria must be present

At least two of the following criteria 
within the first month post-HSCT

Two of the following criteria before 
day +20 post-HSCT must be present

• Hepatomegaly • Jaundice • Bilirubin >2 mg/dL

• Ascites • Hepatomegaly and RUQ pain • Hepatomegaly or RUQ pain

•  Weight gain (>5% above 
pre-HSCT weight)

•  Ascites and/or unexplained weight 
gain

•  Weight gain (>5% above 
pre-HSCT weight) or ascites
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SOS is characterized by a serum bilirubin level 
<5, transaminases less than three times above the 
upper limit of normal, and weight <2% above 
baseline with a normal creatinine. The rate of 
change in these laboratory values is slow, over 6 
and 7 days. In comparison, SOS is classified as 
moderate if the bilirubin is between five and eight, 
transaminases are 3–8 times above the upper limit 
of the normal range, and weight gain is 2–5% 
above baseline but with an abnormal creatinine 
that is no more than two times above the patient’s 
baseline. Generally, the rate of change of these 
factors can occur over 4–5 days. In severe SOS, 
the patient’s bilirubin peaks above eight in most 
cases with transaminases more than eight times 
above the upper limit of the normal range. 
Furthermore, a greater than 5% increase above the 
patient’s baseline weight and a creatinine that is 
more than two times above the patient’s baseline 
creatinine are associated with SOS [47]. Patients 
can escalate from mild or moderate to severe SOS 
as quickly as less than 24 h. Early recognition 
without a delay in instituting interventions is par-
amount to improving outcome [56].

 Prevention and Prophylaxis

One of the most important interventions that can 
be done to prevent SOS is to avoid or at least 
minimize modifiable risk factors, such as reduc-
ing iron overload, as well as recognizing poten-
tial interactions of drugs prior to HSCT. For 
example, because the combination of busulfan/
cyclophosphamide is associated with a higher 
risk of SOS as compared to busulfan alone, 
cyclophosphamide can be substituted with fluda-
rabine, or busulfan can be substituted with treo-
sulfan in the conditioning regimen [57]. 
Alternatively, the intensity of the conditioning 
regimen can be reduced (i.e., use of reduced- 
intensity conditioning in place of myeloablative 
conditioning) as long as the efficacy of the condi-
tioning regimen is not compromised [58].

Many agents to prevent SOS have been tried. 
These include ursodeoxycholic acid (UDCA, 
ursodiol), defibrotide, low- and high-dose hepa-
rin (unfractionated and LMW), antithrombin III, 

and N-acetylcysteine. Tay et al. [59] performed a 
meta-analysis of six studies of ursodiol for the 
prevention of SOS. They concluded that their 
meta-analysis favored the use of ursodiol for 
SOS prophylaxis [60–62]. Furthermore, the evi-
dence was inconclusive for low-dose sodium 
heparin, LMW heparin, PGE1, N-acetylcysteine, 
and antithrombin III. Another meta-analysis 
which included 12 studies of LMW or unfrac-
tionated heparin as SOS prophylaxis reported 
that these agents did NOT significantly decrease 
the risk of SOS [18, 19, 63]. Glutamine supple-
mentation has been tested as prophylaxis for SOS 
in one study, but the data was difficult to interpret 
because the sample size was small and a variety 
of conditioning regimens were used [64]. 
Corbacioglu et al. [65] reported the results of a 
prospective, randomized controlled trial testing 
defibrotide as SOS prophylaxis. The design of 
this landmark study had two arms: the prophy-
laxis arm with defibrotide (25 mg/kg/day divided 
q6h) starting on the first day of conditioning 
through day +30 post-HSCT (n = 180) versus the 
control arm of no prophylaxis (n = 176). If 
patients developed SOS on either arm, they were 
treated with defibrotide until resolution. Of the 
total of 356 study participants, the median age 
was 6.6 years; 65% underwent allogeneic HSCT 
whereas 31% were autologous. The results of this 
European Society for Blood and Marrow 
Transplantation (ESBMT) study showed that the 
incidence of SOS by day +30 post-HSCT was 
significantly lower in the prophylaxis arm as 
compared to the control arm (12% versus 20%, 
p = 0.05), as was the incidence of SOS with renal 
failure (1% versus 6%, respectively, p = 0.02). 
Furthermore, the incidence of GvHD was lower 
in the defibrotide arm (45% versus 63%, respec-
tively, p = 0.004). The transplant-related mortal-
ity (TRM) at day +100 post-HSCT was the same 
in both arms at 9%, and there was no difference 
in the number of patients with significant adverse 
events between the two arms (87% versus 88%). 
Although the numbers were small, patients with a 
prior exposure to gemtuzumab had a lower inci-
dence of SOS (18%) as compared to those in the 
control arm (40%). The results for patients with 
pre-existing liver disease were 15% versus 22% 
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(prophylaxis versus control); for patients who 
underwent a second myeloablative HSCT, the 
rates were 8% versus 17% (prophylaxis versus 
control) and for those with HLH as the indication 
for SCT was 0% versus 40% (prophylaxis versus 
control). Since 2013, in England, defibrotide is 
recommended for the prevention of SOS in pedi-
atric HSCT patients with the following risk fac-
tors: pre-existing liver disease, second 
myeloablative HSCT, allogenic HSCT for leuke-
mia in >CR2, busulfan-containing conditioning 
regimens, prior treatment with gemtuzumab ozo-
gamicin or inotuzumab ozogamicin, and a diag-
nosis of HLH, ALD, or osteopetrosis ([33, 34, 
66, 67] and reviewed in [22, 41]). The use of defi-
brotide for SOS prevention is under investigation 
in the USA.

 Complications

In addition to the liver, severe SOS affects the 
renal and pulmonary systems predominantly; 
however, SOS-associated complications of the 
cardiac, hematologic, integumentary, and neuro-
logic systems can occur with varying degrees.

Renal dysfunction/failure: SOS is the primary 
cause of renal failure during the first 21 days 
post-HSCT and resembles hepatorenal syn-
drome. SOS-associated renal failure is the result 
of vasoconstriction or poor glomerular perfusion. 
Albumin exerts a strong oncotic pull by drawing 
fluids from the extravascular space to the intra-
vascular compartment. SOS causes hepatic injury 
that leads to synthetic dysfunction with resultant 
hypoalbuminemia. Thus, hypoalbuminemia leads 
to ascites and peripheral edema. In the presence 
of ascites and peripheral edema, the kidneys 
attempt to correct this hypovolemic state by vaso-
constriction which affects renal blood flow and 
thus worsens renal function. In addition, portal 
hypertension and hepatic venous outflow obstruc-
tion contributes to the accumulation of ascites. 
The patient develops prerenal azotemia with the 
BUN-creatinine ratio greater than 30:1 (normal is 
<20:1), and prerenal azotemia can cause tubular 
damage of the kidneys. Hyponatremia is com-
mon, but one wants to keep serum sodium low (in 

the 127–133 range) in order to decrease retention 
of water. Initially, patients with severe SOS have 
normal or slightly decreased urine output with a 
high urine specific gravity (USG) > 1.015. If ure-
mia continues, then weakness, fatigue, and 
abnormal hemostasis may occur. As hepatic 
function deteriorates, so does the renal function, 
and patients may require hemodialysis.

Respiratory compromise/failure: Generally, 
SOS-induced respiratory compromise is caused 
by fluid overload and capillary leak. It may also 
be caused by aspiration pneumonia secondary 
to decreased mentation. Furthermore, abdomi-
nal distension may exert pressure on the dia-
phragm resulting in hypoventilation which is 
clinically evident by tachypnea and rales on 
auscultation.

Cardiovascular compromise/failure: SOS- 
associated cardiac complications are linked to 
renal function. Cardiac output increases when the 
arterial pressure is low. Patients may need inotro-
pic agents to maintain a normal blood pressure. 
Also, pericardial effusions with or without tam-
ponade may develop.

Hematologic: SOS typically develops while 
the post-HSCT patient is still profoundly throm-
bocytopenic; this thrombocytopenic state in com-
bination with the coagulopathy that results from 
an elevated BUN and bilirubin which can inter-
fere with coagulation pathways as well as the 
decreased liver synthetic function can result in 
spontaneous bleeding from the nares, oral 
mucosa, and GI tract. Patients may require fresh 
frozen plasma (FFP) and fibrinogen infusions in 
addition to platelet and pRBC transfusions in 
order to ameliorate the clinical manifestations of 
the SOS-induced coagulopathy.

Skin: Significant edema and ascites cause the 
skin to become very thin and taut that typically 
results in a very shiny appearance. This state 
increases the risk of skin breakdown and injury in 
the setting of poor wound-healing capacity. 
Pruritus often occurs, but scratching needs to be 
discouraged because of the increased risk of skin 
breakdown in the context of poor wound-healing 
capacity contributing to an increased risk for 
infection. Loose cotton clothing (as compared to 
synthetic fabrics) should be used because cotton 
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provides better air exchange and less sweating, as 
sweating can potentiate pruritus.

Neurologic: Neurologic complications as a 
consequence of SOS include mental status 
changes and encephalopathy. Lethargy is com-
mon. The etiology of mental status changes is 
multifactorial. It can be the result of renal or 
hepatic failure. Serum ammonia levels increase 
as liver dysfunction worsens and can no longer 
adequately detoxify nitrogenous waste products 
into urea. Hepatic encephalopathy can range 
from mild to severe and correlate with serum 
ammonia levels. While not effective at treating 
the underlying cause of the liver dysfunction (i.e., 
SOS), lactulose is often used to decrease ammo-
nia levels and thus improve the encephalopathy. 
Hepatic clearance of medications is impaired 
with SOS and can result in half-life prolongation 
of hepatically cleared medications. Thus, patients 
with SOS who are receiving concurrent IV opiate 
or anxiolytics need to be monitored very closely 
for neurologic changes in order to avoid exacer-
bation of any neurologic changes.

 Management

If SOS is suspected, early intervention is crucial 
in order to achieve a favorable outcome in 
patients with SOS. These interventions include 
supportive care and treatment with defibrotide, 
the only FDA-approved agent for the treatment of 
SOS in the HSCT setting. In addition, one should 
get critical care colleagues involved early on in 
the course of SOS.

Supportive care: Historically, management of 
SOS focused primarily on supportive care to 
minimize fluid overload while maintaining ade-
quate renal perfusion and are still important 
today. Specific supportive care measures include 
diuresis, correction of coagulopathies, adequate 
analgesia, as well as paracentesis to relieve dis-
comfort from ascites and to improve ventilation. 
Hemodialysis, hemofiltration, and mechanical 
ventilation are performed in patients with multi- 
organ failure as indicated. Management of hepa-
torenal syndrome includes fluid restriction, 
avoidance of crystalloid and any sodium- 

containing fluids, as well as the judicious use of 
diuretics. Furosemide is often used, but, because 
it is a loop diuretic, it should be used carefully, as 
furosemide can deplete intravascular volume 
resulting in decreased renal perfusion. 
Spironolactone is often used in this situation 
because it increases sodium and water excretion 
while sparing potassium excretion. Low-dose 
dopamine (1–2 μg/kg/h) has been used to improve 
renal perfusion but is not always effective. 
Nephrotoxic medications should be avoided as 
much as possible. Patients are hypovolemic but 
the effectiveness of repletion with pRBC transfu-
sions has not been supported.

Management of SOS-associated respiratory 
compromise and/or failure may improve with 
paracentesis. Pulse oximetry monitoring may not 
be sufficient to monitor respiratory status because 
it will not detect O2 retention or abnormal 
pH. Thus, arterial blood gas (ABG) monitoring 
may be needed. Supplemental oxygen should be 
delivered as needed. However, despite all of these 
supportive care maneuvers, patients may require 
mechanical ventilation to provide adequate respi-
ratory support, and this forebodes a very poor 
prognosis.

Defibrotide: Although it has been used and 
tested since the 1990s, defibrotide was approved 
by the FDA in 2016, and it is the only FDA- 
approved agent for the treatment of severe SOS. 
Defibrotide is a polydeoxyribonucleotide derived 
from the mammalian mucosa or lung, and it is an 
adenosine receptor agonist [68]. The mechanism 
of defibrotide is not fully understood. However, it 
seems to exert protective effects on endothelial 
cells by decreasing the influx of inflammatory 
mediators (by decreasing intercellular adhesion 
molecule (ICAM)-1 and heparanase) and by 
restoring the thrombotic-fibrinolytic balance (by 
the activation of the fibrinolytic system by 
increasing tPA, tissue factor pathway inhibitor 
(TFPI), and thrombomodulin and by decreasing 
PAI-1, TF, and vWF) [69–76]. It also increases 
levels of prostaglandin I2 and E2 as well as pros-
tacyclin. Defibrotide can promote endothelial 
cell proliferation in vitro and thus may contribute 
to the recovery of injured liver tissue. Defibrotide 
appears to work locally versus systemically, 
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accounting for its relatively benign toxicity pro-
file with a minimal bleeding risk.

The first report of defibrotide used for post- 
HSCT SOS was a retrospective study in the USA 
of 19 patients (six were under 20 years old) with 
severe SOS (as diagnosed by the Baltimore crite-
ria) and multi-organ failure and/or <30% risk by 
the Bearman model, who received defibrotide on 
a compassionate use basis [77]. Resolution of 
SOS occurred in 42% of patients with a trend of 
young patients (<20 years old) achieving a com-
plete response (67% versus 31%, <20 years old 
versus ≥20 years old). In a phase II, multicenter, 
randomized, dose-finding trial of 149 patients 
with severe SOS (of which 48 were pediatric 
patients), patients were randomized to receive 25 
or 40 mg/kg/day. Eligibility criteria included 
patients who had a 30% or greater chance of 
developing severe SOS according to the Bearman 
prognostic model [43] or had multi-organ failure. 
Overall, 57% of the pediatric patients had a com-
plete response (versus 40% in the adult patients). 
Survival at day +100 post-HSCT was 52% versus 
37% in the pediatric versus adult populations 
[78]. In a phase III, historically controlled clini-
cal trial of defibrotide that included 44 pediatric 
patients in the treatment arm and 14 in the his-
torical control group with severe SOS (as deter-
mined by Baltimore criteria) within 21 days 
post-HSCT and had developed multi-organ fail-
ure (as defined as significant renal and/or lung 
dysfunction) within 28 days of HSCT, the day 
+100 overall response (OR) was achieved in 36% 
of the pediatric patients receiving defibrotide as 
compared to only 7% in the historical control 
group. Hematologic adverse events were similar 
between the two groups [79]. Data of 303 pediat-
ric patients from an international compassionate 
use program of defibrotide for the treatment of 
severe SOS (from December 1998 to March 
2009) showed a 65% overall survival at day +100 
post-HSCT which was superior to the OS of adult 
patients [80]. The dosing and schedule for defib-
rotide are 6.25 mg/kg q6 h to be infused over 2 h 
for 3 weeks.

Other options: Transjugular intrahepatic por-
tosystemic shunt (TIPS) has been shown to 
relieve ascites in some but is only helpful if the 

patient has increased portal hypertension but still 
has liver synthetic function intact. It appears that 
this option is not as efficacious late in the course 
of severe SOS [81]. Liver transplant can be ben-
eficial and lifesaving in some severe cases, but it 
is contraindicated in patients with cancer because 
of the high risk of disease relapse.

Other agents tested but no efficacy: Many 
agents have been investigated for the treatment 
of SOS but without demonstrating benefit. 
Heparin and tPA have been tested extensively 
for the treatment of SOS, but anticoagulant and 
thrombolytic therapies have been shown to be 
largely ineffective with no survival benefit; 
therefore, they have been found to be associ-
ated with significant, sometimes life-threaten-
ing, bleeding complications [21, 82]. 
N-Acetylcysteine (NAC) which is a thiol anti-
oxidant that is thought to aid in glutathione syn-
thesis has shown no significant benefit [22]. 
Methylprednisolone may be considered for 
treatment of SOS, but this approach places the 
patient at greater risk for side effects, including 
infection. Thus, it is not recommended for 
treatment of SOS [22].

 Outcomes

Generally, the risk of mortality increases as the 
severity of SOS increases. Typically, mild SOS 
is self-limiting and is not treated beyond sup-
portive care. The mortality rate for mild SOS 
has been reported to be 9%. Before the avail-
ability of defibrotide, moderate SOS, which is 
treated with supportive care including judicious 
fluid management, use of diuretics, and use of 
pain medications, had a pre-defibrotide era mor-
tality rate of 23%. Associated morbidities 
include peripheral edema as well as renal insuf-
ficiency, pulmonary infiltrates, ascites, and 
hypoxia. Prior to the availability of defibrotide, 
the mortality rate of severe SOS by day +100 
post-HSCT was >90%. The cause of death was 
due to heart and/or kidney failure much more 
often than of liver failure. With the advent of 
defibrotide, the overall survival for all HSCT 
patients with SOS is 65% and is 36% for those 
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with multi-organ failure [79, 80]. Multi-organ 
failure, as manifested by the development of a 
supplemental oxygen requirement, renal dys-
function, and encephalopathy, remains the best 
predictor for a poor outcome for severe 
SOS. The rate of rise of bilirubin and rate of 
weight gain are also useful prognostic markers. 
In a single-institution retrospective study, Cheuk 
et al. [34] found that the development of SOS is 
associated with a higher mortality rate before 
day +100 post-HSCT. They went on to report an 
overall survival of 62% in post-HSCT pediatric 
patients with SOS. They identified predictors of 
mortality, including non-sibling allogeneic 
donor or autologous HSCT, moderate to severe 
acute GvHD of the liver and/or skin concurrent 
with SOS, admission to the intensive care unit 
(ICU), presence of pleural effusion, and weight 
gain >9% above baseline. They also confirmed 
that the higher the peak bilirubin, the higher the 
risk of mortality (specifically with a peak biliru-
bin above 17.5 mg/dL (300 μmol/L)) as well as 
the rate of rise of the bilirubin. A bilirubin 
>11.7 mg/dL (200 μmol/L) by day +21 post-
HSCT was associated with high mortality. More 
importantly, they found that the more predictors 
that a patient with SOS had, the higher the mor-
tality rate, and patients with SOS who had four 
or more of these predictors had 100% mortality 
[34]. Thus, the best treatment for SOS is preven-
tion (or at least the minimization of modifiable 
risk factors prior to HSCT), but early recogni-
tion and initiation of therapy (i.e., before it pro-
gresses to severe SOS) makes a positive 
difference in outcomes. In one study, a delay of 
more than 2 days in the initiation of therapy 
with defibrotide after making the diagnosis 
resulted in a decreased complete response rate 
which was particularly striking in patients 
≤16 years old (41% versus 27%) as well as in 
survival (60% versus 49%) [83]. With a better 
understanding of the underlying pathophysiol-
ogy of SOS, improved supportive care, and 
early recognition and institution of treatment 
with the only FDA- approved agent for SOS, 
defibrotide, the outcomes for patients with SOS, 
particularly severe SOS, have significantly 
improved.

 Summary

Rapid, accurate diagnosis, early risk assess-
ment, and initiation of treatment are the key 
components in halting the progression of 
severe SOS to multi-organ failure as well as in 
improving outcomes and overall survival. 
Defibrotide is the only agent approved in the 
USA and in Europe for the treatment of post-
HSCT severe SOS in adult and pediatric 
patients. Supportive care also plays a critical 
role in the management of patients with SOS 
regardless of its grade. The institution of pro-
phylaxis is also important in patients at high 
risk for developing severe SOS. Defibrotide is 
recommended in British Guidelines for HSCT 
but is still considered investigational as pro-
phylaxis in the USA. However, clinical trials in 
adult and pediatric HSCT patients are ongoing 
in the USA.

 Key Points

• Hepatotoxicity during the peri-HSCT is quite 
common with transaminitis, SOS, acute 
GvHD of the liver and infections of the liver 
most common.

• Transaminitis is most commonly asymptom-
atic and self-limiting but can represent signifi-
cant liver injury. Patients must be assessed for 
risk factors for SOS prior to HSCT in order to 
minimize the risks as much as possible during 
the peri-HSCT period.

• The diagnosis of SOS is a clinical one and 
should be based on established clinical criteria 
(i.e., Modified Seattle or Baltimore criteria).

• Ultrasound imaging may be helpful in exclud-
ing other disorders in which the diagnosis of 
SOS is not clear.

• Escalation from mild to moderate and from 
moderate to severe SOS can occur very 
quickly (under 24 h), and thus, vigilant moni-
toring of the patient is warranted.

• Mild SOS does not require any intervention 
other than supportive care.

• Moderate SOS should be treated with aggres-
sive supportive care including judicious fluid 
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management to strike a balance between diure-
sis and the maintenance of renal perfusion.

• Severe SOS should be treated with defibrotide 
without delay.

• Severe SOS is a major contributor to 
transplant- related mortality (TRM). Thus, the 
prevention of SOS or instituting treatment 
early in its course is crucial in lowering the 
TRM.

• Defibrotide is an effective treatment for SOS 
in both the allogeneic and autologous HSCT 
settings and is well tolerated with manageable 
toxicities.
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Abstract

Renal dysfunction within the first 100 days post-hematopoietic stem cell 
transplantation (HSCT) is common. Many HSCT patients have some 
degree of renal dysfunction prior to HSCT, and the degree of this dysfunc-
tion impacts the extent of renal dysfunction that can occur during the pre-
engraftment and early post- engraftment periods of the HSCT course. 
Renal dysfunction may be due to renal tubule damage, compromised renal 
blood flow, and obstruction or irritation of post-renal structures. Renal 
dysfunction impairs the ability of the kidneys to maintain acid-base and 
electrolyte balance as well as maintain fluid balance and eliminate waste. 
The renal complications post-HSCT are discussed in Chap. 22. The most 
common renal toxicities are related to medications frequently used during 
the peri-HSCT period. These include calcineurin inhibitors, antifungal 
agents, antibiotics (particularly aminoglycosides), and antiviral agents. In 
addition, components of conditioning regimens such as alkylators and 
irradiation to the bladder can cause significant renal toxicity. An infre-
quent but very serious renal complication is hemorrhagic cystitis which is 
the focus of this chapter. The remainder of HSCT-associated renal compli-
cations is addressed in Chap. 22.

 Hemorrhagic Cystitis

 Introduction

Hemorrhagic cystitis (HC) is defined as the pres-
ence of bladder inflammation with urinary symp-
toms including increased frequency, urgency, 
dysuria, suprapubic pain, and hematuria with or 
without clots potentially leading to urinary 
obstruction in patients following hematopoietic 
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stem cell transplant (HSCT). The etiology of HC 
is multifactorial [1–7] and is associated with 
cyclophosphamide- or busulfan-based condition-
ing regimens, acute or chronic graft-versus-host 
disease (GVHD), pelvic radiation or total body 
radiation (TBI), and viral reactivation such as 
cytomegalovirus, BK polyomavirus virus, and 
adenovirus (type 7, 11, 34, 35) [1, 8, 9].

Hemorrhagic cystitis (HC) can cause severe 
morbidity and mortality in the post-HSCT period, 
leading to prolonged hospitalization [1, 6]. The 
incidence of HC ranges from 7% to 70% [1–7]. It 
can be classified within multiple subcategories, 
such as early versus late onset, infectious versus 
noninfectious, and chemical versus radiation 
induced [1, 4, 9, 10]. Treatment and management 
for HC varies depending on the etiology, timing 
of onset, and its severity.

 Pathophysiology

HC results from an initial insult to the bladder’s 
transitional epithelium and vasculature. This 
insult leads to nonspecific bladder wall inflam-
mation, sloughing, vascular damage, and subse-
quent hemorrhage [7, 9].

 Etiologies

Chemotherapy-induced HC: Cyclophosphamide 
is used commonly in pre-HSCT conditioning regi-
mens and occasionally used as post-HSCT GVHD 
prophylaxis [11]. Chemotherapy-induced HC is 
typically an early-onset complication and can 
occur within 24–48 hours following chemotherapy 
[1, 11, 12]. The incidence of cyclophosphamide- 
induced HC, without preventative measures, is 
25–60% [11, 13, 14]. Cyclophosphamide itself is 
not harmful to the bladder; however, its metabo-
lite, acrolein, is toxic to the urothelial epithelium 
[9, 11, 12, 15]. Acrolein results in proteolysis and 
damages DNA strands. It also causes pyroptotic 
reactions leading to ulceration of the bladder, 
thereby exposing the underlying bladder mucosa 
[6, 7, 9]. This process then further exposes 
deeper smooth muscles in the bladder (detrusor) 

and its vasculature leading to further damage 
that can cause fibrosis, necrosis, and ultimately 
cell death [9].

Acrolein typically does not cause renal injury 
because acrolein does not stay in contact with 
the renal epithelium to cause damage. In con-
trast, the bladder is quite vulnerable to acrolein 
damage due to the prolonged duration of contact 
in the bladder prior to voiding. This results in 
bladder wall and urinary tract inflammation, 
hemorrhage, and thrombosis. This significant 
damage to the bladder can lead to severe urinary 
obstruction that can eventually cause secondary 
renal damage and ultimately to renal impair-
ment [11, 12].

Radiation-induced HC: Radiation-induced 
HC is relatively rare, but it is associated with 
pelvic radiotherapy. It can occur as early as dur-
ing treatment or as late as 6 months to 10 years 
after treatment [6, 16, 17]. The pathophysiology 
is microscopic progressive obliterative endarte-
ritis due to fibrosis leading to hypoxia and isch-
emic cell death. This resultant ischemia then 
leads to ulceration and hemorrhage of the 
 bladder [6, 17].

Viral-induced HC: Viral-induced HC is likely 
due to reactivation of the virus due to the HSCT 
recipient’s immunocompromised state; this viral 
reactivation can result in nephritis, urethritis, and 
cystitis. The most common etiologies are BK 
polyomavirus, adenovirus (specifically types 7, 
11, 34, 35), cytomegalovirus (CMV), JC virus, 
and herpesvirus [3, 4, 7, 18]. Development of 
viral-induced HC typically occurs more than 
30 days after allogeneic HSCT [3].

Primary BK viral infections usually occur in 
childhood. This virus is a double-stranded DNA 
virus that remains latent in the gastro-urinary 
tract after primary infection [7]. Reactivation 
occurs only if the host is in an immunocompro-
mised state as a result of prolonged corticosteroid 
use, HIV/AIDS, or post-HSCT [3, 6]. There are 
two mechanisms by which BK virus is thought to 
cause HC: The first is related to impaired immu-
nity of the HSCT recipient. Impaired immunity 
results in proinflammatory cytokines to stimulate 
BK viral replication post-HSCT, which ulti-
mately leads to a cytopathic effect on the urothe-
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lial epithelium. In the second mechanism, 
replicating BK virus triggers the recovering 
immune system (specifically natural killer cells 
and neutrophils) to attack the bladder. This acti-
vation leads to bladder wall injury and HC [6, 
19–21]. It is important to note that most post- 
HSCT recipients have BK viruria but never 
develop HC. However, there appears to be a 
direct relationship between progressive BK viru-
ria leading to BK viremia and the incidence of 
HC [3, 4, 6, 7, 10, 18]. Further studies are needed 
to elucidate this observation, as it is clear that the 
presence of BK viruria is not sufficient to cause 
HC in the majority of post-HSCT patients.

 Risk Factors

The incidence and prevalence of HC is multifac-
torial. However, certain risk factors place patients 
at a higher risk of developing HC. Table 16.1 lists 
the common risk factors associated with HC and 
further delineates factors associated with greater 
severity HC [2, 3, 6, 8, 10]. This is not a compre-
hensive list and other factors may apply clinically 
[2, 22–24].

 Grading System

Table 16.2 delineates the grading system by which 
HC severity is measured. At times, Grade I HC 
can resolve spontaneously, while Grade IV can be 
very difficult to control [6, 8, 12, 25, 26]. There 
are no clear guidelines or gold standards regard-
ing treatment. The best approach is prevention 
with supportive care that includes hyperhydration 
prior to the administration of cyclophosphamide, 
the use of mesna (2- mercaptoethane sulfonate Na 
(sodium)) as a bladder protectant, and forced dier-
esis with diuretics, for example, when urine out-
put decreases [7–9, 11, 12, 25, 26].

The mechanism of action of mesna is as fol-
lows: The sulfhydryl group of mesna binds to the 
acrolein and detoxifies it before it can harm the 
bladder wall [1, 7, 11, 26]. Mesna should be 
administered concurrently with the cyclophos-
phamide infusion and at scheduled times follow-
ing the infusion until cyclophosphamide is fully 
metabolized.

 Treatment

Initial treatment for HC is conservative manage-
ment, i.e., hyperhydration, lowering the thresh-
old for transfusing platelets, forced diuresis, and 
pain management [1, 7]. These interventions 
increase voiding frequency, thereby decreasing 
urinary contact of acrolein with the bladder epi-
thelium while promoting clot formation of any 
friable, bleeding bladder epithelium with 
increased number of platelets. With most cases 
of Grade I and II HC, conservative management 
has proven to be effective [1, 5, 7, 17]. If conser-

Table 16.1 Common factors associated with greater 
severity of hemorrhagic cystitis

Risk factor associated with HC

Risk factor 
associated with 
greater severity

Age >5 years old Older age

Male > female Late onset of HC

Allogeneic HSCT > auto HSCT Positive BK 
virus

Cyclophosphamide and busulfan

Intensity of condition 
(MAC > RIC)

GVHD (grades III–IV)

Pelvic radiation

Donor source (UCB > MSD/HLA 
mismatch > HLA matched)

Viral reactivation (CMV, BK, 
adenovirus, JC, and herpesvirus)

MAC myeloablative conditioning, RIC reduced intensity 
conditioning, GVHD graft-versus-host disease, UCB 
umbilical cord blood, MSD match sibling donor. CMV 
cytomegalovirus

Table 16.2 Grading system by which HC severity is 
measured

Hemorrhagic cystitis grade

Grade I Microscopic hematuria

Grade II Gross hematuria with small clots

Grade III Gross hematuria with clots and urethral 
obstruction

Grade IV Gross hematuria with clots, urethral 
obstruction leading to impaired renal 
function
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vative management is ineffective, then one 
should consider three-way catheter continuous 
bladder irrigation (CBI) [1, 7, 27]. This interven-
tion involves large catheter insertion into the 
bladder via the urethra and continuous irrigation 
of the bladder with either normal saline (NS) or 
sterile water. In pediatric patients, there is a 
potential risk for bladder distention and rupture. 
As a result, CBI should be performed with cau-
tion in pediatrics [7, 27, 28].

Cystoscopy is also a consideration for refrac-
tory HC. Although a relatively noninvasive pro-
cedure, it must be pursued with great caution 
given that patients with HC are usually very 
immunocompromised. Cystoscopy should be 
considered as the first-line surgical intervention 
when all other conservative measures have failed 
[1, 7, 29]. It is essential that vigorous attempts 
have been made to remove clots prior to cystos-
copy with intravesical irrigation and fulguration 
for better success rates. Fulguration should be 
used with caution as it can result in contractions 
and shrinkage [7, 27, 29].

Other therapies have demonstrated some suc-
cess in adults, although more studies are needed to 
prove their safety and efficacy in pediatric patients. 
One percent alum has minimal side effects and 
exerts its effect by causing protein precipitation 
over bleeding vessels, resulting in clot formation. 
It can produce elevated levels of aluminum and 
should be avoided in patient with renal impair-
ment. Prostaglandin and Amicar are also used. 
However, prostaglandin can cause vasospasms, 
and Amicar can lead to thrombosis [7, 27].

Cidofovir is an antiviral used often in the post- 
HSCT period to treat viral infections such as 
adenovirus, CMV, and BK virus. Cidofovir can 
occasionally be used for refractory HC, espe-
cially when the etiology is viral. Cidofovir is 
associated with renal toxicity which can limit its 
use in practice. However, there is evidence that 
lower systemic doses or intravesical doses can be 
used to treat HC [7, 30–32]. There is also some 
evidence that estrogen therapy is another option 
for treatment of HC. However, there are limited 
data in pediatrics [7, 28].

Since the 1980s, hyperbaric oxygen therapy 
(HBO) has been associated with successful 
treatment of HC. Initially, it was used for 
radiation- induced HC, but now it is thought to 
have potential efficacy in all forms of refrac-
tory HC when combined with other supportive 
care measures [7, 17]. The mechanism of 
action of HBO is thought to induce healing of 
damaged tissues, decrease edema, and promote 
neovascularization. HBO has shown promise 
in adult trials, but there are limited data in 
pediatrics [17].

Finally, major surgical intervention can be 
considered but only in the most refractory 
cases of HC. These interventions include the 
use of fibrin glue that is inserted into the blad-
der via the suprapubic tract with the guidance 
of urethral cystoscope [5, 7]. Unfortunately, 
further studies are needed to validate its safety 
and efficacy in pediatric HSCT recipients. The 
most invasive procedure is supravesical urinary 
diversion (SUD) and cystectomy. SUD is 
thought to be effective by reducing the harmful 
effects of urokinases. They compose a group of 
proteolytic enzymes found in the urine, which 
is thought to contribute to HC due to its fibri-
nolytic properties. When urokinases are elimi-
nated from the bladder via SUD, the bladder 
mucosa can then heal and form proper clots [1, 
7, 29].

In summary, renal dysfunction during the 
peri-HSCT period is common, with the majority 
of patients having some degree of dysfunction. 
Hemorrhagic cystitis is a rare complication that 
can cause severe morbidity and, at times, mortal-
ity. This complication may cause physical pain 
and discomfort and can extend the patient’s hos-
pital stay leading to emotional and mental dis-
tress. Hemorrhagic cystitis can have many 
etiologies and can occur at different times during 
the posttransplant period. The timing is related to 
the underlying cause of HC. It is important to 
make every attempt to diagnose the cause of HC, 
as treating the underlying etiology in addition to 
supportive therapy will result in the best 
outcomes.
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 Key Points

• Hemorrhagic cystitis (HC) is a rare complica-
tion during peri-HCST period.

• HC is multifactorial and has numerous etiolo-
gies including infectious, chemical, or 
radiation.

• Clinical manifestations of HC arise from blad-
der inflammation leading to increased urinary 
frequency and dysuria as well as suprapubic 
pain and hematuria that can range from micro-
scopic bleeding to large, frank blood clots in 
the urine.

• The best treatment is prevention, followed by 
supportive treatment, including avoidance or 
treatment of initial insult resulting in HC as 
well as hyperhydration, bladder irrigation, and 
invasive interventions.
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Infectious Complications and HSCT

Karen L. Bride, Ellen Levy, Anne Wohlschlaeger, 
and Jason L. Freedman

Abstract

The incidence of life-threatening and/or opportunistic infections in the 
hematopoietic stem cell transplantation (HSCT) setting varies widely. 
Despite improved microbial detection methods and supportive care, 
infection remains one of the leading causes of morbidity and mortality in 
HSCT recipients. Furthermore, infection can confound the management 
of other HSCT-related complications such as graft-versus-host disease 
(GvHD). Thus, prevention and management of infection remain signifi-
cant focuses of supportive care of the HSCT patient. This chapter dis-
cusses the relevant factors that influence infection risk as well as the most 
common or significant pathogens associated with HCST. Preventative 
measures and management of these HSCT-associated infectious compli-
cations are discussed herein.

 Introduction

Infectious complications account for a major 
cause of morbidity and mortality in pediatric and 
adult patients undergoing hematopoietic stem 
cell transplant (HSCT) [1–4]. In addition to its 
direct impact on post-HSCT health, infections 
can confound the management of other compli-
cations, including GvHD. Despite improved 
strategies for prevention, particularly prophylac-
tic antimicrobials, fatal infections still occur. The 
incidence of fatal infections varies widely but 
accounts for the most common primary and sec-
ondary causes of death in HSCT patients. A 
recent review of infections in children undergo-
ing HSCT reports that infections account for 
13% of deaths after matched sibling donor HSCT, 
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17% after unrelated donor HSCT, and 7% after 
autologous HSCT [5]. Therefore, although sur-
vival rates for HSCT have improved over the 
years, infection remains a leading cause of death 
and a major case of morbidity significantly hin-
dering the success of HSCT. Recipients should 
be carefully followed with appropriate prophy-
lactic measures in the post-HSCT period, while 
new treatment options should be considered to 
reduce the infection-related mortality rates.

Both prevention and management of infection 
are major focal points of supportive care in the 
post-HSCT period. No one factor but rather a 
complex interplay of factors, including patient 
demographics, duration of neutropenia, indica-
tion for HSCT, GvHD, HSCT modality (i.e., 
autologous, allogeneic, partially matched, type of 

conditioning), total body irradiation, hematopoi-
etic stem cell (HSC) source, CMV donor/recipi-
ent (D/R) status, and era of HSCT, contributes to 
infection risk. For practical purposes, the risk 
group of infections after HSCT can be divided 
with respect to the type of transplantation. See 
Table 17.1 and Fig. 17.1 that outline the relevant 
factors influencing infection risk in terms of the 
type of transplant and the common infections 
seen in the various phases of HSCT.

The risk for infections parallels the pattern of 
bone marrow reconstitution yielding periods of 
immune system deficiency and recovery, which 
begins with the chemotherapy and/or radiation 
therapy used in conditioning [6]. For example, 
prolonged neutropenia increases the risk for bac-
terial and fungal infections, while deficits in cel-

Table 17.1 Infection risk related to HSCT type

Type of HSCT

Source of 
hematopoietic  
stem cells

Risk of early 
infection: typical 
time for neutrophil 
recovery

Risk of late 
infection: 
impaired 
T- and B-cell 
function

Risk of ongoing 
infection: GvHD and 
iatrogenic 
immunosuppression

Graft- 
versus- 
tumor effect

Autologous Self (recipient) High risk: 
neutrophil 
recovery at times 
prolonged

~1 year Minimal to no risk of 
GvHD and late-onset 
severe infection

None (−)

Syngeneic  
(genetic twin)

Identical twin Low risk: 
1–2 weeks for 
recovery

~1 year Minimal risk of 
GvHD and late-onset 
severe infection

+/−

Allogeneic: related Sibling Low risk: 
1–2 weeks for 
recovery

~1 year Minimal to moderate 
risk of GvHD and 
late-onset severe 
infection

++

Allogeneic: related 
(haploidentical)

Child/parent Intermediate 
risk: 2–3 weeks 
for neutrophil 
recovery

1–2 years Moderate risk of 
GvHD and late-onset 
severe infection

++++

Allogeneic: 
unrelated adult

Unrelated donor Intermediate 
risk: 2–3 weeks 
for neutrophil 
recovery

1–2 years High risk of GvHD 
and late-onset severe 
infection

++++

Allogeneic: 
unrelated cord 
blood

Unrelated cord 
blood units (×2)

Intermediate to 
high risk: 
neutrophil 
recovery 
sometimes 
prolonged

Prolonged Minimal to moderate 
risk of GvHD and 
late-onset severe 
infection

++++

Allogeneic: mini 
(nonmyeloablative)

Donor (transiently 
coexisting with 
recipient cells)

Low risk: 
neutrophil counts 
close to normal

1–2+ years Variable risk of 
GvHD and late-onset 
severe infection

++++ (but 
develops 
slowly)
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lular adaptive immunity can increase the risk for 
bacterial, fungal, viral, protozoan, or helminthic 
infections. Thus, the rate and severity of infec-
tions are directly related to the degree of, rapidity 
of onset, and duration of neutropenia. Furthermore, 
conditioning regimens not only destroy normal 
hematopoiesis for neutrophils, monocytes, and 
macrophages but also damage mucosal progenitor 
cells, causing temporary loss of mucosal barrier 
integrity [6]. As a result, the gastrointestinal (GI) 
tract remains a reservoir of potential pathogens, 
which normally contains bacteria and commensal 
fungi. Virtually all HSCT patients lose immune 
memory in spite of a lifetime of exposure to infec-
tious agents, environmental antigens, and  vaccines, 
mostly through rapid loss of T- and B-cells after 
conditioning. While donor immunity provides 
some protection, this is temporary and variable 

and cannot provide long-term immunity against 
infectious diseases in HSCT recipients.

Recovery of the immune system following con-
ditioning takes place broadly in three main phases 
beginning at day 0, the day of the HSC infusion. 
Phase I is the pre-engraftment phase leading up to 
day 0 and then from day 0 to 29 days after HSCT; 
phase II is the early post- engraftment phase, encom-
passing 30–100 days after HSCT; and phase III or 
the late post-engraftment phase is the time 100 days 
after HSCT lasting up to 1 year and potentially lon-
ger if exogenous immunosuppression persists [6].

In the pre-engraftment phase (I),  the risk fac-
tors influencing the incidence of infection include 
the presence of prolonged neutropenia, the pres-
ence of a central venous catheter (CVC), and the 
translocation of bacteria through non-intact 
mucosa [7]. In fact, the breakdown in the mucosal 

Phase I: Pre-engraftment Phase II: Post-engraftment Phase III: Late phase
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Impaired dellular and
humoral immunity:

NK cells recover first, CD8 T
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Impaired cellular and
humoral immunity: B cell

& CD4 T cell numbers recover
slowly and repertoire diversifies

Gram negative bacilli

Gram positive organisms

Gastrointestinal Streptococci species

Herpes Simplex virus
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Varicella Zoster virus
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Respiratory and enteric viruses
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Fig. 17.1 The risk of bacterial, viral, and fungal infec-
tion at 0–30 days, 31–100 days, and 101 days and beyond 
HSCT [9]. This illustration depicts the relevant time line 
of the most common infections found in the HSCT set-
ting. During phase I (pre-engraftment), bacterial infec-
tions are the most common. During phase II, bacterial 

infections become less common, but there is a rise in inci-
dence of CMV reactivation and fungal infections. During 
phase III, PJP, Aspergillus, varicella-zoster viruses, and 
encapsulated bacteria are the most common pathogens 
seen, particularly in patients with chronic GvHD who 
have direct and indirect impaired immune function
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barrier has now been identified as a significant risk 
for the incidence of central line-associated blood-
stream infections (CLABSI) such that the Centers 
for Disease Control and Prevention (CDC) recently 
defined a new term of “mucosal barrier injury lab-
oratory-confirmed” BSI (MBI- LCBSI) [7]. A 
recent retrospective review of children undergoing 
HSCT identified that approximately half of BSIs 
more accurately meet this definition in the peri-
HSCT period and lead to significant morbidity, 
mortality, and healthcare resource utilization in 
HSCT patients. Consequently, oral, gastrointesti-
nal, and skin flora are primary sources of infection 
during this phase. Prevalent pathogens include 
Candida species and Aspergillus with extended 
neutropenia. Herpes simplex virus (HSV) reacti-
vation can also occur during this phase. While 
conditioning can influence the risk of infection in 
broad terms, the risks are similar for autologous 
and allogeneic patients in the early pre-engraft-
ment phase. Importantly, while the first fever dur-
ing pre- engraftment is most often caused by a 
bacterial pathogen, the organism or site of infec-
tion is rarely identified. Therefore, most institu-
tions favor treating infections preemptively or 
 empirically during this time, at least until the neu-
tropenia resolves.

Phase II, or the early post-engraftment phase, 
is dominated by impaired cell-mediated immu-
nity. Unlike in phase I, phase II is impacted more 
by the extent of acute GvHD and the use of asso-
ciated immunosuppressive therapy. Herpesviruses, 
particularly cytomegalovirus (CMV), are critical 
pathogens. The risks for CMV are also influenced 
by donor and recipient status: CMV D/R status 
(all R+ and R- with D+ donor) increases the risk 
for CMV viremia [4]. Other common pathogens 
during this phase include Pneumocystis jirovecii 
and Aspergillus species.

The risk for infection during phase III or the 
late post-engraftment phase reflects the extent of 
recovery in adaptive immune function and the 
severity of a patient’s GvHD. Therefore, recipients 
of an autologous HSCT typically have more rapid 
recovery and subsequently lower risk for infec-
tions in comparison to allogeneic recipients. 
Similarly, recipients of reduced intensity condi-
tioning (RIC) HSCTs are not necessarily at 
increased risk for bacterial, fungal, viral infections 

or bacteremia [4], which may reflect the rapidity 
of immune recovery. In contrast, allogeneic HSCT 
patients with chronic GvHD or recipients of alter-
native donor allogeneic transplant are at risk for 
infections that include CMV, varicella- zoster virus 
(VZV), EBV-related posttransplant lymphoprolif-
erative disease (PTLD), community-acquired 
respiratory viruses, and infections with encapsu-
lated bacteria (e.g., Haemophilus influenza and 
Streptococcus pneumonia). Recipients of mis-
matched haploidentical allogeneic transplant are at 
higher risk for GvHD and with higher severity; 
therefore, their risk for infection is higher. In con-
trast, patients undergoing autologous HSCT are 
most at risk for infection in phase I.

Other independent risk factors that influence 
infection include the type of conditioning regi-
men, HLA compatibility between the patient and 
the donor, and the type of infectious agents 
detected during the course of pre-HSCT treat-
ment. The HSCT process and additional immu-
nosuppressive therapy for GvHD also further 
exacerbates or prolongs the existing deficiencies 
in humoral and cellular immune functions.

Below is a compilation of the most common 
and/or significant infections seen in HSCT 
patients by pathogen class in terms of incidence, 
clinical and radiographic features, diagnostic 
studies, and management.

 Bacteria

HSCT patients are at the highest risk for bacterial 
infections during the pre-engraftment period (days 
0–30 post-HSCT) due to their prolonged period of 
profound neutropenia, loss of the mucosal barrier, 
and the presence of a CVC [6]. Mortality attributed 
to bacteremia has been described up to 6%, 
although the incidence was significantly higher in 
the early 1990s as compared to later eras [4]. This 
improvement has been attributed to earlier engraft-
ment times, better supportive care, improved 
patient education, and rigorous hand hygiene. The 
most common bacteria include coagulase-negative 
staph, such as Staph epidermidis, Strep viridans, 
and Staph aureus, and Gram-negative organisms 
including Escherichia coli, Pseudomonas spp., and 
Klebsiella [6].

K.L. Bride et al.
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 Gram-Positive (GP) Organisms  
(Most Commonly Staph epidermidis,  
Viridans Streptococci, Enterococcus spp.)

Incidence: The incidence varies by location. One 
retrospective review documented that 82% of 
infections were GP infections [3, 4]. GP infec-
tions are more prevalent than Gram negative 
(GN) in all three post-HSCT phases.

Risk factors: Risk factors include prolonged 
neutropenia, the presence of CVC, and alloge-
neic HSCT.

Clinical and radiographic features: None are 
diagnostic for bacterial infections. However, 
patients may present with fever.

Diagnostic studies: Blood cultures are per-
formed to isolate the pathogen and identify the 
antibiotic sensitivity pattern.

 Gram-Negative Organisms  
(Most Commonly Klebsiella spp., 
Escherichia coli, Pseudomonas)

Incidence: The incidence varies by location.
Risk factors: Risk factors include prolonged 

neutropenia, the presence of CVC, and alloge-
neic HSCT.

Clinical and radiographic features: None are 
diagnostic for bacterial infections; however, 
HSCT patients may present with fever, with or 
without hypotension.

Diagnostic studies: Blood cultures are per-
formed to isolate the pathogen and to identify the 
antibiotic sensitivity pattern.

 Viruses

HSCT patients are susceptible to viral infec-
tions, including both de novo infection and 
reactivation. Given the risk for reactivation, the 
viruses that are most prevalent vary based upon 
the patient’s immune status. Therefore, HSCT 
candidates should be tested for the presence of 
serum anti-CMV, anti-HSV, and anti-VZV IgG 
antibodies before undergoing HSCT to deter-
mine the risks for primary viral infection and 
reactivation after HSCT [6]. In the pre-engraft-

ment phase, HSV, respiratory and enteric 
viruses, and HHV6 are the most prevalent, 
whereas CMV, EBV, and varicella (in addition 
to respiratory and enteric viruses) are most 
prevalent during phase II (30–100 days post-
HSCT) and phase III (>100 days post-HSCT) 
engraftment periods.

Required medications depend on recipient 
serostatus and prior exposure to viruses of inter-
est (e.g., HSV, VZV, CMV, EBV). For viruses 
such as CMV, it is crucial to also take the donor 
exposure status and type of graft into account 
when determining the need for prophylaxis.

 Herpes Simplex Virus (HSV1/2)

Incidence: HSV 1/2 is most commonly seen in 
the first 30 days post-HST and can occur up to 
2 years post-HSCT [4].

Risk factors: Risk factors include HSV 
serology- positive recipient and HSC graft manip-
ulation (i.e., T-cell depletion).

Clinical and radiographic features: HSV 
most often presents with mucocutaneous lesions 
in the orofacial region (85–90%) and genital 
area (10–15%). However, other  manifestations 
can include pneumonia, hepatitis, meningitis, 
encephalitis, and bone marrow suppression.

Diagnostic studies: Diagnostic studies 
include viral culture and HSV 1/2 PCR from 
serum or CSF.

Management and outcomes: Acyclovir pro-
phylaxis should be included in all HSV- 
seropositive allogeneic HSCT recipients, 
starting during the early posttransplant period 
or at the start of conditioning therapy and con-
tinuing through engraftment [6]. HSV prophy-
laxis is not indicated for HSV-seronegative 
HSCT recipients even if donors are HSV sero-
positive. Other agents used to treat HSV 1/2 
infections include valacyclovir, foscarnet, cido-
fovir, and famciclovir.

 Cytomegalovirus (CMV)

Incidence: In one retrospective review, CMV 
viremia was seen in 5% of patients pre- 
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engraftment and 9% in phase II [4]. Other docu-
mented ranges of incidence vary from 16% to 
28%. CMV pneumonia is the most common post- 
HSCT CMV disease (ranging from 1% to 6% in 
autologous HSCT recipients and from 10% to 
30% in allogeneic HSCT recipients) [8].

Risk factors: CMV serostatus of donor (D) 
and recipient (R) most strongly influences the 
risk for CMV disease. The risk is highest in 
CMV R+/D− with a reactivation rate of 
60–70%, while the risk for reactivation in a R−/
D+ patient is 30% [9]. CMV R−/D+ has a 
higher risk of all viral infections from day 0 to 
30, while CMV R+/D+ has a higher risk of 
viremia in days 31 to 100. Risk factors for the 
development of late CMV disease include allo-
geneic HSCT accompanied by chronic GvHD, 
steroid use, low CD4 counts, delay in high-
avidity anti-CMV antibody, and recipients of 
matched unrelated or T-cell-depleted HSCTs.

Clinical and radiographic features: There 
are no specific findings; however, maintaining a 
high suspicion for the disease particularly in the 
previously mentioned risk groups is highly rec-
ommended, and preemptive strategies with pro-
phylaxis should be considered. CMV can affect 
nearly any organ of the body causing pneumo-
nia, retinitis, hepatitis, colitis, uveitis, pericardi-
tis, and encephalitis.

Diagnostic studies: Direct detection of CMV 
DNA by PCR is the most useful and sensitive 
detection method. Viral culture of urine, saliva, 
blood, or bronchoalveolar washings by rapid 
shell vial culture or routine culture are also 
potential sources, but these are less sensitive 
than CMV DNA PCR testing. CMV pp65 anti-
gen detection in leukocytes is the preferred 
screening since it is more rapid and sensitive 
than culture with a good positive predictive 
value [6]. However, given the reliance on the 
presence of leukocytes, testing for CMV pp65 
is less useful especially during periods of lym-
phopenia. Therefore, CMV DNA detection by 
PCR is the preferred method during period(s) 
of neutropenia. In the absence of prophylaxis, 
routine surveillance performed at least one to 
twice a week is recommended for evidence of 
CMV reactivation as long as a substantial 

immunocompromised state persists. Most prac-
tices favor routine weekly CMV surveillance 
for at least 3 months after allogeneic HSCT.

Management and outcomes: Recipients at 
high risk for CMV disease, CMV R+ and all 
CMV R- with CMV D+ (allogeneic HSCT), 
should use prophylactic or preemptive treatment 
with ganciclovir. Alternatively, acyclovir is 
often used in the early pre-engraftment phase to 
avoid the myelosuppressive side effect of ganci-
clovir until cell counts improve. IVIG is often 
added for treatment while undergoing resistance 
testing to ensure sensitivity to the agent chosen. 
For first- line preemptive treatment, foscarnet is 
often used. See Table 17.2 for additional treat-
ment options.

Unfortunately, the outcomes for CMV dis-
ease are poor. CMV pneumonia is the most 
serious manifestation with the highest mortal-
ity rate, described up to 31% survival at 
1 month after diagnosis (see Chap. 21 for fur-
ther discussion) [10].

 Varicella-Zoster Virus (VZV)

Incidence: VZV is a late complication after allo-
geneic HSCT and is typically due to viral reacti-
vation. Primary infection is rare and usually 
severe and may occur in seronegative patients.

Risk factors: While HSCT candidates should 
be tested for the presence of serum anti-VZV IgG 
antibodies, these tests are not 100% reliable, par-
ticularly in immunosuppressed patients. All 
HSCT candidates and recipients should avoid 
exposure to persons with active VZV infections. 
All those in contact with the patient (HSW, fam-
ily members, household contacts, and visitors) 
without a reported history of varicella infection 
or who are VZV seronegative should receive 
VZV vaccination before being allowed to visit or 
have direct contact with an HSCT recipient.

Diagnostic studies: PCR testing of material 
collected from an unroofed vesicle when there is 
a suspicious rash is performed.

Management and outcomes: All HSCT recipi-
ents with VZV disease should be placed under 
airborne and contact precautions to prevent trans-
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mission to other HSCT recipients. Contact pre-
cautions should remain until all skin lesions are 
crusted. Airborne precautions should be insti-
tuted up to 10 days after exposure to VZV and 
continued through 21 days after the last exposure 
or 28 days post-exposure if the patient received 
varicella-zoster immunoglobulin (VZIG).

VZIG should be administered as soon as 
possible or at least within 96 h after close or 
household contact with a person with chicken-
pox or shingles if the HSCT recipient is 
immunocompromised.

Any HSCT recipient undergoing conditioning 
whom experiences a VZV-like rash should 
receive intravenous acyclovir until a minimum of 
2 days after the lesions have crusted. Long-term 
prophylaxis with acyclovir is not recommended 
to prevent recurrent VZV. Other agents used for 
prophylaxis include foscarnet (especially if acy-
clovir resistance is suspected or documented).

 Adenovirus

Incidence: Adenovirus infection causes a wide 
spectrum of disease states ranging from asymp-
tomatic viremia to severe disseminated disease. 
The incidence has been estimated to be between 
5% and 47% [11], with most cases occurring in 
the first 100 days post-HSCT.

Risk factors: The main risk factors for ade-
noviral infection are delayed immune reconsti-
tution, including umbilical cord blood and 
other unrelated donors, severe GvHD, HLA- 
mismatched HSCT and T-cell depletion of the 
donor graft in vivo or in vitro, and higher ade-
novirus viremia in plasma [11].

Diagnostic studies: Adenovirus real-time PCR 
from serum, urine, or stool is performed.

Management and outcomes: There is no 
approved antiviral agent for the treatment of ade-
novirus infection. Current strategies may include 
reduction in immune suppression and off-label 
use of IVIg or IV cidofovir. Oral brincidofovir is 
emerging as another agent with antiviral efficacy 
against adenoviruses and is under investigation 
[11]. Survival of HSCT recipients with dissemi-
nated disease is very poor.

 RSV

Incidence: In a cohort of 759 children who under-
went allogeneic HSCT, there was a 1% incidence 
in the first 30–100 days post-HSCT. There was a 
minimal increase to 2% in days 101–730 post- 
HSCT [4].

Risk factors: Risk factors include T-cell- 
depleted donor graft and respiratory/viral season.

Diagnostic studies: Any recipient who experi-
ences signs or symptoms of a respiratory viral 
infection should have nasopharyngeal swab (or 
nasopharyngeal wash, endotracheal tube aspi-
rate, bronchoalveolar lavage (BAL) sampling) 
for antigen detection, typically rapid diagnostic 
assays performed on respiratory specimens. 
There are RT-PCR assays now commercially 
available. BAL testing is advised when no respi-
ratory pathogen has been identified despite per-
sistence of respiratory symptoms.

Management and outcomes: No definitive, 
uniform effective preemptive therapy has been 
identified for RSV, although strategies including 
aerosolized ribavirin and RSV antibody therapy 
in combination with aerosolized ribavirin has 
been used for lower tract respiratory disease. The 
monoclonal anti-RSV antibody, palivizumab, has 
been administered as immunoprophylaxis as IM 
injections during peak seasons for patient at high-
est risk (<2 years).

 Other Respiratory Viruses 
(Rhinovirus, Influenza, Parainfluenza, 
and Human Metapneumovirus)

Incidence: One study describes the incidence of 
parainfluenza and influenza in patients post- 
HSCT at 2% and 1%, respectively, in the first 
30 days after HSCT [4]. In that same study, there 
was an increase in both viruses by days 100–730, 
with 5% of patients developing parainfluenza and 
4% developing influenza.

Risk factors: Risk factors include T-cell- 
depleted donor grafts and respiratory viral season.

Diagnostic studies: Direct detection of viral 
antigens in respiratory secretions using immuno-
fluorescence (IF) or enzyme immunoassay (EIA) 
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is preferred; direct detection by RT-PCR; rapid 
diagnostic assays performed on nasopharyngeal 
or other respiratory specimens for antigen detec-
tion are also done.

Management and outcomes: The management 
involves respiratory supportive care; Tamiflu has 
been used in HSCT patients with influenza.

 BK Virus

Incidence: Hemorrhagic cystitis is a well- 
recognized BK virus-associated complication in 
HSCT patients (see Chaps. 16 and 22) [12]. The 
frequency of BK hemorrhagic cystitis is broad 
with an incidence ranging from 7% to 70% from 
various reports [13]. The major clinical manifes-
tations include BK-associated nephropathy or 
ureteric stenosis, although also implicated in 
pneumonia, nephritis, and encephalitis.

Risk factors: A major driver of BK virus reac-
tivation is immunosuppression. BK virus hemor-
rhagic cystitis is more prevalent in matched 
unrelated donors and unrelated umbilical cord 
blood HSCT recipients in comparison to matched 
related donor HSCT recipients.

Diagnostic studies: Quantitative BK PCR 
from serum and urine is performed. A threshold 
of 1 × 104 copies/ml of BK virus in the serum, or 
>1 × 107 copies/ml in the urine, has been pro-
posed as a threshold level most associated with a 
high risk of BK hemorrhagic cystitis [12]. Kidney 
biopsy is the gold standard for determining dis-
ease progression although is rarely needed.

Management and outcomes: Supportive mea-
sures including bladder irrigation, blood transfu-
sion, and symptom relief are the standard of care 
for hemorrhagic cystitis. No antiviral drug has 
proven efficacy against BK viral replication. 
Many treatments including ganciclovir, lefluno-
mide, and long-term ciprofloxacin have been tri-
aled. Case reports support the use of cidofovir; 
however, a major limitation is its significant risk 
for nephrotoxicity [12, 13]. Brincidofovir is an 
orally administered prodrug of cidofovir and is 
associated with a lower incidence of nephrotoxic-
ity compared to cidofovir. It is currently under 
investigation in phase III clinical trials.

 HHV-6

Incidence: Infections due to HHV-6 are generally 
encountered earlier than CMV. HHV-6 may lead 
to engraftment delays or graft failure after 
HSCT. Significantly high incidence of HHV-6 
viremia has been noted following unrelated 
umbilical cord blood recipients [14].

Risk factors: Higher plasma HHV6 DNA lev-
els increase the risk for the development of HHV-6 
encephalitis. The use of umbilical cord blood as 
the HSC source is also a risk factor for HHV-6.

Diagnostic studies: A small number of patients 
without clinical signs exhibit HHV-6 persistence 
and present with high viral loads in the blood as 
well as in other body fluids and tissues due to 
genomic integration of the virus. Therefore, 
HHV-6 PCR should only be performed if there is 
a clinical suspicion.

Management and outcomes: The impact of 
HHV-6 viremia on outcomes in children is not 
well described, but its prevalence has increas-
ingly been recognized [14]. Foscarnet 90 mg/kg 
IV q12 h is used to treat viremia.

 Epstein-Barr Virus (EBV) and EBV- 
Posttransplant Lymphoproliferative 
Disease (PTLD)

Incidence: The incidence of EBV viremia and 
PTLD varies across HSCT centers. However, 
the incidence has been reported between 0.1% 
and 63% for viremia, with the median time to 
development of EBV-PTLD of 2–4 months after 
HSCT [5, 15].

Risk factors: EBV infection often occurs sec-
ondary to endogenous reactivation or graft- 
originated contamination with posttransplant 
lymphoproliferative disease (PTLD) as the most 
significant clinical syndrome. The risk for the 
development of EBV-PTLD is less clearly related 
to specific malignancy, HSCT procedure, or 
source but is predominantly related to the degree 
of depletion or impairment of T-cells. Therefore, 
strategies that deplete T-cells from the donor 
graft increase the risk for EBV-PTLD [15]; the 
use of alemtuzumab or antithymocyte globulin 
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(ATG) has been associated with an increased 
risk. Umbilical cord blood HSCT is also thought 
to confer an intrinsic risk due to T-cell naivety 
related to the HSC source.

Diagnostic studies: Detection of EBV DNA 
by PCR in tissue or blood (whole blood, plasma, 
or serum) is preferred. EBV-PTLD can be diag-
nosed as probable or proven with associated sig-
nificant lymphadenopathy, hepatosplenomegaly, 
or other end-organ manifestations without a tis-
sue biopsy. The detection of EBV nucleic acid in 
blood is not sufficient for diagnosis; EBV-PTLD 
can be definitively proven by the presence of at 
least two of the following histological features: 
(1) disruption of underlying cellular architecture 
by a lymphoproliferative process; (2) the pres-
ence of monoclonal or oligoclonal cell popula-
tions as revealed by cellular and/or viral markers; 
and (3) evidence of EBV infection in many of the 
cells, e.g., DNA, RNA, or protein [15].

Management and outcomes: No prophylaxis 
or preemptive therapy is recommended; however, 
data are emerging for the use of donor-derived, 
EBV-specific cytotoxic T-lymphocytes either as 
prophylaxis or treatment. First-line therapy in the 
case of proven or probable EBV-PTLD includes 
rituximab once weekly for up to four doses while 
monitoring EBV viral load. Reduction of immu-
nosuppression is rarely successful as the sole 
intervention in post-HSCT PTLD.

 Fungus

Fungal pathogens are one of the leading causes of 
mortality and morbidity after allogeneic HSCT 
with a typical frequency distribution [16]. 
Considering cohort studies published in the past 
decade, incidences of fungal disease are about 
10% or higher and are consistently reported in 
populations of patients with acute myeloid leuke-
mia and recurrent acute leukemia and after allo-
geneic HSCT [16]. However, the assessment of 
natural incidence in pediatric patients and HSCT 
is greatly limited by the prophylactic and empiric 
use of systemic antifungal agents in most con-
temporary series and by differences in the use of 
diagnostic procedures. Regardless, the overall 

consensus is that early recognition and prompt 
antifungal treatment are key to the control of 
invasive fungal disease.

Candida spp. are seen more frequently in the 
early pre-engraftment phase. However, the vast 
majority of fungal infections are observed during 
the early post-engraftment period and late phase, 
particularly due to GvHD and the use of high- dose 
steroids. In contrast to yeasts that generally enter 
the body via translocation from a CVC or impaired 
intestinal mucosa, a mold infection occurs via 
inhalation of airborne spores [16]. Impaired cellu-
lar immunity increases their proliferation due to 
impaired phagocytosis and clearance.

Primary prevention is more often centered 
around factors influencing the environment 
including high efficiency particulate air (HEPA)-
filtered HSCT rooms. Fluconazole prophylaxis is 
effective against yeasts; however, its protection 
against molds is lower. Prophylactic voriconazole 
has been shown to decrease the frequency of 
Aspergillus infections, while posaconazole pro-
phylaxis provides a survival advantage particu-
larly among patients who develop GvHD [16]. It 
is important to note that not all licensed antifungal 
agents are approved in pediatric patients, and for 
agents with a pediatric label, appropriate doses 
might not have been studied and established for 
all age groups and indications. In Table 17.2, we 
have attempted to include the appropriate dosing 
for those agents based on age.

 Candida spp.

Incidence: Candida albicans is the predominant 
cause of invasive fungal disease in the early pre- 
engraftment phase and the second most common 
fungal infection (after Aspergillus) noted in a 
recent prospective study of HSCT recipients [16].

Risk factors: Risk factors include a prior 
history of candida infection, the use of T-cell- 
depleted donor grafts, and ongoing immuno-
suppressive therapy.

Diagnostic studies: Early recognition and 
prompt antifungal treatment are the key to control 
of invasive fungal infections. Blood cultures for 
yeasts are performed and cultures or microscopic 
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examination of appropriate liquid and solid diag-
nostic specimens. In vitro susceptibility testing 
should be performed from all isolates to deter-
mine the minimal inhibitory concentration (MIC) 
[17]. Detection of circulating 1,3-β-d- glucan 
(Fungitell assay) can be used in patients with fun-
gal infections due to Aspergillus and Candida, 
Fusarium, Trichosporum or Saccharomyces, and 
Pneumocystis. Guidelines from the Infectious 
Diseases Society of America (IDSA) favor the 
removal of the CVC, performing a lumbar punc-
ture and dilated retinal examination.

Management and outcomes: Allogeneic recip-
ients should receive fluconazole prophylaxis to 
prevent invasive disease, particularly during 
phases of neutropenia. Potential treatments 
include caspofungin, fluconazole, and lipid for-
mulations of amphotericin B. See Table 17.2 for 
further recommendations regarding prophylaxis 
and treatment. The IDSA recommends prompt 
initiation of antifungal treatment for at least 
14 days after blood cultures are sterile and to 
remove or at least replace the CVC.

 Aspergillus

Incidence: Nosocomial mold infections among 
HSCT recipients result primarily from respira-
tory exposure to and direct contact with fungal 
spores (see Chap. 21). Invasive aspergillosis is 
the leading fungal infection noted in a prospec-
tive study of 23 HSCT centers in the USA (range, 
5–10%) [16].

Risk factors: Prior or preexisting invasive 
aspergillosis increases the risk for recurrence 
among allogeneic recipients.

Diagnostic studies: The primary means for 
detection for Aspergillus spp. relies on histopath-
ological and microbiological examinations and 
imaging methods. However, microbiological 
methods for fungal detection are limited since 
their results take a long time to become available. 
Aspergillus galactomannan antigen and beta- d- 
glucan detection are often used for serum surveil-
lance. However, false-positive results can be seen 
due to interference with some foods or enteral 
nutrition, administration of parenteral beta- 

lactam antibiotics, sodium gluconate, blood 
products, and the presence of other fungal infec-
tions. Among imaging techniques, chest X-ray 
and CT are frequently used.

Management and outcomes: Oral posacon-
azole confers a broad anti-mold activity with 
low breakthrough of invasive fungal infections, 
although it relies on enteral absorption. 
Voriconazole is an important antifungal agent 
for high-risk patients given the ability for intra-
venous administration and proven anti-mold 
activity. Both azoles also enable therapeutic 
drug monitoring during treatment, although 
voriconazole causes liver toxicity more fre-
quently than fluconazole. Amphotericin B has 
been associated with lower rates of fungal 
infections and lower fungal infection-related 
mortality; however, the use of amphotericin B 
is limited by renal toxicity, electrolyte wasting, 
and overall tolerability.

 Zygomycetes spp. (Mucor, Rhizopus, 
Rhizomucor)

Incidence: Nosocomial mold infections among 
HSCT recipients result primarily from respira-
tory exposure to and direct contact with fungal 
spores. Mucor is the third most common invasive 
fungal disease after aspergillosis and candidiasis 
[18]. Descriptions of up to 10% of allogeneic 
HSCT recipients suffering from invasive fungal 
disease have been reported [19].

Risk factors: HSCT recipients, who remain 
immunocompromised, should avoid hospital 
construction or renovation areas since these have 
been associated with an increased risk for noso-
comial mold infection.

Diagnostic studies: Biopsy of a suspected 
lesion yielding microscopic, culture, and/or his-
topathological examination of relevant samples. 
High suspicion from characteristic radiologic 
findings such as the reversed halo sign, while not 
diagnostic, is highly suggestive of infection and 
should prompt further evaluation and initiation of 
treatment.

Management and outcomes: Mortality rates 
of mucormycosis have been reported to reach 
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up to 90% [19]. Successful management of 
mucor depends on early diagnosis, emergent 
surgical debridement of devitalized tissues, and 
management of underlying risk factors [16] 
Typically, administration of an empirical treat-
ment with caspofungin or liposomal amphoteri-
cin B is done.

 Prevention of Opportunistic 
and Life-Threatening Infections 
in the HSCT Patient

The most important management strategy in 
treating infection in a HSCT patient is to prevent 
or administer preemptive prophylactic therapy as 
soon as possible. The information below is 
intended to guide prevention and treatment of 
commonly seen infections in pediatric patients 
undergoing HSCT. These are not necessarily 
exhaustive. Contraindications, drug-drug interac-
tions, and specific warnings for each compound 
have to be considered. Therefore, the information 
herein should be integrated into algorithms that 
are tailored to the specific population of patients 
and the infectious epidemiology of each institu-
tion. See Chap. 28 for additional information.

 General Infection Control 
in the Hospital Environment

There exists a number of sources of infectious 
agents both in hospitals and homes, including 
water, air, dust, the ventilation system, potted 
plants, flowers, cereals, nuts, spices, carpets, and 
construction areas [20]. As a result, the general 
recommendations for the prevention of opportu-
nistic infections in HSCT recipients include a 
wide range of interventions related to management 
of ventilation systems, HSCT unit construction 
and cleaning, isolation and barrier precautions, 
interactions with healthcare workers and visitors, 
skin and oral care, infection surveillance, and the 
prevention of specific nosocomial and seasonal 
infections. Infection control procedures include 
(1) preventing dust accumulation by cleaning sur-
faces, isolating patient wards from outside air, and 

maintaining room positive pressure; (2) providing 
rooms with HEPA filters; (3) avoiding patient 
exposure to tap water during severe immunosup-
pression; and (4) cleaning the showering facility 
before each use. Measures to reduce hospital-
acquired candidal and bacterial infections rely on 
good hand hygiene, an important, simple, and 
inexpensive infection control strategy.

 Pharmacological Preventive 
Strategies

Consult your institutional guidelines for specific 
recommendations regarding institution antibio-
grams that will influence the choice of prophy-
laxis and treatment strategies.

Antibacterial prophylaxis: Many centers 
place patients on prophylactic antibiotics to 
decrease the risk of bacteremia during times of 
profound myelosuppression. Some centers do 
this routinely for all allogeneic and autologous 
HSCT patients, while others reserve this for 
those who have had a prior documented history 
of infections with Strep viridans species or with 
resistant organisms. Additionally, some centers 
use oral antibiotics for purposes of gastrointesti-
nal decontamination. For example, studies are 
ongoing through the Children’s Oncology Group 
(COG) to determine the efficacy of prophylactic 
antibiotics for the prevention of bacteremia in 
HSCT patients.

Antiviral prophylaxis: Antiviral prophylaxis 
can be a critical component of circumventing 
viral infection during HSCT. Required medica-
tions depend on recipient serostatus and prior 
exposure to relevant viruses (e.g., HSV, VZV, 
CMV, EBV). For viruses such as CMV, it is 
also crucial to take into account the donor 
exposure status and type of graft when deter-
mining the need for prophylaxis. High-risk 
patients for viral transmission include donors 
who have had no prior exposure (D-) and recip-
ients who had had exposure (R+), as well as 
those receiving umbilical cord blood trans-
plants and heavily T-cell- depleted products or 
conditioning regimens including alemtuzumab 
or ATG. In many of the aforementioned condi-
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tions, T-cell recovery will be significantly 
delayed and, therefore, associated with an 
increased risk for viral reactivation. While the 
choice of medication varies greatly by center, 
Table 17.2 provides general guidelines.

Antifungal prophylaxis: HSCT patients are at 
high risk for developing fungal infections, and 
allogeneic HSCT should be on antifungal pro-
phylaxis. The choice of antifungal agents is based 
on the patient’s prior history of fungal infection, 
the type of donor, the HSC source, and the 
manipulation of the donor graft. Also, the choice 
of antifungal agent is institution dependent. In 
addition, to the use of antifungal prophylaxis, 
many institutions enforce prospective monitoring 
once to twice weekly with galactomannan detec-
tion. Galactomannan is a cell-wall component 
released by all Aspergillus spp. that can be 
detected by an enzyme immunoassay with high 
specificity. The optimal cutoff value in children is 
not well defined, although the threshold of an 
optical density index of 0.5 or higher is consid-
ered a positive test result according to the 
Infectious Diseases Society of America panel 
[21]. However, false-positive test results however 
are common and occur for various reasons.

 Key Points

• Infection is a major cause of morbidity and 
mortality in all patients undergoing hemato-
poietic stem cell transplant (HSCT).

• Infection risks are influenced by a complex 
interplay of factors including patient demo-
graphics, duration of neutropenia, indication for 
HSCT, incidence of GvHD, HSCT modality, 
total body irradiation, HSC source, viral donor 
and recipient status, and era of transplantation.

• Measures to reduce hospital-acquired infec-
tion rely on good hand hygiene, an important, 
simple, and inexpensive infection control 
strategy.

• HSCT recipients should be carefully followed 
with appropriate antibiotic prophylactic mea-
sures based on institutional guidelines while 
taking into account the factors that can influ-
ence infection risk.
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Acute Graft-Versus-Host Disease: 
Diagnosis, Prophylaxis, 
and Treatment

Karen L. Bride, Neil S. Patel, 
and Jason L. Freedman

Abstract

Graft-versus-host disease (GvHD) results from the recognition of the 
 hematopoietic stem cell transplantation (HSCT) recipient’s tissues as being 
foreign by immunocompetent donor T cells. GvHD remains a major cause 
of HSCT-related morbidity and mortality. Historically, acute GvHD is 
defined as GvHD that is evident prior to day 100 post-HSCT. However, 
acute GvHD can occur after this arbitrary HSCT milestone, and the diagno-
sis of acute GvHD is made based on the clinical presentation and other fac-
tors and not necessarily on the timing. The incidence of acute GvHD has 
been reported from 20% to 70%. Acute GvHD most commonly affects the 
skin ranging from mild erythema confined to the palms and soles to full-
body erythroderma with bullae. The GI tract and liver are common target 
organs of acute GvHD but are rarely affected without skin involvement. 
Because acute GvHD is associated with high morbidity and mortality rates, 
patients receive GvHD prophylaxis during the peri-HSCT period in an effort 
to prevent, or at least ameliorate, acute GvHD. The choice of medications 
for GvHD prophylaxis is based on the type of HSCT, the degree of histoin-
compatibility between the donor and the recipient, the hematopoietic stem 
cell (HSC) source, and the age of the donor and recipient at the time of 
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HSCT. The diagnosis is most often made on a clinical basis and treated with 
immunosuppression. Mortality risk corresponds to the stage and grade of 
acute GvHD. The identification of biomarkers of acute GvHD is an active 
area of investigation. This chapter addresses the risk factors, clinical fea-
tures, diagnostic studies, and management of acute GvHD as well as strate-
gies for GvHD prophylaxis. Chapter 19 focuses on chronic GvHD.

 Introduction

Graft-versus-host disease (GvHD) occurs when 
immunocompetent T cells from the donor recog-
nize and damage the tissues in the immunocom-
promised recipient. It can occur after allogeneic 
HSCT or after donor lymphocyte infusion (DLI). 
Despite advances in supportive care, immuno-
suppressive therapy, DNA-based human leuko-
cyte antigen (HLA) typing, and the emergence of 
donor manipulation, GvHD continues to be a 
major cause of morbidity and mortality after allo-
geneic HSCT. By convention, acute GvHD 
occurs within the first 100 days post-HSCT, 
whereas chronic GvHD occurs after 100 days 
from HSCT (see Chap. 19). However, acute 
GvHD is more specifically a systemic disorder 
driven by donor T cells with varying clinical pre-
sentations involving multiple target organs, 
including the skin, liver, and the gastrointestinal 
(GI) tract. Acute GvHD is not seen until there are 
signs of donor engraftment. Occasionally, acute 
GvHD is the first sign of engraftment. In addi-
tion, there may not be a clear distinction between 
acute and chronic GvHD outside of these delin-

eated periods. Clinical manifestations are varied 
and can include specific derangements in the 
skin, liver, and GI tract, occasionally the eyes, 
oral mucosa, and lungs. Most often, recipients 
present with skin rash, but they may have diar-
rhea, elevated direct bilirubin, and recurrent 
infections as well. It is unusual to have other 
manifestations of acute GvHD without skin 
involvement. The mortality risk depends on the 
stage and grade of acute GvHD (see Table 18.1) 
[1]. The most widely used acute GvHD grading 
scheme was originally proposed by Glusckberg 
et al. in 1974 [2]. While the grading systems have 
evolved over the years, broadly, aGvHD is clini-
cally graded and staged in severity from grades I 
to IV depending on the extent (or stage) of skin, 
liver, and upper and lower GI tract involvement. 
Therefore, the diagnosis therefore is made on 
clinical grounds and is not always straightfor-
ward. More evidence is emerging for plasma bio-
markers including IL-2Rα, TNFR-1, IL-8, and 
hepatocyte growth factor that may aid in the diag-
nosis of acute GvHD at the onset of symptoms 
and provide prognostic information independent 
of GvHD severity [3]. However, these biomark-

Table 18.1 Current staging system, devised in 1994, reflects the number and extent of organ development [1, 11]

Skin (% maculopapular rash of 
body surface area (BSA))

Liver (bilirubin 
level in mg/dL)

Lower GI tract  
(stool output/day)

Stagea

0 No GvHD Rash <2 <500 mL/day or persistent nausea

1 25% 2–3 500–999 mL/day

2 25–50% 3.1–6 1000–1500 mL/Day

3 >50% 6.1–15 Adult: >1500 mL/Day

4 Generalized erythroderma 
bullae/desquamation

>15 Severe abdominal pain with or without ileus or stool with 
frank blood or melena

Grade

I Stage 1–2 None None

II Stage 3 or Stage 1 or Stage 1

III – Stage 2–3 or Stage 2–4

IV Stage 4 or Stage 4 –
aStage is assigned based on maximum involvement in an individual organ system

K.L. Bride et al.
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ers have not yet been validated. Depending on the 
patient and donor cohorts, incidences vary from 
20% to 50% or 35 to 70% for grade II or more 
acute GvHD, with 30% developing grade III or 
IV, despite immunosuppressive prophylaxis; 
acute GvHD remains the second leading cause of 
death following allogeneic HSCT with the 
response rate of steroid-refractory acute GvHD 
of only 30–50% and poor overall survival [4].

  Risk Factors

The extent of HLA disparity is the major risk 
factor of acute GvHD. The greater the disparity 
between the donor and recipient, the higher the 
risk of acute GvHD. Other risk factors for the 
development of acute GvHD include increased 
age of both the recipient and donor, gender dis-
parity, multiparous female donors (due to allo-
immunization), ineffective GvHD prophylaxis, 
the intensity of the HSCT-conditioning regimen, 
and the HSC source of the donor graft [3]. 
Therefore, GvHD is more common with grafts 
from unrelated donors as compared to sibling 
donors as well as older donors. Higher T-cell 
content and associated donor T-cell activation in 
the graft are also associated with higher risk of 
significant acute GvHD [5]. Sex-mismatched 
HSCTs, especially a female donor for a male 
recipient, have been found to be significantly 
associated with an increased risk of acute 
GvHD. Reduced intensity regimens are gener-
ally associated with less GvHD as compared to 
myeloablative regimens, given that more inten-
sive conditioning leads to more tissue damage, 
subsequent cytokine secretion, and resultant 
inflammation [5]. This mechanism is similar in 
total body irradiation, as well as direct epithelial 
damage, and why TBI-containing regimens are 
also associated with higher rates of acute GvHD 
[5]. Graft source also factors into the risk for 
GvHD [6]. Studies have consistently shown an 
association with the use of peripheral blood stem 
cells and increased chronic GvHD [7], whereas 
the risk of acute GvHD with PBSCs is more con-
troversial [6]. Infection in the recipient escalates 
the risk for acute GvHD. CMV seropositivity of 
the donor or recipient increases the risk of acute 
GvHD but not CMV reactivation.

  Pathophysiology of Acute GvHD

The pathogenesis of acute GvHD revolves around 
donor T-cell alloreactivity and is thought to occur 
in three broad phases. During phase I (host APC 
activation), tissue damage of the host/recipient 
occurs as a result of the conditioning regimen. 
In response to this damage, damaged recipient 
cells secrete pro-inflammatory cytokines (TNF 
alpha and IL-1). These cytokines attract and retain 
white blood cells to the affected areas causing 
inflammation. In addition, host antigen- presenting 
cells (APCs) are activated and begin to present 
host (“self”) antigens. Concurrently, innate immu-
nity is activated after leakage of pathogens and 
their associated endotoxins (e.g., LPS) from the 
GI lumen to the circulation occurs. During phase 
III (donor T-cell activation), host APVs present 
host antigens to donor T cells that were infused 
along with the HSCs contained in the donor graft 
product. The donor T cells recognize the pre-
sented host antigens as foreign and mount an 
immune response (i.e., T-cell activation). This 
alloreactivity gets amplified and results in a “cyto-
kine storm.” In phase III, these activated CD8+ 
cytotoxic T cells go to the sites of tissue damage 
which are predisposed to an inflammatory 
response to the donor T cells. This inflammatory 
reaction causes apoptosis of the targeted tissues 
and is manifested as acute GvHD. The more 
extensive the tissue damage, the greater the 
immune and inflammatory response which results 
clinically in more severe acute GvHD.

  Prevention/Prophylaxis

The optimal approach to GvHD management is 
focused on prevention, as results with treatment 
have been disappointing. Overall, current acute 
GvHD prophylaxis and treatment are only par-
tially effective, with an increased risk for infec-
tions, disease relapse, and long-term adverse 
effects. Given the primary role of T cells in GvHD 
pathogenesis, the prophylaxis and treatment focus 
on immunosuppressive agents that interfere with 
T-cell activation, signaling, and function [4, 8].

The choice of agents used as GvHD prophy-
laxis is institution specific. Table 18.2 lists com-
monly used agents for acute GvHD prophylaxis, 

18 Acute Graft-Versus-Host Disease: Diagnosis, Prophylaxis, and Treatment
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many of which may be used for treatment as well. 
The backbone of most T-cell replete conventional 
acute GvHD prophylaxis regimens includes a 
combination of a calcineurin inhibitor (cyclospo-
rine or tacrolimus) with a short-course metho-
trexate (MTX) as prophylaxis [4, 8, 9]. This 
particular regimen has been repeatedly shown to 
result in a reasonable balance between GvHD 
prophylaxis and graft-versus-malignancy benefit 
in matched sibling donor HSCTs after myeloab-
lative conditioning regimens. The choice of pro-
phylactic regimen also depends on the type of 
HSCT (related versus unrelated), the underlying 
disease, and the HSC source since medications 
for rejection prophylaxis may also be used for 
GvHD prevention.

Medications for GvHD prophylaxis are not 
benign, and they can increase the risk of severe 
complications including viral reactivation and 
invasive fungal infections. As a result, alternative 
regimens are being explored. For example, recent 
insights into intestinal homeostasis and the dis-
covery of new pathways and targets have greatly 
improved our understanding of GvHD pathophys-
iology and will likely influence contemporary 
GvHD prophylaxis and treatment [10]. Further, 
the ex vivo depletion of T cells contained within 
the donor HSC product has been explored as an 
acute GvHD prophylaxis alternative; however, 
complete T-cell depletion can result in a higher 
incidence of graft failure and relapse. Although T 
cells in the donor graft are the primary factor in 
the development of GvHD, they do facilitate 
engraftment, play a significant role in post-HSCT 
immune reconstitution, and eliminate residual 
disease through the HLA incompatibility with the 
recipient malignant cells. As a result, complete 
T-cell depletion, while met with initial success in 
terms of GvHD incidence, still carries an esti-
mated treatment-related mortality (TRM) in 
excess of 40%, related to a significant delay in 
recovery of the adaptive immune system. Newer 
understanding the specific T-cell subsets that con-
tribute more to the development of GvHD (e.g., 
alpha-beta as opposed to gamma-delta T-cell sub-
sets) will help future efforts to further manipulate 
and engineer a graft to optimize the immune cell 
content toward  graft-versus- malignancy effect 

and immunologic reconstitution without increas-
ing the risk for GvHD [11].

  Clinical Features

Acute GvHD includes specific derangements in 
the skin (81% of patients), liver (50%), and gas-
trointestinal (GI) tract (54%), occasionally the 
eyes, oral mucosa, and lungs [12]. One or more 
organs may be involved. It often presents with 
skin rash at the time of neutrophil engraftment, 
manifested as a maculopapular rash starting at 
the back of the neck and shoulders and often 
involves the palms, soles, and ears, with sparing 
of the scalp. As the rash progresses, it can become 
confluent, reminiscent of a generalized sunburn. 
In severe cases, it may occur as generalized 
erythroderma and blisters (bullae) followed by 
desquamation.

GI manifestations include abdominal cramp-
ing and pain, diarrhea, malabsorption, hemato-
chezia, and ileus (lower GI), as well as anorexia, 
food intolerance, nausea, and vomiting (upper 
GI). The most common GI tract manifestation is 
diarrhea which is characteristically voluminous, 
watery, mucoid, and often guaiac positive. 
Patients with lower GI tract acute GvHD can 
develop a paralytic ileus directly due to acute 
GvHD or indirectly due to the use of narcotics to 
treat the associated abdominal pain.

Liver acute GvHD is due to damage to bile 
canaliculi, leading to cholestasis with hyperbili-
rubinemia and elevated alkaline phosphatase. 
Furthermore, jaundice from hyperbilirubinemia 
(elevation of direct bilirubin) is the hallmark of 
liver GvHD. They may also have right upper 
quadrant abdominal pain and hepatomegaly. In 
severe cases, patients may also develop ascites 
and encephalopathy.

  Differential Diagnosis

The differential diagnosis of acute GvHD of the 
skin includes drug rash, allergic reaction, viral 
exanthem, and chemotherapy- and radiation- 
induced toxicity. Infectious causes can mimic acute 
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GvHD of the GI tract and should be considered and 
eliminated before starting treatment with immuno-
suppression. The differential diagnosis of acute 
GvHD involving the liver includes sinusoidal 
obstructive syndrome (SOS)/veno- occlusive dis-
ease (VOD), chemotherapy-induced hepatotoxic-
ity, drug-induced hepatotoxicity, and infection.

  Diagnostic Studies

The diagnosis of acute GvHD can be made 
mostly on clinical grounds in patients presenting 
with a rash, diarrhea, and elevation of bilirubin 
within the first several weeks of transplant. The 
reason to pursue a tissue biopsy is to help differ-
entiate from other diagnoses which may mimic 
GvHD, such as viral infection or drug reaction.

Skin: The role of skin biopsies may be helpful 
in making the diagnosis but is still controversial. 
Skin biopsies can show epidermal cell apoptosis, 
dyskeratotic keratinocytes, lymphocyte exocyto-
sis, basal cell necrosis, depletion of Langerhans 
cells, and satellite lymphocytes next to the dys-
keratotic keratinocytes [13]. All findings are not 
necessarily present nor is histology always 
pathopneumonic.

GI: Endoscopy and flex sigmoidoscopy with 
or without biopsy may be necessary to confirm 
the diagnosis. Upper and lower endoscopy have 
similar diagnostic yield in patients with GI tract 
GvHD even for patients presenting only with 
diarrhea [14]. Due to ease and safety of upper 
endoscopies, gastroenterologists favor upper 
endoscopy for an initial endoscopic approach 
[14]. Typically endoscopy of the GI tract reveals 
edema, mucosal sloughing, and possibly bleed-
ing. Most often these findings would be found in 
the cecum, ileum, and colon but also may involve 
the upper intestinal tract [13]. Other etiologies, 
such as infectious diarrhea, may be eliminated 
with flex sigmoidoscopy with biopsy.

Liver: LFTs typically demonstrate elevation 
of direct bilirubin. The role of a liver biopsy may 
be helpful but is also controversial. Histopathology 
shows crypt cell necrosis and dropout with crypt 
abscess [13]. Pathology of liver acute GvHD can 
demonstrate early cytotoxic lymphocyte attack 

on bile ducts to irregular bile ducts, depending on 
the timing of the biopsy and the duration of liver 
acute GvHD prior to the biopsy. Bile duct apop-
tosis and endothelialitis can also be seen.

A panel of plasma biomarkers have recently 
been suggested to provide confirmatory tool for 
the diagnosis of acute GvHD, including IL-2 
receptor alpha, TNF receptor-1, IL-8, and hepa-
tocyte growth factor. The use of these biomarkers 
remains an active area of investigation.

  Management/Prognosis

Despite adequate prophylactic regimens and new 
innovations in graft engineering, GvHD remains 
a significant issue. Treatment with high-dose cor-
ticosteroids, usually methylprednisolone, is the 
standard first-line choice, and the majority of 
patients will respond [5]. For patients who do not 
respond or only respond partially (classified as 
“steroid refractory”), additional immunosuppres-
sion is added including agents that can be used as 
prophylaxis to suppress T-cell function (MMF, 
calcineurin inhibitors, ATG, sirolimus) or to 
inhibit T-cell signaling by inhibition of IL-2 
secretion (daclizumab, basiliximab) or by TNF 
alpha inhibition (infliximab, etanercept) (see 
Table 18.2). Extracorporeal photopheresis is a 
novel, non-immunosuppressive modality by 
which UV-A irradiation of T cells and subsequent 
inactivation are done via apheresis [15]. Each 
pheresis cycle takes approximately 3–4 h, but the 
schedule varies by institution. The treatment runs 
over several months altogether. Newer agents are 
also being investigated such as imatinib and JAK 
inhibitors such as ruxolitinib [16]. However, the 
majority of these newer treatment approaches 
have the best effect on skin acute GvHD with 
limited responses in acute GvHD of the lower GI 
tract and especially the liver. A proportion of 
patients with acute GvHD will go on to develop 
chronic GvHD. This progression is considered a 
poor prognostic indicator, contributing signifi-
cantly to the morbidity and mortality of the allo-
geneic HSCT recipient.

Acute GvHD still remains a significant cause 
of morbidity and mortality in pediatric HSCT 
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and future graft engineering techniques, prophy-
laxis, and better treatments that are imperative 
and are active areas of research.

  Key Points

• Acute GvHD is caused by donor T-cell activa-
tion in the skin, liver, and/or GI tract of the 
recipient.

• Acute GvHD usually occurs within the first 
100 days post-HSCT, but it can occur later.

• Various, institution-specific prophylactic regi-
mens exist and are based on the HSCT type 
and HSC source but often include a calcineu-
rin inhibitor.

• Newer modalities to prevent GvHD rely on 
graft manipulation and selective removal of T 
cells from the graft.

• Acute GvHD treatment is aimed at suppress-
ing the immune system in order to reduce 
T-cell activity, and the mainstay therapy is 
steroids.

• Acute GvHD is associated with significant 
morbidity and mortality, and the mortality risk 
depends on the stage and grade of the acute 
GvHD.
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Chronic GvHD

Terry Wikle Shapiro and Malika Kapadia

Abstract

Graft-versus-host disease (GvHD) is one of the most common  complications 
seen after allogeneic hematopoietic stem cell transplantation (HSCT) and 
can be life- threatening. The risk of GvHD increases as HLA disparity 
between the donor and recipient increases. Historically, GvHD has been 
divided into two major groups, acute and chronic, based on the time in 
the HSCT course that it was diagnosed. GvHD was considered acute if 
diagnosed prior to 100 days post-HSCT, whereas patients were diagnosed 
with chronic GvHD after 100 days post-HSCT regardless of the presen-
tation. With the advent of alternative donor HSCT approaches, including 
umbilical cord blood transplantation (UCBT), the use of reduced- intensity 
conditioning regimens, and donor lymphocyte infusion(s) after HSCT, 
it has become apparent that GvHD needs to be categorized based on its 
characteristics and not strictly by the timeline of presentation. While the 
management of both acute and chronic GvHD is based on immunosup-
pression mostly directed at T-cells, the approach to treatment and moni-
toring is different. Acute and chronic GvHD have overlap in their target 
organs (i.e., skin, liver, GI tract, and lungs). However, their effect on these 
target organs differs. In addition, chronic GvHD may affect every organ 
system, although most have 1–3 organ systems involved. Chronic GvHD 
acts like an autoimmune disease and often is treated as such, with corti-
costeroids considered first-line treatment. Because of the natural history 
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as well as treatment with immunosuppression of chronic GvHD, patients 
with chronic GvHD are very vulnerable to infection, particularly oppor-
tunistic and life- threatening, and infection is the leading cause of death 
of patients with chronic GvHD. Management of chronic GvHD requires 
a multidisciplinary team approach; early recognition along with appropri-
ate, comprehensive intervention and supportive care will help curtail long-
term complications and disability. This chapter addresses the risk factors, 
clinical features, diagnostic criteria, classification, and the management of 
chronic GvHD. Chapter 18 discusses acute GvHD.

 Overview

Graft-versus-host disease (GvHD) is a complica-
tion unique to allogeneic HSCT. GvHD results 
when the infused donor hematopoietic stem cells 
(i.e., graft) recognize the recipient (i.e., host) as for-
eign tissue. Donor-derived T-cells (T-lymphocytes) 
attack and damage recipient (host) tissues, some-
times irreversibly.

GvHD is classified as acute or chronic. 
Classically, this determination has been made on 
the basis of the time at which GvHD occurs after 
HSCT. Clinical manifestations that occur before 
day 100 post-HSCT are often designated as acute 
GvHD. Chronic GvHD is a set of clinical mani-
festations that occur 100 or more days post- 
HSCT. Historically, a clear distinction was drawn 
between an early acute form of GvHD and a 
delayed chronic form of GvHD. However, recent 
observations of patients receiving an unrelated 
umbilical cord blood transplant (UCBT), 
reduced-intensity conditioning regimen, and 
donor lymphocyte infusion after HSCT con-
firmed that acute GvHD can occur several months 
after allogeneic SCT and that the classic charac-
teristics of chronic GvHD can occur as early as 
2 months after HSCT [1, 2]. There is growing 
recognition that acute and chronic GvHD are best 
differentiated by their features rather than the 
time at which they occur because they are patho-
physiologically different.

A new paradigm for identifying acute and 
chronic GvHD and for diagnosing and staging 
chronic GvHD [1, 2] includes classic acute GvHD 
(i.e., maculopapular rash, nausea, vomiting or 
diarrhea, and elevated liver function test results); 
persistent, recurrent, or late acute GvHD (i.e., fea-

tures of acute GvHD occurring beyond 100 days, 
often during withdrawal of immunosuppression); 
classic chronic GvHD without features of acute 
GvHD; and an overlap syndrome that includes the 
diagnostic or distinctive features of chronic GvHD 
and acute GvHD [3].

In general, the incidence of acute and chronic 
GvHD is 30–60% in cases involving histocompat-
ible, sibling-matched allografts, with more GvHD 
occurring with greater HLA mismatches between 
the donor and recipient. The mortality rate directly 
or indirectly related to GvHD may reach 50% [1]. 
The risk factors for chronic GvHD include histoin-
compatibility between the donor and recipient 
including sex mismatching, donor parity, older age 
at the time of HSCT, post-HSCT infection (i.e., 
viral infections), the use of donor lymphocyte infu-
sions after transplantation, and the type of GvHD 
prophylaxis used and will be addressed in more 
detail below [4].

 Chronic Graft-Versus-Host Disease 
(GvHD)

 Introduction/Incidence

Chronic GvHD typically occurs 100–400 days 
after HSCT, although it can begin as early as 
45 days post-HSCT. It can be a debilitating, 
chronic condition that mimics autoimmune dis-
ease. Chronic GvHD usually occurs in patients 
who have had acute GvHD (termed progressive 
chronic GvHD), although it can occur in the 
absence of acute GvHD (termed de novo chronic 
GvHD). Chronic GvHD can occur after the reso-
lution of acute GvHD and is termed quiescent 
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chronic GvHD. Progressive chronic GvHD 
accounts for approximately 45% of all patients 
with chronic GvHD, whereas 12% have de novo 
and 43% have quiescent chronic GvHD. In 
patients who survived 150 days after allogeneic 
HSCT, chronic GvHD was observed in 33–49% 
of HLA-identical related donor HSCTs and in 
64% of matched unrelated donor HSCTs [5]. The 
incidence of chronic GvHD is higher among 
recipients of peripheral blood stem cells (PBSCs) 
than recipients of bone marrow-derived hemato-
poietic stem cells.

 Risk Factors

Risk factors for chronic GvHD include previous 
acute GvHD, older recipient age, and sex mis-
matching (i.e., female donor and male recipient). 
HLA histoincompatibility and HSC source con-
tribute greatly to the risk of the development of 
chronic GvHD. The greater the HLA disparity 
between the donor and recipient, the more likely 
the patient will develop chronic GvHD. Patients 
receiving HSCs derived from G-CSF-mobilized 
peripheral blood are at higher risk for chronic 
GvHD as compared to bone marrow-derived 
HSCT recipients. Patients who receive donor 
lymphocyte infusions (DLI) are at higher risk for 
going on to develop chronic GvHD.

 Differential Diagnosis

The differential diagnosis is broad and differs for 
each organ system that can be involved in chronic 
GvHD. Because other conditions, particularly 
infections, can mimic chronic GvHD, a system-
atic, multidisciplinary evaluation of the patient 
with chronic GvHD is essential.

 Pathophysiology

Chronic GvHD results from donor T-cells’ rec-
ognition of the recipient’s antigens and cells as 
foreign (i.e. T-cell alloreactivity). Thus, allore-
active T-cells are thought to play a key role in 

chronic GvHD pathogenesis which is supported 
by the observation that chronic GvHD is 
extremely rare after autologous or identical twin 
HSCTs. In chronic GvHD, T-cells recognize not 
only the major human leukocyte antigens (HLA) 
(which are the major antigens to which the 
donor and recipient are typed and determined to 
“match” prior to HSCT) but also the minor HLA 
antigens that are not usually matched. Four the-
ories regarding the pathophysiology of chronic 
GvHD have been derived from experimental 
data. These include (1) damage to the thymus 
that results in defective negative selection of 
T-cells; (2) deficiencies in regulatory T-cell 
number and function; (3) the presence of B-cells 
that produce autoantibodies, secrete aberrant 
cytokines, and present improper antigens; and 
(4) the formation of profibrotic lesions [6]. The 
activated immune response in chronic GvHD 
continues on without the normal tolerance-pro-
moting mechanisms regulated by central (thy-
mic) or peripheral elimination of allo- and 
autoreactive T-cells. This dysregulated, patho-
logic immune response leads to the direct attack 
of target tissues by cytotoxic T-cells as well as 
the secretion of pro- inflammatory and profi-
brotic cytokines that can eventually end in irre-
versible organ damage. Regulatory T-cells play 
an important role in dampening the immune 
response. It is thought that regulatory T-cell 
deficiencies thus play a role in the 
pathophysiology of chronic GvHD. Aberrant 
B-cells may contribute to chronic GvHD by 
cytokine production, antigen presentation, and 
immune regulation. Thus, chronic GvHD is a 
disease of immune dysregulation predominantly 
involving T-cells, but it involves other immune 
cell types as well.

 Clinical Features

Essentially, every organ system can be affected 
by chronic GvHD. A list of the systems known to 
be involved in chronic GvHD along with a sum-
mary of the clinical manifestations, screening, 
and diagnostic studies and interventions by organ 
system is compiled in Table 19.1. Manifestations 
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are most commonly observed in the skin, mouth, 
and eyes with the liver, gastrointestinal (GI) tract, 
lungs, and musculoskeletal system often 
involved. While Table 19.1 provides a compre-
hensive summary of chronic GvHD, the sections 
below highlight the most notable clinical mani-
festations of chronic GvHD by organ system.

Skin: Up to 80% of patients with chronic 
GvHD have skin involvement. Patients may pres-
ent with erythematous, itching, burning, dry, 
flaky skin with or without ulcerations, In general, 
chronic GvHD of the skin has two types: sclero-
dermatous (most common) and lichenoid. In 
many cases, patients have both types forming a 
puckered appearance. Initially, skin may be ery-
thematous with areas of plaque formation and/or 
desquamation which often progresses to hyper- 
or hypopigmentation and a tightening of the skin 
with atrophy that results in a shiny, sclerotic, 
hide-like appearance. These fibrotic, scleroder-
matous changes often lead to joint contractures 
which can be quite debilitating, particularly with-
out early intervention with physical therapy. 
Figure 19.1 is an example of sclerodermatous 
cutaneous manifestation of chronic GvHD. The 
manifestations of chronic GvHD of the nails and 
hair are discussed in Chap. 25.

Mouth: Patients with chronic GvHD involv-
ing the mouth often develop xerostomia (dry 
mouth), taste disturbances including sensitivity 
to acidic and/or spicy foods, and oral pain. The 
mucosal changes range from erythema to lichen-
oid changes and ulcerations as depicted in 
Fig. 19.2. The oral mucosa may have a white, 
lacy striated pattern to plaque-like lesions on the 
buccal mucosa and/or tongue that mimics oral 
candidiasis. Patients may have a smooth tongue 
as well. Sclerodermatous fibrosis of the oral 
cavity can often limit the patient’s ability to open 
his/her mouth fully. These findings interfere with 
the patient’s ability to maintain his/her nutritional 
status, increase their risk for dental caries, and 
are associated with increased risk for infection.

Eyes: Ocular involvement usually begins with 
excessive tearing with progression to a burning or 
gritty sensation with or without photophobia. 
Over time, dry eye syndrome develops. Keratitis 
and scarring may occur that may lead to blind-

Fig. 19.2 Chronic GvHD of the mouth. Note the large 
patchy areas of white lichenoid hyperkeratosis with an 
area of ulceration on the tongue. Note the thick saliva con-
sistent with salivary gland dysfunction due to chronic 
GvHD. Additionally, note the decrease oral range of 
motion (Courtesy Terry Wikle Shapiro, Penn State 
Pediatric Stem Cell Transplant Program, Hershey, PA)

Fig. 19.1 Sclerodermatous skin manifestation of chronic 
GvHD. This is an example of sclerodermatous changes 
that can be seen with chronic GvHD of the skin. Notable 
is the leathery, shiny, dry, flaky appearance with areas of 
skin breakdown. Both hypo- and hyperpigmentation are 
present (Courtesy Terry Wikle Shapiro, Penn State 
Pediatric Stem Cell Transplant Program, Hershey, PA)

T. Wikle Shapiro and M. Kapadia
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ness. Complications of ocular chronic GvHD are 
also discussed in Chap. 24.

Liver: Most often, liver chronic GvHD does 
not become clinically apparent until the involve-
ment becomes severe. It typically presents as a 
cholestatic obstructive pattern with jaundice, 
mild hepatomegaly, coagulopathy, elevated alka-
line phosphatase, elevated transaminases, and 
elevated (direct) bilirubin. It is essential to elimi-
nate infection as the etiology of hepatic inflam-
mation prior to the initiation of immunosuppression 
to treat liver GvHD because treatment with 
immunosuppression in the context of an undiag-
nosed infection will most likely result in a poten-
tially fatal infection.

GI tract: Both the upper and lower GI tracts can 
be affected by chronic GvHD. Overall, patients 
with lower GI (or gut) chronic GvHD have a wast-
ing syndrome of malabsorption, weight loss, a 
poor performance score, and progressive GI symp-
toms. Upper GI tract involvement often is mani-
fested by nausea, vomiting, early satiety, dysphasia, 
and anorexia, whereas lower GI tract involvement 
is associated with diarrhea, abdominal pain, and 
cramping. While diarrhea is the most common 
manifestation of lower GI tract chronic GvHD, 
patients with chronic GvHD may have pancreatic 
exocrine insufficiency with steatorrhea as well.

Sinopulmonary: Sinopulmonary manifesta-
tions are found in 5% to 10% of patients with 
chronic GvHD. Sinusitis is a common complica-
tion of chronic GvHD and results from sicca syn-
drome (dry, burning, itchy eyes). Bronchiolitis 
obliterans (BO) and bronchiolitis obliterans orga-
nizing pneumonia (BOOP) are thought to be pul-
monary manifestations of chronic GvHD and are 
discussed in Chap. 21.

Musculoskeletal: Musculoskeletal involve-
ment of chronic GvHD is directly caused by 
severe sclerodermatous skin chronic GvHD and 
is manifested by joint stiffness, contractures, and/
or pain with limited range of motion. Patients can 
also have joint swelling, arthralgias, muscle 
cramps, muscle weakness, and carpal spasm. The 
degree of contractures can be very significant and 
debilitating. Patients can also develop fasciitis (as 
manifested by taut, irregularly thickened skin 
with depressed areas) and myositis (as mani-

fested by moderate to severe proximal muscle 
weakness, myalgias, fever, skin contractures, and 
skin induration).

 Diagnostic Studies and Grading

Chronic GvHD is graded as mild, moderate, or 
severe. Table 19.2 outlines the first National 
Institutes of Health (NIH) consensus publication 
with proposed diagnostic criteria and an improved 
classification for chronic GvHD [4, 7]. Clinical 
manifestations for making the clinical diagnosis of 
chronic GvHD are classified as diagnostic (which 
is sufficient to establish the diagnosis of chronic 
GvHD), distinctive (insufficient alone to establish a 
diagnosis of chronic GvHD), or common (seen in 
both acute and chronic GvHD). For example, 

Table 19.2 Grading of chronic graft-versus-host disease 
severity

Severity Definitiona

Mild Involves one or two organs or sites 
(except the lung), with no clinically 
significant functional impairment 
(maximum score of 1 in all affected 
organs or sites)

Moderate At least one organ or site with clinically 
significant impairment but no major 
disability (maximum score of 2 in any 
affected organ or site) or three or more 
organs or sites with no clinically 
significant functional impairment 
(maximum score of 1 in all affected 
organs or sites) or lung with a score of 1

Severe Major disability caused by chronic 
graft-versus-host disease (score of 3 in 
any affected organ or site) or a lung score 
of ≥2

Data from Dhir, S., Slatter, M., & Skinner, R. (2014). 
Recent advances in the management of graft versus host 
disease. Archives of Diseases in Childhood, 99(12), 
1150–1157; Flowers, M. E. D., & Martin, P. (2015). How 
we treat chronic graft versus host disease. Blood, 125(4), 
606–615; Jacobsohn, D. (2010). Optimal management of 
chronic graft-versus-host disease in children. British 
Journal of Haematology, 150:278–292
aEach organ is scored between 0 and 3 depending on phys-
ical manifestations and disabilities caused by GvHD (0, 
no symptoms/signs; 1 to 3, increasingly severe symptoms, 
signs, or abnormal studies). These scores and the number 
of organs or sites involved are used to grade the overall 
severity

19 Chronic GvHD
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poikiloderma, lichen planus-like, sclerotic, 
morphea-like, and lichen sclerosis-like skin 
manifestations are all considered diagnostic, 
whereas depigmentation and papulosquamous 
lesions are distinctive skin findings of chronic 
GvHD. In contrast, because the histology and 
clinical manifestations of the liver are 
indistinguishable between acute and chronic 
GvHD, the diagnosis of chronic GvHD cannot be 
made by liver biopsy alone and requires a distinctive 
clinical manifestation in at least one other organ 
system. Other manifestations, such as sweat 
impairment, thrombocytopenia, eosinophilia, 
lymphopenia, pericardial or pleural effusions, 
thinning, or premature graying of the hair without 
another explanation, are considered manifestations 
of chronic GvHD as long as the diagnosis has 
already been confirmed. For assessing the severity 
of chronic GvHD, each designated organ or site 
(i.e., skin, mouth, eyes, GI tract, liver, lung, joints, 
genital tract, and performance score) is assigned a 
grade between 0 and 3 according to the clinical 
manifestations and resultant disability. Then, an 
overall grade of mild, moderate, or severe is 
assigned according to the extent of involvement of 
each organ. The grade has clinical relevance 
because moderate chronic GvHD implies at least 
one organ with clinically significant features but 
without major disability, whereas severe chronic 
GvHD (with a score of 3 in at least one organ) 
reflects major disability and thus increasing the risk 
of mortality [8].

Biopsies should be performed of the tissue 
if the diagnosis of chronic GvHD is in ques-
tion or if another diagnosis, such as infection, 
needs to be eliminated. A typical biopsy of skin 
GvHD shows thinning or loss of the dermal 
layer with evidence of fibrosis. Also, there is 
significant loss of hair follicles and sweat glands 
which are normally contained within the dermis. 
Epidermal atrophy is also present. In patients 
with liver involvement of chronic GvHD, a liver 
biopsy shows features of degeneration with 
disorganized epithelial lining of the bile ducts, 
shrunken bile duct size, and generally cells rang-
ing of abnormal size and shape. In biopsies of 
gut chronic GvHD, apoptosis of the glands is 
present or missing altogether.

 Management and Outcome

Poor prognostic indicators for the outcome of 
chronic GvHD include persistent severe 
thrombocytopenia, lichenoid skin changes, serum 
bilirubin >1.2 mg/dL, progressive onset from 
acute to chronic GvHD, and a Karnofsky scale 
<70%. The major cause of chronic GvHD-
associated mortality is related to infection with up 
to 60% dying from infectious complications. 
Early recognition and treatment of chronic GvHD 
before disability ensues is critical. The goal of the 
management of chronic GvHD is to maximize the 
benefits of treatment while minimizing the side 
effects. The treatment is also tailored to the 
affected organ(s). The mainstay treatment of 
chronic GvHD is the use of corticosteroids often 
in combination with other immunosuppression 
agents, including calcineurin inhibitors (e.g., 
cyclosporine, tacrolimus), azathioprine, sirolimus, 
mycophenolate mofetil (MMF), rituximab, 
pentostatin, hydroxychloroquine, methotrexate, 
and extracorporeal photopheresis [1–4, 9].

Primary therapy for mild chronic GvHD 
includes topical and oral corticosteroids, 
cyclosporine, or tacrolimus. Recognizing and 
treating chronic GvHD early is crucial. 
Prednisone at a dose of 1 mg/kg every other day 
as monotherapy decreases treatment-related 
mortality rates as compared to prednisone 
combined with azathioprine (21% vs 40%, 
respectively), which is associated with a survival 
rate of 61% in patients with chronic GvHD 
without thrombocytopenia. Patients refractory 
to first-line therapies or those with moderate to 
severe chronic GvHD may be placed on 
azathioprine alternating with cyclosporine, 
corticosteroids, or thalidomide [10, 11]. The 
addition of cyclosporine at a dose of 6 mg given 
every 12 h every other day in patients at with 
GvHD with thrombocytopenia may improve 
survival rates from 26% to 52%. It may also 
improve functional performance to near-normal 
in long- term survivors by significantly 
decreasing the incidence of disabling 
scleroderma. The addition of tacrolimus to 
prednisone was associated with a high response 
rate of 72% but led to a high chronic GvHD-
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related mortality (34%) and a significant need 
for salvage therapy (47%). Thalidomide has 
been reported as effective primary treatment 
for chronic GvHD because of its TNF-
modulating effect. The 3-year survival rate is 
about 48%, with a diminished incidence of 
infection in long-term survivors [4]. The most 
commonly used immunosuppressive agents for 
chronic GvHD and their associated specific 
considerations are presented in Table 19.3.

 Treatment of Steroid-Refractory 
Chronic GvHD

Often alternative therapies are employed in cases 
of steroid-refractory chronic GvHD. These 
include mycophenolate mofetil, rituximab, pen-
tostatin, hydroxychloroquine, methotrexate, and 
extracorporeal photopheresis. Specific interven-
tions are used depending upon the organ system 
involved. For example, cyclosporine eye drops 

(continued)

Table 19.3 Selected immunosuppressants used for post- allogeneic HSCT chronic GvHD and their associated specific 
considerations [2, 4, 7, 12–14]

Agent Specific considerations

•  Calcineurin inhibitors
  – Cyclosporine
  – Tacrolimus

•  Therapeutic drug window is relatively narrow, so the monitoring of drug trough 
levels is critical

•  Cyclosporine and tacrolimus trough levels should be drawn before administration 
of morning dose

•  Monitor calcineurin inhibitor levels carefully in patients with renal or hepatic 
dysfunction

•  Dosing should be adjusted for renal dysfunction
•  Monitor serum creatinine, blood urea nitrogen, potassium, magnesium, glucose, 

and triglyceride levels
•  Replete electrolytes as indicated
•  Drug-drug interactions can lead to subtherapeutic or toxic cyclosporine or 

tacrolimus levels; patients need to advise their healthcare providers of changes 
made in concurrent medications

• Potassium-sparing diuretics should be avoided
•  Grapefruit juice or grapefruit-containing products should be avoided due to 

interference with calcineurin inhibitor pharmacokinetics
•   Bioavailability differs for the oral solution and capsule formulation; after a regimen 

is established, patients should be instructed not to change their formulation or 
brand

•   Patients need to notify the HSCT healthcare team immediately if unable to take 
because of gastrointestinal side effects

•  Can take with or without food but must be consistent
•   A calcineurin inhibitor should be discontinued for at least 24 hours before starting 

another calcineurin inhibitor

• Corticosteroids •  Monitor serum chemistries and glucose
•   Monitor closely for corticosteroid-induced hyperglycemia; instruct patients in 

strategies to prevent and treat hyperglycemia; may need to consult pediatric 
endocrine team for diabetes education

•   Patients treated with corticosteroids (>0.5 mg/ kg/day) need antiviral, antibacterial, 
and antifungal prophylaxis

•   Patients who have visual changes need to be referred to ophthalmology
•   Consult physical therapy for devising a proximal muscle strengthening exercise 

program
•   Patients on long-term steroids are at risk for osteopenia and need to undergo 

regular dual-energy x-ray absorptiometric (DEXA) scans, receive calcium and 
vitamin D supplementation, and may require specific treatment for osteopenia with 
antiresorptive agents, such as alendronate (Fosamax)

•  May increase tacrolimus or cyclosporine levels
•   Administer oral corticosteroids with food or milk to minimize gastrointestinal upset
•   Administer H2-blockers or proton pump inhibitors to decrease gastric acidity
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Table 19.3 (continued)

Agent Specific considerations

• Mycophenolate mofetil •   Monitor complete blood cell count at regular intervals, and adjust dosage for 
pancytopenia accordingly

•   Monitor liver function tests (i.e., bilirubin and serum transaminases) at regular 
intervals, and adjust dosage for liver function abnormalities accordingly

•   Monitor plasma levels of mycophenolic acid (i.e., metabolite of mycophenolate 
mofetil) to guide treatment of patients with renal dysfunction

•   There may be decreased absorption of MMF when co-administered with 
magnesium oxide, aluminum- or magnesium-containing antacids, or 
cholestyramine

•  Should be taken on an empty stomach

• Azathioprine •  Use with caution in patients with hepatic or renal impairment
•   May lead to anemia and leukopenia when given with angiotensin-converting 

enzyme inhibitors; synergistic with other bone marrow suppressants
•   Teratogenic and so patients and their partners need to use effective forms of 

contraception

• Infliximab (Remicade) •  Used mostly for management of gut GvHD
•   Monitor patient for development of infusion- related toxicities and have medications 

(e.g., acetaminophen, antihistamines, corticosteroids, epinephrine) and 
supplemental oxygen for treating hypersensitivity reactions immediately available 
in the event of a reaction

•   Consider premedication with acetaminophen and diphenhydramine

• Anti-thymocyte globulin
  – Equine (Atgam)
  – Rabbit 

(Thymoglobulin)

•   Monitor patient closely during and after infusion for signs of serum sickness and 
anaphylaxis

•   Medications for treating hypersensitivity reactions should be immediately available 
in the event of a reaction

•   Consider premedication with corticosteroids, acetaminophen, and H1- and 
H2-blockers

•   Medications for treating hypersensitivity reactions (e.g., acetaminophen, 
antihistamines, corticosteroids, epinephrine) and supplemental oxygen should be 
available for immediate use in the event of a reaction

•   Evaluate need for blood pressure support (e.g., fluid boluses, dopamine, 
dobutamine)

•   Because transient and sometimes severe thrombocytopenia may occur after 
antithymocyte globulin administration in patients with platelet counts less than 
100,000/μL, the platelet count should be evaluated 1 hour after administration and 
as ordered and platelets transfused as indicated

•   Consider starting antifungal and antiviral prophylaxis because of the significant 
blunting of T-cell function

•  Alemtuzumab 
(Campath-1)

•   Monitor patient for development of infusion- related toxicities, and premedicate 
patient with acetaminophen and diphenhydramine

•   Consider treatment with meperidine to control infusion-related rigors
•  Administer fluid bolus as needed to treat hypotension
•   Because alemtuzumab reduces rapid and prolonged lymphopenia, patients need to 

be on broad antifungal, antibacterial, antiviral, and antiprotozoal prophylaxis for at 
least 4 months after treatment and undergo close surveillance for cytomegalovirus 
infection

•  Sirolimus (Rapamycin) •   May suppress hematopoietic recovery if used in patients who have recently 
undergone allogeneic HSCT

•  Monitor sirolimus levels (typical target trough level is 5 to 15)
•   Like calcineurin inhibitors, sirolimus is metabolized through the cytochrome 

P450-3A system and so need to anticipate related drug-drug interactions
•   Oral bioavailability is variable and may be improved when administered with a 

high-fat meal
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are used for ocular involvement. Clofazimine, an 
anti-leprosy agent, has been effective in treating 
cutaneous and oral lesions of chronic GvHD and 
may be useful as a steroid-sparing agent.

MMF is the most commonly used agent to 
treat steroid-refractory chronic GvHD. Responses 
of 90% and 75% in first- and second-line settings 
are seen when MMF is added to standard regi-
mens that contain combinations of tacrolimus, 
cyclosporine, and prednisone [4]. Psoralen and 
ultraviolet A radiation (PUVA) therapy play a 
role for patients with refractory cutaneous 
chronic GvHD. Extracorporeal photopheresis 

(ECP), a modification of PUVA treatment, has 
also shown benefit, with the best responses in 
patients with skin, liver, eye, and oral mucosa 
involvement [7, 10]. The anti-CD20 monoclonal 
antibody rituximab has also been used effectively 
for musculoskeletal and cutaneous chronic 
GvHD, with durable responses 1 year after initia-
tion, and it provided a 75% reduction in steroid 
doses. Alternatively, intravenous pentostatin 
given every 2 weeks for 6 months has been shown 
to produce 50% response rates among patients 
with chronic GvHD who failed two prior immu-
nosuppressive regimens [9, 15]. Another alterna-

Table 19.3 (continued)

Agent Specific considerations

•  Thalidomide •   Thalidomide should not be started if the absolute neutrophil count is less than 750/
mm3, and therapy should be reevaluated if the absolute neutrophil count drops 
below this level

•   Thalidomide is a potent teratogen and is contraindicated in patients who are or who 
are likely to become pregnant. A systematic counseling and education program, 
written informed consent, and participation in a confidential survey program at the 
start of treatment and throughout treatment are required for all patients receiving 
thalidomide. Men and women who are of childbearing potential must practice 
protected sex while on this drug

•   Perform pregnancy test before initiating treatment and periodically throughout 
treatment course

•  Obtain baseline electrocardiogram before treatment
•   Avoid thalidomide with other drugs that can cause drowsiness or neuropathy
•   Administer doses in the evening to minimize impact of drowsiness on lifestyle and 

safety
•   May cause lightheadedness, peripheral neuropathy (including numbness or tingling 

in the hands or feet), and skin rashes or ulcerations that require immediate 
cessation of the drug until the patient can be evaluated

•   Often causes constipation; administer a stool softener or mild laxative
•   Avoid exposure to ultraviolet light or sunlight; use sunscreen liberally and wear 

protective clothing

•  Methoxsalen 
(Oxsoralen)

•   Toxicity increases with concurrent use of phenothiazines, thiazides, and 
sulfanilamides

•   Patients who have received cytotoxic chemotherapy or radiation therapy and who 
are taking methoxsalen are at increased risk for skin cancers

•  Severe burns may occur from sunlight or ultraviolet A exposure
•   Pretreatment eye examinations are indicated to evaluate for cataracts. Repeat eye 

examinations should be performed every 6 months while patients are undergoing 
psoralen and ultraviolet A therapy

•   Take methoxsalen with milk or food and to divide the dose into two portions, taken 
approximately one-half hour apart

Data from Appelbaum, F, Forman, S. J., Negrin, R. S., & Blume, K. G. (2009). Baird, K., Steinberg, S. M., Grkovic, L., 
Pulanic, D., Cowen, E. W., Mitchell, S. A.,. Deeg, H. J. (2009), Pavletic, S. Z. (2013). National Institutes of Health 
chronic graft-versus-host disease staging in severely affected patients: Organ and global scoring correlated with estab-
lished indicators of disease severity and prognosis. Biology of Blood and Marrow Transplantation, 19(4), 632–639; 
Flowers, M. E. D., & Martin, P. (2015). How we treat chronic graft versus host disease. Blood, 125(4), 606–615; 
Mitchell, S. A. (2013). Graft versus host disease. In S. A. Ezzone (Ed.). Peripheral blood stem cell transplant: Guidelines 
for oncology nursing practice (pp. 103–157). Pittsburgh, PA: Oncology Nursing Society Press
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tive agent is imatinib because patients with 
refractory GvHD with fibrotic features have been 
noted to have antibodies that activate the platelet- 
derived growth factor receptor pathway which is 
blocked by imatinib [4].

Drug levels of cyclosporine and tacrolimus 
need to be monitored at regular intervals and dos-
ing adjusted to maintain levels within the thera-
peutic range. The target range varies depending 
upon the underlying indication for which the 
allogeneic HSCT was performed. In general, lev-
els in the higher range are maintained in patients 
with nonmalignant conditions because the patient 
gains no benefit from having GvHD (a priori 
graft-versus-malignancy effect). Conversely, 
patients treated with an allogeneic HSCT for 
malignancies tend to require lower drug trough 
levels in order to maximize GVM effect.

Because many drug-drug interactions are asso-
ciated with cyclosporine and tacrolimus, it is 
important to regularly review the patient’s medica-
tion profile to identify potentially deleterious inter-
actions. For example, −azole class of drugs can 
significantly increase calcineurin inhibitor drug 
levels; some recommend decreasing calcineurin 
drug dosing to 10–50% of the current dose in order 
to minimize toxicity from a supratherapeutic level.

Patients need to take their immunosuppressive 
medications exactly as instructed; they need to 
contact their transplant provider before starting 
or discontinuing any new medications.

Because sun exposure may activate or exacer-
bate GvHD of the skin, patients should avoid 
direct sun exposure, always apply sunscreen lib-
erally, and wear protective clothing whenever 
possible.

 Chronic GvHD Supportive Measures

Chronic GvHD is the major cause of significant 
morbidity and mortality after allogeneic 
HSCT. The two most important factors that 
 contribute to the morbidity and mortality associ-
ated with chronic GvHD are (1) a dysfunctional 
immune system that is not only inherent to 
GHVD but also exacerbated by its treatment 
with immunosuppressant and (2) poor nutri-

tional status associated with chronic GvHD. In 
fact, GvHD was first referred to as “wasting syn-
drome” due to the patient’s inability to gain ade-
quate weight, loss of muscle mass, changes in 
hair and nails, and poor wound healing capacity. 
Supportive care measures such as infection pro-
phylaxis, nutritional management, and coordi-
nated multidisciplinary care are essential to 
improve longevity and quality of life for patients 
with chronic GvHD [1, 2, 4, 5, 7, 9, 11, 16].

Infection prophylaxis: Patients with chronic 
GvHD are very susceptible to encapsulated bacte-
ria, and the institution of prophylaxis with oral 
penicillin has dramatically reduced the risk of life-
threatening infections from these organisms. 
Antiviral prophylaxis against HSV, VZV, and CMV 
can prevent oropharyngeal infection and interstitial 
pneumonia in patients with active GvHD who 
require long-term immunosuppression. Antifungal 
agents that cover fungi and mold species are also 
needed to help prevent fungal infections in patients 
with chronic GvHD on active treatment due to their 
profound immunosuppressive state.

Nutritional supportive care: Mouth sores and 
other changes in the oral mucosa may cause the 
patient to be exquisitely sensitive to spicy, acidic, 
and mint-containing foods, contributing to poor 
nutrition due to decreased oral intake. Pain con-
trol with analgesics for patients with mouth sores 
results in increased oral intake. Oral beclometha-
sone can improve oral intake, nausea, and diar-
rhea without causing systemic or local toxicity. 
Often, patients will require supplemental enteral 
feeds in order to maintain adequate daily caloric 
intake which is increased due to their increased 
metabolic needs from chronic GvHD. Pilocarpine 
(Salagen) is used for oral sicca manifestations.

Ocular supportive care: Patients with chronic 
GvHD often have ocular involvement with eye 
pain, irritation, and/or dryness and blurry vision. 
Treatment with artificial tears and cyclosporine 
eye drops (Restasis) are effective in reducing 
ocular symptoms. Retinoic acid is used for ocular 
sicca syndrome.

Musculoskeletal supportive care: Clonazepam 
may be used to treat musculoskeletal manifestations 
(e.g., muscular aches, cramping, carpal spasm). 
Patients receiving chronic corticosteroid therapy 
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are at risk for osteoporosis and fractures and thus 
need to have vitamin D levels monitored. Often, 
patients will require calcium and vitamin D 
supplementation to improve bone health.

Endocrine-related supportive care: For patients 
on long-term steroid therapy or for female patients, 
estrogen replacement, calcium supplements, and 
anti-osteoporosis agents (e.g., alendronate 
(Fosamax), calcitonin) should be considered.

Supportive skin care: A skin care specialist 
may be needed for moderate to severe cutaneous 
chronic GvHD [2, 11, 16]. Because of poor 
wound healing, any skin injury needs to be evalu-
ated and monitored closely, particularly for signs 
or symptoms of infection. Also, patients with 
chronic skin GvHD need to avoid direct sun 
exposure and use sunscreen liberally.

Specialists in dentistry or oral medicine, der-
matology, endocrinology, gynecology, ophthal-
mology, pulmonology, nutrition, physical therapy, 
and occupational therapy are essential in caring 
for patients with acute or chronic GvHD.

Chronic GvHD is a primary factor in late 
transplantation-related morbidity and mortality 
(TRM). In addition, patients with chronic GvHD 
have psychosocial issues due to abnormalities of 
growth and development in children, and a 
decrease in functional performance status. These 
factors along with other manifestations of chronic 
GvHD lead patients to suffer from depression 
and anxiety, present with somatic symptoms, 
lack sexual satisfaction, and have difficulty in 
maintaining stable employment as an adult. 
These all contribute to a decreased quality of life. 
Support groups, individual and family psycho-
therapy, physical therapy, occupational therapy, 
and preventive and preemptive rehabilitation may 
help to prevent functional decline and emotional 
distress, thereby improving quality of life [2, 8].

Complicating care is the fact that by the time 
chronic GvHD develops, many patients have 
returned to their local community and are at a 
distance from healthcare providers with expertise 
in the identification and management of the 
diverse manifestations of chronic GvHD. Thus, it 
is imperative that all involved healthcare provid-
ers be aware of the signs and symptoms of 
chronic GvHD as well as being proactive in 

assessing these patients for more subtle signs/
symptoms of depression and anxiety.

Alternative approaches to the prevention and 
treatment of GvHD (both acute and chronic) are 
being investigated in the preclinical and clinical 
setting. They include the application of cytokine 
shields to decrease the inflammatory responses 
thought to promote acute GvHD. Another area of 
active research is the identification of GvHD bio-
markers and more selective methods of T-cell 
depletion of the HSC product as well as other graft 
engineering strategies. Gene transfer technologies 
are promising tools for manipulating donor T-cell 
immunity to preserve GVM or graft- versus- 
infection effects while preventing or blunting acute 
GvHD and are being actively explored [7, 17].

Ruxolitinib, a selective inhibitor of Janus 
kinase 1 (JAK1) and JAK2, is an approved agent 
for the treatment of myelofibrosis. JAK1 and 
JAK2 mediate receptor-mediated signaling for a 
variety of pro-inflammatory cytokines, including 
interferon-γ and IL-6, and inhibition of this path-
way has been shown to suppress activation and 
differentiation of dendritic cells as well as T-cells. 
Pro-inflammatory cytokines are characteristi-
cally elevated in both acute and chronic GvHD, 
and inhibition of JAK1/JAK2 signaling with rux-
olitinib has been shown to be effect in the treat-
ment of chronic GvHD [18]. It is currently under 
investigation in the pediatric HSCT population.

 Key Points

• Chronic GvHD remains a common and poten-
tially life-threatening complication of alloge-
neic HSCT.

• It stems from immune dysfunction that mim-
ics autoimmune disease.

• Chronic GvHD can affect every organ system, 
but the skin, mouth, and eyes are the most 
commonly involved sites.

• Chronic GvHD has been reported from 33% to 
64% of all patients who received an allogeneic 
HSCT. The incidence depends upon the degree 
of HLA histoincompatibility and donor HSC 
source, with G-CSF-mobilized peripheral 
blood stem cells affording the highest risk.
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• Treatment of these patients requires a multi-
disciplinary approach that includes manage-
ment of immunosuppressive therapy, physical 
therapy, occupational therapy, oral care spe-
cialists, and skin care specialists.

• Keys to successful collaborative management 
include early recognition of chronic GvHD, 
comprehensive evaluation at the onset and 
periodically during the course of the disease, 
prompt institution of systemic and topical 
treatment, appropriate monitoring of the 
response, calibration of treatment intensity 
over time in order to avoid overtreatment or 
under treatment, and the use of supportive 
care to prevent complications and disability.

• Infection is the major cause of death in patients 
with chronic GvHD.

• While chronic GvHD may offer a benefit to 
patients transplanted to treat an underlying 
malignancy, i.e., a graft-versus-malignancy 
effect, there is no advantage of having 
chronic GvHD in the context of a 
nonmalignant condition.
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Hematologic Complications 
Associated with HSCT

Mala K. Talekar and Timothy Olson

Abstract

Allogeneic hematopoietic stem cell transplantation (HSCT) is an 
 increasingly used curative treatment modality, not only for hematologic 
malignancies but also for a variety of primary immunodeficiencies and 
nonmalignant hematologic disorders. The expanded use of HSCT is due in 
large part to improvements in supportive care, T cell depletion approaches, 
immune suppression, and disease-specific conditioning strategies that 
have led to improved survival for patients receiving HSCT using alterna-
tive donors such as unrelated cord blood, matched or mismatched unre-
lated adult donors, and partially matched or haploidentical-related donors. 
While significant hematologic complications associated with well- 
established approaches for myeloablative matched sibling donor (MSD)-
HSCT are relatively uncommon, the increasing use of reduced-intensity 
conditioning and alternative donor HSCT has been associated with a sig-
nificant rise in hematologic abnormalities following HSCT. These include 
autoimmune hemolytic anemia, alloimmune hemolysis due to donor/
recipient ABO incompatibility, thrombocytopenia, transplant-associated 
microangiopathy (TAM), and thromboembolism. Thus, pediatric hematol-
ogy/oncology specialists who care for pediatric patients who have received 
HSCT need to be aware of the common presentations and treatment 
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options for hematologic disorders that occur post-HSCT. These HSCT- 
associated hematologic complications along with their diagnosis and man-
agement are discussed in this chapter.

 Hemolytic Anemia Post-HSCT

 Introduction

Hemolytic anemia (HA) is defined as anemia 
resulting from premature destruction of circu-
lating red blood cells (RBCs). Immune-mediated 
hemolytic anemia (IHA) occurs following the 
development of red cell antigen-specific anti-
bodies, which in the context of patients who 
have received hematopoietic stem cell trans-
plantation (HSCT), can be either host-derived 
(alloimmune) or donor-derived (autoimmune). 
IHA may be intravascular or extravascular 
depending upon the class of antibody involved, 
the ability of bound antibody to fix complement 
on the RBC surface, and splenic function. 
Hemolysis can range from mild and asymptom-
atic to severe, therapy-resistant, and life-threat-
ening. Transfusion requirements resulting from 
IHA have an equally wide variability.

IHA following a HSCT is a well-recognized 
complication [1], and ironically both primary 
and secondary HSCT can be a salvage treat-
ment approach for therapy-resistant IHA [2]. 
Posttransplant IHA occurs at an incidence of 
3–9% [3–6] in contrast to the incidence of IHA in 
the general population of one to three per 105 
patients per year [7, 8], and an estimated overall 
prevalence of 1:80,000 in pediatric patients [9]. 
Alloimmune hemolytic anemia post-HSCT usu-
ally results from major or minor incompatibility 
between donor and recipient red cell antigens, 
mainly of the ABO systems, giving rise to reac-
tive alloantibodies (see section on alloimmune 
hemolysis below). In contrast, autoimmune 
hemolytic anemia (AIHA) post-HSCT is caused 
by donor-derived autoantibodies directed against 
donor RBC antigens. AIHA post-HSCT can 
occur in children of any age, may develop as 
early as a few weeks to as late as many months 
after HSCT, and results in significant morbidity 
and mortality [4, 10, 11].

 Differential Diagnosis

The differential diagnosis of AIHA post-HSCT 
is quite broad, as it includes many other causes 
of transfusion-dependent anemia, including 
relapse of hematologic malignancy, graft failure, 
infection,  treatment-related toxicity, and graft-
versus- host disease (GvHD) (Table 20.1). The 
diagnosis of AIHA is made based on the pres-
ence of  hemolytic anemia and the serologic evi-
dence of autoantibodies to RBC antigens 
(Table 20.2). AIHA is sub-classified into three 
forms based on thermal reactivity of the autoan-
tibodies: (1) warm AIHA (~70% of cases), 
wherein the direct antiglobulin test (DAT) is 
positive for immunoglobulin G (IgG) only or 
IgG plus C3d, (2) cold agglutinin disease (~20% 
of cases) in which the DAT is positive for C3d 
with cold agglutinin of I specificity, and (3) 
mixed form (DAT+ for IgG and C3d, with coex-
istence of warm autoantibodies and high titer 
cold agglutinins) [10]. The IgG autoantibodies in 
warm AIHA react at 37 °C and primarily lead to 

Table 20.1 Differential diagnosis of prolonged anemia 
post-HSCT

(a) Inadequate RBC production

 • Graft rejection/failure, partial engraftment
 • Relapse of malignant disease
 • Infection
  – Viral (EBV, HHV6, parvovirus, adenovirus)
  –  Others (atypical mycobacterium, disseminated 

fungal infection)
 • Chronic GvHD/anemia of chronic disease
 •  Drug-mediated (sulfa drugs, mycophenolate, ganciclovir)

(b) Decreased circulating RBC lifespan

 • Chronic blood loss, due to:
  – Thrombocytopenia/coagulopathy
  – GI losses (gastritis, gut GvHD)
 • Immune-mediated hemolytic anemia
   –  Alloimmune (donor/recipient ABO incompatibility)
  – Autoimmune hemolytic anemia
 • Transplant-associated microangiopathy
 • Organ sequestration
  – Veno-occlusive disease
  – Other causes of hepatosplenomegaly
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extravascular hemolysis. In contrast, cold forms 
of AIHA are mainly due to IgM autoantibodies 
with optimal thermal  reactivity at 4 °C, are able 
to fix complement and, in most cases, lead to 
intravascular hemolysis.

 Etiology

The pathophysiologic mechanisms that drive 
AIHA post-HSCT are poorly understood, though 
it is generally thought to be caused by dysregu-
lated immune responses due to slow maturation 
of adaptive immunity post-HSCT. Multiple risk 
factors have been identified for the development 
of AIHA post-HSCT (Table 20.3), though the 
strength of risk association for many of these 
factors varies among the few published series 
available. Reported HSCT-specific risk factors 
for development of AIHA include nonmalignant 
primary disease, use of reduced intensity condi-
tioning including alemtuzumab or antithymocyte 
globulin serotherapy [12, 13], ex vivo T cell 
depletion of donor grafts [14, 15], umbilical cord 
blood transplantation [16], transplantation from 
a mismatched unrelated or haploidentical-related 
donor, and GvHD [3]. The common denomina-
tor of each of these risk factors is exogenous 
suppression or graft-intrinsic depletion of T 
cells, resulting in slowed recovery of functional 
T cell responses. Autoreactive lymphocytes 
escaping immature immune tolerance mecha-
nisms have also been implicated [2]. Wen et al. 
demonstrated in a mouse model that dysregu-

lated immune reconstitution of B and T cells 
post-HSCT could allow for polyclonal 
 proliferation of hyperactive B lymphocytes that 
produce antibodies reactive against self-antigens 
such as those on red cells [17].

 Diagnosis and Management of AIHA

Although routine surveillance with DAT is not 
recommended, any post-HSCT patient who devel-
ops an unexplained need for red cell transfusions 
after having achieved transfusion independence, 
or in whom baseline red cell transfusion needs 
acutely increase, should undergo an evaluation for 
AIHA [4]. As described in Table 20.2, this evalu-
ation should include a CBC with reticulocyte 
count, peripheral blood smear examination, LDH, 
haptoglobin, urinalysis, liver function studies, and 
assessment of electrolytes/renal function (to 
assess for end-organ damage from hemolysis).

AIHA can present with acute, rapid hemolysis 
leading to a drastic fall in hemoglobin levels 
which, in life-threatening cases, necessitates 
timely transfusions using least incompatible red 
blood cell units. However, due to risks of 
transfusion- associated hemolysis and subsequent 
worsening of end-organ damage, packed red 
blood cell (PRBC) transfusion is generally only 
indicated for very severe anemia and/or hemody-
namic instability. Until the kinetics of RBC 
destruction and hemoglobin decline for an indi-
vidual patient presenting with AIHA are known, 
patients with an initial AIHA presentation post- 
HSCT require inpatient admission to a hematol-
ogy or HSCT inpatient service for close 

Table 20.2 Diagnostic criteria for AIHA

(a) Presence of hemolytic anemia

 •  Evidence of anemia: complete blood count (CBC) 
with low hemoglobin, elevated reticulocyte 
percentage, absolute reticulocyte count

 •  Evidence of hemolysis: high indirect bilirubin, high 
LDH, low haptoglobin, hemoglobinuria

(b) Positive direct antiglobulin (Coombs) test

 • Positive for presence of IgG and/or C3d, IgM
 • Thermal autoreactivity at 40C or 370C
 •  Autoantibody specificity (anti-Rh for IgG, anti-I in 

case of IgM)

(c)  Presence of spherocytic red blood cells on 
peripheral blood smear

Table 20.3 Risk factors for developing AIHA post-HSCT

HSCT factor High-risk group

• HSCT indication • Nonmalignant disease

•  Conditioning intensity •  Reduced intensity 
conditioning

•  Conditioning agents •  Alemtuzumab, 
antithymocyte globulin

• Donor type •  Cord blood, mismatched 
unrelated, haploidentical

•  Graft manipulation • Ex vivo T cell depletion

•  Post-HSCT complication • Chronic GvHD
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monitoring of hemodynamic status and serial 
complete blood count (CBC) surveillance.

Due to the wide clinical variability in the pre-
sentation of AIHA post-HSCT, including differ-
ences in pretransplant disease and immune/organ 
dysfunction, posttransplant complications includ-

ing concurrent infections, the presence of GvHD, 
and the status of ongoing immunosuppressive 
therapy, treatment recommendations are very dif-
ficult to standardize. Available treatment alterna-
tives (Table 20.4) are mostly based on data from 
case reports or small case series; however, several 

Table 20.4 Treatment of autoimmune hemolytic anemia (AIHA)

Treatment Dose Response rate Risks/complications

First-line 
therapy

Corticosteroids •  Methylprednisolone 
0.5–1 mg/kg q6–q12h

•  Once Hgb stable, 
convert to oral 
prednisone

•  Once transfusion-free 
with Hgb >10, slow 
taper over 4–6 months

Response rate: 
~70–85%
Cure rate: 
~20–30%

• Hypertension
• Diabetes
• Osteoporosis
•  Viral and fungal 

infections

Second-line 
therapies

Splenectomy – Response rate: 
~70%
Cure rate: 
~20%

•  Surgical complications
•  Risk of sepsis with 

encapsulated bacteria
•  Poor response to 

revaccination post-HSCT
•  Increased risk of 

thromboembolism and 
pulmonary hypertension

Rituximab •  Standard: 375 mg/m2/
dose × 4 weeks

•  Low dose: 100 mg/
dose × 4 weeks

Response rate: 
70–80%, DFS: 
~70% at 1 year

•  Infusion-related events
• Risk of infections
•  Requirement for 

long-term Ig replacement

Immunosuppressive 
drugs (azathioprine, 
sirolimus, vincristine 
cyclosporine)

– Response rate: 
40–60%

• Myelosuppression
•  HSCT-associated 

microangiopathy
•  Posterior Reversible 

Encephalopathy 
syndrome

•  Impaired wound healing

Mycophenolate – Response rate: 
~90% in 
combination 
with rituximab

• Myelosuppression
• GI side effects

Intravenous 
immunoglobulin 
(IVIG)

– Response rate: 
40–50%

•  Infusion-related reactions
Aseptic meningitis

Refractory to 
previous 
therapies

Erythropoietin (EPO) •  Therapy refractory 
AIHA esp. associated 
with reticulocytopenia

– –

High dose 
cyclophosphamide

•  50 mg/kg/day × 4 days •  Severe risk of fungal/
viral infection

Alemtuzumab – Initial 
response: 
~70%, 
Sustained 
response: ~30%

•  Infusion-related events
•  High risk of viral 

infection

Second HSCT – – –
aResponse rates derived from multiple sources [10, 18–21, 24, 25, 27–31, 106–108]
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common themes have emerged. In the absence of 
a concurrent life-threatening infection, initial 
therapy should include corticosteroids in aggres-
sive dosing regimens, which result in high initial 
response rates but also significantly high rates of 
relapse when used as monotherapy.

Recurrent AIHA has been treated with sple-
nectomy; however, this approach entails the risk 
of limited response to revaccination in post- 
HSCT patients and lifelong impaired immunity 
toward encapsulated bacteria. Rituximab is a rel-
atively new agent being used in AIHA post- 
HSCT, and appears to have efficacy subacutely 
(over a few weeks) by depleting autoreactive B 
lymphocytes through CD20 engagement. Its 
major role may be as a steroid-sparing agent, par-
ticularly for patients with significant infection 
concerns and delayed immune reconstitution 
such as those receiving T cell depleted grafts [15, 
18, 19]. Recent reports have also documented 
synergistic efficacy of mycophenolate mofetil 
(MMF) used in combination with rituximab [20]. 
A number of immunomodulatory agents (azathi-
oprine, cyclosporine, sirolimus, vincristine) have 
been tried in refractory cases with variable 
response rates [1, 21, 22]. Intravenous immune 
globulin (IVIg) may also provide some therapeu-
tic response, but more commonly is used for IgG 
replacement in any patient with AIHA who 
receives rituximab. Evidence supporting the use 
of plasmapheresis, commonly used in certain 
forms of AIHA occurring in the general popula-
tion, specifically in post-HSCT AIHA is limited 
to isolated case reports [23]. Additional salvage 
approaches have been attempted in cases refrac-
tory to other modalities, including erythropoietin 
[24], cyclophosphamide [25], bortezomib [26], 
alemtuzumab [27, 28], total lymphoid irradiation 
[11], and even second HSCT [24, 25, 27–31].

All patients who develop AIHA post-HSCT 
should be treated in direct consultation with 
the HSCT center who performed the HSCT. 
Additionally, it is recommended that all patients 
with AIHA who are refractory to or relapse after 
corticosteroid therapy should be transferred to a 
center with experience treating AIHA in the con-
text of HSCT, as the therapies and associated 
toxicities for patients with refractory AIHA 

require intensive management and considerable 
expertise in order to prevent deleterious 
 outcomes. Even with optimal therapy in expert 
centers, refractory AIHA carries significant mor-
tality risk of about 35% in pediatric patients 
[22]. In summary, AIHA occurring post- HSCT 
is associated with a number of specific risk fac-
tors, may have a variable course, is often ther-
apy-resistant, and results in significant  morbidity 
and mortality. Outcomes can be improved by 
early recognition, early initiation of appropriate 
therapy, judicious use of transfusion support, 
and achieving a delicate balance in terms of 
intensity and duration of immune suppression 
therapy in order to prevent recurrence of AIHA, 
but also to avoid undue infectious risk.

 Alloimmune Hemolysis: Donor/
Recipient ABO Incompatibility

Hemolysis due to donor/recipient ABO incom-
patibility is a risk unique to allogeneic HSCT 
patients. Although a requisite for solid organ 
transplants donor-recipient ABO compatibility is 
not necessary for successful HSCT [2], though 
incompatibility does require special consider-
ations in terms of whether RBC depletion of the 
donor stem cell product is required and the selec-
tion of blood product units for transfusion 
 support. ABO blood groups are inherited inde-
pendently from HLA antigens, and thus HSCT 
donor/recipient ABO incompatibility occurs fre-
quently in up to 30–50% of cases [32, 33]. 
Although major ABO incompatibility can lead to 
delayed RBC recovery, it has not been shown to 
impact engraftment (neutrophil or platelet recov-
ery) regardless of the conditioning regiment, 
donor type, or the stem cell source [34, 35]. 
Though some groups have reported increased 
incidence of GvHD and modestly lower survival 
in subsets of patients receiving HSCT, most stud-
ies have shown no differences in these or other 
standard HSCT outcome assessments, suggesting 
that ABO mismatch does not significantly impact 
overall efficacy and safety of HSCT [32–34].

In major ABO-incompatible HSCT (Table 20.5), 
the donor/recipient ABO mismatch is such that the 
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recipient has preformed isohemagglutinins against 
donor RBC (A and/or B) antigens. For example, an 
HSCT in which a type O recipient receives 
 hematopoietic stem cells (HSCs) from a type A 
donor would be considered to be a major ABO-
incompatible HSCT, due to the preexisting pres-
ence of anti-A isohemagglutinins in the recipient. 
Major ABO incompatibility can result in acute 
hemolysis during or immediately after graft infu-
sion, the risk of which can be reduced through graft 
manipulation strategies (such as apheresis or sedi-
mentation) that reduce the RBC content at the cost 
of lowering the CD34+ stem/progenitor dose of the 
graft due to processing loss [33, 36]. Another strat-
egy has been to reduce the recipient’s isohemag-
glutinin titers via immunoadsorption or therapeutic 
plasma exchange (TPE) [37], although this process 
is labor intensive, difficult to standardize across 
centers, and requires close assessment of patient 
hydration and renal function [2].

In addition to graft infusion-related hemoly-
sis, major ABO-incompatible HSCT may result 
in delayed red cell engraftment and/or pure red 
cell aplasia (PRCA) in up to 30% of patients due 
to the hindrance of normal erythroid maturation 
by residual plasma anti-donor isohemagglutinins 
derived from the recipient [2, 38]. The resulting 
anemia, which can persist anywhere from a few 
weeks to several months post-HSCT, may mimic 
other causes of anemia post-HSCT discussed 
above and thus poses a diagnostic dilemma. In 
this clinical scenario, blood product selection 

has to be performed with consideration to mini-
mizing the potential for hemolysis of the trans-
fused units (Table 20.6). Delayed red cell 
engraftment and PRCA occur more frequently in 
major ABO- incompatible HSCT performed with 
reduced intensity conditioning (RIC) regimens 
due to the persistence of recipient-derived 
isohemagglutinin- producing plasma cells due 

Table 20.6 Risk of post-HSCT hemolysis due to donor/
recipient ABO incompatibility and selection of blood 
products based on ABO status

ABO status 
HSCT recipient 
HSCT donor

Risk of 
hemolysis

Preferred 
RBCa

Preferred 
PLTa (first 
choiceb)

O A High O A

O B High O B

O AB High O AB

A O Low O A

A B High O AB

A AB High A AB

B O Low O B

B A High O AB

B AB High B AB

AB Any Low Per donor 
ABO

AB

aPreferred ABO type of RBC and PLT units until the fol-
lowing criteria are met: (1) engraftment occurs, (2) patient 
has not received RBC transfusions for 3 months and for-
ward and reverse typing is fully donor with no mixed field, 
and (3) no clinical suspicion of ongoing related hemolysis
bIf first choice of platelet unit not available, consult 
blood bank from specialized HSCT center for further 
recommendations

Table 20.5 Hemolytic complications due to ABO incompatibility in HSCT

Type Complications Preventive measures Treatment

Major

Hemolysis with graft infusion (high risk) RBC depletion of donor graft
Recipient isohemagglutinin 
reduction

Hydration
Transfusions

Delayed RBC engraftment/pure red cell 
aplasia (high risk)
•  Reticulocytopenia
•  BM: lack of RBC precursors
•  Exclusion of viral causes

Immunoadsorption
Plasma exchange

Transfusions
Immunosuppression adjustment
Rituximab

Minor

Hemolysis with graft infusion (low risk) Plasma reduction of donor graft Hydration
Transfusions

Delayed hemolysis/passenger lymphocyte 
syndrome (low risk)

Serial CBC monitoring Transfusions
RBC exchange
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to the less intensive regimens. Additionally, 
reduced intensity transplant strategies for HSCT 
in nonmalignant diseases in which mixed donor/
recipient chimerism is sufficient for HSCT suc-
cess may be associated with particularly long 
delays in red cell engraftment or PRCA in the 
setting of major ABO incompatibility, due to the 
ongoing coexistence of donor and recipient 
hematopoiesis [2].

In contrast, minor ABO-incompatible HSCT 
(Table 20.5), in which donor isohemagglutinins 
are directed against recipient RBC antigens, 
infrequently results in clinically significant 
hemolysis, though the risk of graft infusion- 
associated hemolysis can be prevented through 
plasma volume reduction of the donor product 
leading to reduction in burden of donor isohem-
agglutinins [39]. Passenger lymphocyte syn-
drome (PLS) is an infrequent, related 
complication in the setting of minor ABO- 
incompatible HSCT [40] in which transplanted 
donor lymphocytes produce new isohemaggluti-
nins starting 1–3 weeks post-HSCT, resulting in 
potentially severe hemolysis that persists until 
recipient RBCs are no longer produced. The 
majority of reported patients who have devel-
oped PLS have been of blood group A with 
donor blood group O [33]. Reduced intensity 
regimens and larger graft lymphocyte content 
may also increase the risk of clinically relevant 
PLS. Careful selection of blood products for 
donor compatibility is critical in preventing 
worsening hemolysis in the setting of minor 
ABO incompatibility and PLS (Table 20.6), 
with immune suppression reserved for severe 
cases [33].

 Thrombocytopenia Post-HSCT: 
Pathophysiologic Causes

 Introduction

Thrombocytopenia is an anticipated consequence 
of HSCT during the post-conditioning and pre- 
engraftment phase and in most cases is easily 
managed by platelet transfusion support at 
 appropriate threshold triggers. The time to 

 platelet engraftment in pediatric patients follow-
ing HSCT, defined as a platelet count over 
50 × 10 × 9 L−1 without platelet transfusion sup-
port for the preceding 7 days, is highly dependent 
upon the hematopoietic stem cell (HSC) source. 
Most patients receiving bone marrow or periph-
eral blood stem cell grafts achieve engraftment 
within 3–4 weeks, whereas patients who receive 
umbilical cord blood transplants may not achieve 
full platelet transfusion independence until 2–3 
months post-HSCT [41]. Thus, HSC source must 
be considered when determining whether dura-
tion of initial thrombocytopenia in individual 
patients is abnormal. Additionally, other factors, 
including presence of organomegaly and ongoing 
bleeding complications, may also make it diffi-
cult in an individual patient to determine whether 
ongoing thrombocytopenia is truly an aberrant 
hematopoietic or immunologic condition that 
warrants further evaluation.

However, because persistent or recurrent 
thrombocytopenia often leads to increased mor-
bidity and is associated with an inferior survival 
post-HSCT [42], prompt recognition of the 
 existence of pathologic thrombocytopenia 
(Table 20.7) and identification of its causes 
(Table 20.8) are critical in initiating corrective 
action to minimize associated morbidity. 
Generally in HSCT recipients, the etiology of 
refractory thrombocytopenia is multifactorial 
[43, 44]. As in the case for anemia discussed 
above, pathologic thrombocytopenia post-HSCT 
can result from inadequate platelet production, 

Table 20.7 Signs of ongoing thrombocytopenia post- 
HSCT that require further evaluation

•  Persistent transfusion dependence beyond median 
time to platelet engraftment

  –  >3–4 weeks for auto HSCT or AlloSCT with 
PSC or BM source

  –  >6–8 weeks for UCBT

•  Increased platelet transfusion requirements after 
initial signs of engraftment

•  Recurrence of thrombocytopenia/transfusion 
dependence after prior platelet normalization

AutoSCT, autologous stem cell transplant; AlloSCT, allo-
geneic stem cell transplant; PSC, peripheral blood stem 
cells; BM, bone marrow; UCBT, umbilical cord blood 
transplantation
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decreased lifespan of circulating and/or trans-
fused platelets, or conditions associated with 
both decreased production and increased destruc-
tion (e.g., chronic GvHD). One useful approach 
to determining the cause of thrombocytopenia in 
a post-HSCT patient is to determine if the patient 
has developed platelet transfusion refractoriness 
(PTR), indicative of significantly reduced circu-
lating platelet lifespan. Several formulas have 
been used to calculate a PTR state, including 1-, 
20-, and 24-h corrected count increments (CCI; 
see Table 20.9 for formula), along with a related 
parameter determined from regression analyses 
of posttransfusion platelet increments known as 
the corrected platelet increment (CPI) [45–48]. A 
1-h CCI of <5–10 × 109 L−1 or a 24-h CPI of 
<10 × 109 L−1 has been defined as threshold indi-
cators for a PTR state.

Once discovered, PTR states can be further 
classified according to immune versus nonim-
mune causes. Failure to correct a platelet count 
(as determined by a post-platelet count col-
lected within 1 h of transfusion) has been sug-
gested to indicate an immune mechanism of 
platelet clearance, whereas normal correction at 
1 hour, but recurrent thrombocytopenia within 
24 h has been suggested to represent other 

 sequestration/destruction causes. However, 
exceptions to this suggested rule do occur [45].

 Etiology

In autologous stem cell transplantation, pro-
longed thrombocytopenia post-HSCT usually 
reflects either poor engraftment, often related to 
low-CD34+ doses of the infused autologous stem 
cell product, or regimen-related toxicity includ-
ing mucositis, veno-occlusive disease (VOD) 
(also known as sinusoidal obstructive syndrome, 
SOS), and/or coagulopathy. However, immune- 
mediated thrombocytopenia has also been 
described in the autologous transplant setting 
[49]. While aberrant thrombocytopenia follow-
ing allogeneic HSCT may also be due to similar 
problems related to poor engraftment, primary 
disease relapse, or organ toxicity, the ongoing 
interplay between recipient and donor immune 
system components and the use of exogenous 
immune suppression in the allogeneic setting 
leads to increased frequency of thrombocytope-
nia occurring as the result of dysregulated immu-
nity, a state which may persist for many months 
post-HSCT.

Immune-mediated thrombocytopenia in the 
post-HSCT setting typically results from plate-
let clearance through binding of either recipient 
(alloimmune) or donor-derived (autoimmune) 
antiplatelet antibodies. Risks for develop-
ing alloimmune thrombocytopenia include 
pre-HSCT transfusion exposure, pregnancy, 
or previous transplantation, resulting in allo-
immunization to human leukocyte antigens 
(HLA) and/or platelet- specific antigens [45]. 
HLA alloimmunization is thought to be pri-
marily responsible for immune PTR [50, 51]. 
Leukoreduction of blood products prior to 
transfusion appears to reduce the incidence of 
alloimmunization [52, 53] and is recommended 
for all patients who may ultimately require 
HSCT. Transplant-associated microangiopathy 
(TAM) is a distinct form of immune- mediated 
thrombocytopenia that may be associated with 
a PTR state and is discussed separately below 
(and in Chap. 22).

Table 20.8 Causes of prolonged or recurrent thrombo-
cytopenia post-HSCT

(a) Decreased platelet production

•  Graft rejection/failure, inadequate engraftment
•  Relapse of malignant disease
•  Infection
  –  Viral (EBV, HHV6, CMV, adenovirus)
  –  Sepsis
•  Drug-mediated (sulfa drugs, mycophenolate, 

ganciclovir, calcineurin inhibitors)

(b)  Decreased circulating platelet lifespan “platelet 
refractoriness”

•  Coagulopathy/chronic blood loss
•  Immune-mediated thrombocytopenia
  –  Alloimmune (early)
  –  Autoimmune (late)
•  Transplant-associated microangiopathy
•  Veno-occlusive disease/hepatomegaly/

hypersplenism

(c)  Both decreased production and increased 
destruction

•  Acute GvHD
•  Chronic GvHD
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Nonimmune causes of a platelet refractory 
state include severe infections, bleeding, VOD/
SOS, and hypersplenism [45, 54, 55]. Platelet 
sequestration, consumption due to disseminated 
intravascular coagulation, hemophagocytosis, 
and nonspecific immune-mediated destruction 
are all mechanisms that drive PTR associated 
with sepsis [56–58]. In fact, fever alone has been 
associated with decreased platelet transfusion- 
associated CCI and is a common cause of tran-
sient platelet refractoriness [59, 60]. VOD is 
associated with early onset PTR [61]. Patients 
with splenomegaly from VOD or other causes 
also have considerable risk of developing a PTR 
state, and in contrast, patients who are asplenic at 
the time of HSCT have improved platelet recov-
ery and response to transfusions.

GvHD is the most common and most proven 
cause of recurrent thrombocytopenia following 
initial platelet engraftment. In fact, the associa-
tion of thrombocytopenia with onset of chronic 
GvHD has been shown to have a striking negative 
impact on overall survival and non-relapse mor-
tality post-HSCT in a number of retrospective 
and prospective studies, including a prospective 
study of 178 adult patients with hematologic 
malignancies in which patients with chronic 
GvHD and platelet count <100 or >100 G/L had 
long-term OS estimates of 35% versus 86%, 
respectively [62]. Thrombocytopenia resulting 
from chronic GvHD is likely multifactorial in 
origin [63]. Dysfunction of the bone marrow 
microenvironment caused by GvHD (including 
increased TGFβ production [64], and decreased 
thrombopoietin production [65]) likely results in 
decreased megakaryopoiesis and platelet produc-
tion in many GvHD patients. In addition, many 
immune suppression drugs used to treat GvHD 
(e.g., MMF) and antimicrobials used to treat 
infections in patients on immune suppression for 
GvHD (e.g., Ganciclovir) may also trigger 
decreased platelet production. However, chronic 

GvHD may also be associated with PTR states, 
as patients with GvHD are at increased risk for 
developing functionally significant platelet auto-
antibodies [62].

 Management of Thrombocytopenia 
Post-HSCT

The approach to management and prevention 
of bleeding complications in patients with per-
sistent or recurrent thrombocytopenia post-
HSCT is dependent upon whether the cause is 
primarily due to poor platelet production or due 
to the development of PTR. For patients with 
poor platelet  production, regular transfusions 
to achieve an individualized platelet threshold 
(typically a platelet count >10–20 × 109 L−1) can 
decrease bleeding symptoms and risk of severe 
hemorrhage in the short term, while longer-term 
approaches (including medication adjustment, 
treatment of infections, and perhaps the utility 
of a second HSCT or CD34+ stem cell boost) 
can be considered. Leukocyte depletion of trans-
fused platelet products, and other methods that 
may reduce the risk of subsequently developing 
refractoriness to transfused platelets, should be 
employed in these patients. Isolated reports sug-
gest that thrombopoietin receptor agonists such 
as eltrombopag or romiplostim may also repre-
sent promising transfusion-sparing therapies in 
patients with hypoproductive thrombocytopenia 
post-HSCT [44].

Nonimmune causes of PTR need to be man-
aged by treatment of the underlying disorder, 
including defibrotide therapy for SOS/VOD, and 
consideration of splenectomy in patients with 
severe hypersplenism due to other causes. The 
frequency and utility of platelet transfusions in 
this patient population, despite the lack of quanti-
fiable effect in increasing platelet counts, remains 
controversial.

Table 20.9 Formula to determine corrected count increment (CCI)

CCI = Platelet count Platelet countpost-transfusion pre-transfusion−(( ) × ( )
( )

Body surface area m

platelets transfused

2

1110
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In cases of alloimmunization, transfusion with 
HLA-matched platelets can help improve platelet 
counts [45]. Although valid therapeutic options 
for autoimmune thrombocytopenic purpura (e.g., 
splenectomy, intravenous anti-Rh(D), and intra-
venous gamma globulin) have been shown to 
confer limited benefit in alloimmunization, they 
are not better than the transfusion of HLA- 
matched platelets [45, 51]. For patients with 
chronic GvHD or others with immune thrombo-
cytopenia caused by donor-derived antibodies 
post-HSCT, immune suppression strategies have 
been employed that are similar to those described 
for AIHA above (Table 20.4). In particular, sev-
eral reports have demonstrated the utility of 
rituximab in refractory immune thrombocytope-
nia following HSCT [66, 67].

Antifibrinolytics such as epsilon aminocaproic 
acid can be used for adjunctive support to control 
non-life-threatening mucocutaneous bleeding in 
all patients with thrombocytopenia post-HSCT, 
except those with aberrant  coagulation states such 
as VOD/SOS. In patients with ongoing severe 
hemorrhage who are platelet refractory, continu-
ous 24-h slow platelet infusion has been effective 
in improving bleeding [68]. Anecdotal success 
has also been reported using recombinant acti-
vated factor VII [69], though this approach should 
be used with caution in patients with high risk of 
thrombosis including patients with chronic 
GvHD. In summary, given the complexity of 
issues surrounding refractory thrombocytopenia 
in the post-HSCT setting, a stepwise approach to 
diagnosis and management is required for these 
patients, and management is best directed by 
experience transplant centers.

 Transplant-Associated 
Microangiopathy

The syndrome of thrombocytopenia, microangio-
pathic hemolytic anemia, and renal insufficiency 
known as transplant-associated microangiopathy 
(TAM) is a well-described complication after 
HSCT [70–72]. Although similar to disorders 
that rarely affect the general population including 
hemolytic uremic syndrome (HUS) and throm-

botic thrombocytopenic purpura (TTP), TAM 
appears to have a distinct pathophysiologic basis 
and is unresponsive to therapies such as plasma-
pheresis that are effective in TTP. The pathophys-
iology of TAM is thought to be initiated by 
two interrelated processes of microvascular 
 endothelial injury and complement dysregulation 
resulting in fibrin and C4d deposition in micro-
vascular beds, particularly in the kidney, and con-
sequent platelet consumption, microangiopathic 
hemolysis, and inflammatory organ damage [73–
77]. Factors postulated to increase the risk of 
TAM post-HSCT (Table 20.10) include busulfan-
based conditioning regimens, fludarabine-based 
reduced intensity conditioning regimens, calci-
neurin inhibitors used as GvHD prophylaxis or 
treatment, acute GvHD itself, and certain viral 
infections, particularly adenovirus, HHV-6, and 
BK virus [78–84]. The presence of increased 
numbers of these risk factors as well as the onset 
of TAM before Day 120 post-HSCT has been 
associated with increased mortality [85].

Past incidence estimates of TAM have varied 
widely, but since the development and refine-
ment of sensitive and specific diagnostic criteria 
(Table 20.11) by several working groups, true 
TAM is now thought to affect as many as ~30–
35% of HSCT recipients at a median onset of 44 
days, with about half of the cases progressing to 
severe disease [70, 71, 76, 84, 86]. A decade ago, 
TAM was associated with a severely high mor-
tality rate (as high as 75%) [87], though recent 
advances in supportive care as well as targeted 
therapy options have resulted in improved out-
comes [83].

Disease subclassification and evaluation/man-
agement of the nephrologic complications of 

Table 20.10 Risk factors for transplant-associated 
microangiopathy (TAM)

Risk factor Comment(s)

•  Allogeneic transplantation
•  Conditioning agents
•  Acute GvHD
•  Use of calcineurin 

inhibitors, rapamycin
•  Hepatic veno-occlusive 

disease
•  Viral infections

•  Use of unrelated donors
•  Busulfan, fludarabine
•  CMV, HHV6, 

parvovirus B19, 
adenovirus, BK virus
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TAM are discussed in Chap. 22 [88, 89]. It is 
important, however, to point out the wide 
 variability in symptom presentation and severity 
of affectation in patients with TAM. From a 
hematologic perspective, mildly affected patients 
may have only mild anemia and thrombocytope-
nia, with an elevated LDH and reticulocyte count, 
along with the presence of schistocytes and renal 
dysfunction/hypertension being the primary indi-
cators of underlying TAM. In contrast, severely 
affected patients may exhibit severe hemolysis 
and a platelet refractory thrombocytopenia, in 
addition to advance stage kidney disease, and 
additional manifestations such as polyserositis, 
neurologic manifestations, and severe GI mani-
festations including mucosal hemorrhage [83].

Until recently, there was no definitive treat-
ment for TAM. Discontinuation of calcineurin 
inhibitor therapy may help halt the progression of 
TAM, but generally does not reverse the existing 
clinical symptoms in the acute setting, and in 
some cases might lead to onset/exacerbation of 
acute GvHD, resulting in a deterioration of 
patient status. Switching cyclosporine with tacro-
limus or vice versa may lead to improvement in 
symptoms [90–92]. Agents such as defibrotide, a 
polyribonucleotide agent with antithrombotic 
and thrombolytic activity used frequently for the 
treatment of SOS/VOD, may have some thera-
peutic benefit [93, 94]. Most recently, pharmaco-
logic inhibition of complement has shown 

promise as an effective approach to break the 
cycle of complement activation and tissue injury 
in TAM. Eculizumab, a humanized monoclonal 
antibody against complement component C5 
which is currently approved for use in atypical 
HUS and paroxysmal nocturnal hemoglobinuria 
in pediatrics, has resulted in marked improve-
ment in TAM symptoms in multiple reports 
[95–98].

 Thromboembolism

The incidence and prevalence of thromboembolic 
episodes in patients with malignancy is increas-
ing and is an increasingly recognized complica-
tion post-HSCT. However, there is limited data 
regarding the incidence and treatment approaches 
for HSCT recipients who develop venous throm-
boembolism (VTE) [99].

Despite the induction of severe thrombocyto-
penia, HSCT is associated with multiple risk 
factors (Table 20.12) that may promote the 
development of VTE, including, but not limited 
to, primary malignant disease, chemotherapeu-
tic and immunomodulatory drugs, indwelling 
vascular catheters, GvHD, and infections. 
Endothelial injury, either as a direct conse-
quence of conditioning therapy or due to the 
proinflammatory state induced by GvHD, cre-
ates a microenvironment of an acquired hyper-
coagulable state that can lead to further 
inflammation and activation of endothelium-
dependent prothrombotic coagulation factors 
[100–103]. Patients with chronic GvHD are at 
particularly high risk for developing recurrent 

Table 20.11 Diagnostic criteria for transplant- associated 
microangiopathy [71, 83, 84]

A:  Tissue biopsy demonstrating microangiopathic 
changes

or
B: Laboratory/clinical criteria

1. Sudden and persistent increase in serum LDH
 2.  ≥2 schistocytes per high-power field on peripheral 

smear
 3.  Decrease in hemoglobin concentration or increase 

in red blood cell transfusion requirement
 4.  Prolonged or progressive thrombocytopenia 

(platelet count ≤50 × 109 L−1)
5. Decrease in serum haptoglobin
6. Hypertension >95%ile for age
 7.  Proteinuria, additional markers of renal dysfunction
 8.  Negative coombs (direct and indirect) testing, 

normal coagulation studies
 9.  Terminal complement activation (elevated sC5b-9)

Table 20.12 Risk factors for venous thromboembolism 
(VTE) in HSCT (adapted from [99])

•  Underlying primary malignant disease (leukemia, 
lymphoma)

•  Indwelling vascular catheters

•  Myeloablative conditioning

•  GVHD

•  Infections

•  Prior history of thromboembolism

•  Known inherited or acquired thrombophilia

•  Prolonged immobilization
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VTE [104] due to severe chronic inflammation 
and associated increases in circulating procoag-
ulant factors such as Factor VIII.

Specific symptoms depend on the site of 
thrombosis, and include painful swelling and 
erythema in the setting of extremity deep venous 
thrombosis. The combination of chest pain, dys-
pnea, or unexplained tachycardia warrants eval-
uation for pulmonary embolism. Headache and 
acute neurologic changes warrant evaluation 
for cerebral sinus venous thrombosis [99]. 
Worsening splenomegaly and abdominal pain, 
though often associated with VOD/SOS, may 
alternatively signify portal venous or related 
thrombosis. Venous duplex ultrasonography can 
provide definitive evidence of VTE in extremity, 
and high- resolution CT scan of the chest can 
help detect pulmonary VTE events. Assessment 
of cerebral and abdominal thrombosis requires 
dedicated angiographic studies such as an MR 
angiogram.

Prior to initiation of anticoagulant therapy, 
obtaining a complete blood count with platelet 
count and a coagulation profile is imperative to 
assess bleeding risk in the post-HSCT patient. 
In general, patients with platelet count 
>50 × 109 L−1 and no ongoing coagulopathy or 
bleeding concerns can receive anticoagulation 
according to standard pediatric hematology 
guidelines. Initial therapy with low-molecular-
weight heparin (LMWH) is recommended over 
warfarin for VTE in patients with cancer based 
on result of two large clinical trials [105] and is 
also preferred in the post-HSCT setting due to 
challenges related to drug interactions and 
inconsistent dietary intake that would affect the 
ability to maintain consistent warfarin levels. 
Duration of therapy depends on presence/
absence of additional risk factors. Catheter-
associated VTE typically requires LMWH ther-
apy for 3 months and/or until the venous catheter 
is removed. For patients with severe thrombocy-
topenia, discontinuation of anticoagulation may 
be considered in cases of resolved or minimal 
residual thrombus burden for the duration of the 
thrombocytopenic period, particularly in 
patients with ongoing bleeding concerns. 
However, in cases where the thrombotic burden 

is significant, involves cerebral, portal, hepatic, 
or pulmonary vessels or has an intracardiac 
component, continuation of LMWH along with 
an increased platelet threshold is typically war-
ranted. In this setting, LMWH frequently needs 
dose modification (reduction) as a consequence 
of other post-HSCT complications/comorbidi-
ties such as GI bleeding, thrombocytopenia, 
renal impairment, GvHD, and thrombotic 
microangiopathy [104]. Although VTE is a sig-
nificant complication of HSCT recipients, the 
complex pathophysiology of HSCT also predis-
poses to severe risk of bleeding, and thus more 
aggressive methods of thrombosis therapy such 
as catheter directed or systemic thrombolysis 
should be undertaken only in extreme circum-
stances and only in the context of a specialized, 
experienced thrombosis center.

 Key Points

• Hematologic complications occur at increased 
incidence with newer approaches for HSCT, 
including reduced intensity conditioning, T cell 
depletion, and the use of alternative donors.

• Immune hemolytic anemia (IHA) is a well- 
recognized compilation of HSCT. IHA can be 
associated with a number of specific risk factors, 
may have a variable course, is often therapy- 
resistant, and results in significant morbidity and 
mortality. Outcomes can be improved by early 
recognition and initiation of appropriate therapy.

• Severe thrombocytopenia that occurs after ini-
tial engraftment post-HSCT may result from a 
variety of immunologic, inflammatory, and 
graft-specific etiologies and requires a step-
wise approach for diagnosis so that appropri-
ate management may be initiated.

• Transplant-associated microangiopathy (TAM) 
is defined by the triad of thrombocytopenia, 
renal insufficiency, and microangiopathic 
hemolytic anemia and has a highly variable dis-
ease course, ranging from mild anemia and 
thrombocytopenia to life- threatening cytope-
nias, hemostatic dysregulation, and renal dys-
function requiring aggressive therapy in order 
to prevent severe morbidity and mortality.

M.K. Talekar and T. Olson



295

• Venous thromboembolism post-HSCT, though 
often treated with conventional methods, requires 
the need to strike a delicate balance between 
coexisting bleeding and thrombotic risks.
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Pulmonary Complications 
Associated with HSCT

Malika Kapadia and Terry Wikle Shapiro

Abstract

While outcomes for patients who undergo allogeneic hematopoietic stem 
cell transplantation (HSCT) have improved over the past 10–20 years, pul-
monary complications after allogeneic HSCT remain a leading cause of 
morbidity and mortality. Overall, 25–50% of pediatric HSCT patients will 
develop pulmonary complications. Thus, prevention, early detection, and 
intervention are key to minimizing the sequelae from HSCT-associated 
pulmonary complications. HSCT- associated pulmonary complications 
can be classified as infectious or noninfectious, and they often follow a 
predictable timeline, occurring during discrete phases of HSCT (pre-
engraftment, early post-engraftment, late post-engraftment). However, 
certain post-HSCT pulmonary complications span the entire post-HSCT 
course. The most common causes of noninfectious pulmonary complica-
tions are related to the conditioning regimen used which can result in vary-
ing degrees of acute or delayed lung injury, the degree of recipient–donor 
HLA histoincompatibility, the hematopoietic stem cell (HSC) source, the 
degree of graft manipulation, and the development of graft-versus-host 
disease (GvHD), both acute and chronic. Infectious etiologies can be 
caused by any class of pathogen including bacterial, viral, fungal, and pro-
tozoan. They usually occur during periods of profound and/or prolonged 
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neutropenia and/or impaired or delayed cellular and humoral immune 
recovery. Immunosuppression used to prevent or treat GvHD also places a 
HSCT recipient at high risk for developing pulmonary infections that can 
be life- threatening. This chapter discusses the most common pulmonary 
complications associated with HSCT by time period post-HSCT.

 Pulmonary Complications 
Associated with HSCT

Research suggests that pulmonary complica-
tions are one of the leading causes of post- 
hematopoietic stem cell transplantation (HSCT) 
morbidity and death and occur in 25–50% of 
HSCT patients [1–3]. The incidence of signifi-
cant pulmonary complications is lower in autolo-
gous HSCT recipients than in allogeneic HSCT 
recipients because of the absence of graft-versus- 
host disease (GvHD) and no need for post-HSCT 
immunosuppression. However, autologous 
HSCT patients who receive conditioning regi-
mens that include total body irradiation (TBI) 
are at a higher risk for developing post-HSCT 
pulmonary complications because TBI is a sig-
nificant contributor to the development of pul-
monary complications post-HSCT. Post-HSCT 
pulmonary complications can be classified as 
infectious or noninfectious and follow a predict-
able timeline after transplantation [2]. Table 21.1 
summarizes the most common causes of pul-
monary complications based upon the phases of 
HSCT when they are most prevalent. This table 
also distinguishes between infectious and nonin-
fectious etiologies.

Some pulmonary complications can arise any 
time during the post-HSCT period, whereas others 
develop more commonly at discrete time periods. 
Typically, the post-HSCT course is divided into 
three phases: (1) pre-engraftment which spans 
days 0–30 post-HSCT, (2) early post- engraftment 

(days 31–100 post-HSCT), and (3) late post-
engraftment (>day 100 post-HSCT). Common 
pulmonary complications seen in the first 30 days 
after HSCT (pre-engraftment period) can be of 
infectious or noninfectious etiologies. The nonin-
fectious etiologies, which include pulmonary 
edema, pulmonary hemorrhage, diffuse alveolar 
hemorrhage (DAH), engraftment syndrome, pleu-
ral effusion, radiation, and chemotherapy- induced 
lung injury, are caused by the specific agents used 
in the conditioning/preparative regimen or due to 
increased inflammation that occurs around the 
time of engraftment. Infectious causes are due to 
the profound neutropenic state of the patient and 
the risk of opportunistic, invasive life-threatening 
infections. These include bacterial or fungal pneu-
monia, acute respiratory distress syndrome 
(ARDS) associated with septic shock, and respira-
tory viral  infections. In contrast, the majority of 
causes of pulmonary complications in the late 
post-engraftment phase (>100 days) are related to 
delayed T- and B-cell immune reconstitution and 
to active chronic GvHD. Figure 21.1 depicts the 
time frame in which the above complications most 
commonly arise.

Patients after allogeneic HSCT, especially 
those with chronic GvHD who are being treated 
actively with immunosuppression, are particu-
larly at risk for the development of encapsulated 
bacterial pneumonia, invasive mold fungal 
infections, viral pneumonia, Pneumocystis jir-
oveci pneumonia, and idiopathic interstitial 
pneumonitis.
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Table 21.1 Timeline of typical onset of pulmonary complications after hematopoietic stem cell transplantation 
(HSCT)

Days from HSCT 
infusion Cause Pulmonary complications

Pre-engraftment: 
(Days 0–30)

•  Conditioning/
preparative regimen

•  Neutropenia

Noninfectious:
•  Pulmonary edema
•  Pleural effusion
•  Engraftment syndrome
•  Chemotherapy-induced lung injury
•  Radiation-induced lung injury
•  Diffuse alveolar hemorrhage
•  Respiratory compromise and hypoxia due to VOD/SOS
•  Transfusion-related lung injury
•  Idiopathic pneumonia syndrome
Infectious:
•  Bacterial infections (both gram-negative and gram-positive spp.
•  Aspergillosis
•  Candidemia or candidal infection
•  Respiratory viruses (e.g., RSV, parainfluenza, influenza, 

metapneumovirus, rhinovirus)
•  Herpes simplex virus
•  ARDS due to sepsis

Early post-
engraftment 
(Days 31–100)

•  Impaired cellular and 
humoral immunity

•  Delayed lung injury 
from the conditioning/
preparative regimen

Infectious:
•  Cytomegalovirus
•  Adenovirus
•  Herpes simplex virus
•  Aspergillosis
•  Respiratory viruses (e.g., RSV, parainfluenza, influenza, 

metapneumovirus, rhinovirus)
•  Pneumocystis jiroveci pneumonia
•  Toxoplasma Gondii
•  Gram-positive bacterial infections
 ARDS due to infection
Noninfectious:
•  Idiopathic pneumonia syndrome
•  Radiation-induced lung injury
•  Chemotherapy-induced lung injury
•  Diffuse alveolar hemorrhage

Late post-
engraftment 
(>100 days)

•  Delayed immune 
recovery

•  On 
immunosuppression

•  Chronic GvHD

Infectious:
•  Cytomegalovirus
•  Adenovirus
•  Varicella–zoster reactivation
•  Aspergillosis
•  Respiratory viruses (e.g., RSV, parainfluenza, influenza, 

metapneumovirus, rhinovirus)
•  Pneumocystis jiroveci pneumonia
•  Encapsulated bacteria (chronic GvHD)
•  ARDS due to infection
•  EBV–post-transplantation lymphoproliferative disorder
Noninfectious:
•  Bronchiolitis obliterans syndrome due to chronic GvHD
•  Bronchiolitis obliterans organizing pneumonia
•  Chemotherapy-induced chronic lung injury
•  Radiation-induced chronic lung injury

Data from [1, 28, 29]. ARDS acute respiratory distress syndrome, GvHD graft-versus-host disease, IPS idiopathic pneu-
monia syndrome, RSV respiratory syncytial virus, VOD/SOS veno-occlusive disease/sinusoidal obstructive syndrome
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Phase I
Pre-engraftment (0-30
days)

Phase II
Post-engraftment (30-
100 days)

Impaired cellular
immunity
Acute GVHD

Impaired humoral and
cellular immunity
chronic GVHD

Phase III
Late Phase
> 100 days)

Neutropenia, mucositis,
catheters and lines,
acute GVHD

gram - bacteria

Gram + bacteria (Staph, Strep)

Candida Nocardia

Encapsulated bacteria

Aspergillus

HSV

Non-infectious

Aspergillus

Pneumocystis

HZV

CMV

CRV (RSV, influenza, adenovirus)

CHF

ES
VOD

DAH
COP

BO

PTLPDIPS

Host immune system
defect

Infectious

Fig. 21.1 Common pulmonary complications post- 
HSCT by time. Post-HSCT complications usually develop 
at specific time periods during and/or after HSCT. This 

figure depicts a summary of such complications over dis-
crete time periods

 Pre-engraftment Period (0–30 Days 
Post-engraftment)

 Introduction

In the pre-engraftment period (0–30 days post- 
HSCT), the differential diagnosis of pulmonary 
complications includes noninfectious etiologies, 
such as pulmonary edema, aspiration, engraftment 
syndrome, sinusoidal obstructive syndrome/veno-
occlusive disease (SOS/VOD), DAH, as well as 
infectious causes (e.g., bacterial, fungal, and viral 
infections) that can lead to pneumonia and ARDS 
due to sepsis. In general, the signs and symptoms 
of the pulmonary complications seen in the pre-
engraftment phase are nonspecific. They include 
fever, dyspnea, cough, and hypoxemia. However, 
the timing of the presenting signs and symptoms 
can be helpful to narrow down the likely etiology. 

Table 21.2 summarizes the most common pulmo-
nary complications found in allogeneic HSCT 
patients in the pre- engraftment period.

 Pulmonary Edema

Introduction: Pulmonary edema of cardiogenic or 
noncardiogenic origin can occur in the first 
30 days after HSCT, sometimes complicating 
other concurrent disease states, such as pneumo-
nia, sepsis, engraftment syndrome, and hyper-
acute GvHD. Noncardiogenic pulmonary edema 
can be induced by sepsis, aspiration pneumonia, 
viral infection (e.g., influenza), toxic effects of the 
conditioning regimen, or hyperacute GvHD. Fluid 
overload can also contribute to the development 
of pulmonary edema. Patients with severe hepatic 
SOS/VOD (another onerous complication of 
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HSCT) can present with either cardiogenic or 
noncardiogenic pulmonary edema with pleural 
effusions.

Risk factors: Risk factors for pulmonary edema 
in the pre-engraftment period include high-dose 
cyclophosphamide as part of the conditioning/pre-
parative regimen, previous chest irradiation, total 
body irradiation (TBI) as part of the conditioning/
preparative regimen, and history of cardiac dys-
function as a result of previous therapy for the pri-
mary disease. These known cardiotoxic modalities 
include cyclophosphamide, anthracyclines (e.g., 
doxorubicin, daunorubicin, and idarubicin), and 
external beam chest irradiation. In addition, patients 
who develop capillary leak syndrome, engraftment 
syndrome, or hyperacute GvHD are at an increased 
risk for developing pulmonary edema.

Differential diagnosis: The differential diagno-
sis of pulmonary edema includes interstitial pneu-
monitis, cardiac failure, radiation pneumonitis, 
infection, and diffuse alveolar hemorrhage (DAH).

Clinical and radiographic features: Clinical fea-
tures of pulmonary edema are tachypnea, orthop-
nea, rales, and diminished breath sounds on physical 
examination, as well as lethargy, restlessness, 
hypoxemia, and weight gain. The radiographic 
manifestations of cardiogenic pulmonary edema 
include interlobular septal thickening, cephalad vas-
cular distribution, ground-glass opacification 
(sometimes in a perihilar “butterfly” distribution), 
pleural effusions, and sometimes cardiomegaly.

Diagnostic studies: The diagnosis of pulmo-
nary edema is made primarily based upon clini-
cal findings. Radiographic evidence does not 
need to be present to confirm the diagnosis.

Management and outcome: The management 
of pulmonary edema centers on treating the under-
lying cause of pulmonary edema and providing 
supportive care. Aggressive diuresis is frequently 
employed with the use of loop diuretics such as 
furosemide. Thiazide may be added 30 min prior 
to administration of a loop diuretic to improve 
diuresis. When feasible, diuretics should be 
administered following the completion of a blood 
product transfusion or colloid infusion to enhance 
diuresis. In addition, patients post- HSCT should 
be weighed twice daily to monitor their fluid shift. 
Judicious fluid management should be employed 
with strict monitoring of all intake and output 

(“strict Is and Os”). One should volume restrict the 
patient and concentrate all IV fluids and medica-
tions when feasible. Patients should also have 
supplemental oxygen to maintain oxygen satura-
tion >95%. Any suspected underlying infectious 
etiology (such as sepsis) that may be contributing 
to pulmonary edema should be treated.

 Engraftment Syndrome

Introduction and incidence: Engraftment syn-
drome is a noninfectious complication that is 
reported in 7–10% of autologous HSCT patients 
and is rarely seen following allogeneic HSCT 
[4]. (See Chap. 12 for detailed discussion of 
engraftment syndrome.)

Risk factors: The most common risk factors for 
engraftment syndrome include autologous HSCT, 
infusion of a large hematopoietic stem cell dose 
(HSC), and the presence of an underlying infection.

Differential diagnosis: Initially, infectious eti-
ology of respiratory distress needs to be ruled 
out. Hyperacute GvHD is included in the differ-
ential diagnosis of engraftment syndrome. Some 
clinicians consider the pulmonary manifestations 
of engraftment syndrome and hyperacute GvHD 
as the same clinical entity.

Clinical and radiographic features: Engraftment 
syndrome typically develops around 7–11 days fol-
lowing HSCT during the time of post-HSCT neu-
trophil recovery [5]. Its clinical features include 
dyspnea, high fever, an erythematous maculopapu-
lar rash (not attributable to a drug), weight gain, 
hypoxemia, and diffuse pulmonary opacities seen 
on chest radiograph (CXR) that are consistent with 
noncardiogenic pulmonary edema [4, 6]. The pul-
monary manifestations of engraftment syndrome 
are thought to be due to diffuse capillary leakage 
from endothelial damage [6]. Findings on chest 
computed topographic (CT) scan include bilateral 
ground- glass opacification, hilar or peribronchiolar 
consolidation, and thickening of interlobular septa. 
Pleural effusions are also common.

Diagnostic studies: The diagnosis is 
 determined primarily based upon clinical assess-
ment, although CXR may help to confirm the 
diagnosis. Bronchoalveolar lavage (BAL) may 
show neutrophilia and diffuse inflammation [4], 
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but this procedure is rarely performed to confirm 
the diagnosis of engraftment syndrome unless 
there is a suspicion of infection as the etiology of 
the patient’s symptoms.

Management and outcome: The treatment of 
engraftment syndrome is a short course of high- 
dose IV corticosteroids at a minimum of 2 mg/kg/
day for 3–5 days and then quickly tapered off. (See 
Chap. 28 for specific prescribing considerations.)

 Hyperacute and Acute Graft-Versus- 
Host Disease (GvHD)

Introduction and incidence: Hyperacute and 
acute GvHD are the consequence of HLA mis-
match between the donor and recipient. With 
accurate HLA typing using molecular methods, 
hyperacute GvHD is very rare nowadays [1]. 
Hyperacute GvHD occurs in the first 14 days 
post-HSCT and is frequently (88%) associated 
with both skin involvement and noncardiogenic 
pulmonary edema [3]. Acute graft-versus-host 
disease (GvHD) can develop anytime within the 
first 100 days following allogeneic HSCT, 
although it is recognized that signs and symp-
toms can occur beyond 100 days post- 
HSCT. While acute GvHD rarely affects the 
lungs directly, it can be a risk factor for noncar-
diogenic pulmonary edema, diffuse alveolar 
hemorrhage, and later development of airflow 
obstruction (in chronic GvHD).

Risk factors: Risk factors include increasing 
HLA disparity, particularly if the donor HSC 
source is from peripheral blood because of the 
presence of mature T-cells in the HSC product as 
well as inadequate immunosuppression during 
the first 30 days post-HSCT.

Differential diagnosis: The differential diag-
nosis includes idiopathic interstitial pneumonia, 
diffuse alveolar hemorrhage, and pulmonary 
edema.

Clinical and radiographic features: 
Radiographic findings include extensive intersti-
tial and alveolar injury, defined as multi-lobular 
involvement on CXR or CT scan as well as signs 
and symptoms consistent with pneumonia.

Diagnostic studies: Imaging studies per-
formed are CXR and CT scan of the chest. 

BAL is often performed in order to exclude 
infection as the etiology. Once infectious eti-
ologies and other pathologies such as DAH are 
excluded, a diagnosis of hyperacute GvHD is 
made. In cases in which an open lung biopsy is 
performed, histopathology of lung tissue is 
characterized by disorganized, epithelial cell 
damage, interstitial fibroplasia, and interstitial 
T-cell infiltration [7].

Treatment and outcome: Hyperacute pulmo-
nary GvHD is treated with high-dose systemic 
corticosteroids. The effective rate of treatment of 
acute GvHD-induced lung injury positively cor-
relates with the treatment of the underlying acute 
GvHD. In a series of 47 cases, approximately 
75% of patients survived acute GvHD-induced 
lung injury when the acute GvHD was effectively 
treated [7].

 Diffuse Alveolar Hemorrhage (DAH)

Introduction and incidence: DAH is a life- 
threatening pulmonary complication following 
HSCT. It is defined as bleeding into the intra- 
alveolar space that is most likely secondary to 
pulmonary endothelial injury from the condition-
ing regimen. The incidence of DAH is approxi-
mately 2% of all HSCT patients and is associated 
with both infectious and noninfectious causes 
(e.g., engraftment syndrome) [2, 5, 8]. It is asso-
ciated with a high mortality rate of approximately 
80% [8].

Risk factors: While the pathogenesis of DAH 
remains unclear, severe mucositis, renal insuffi-
ciency, and neutrophil recovery are highly associ-
ated with DAH. Autologous HSCT, TBI-containing 
conditioning/preparative regimens, the presence of 
a coagulopathy, and a history of previous chest 
irradiation are also associated with DAH.

Differential diagnosis: The differential diag-
nosis includes infectious interstitial pneumonitis, 
drug- or radiation-induced pneumonitis, and pul-
monary edema.

Clinical and radiographic features: Patients 
with DAH often present with rapidly progressing 
dyspnea, cough, and hypoxemia without hemop-
tysis. CXR typically reveals areas of diffuse, 
bilateral consolidation. Chest CT scan, which is 
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more sensitive than a CXR, typically shows dif-
fuse ground-glass or consolidative opacities, 
mainly in the middle lung fields (see Fig. 21.2).

Diagnostic studies: Imaging studies per-
formed are CXR and chest CT scan. BAL is usu-
ally necessary in order to confirm the diagnosis 
of DAH once fungal and other infectious etiolo-
gies have been excluded. The classic diagnostic 
finding of DAH from BAL is progressively 
bloodier aliquots of lavaged fluid and/or staining 
of the BAL specimens showing ≥20% iron-laden 
macrophages.

Management and outcome: DAH is treated 
with high-dose systemic corticosteroids (0.5–1 g 
initially for 3 days followed by rapid taper over 
2 weeks) [8]. Patients with DAH frequently 
require mechanical ventilation and blood product 
support. Coagulopathies should be corrected.

 Pulmonary Infections

Distinguishing clinical, radiographic, and other 
diagnostic features of these infections and other 
common pulmonary complications in the pre- 
engraftment phase are compiled in Table 21.2. 
Because of the period of prolonged neutropenia 
and delayed donor adaptive immune reconsti-
tution, allogeneic HSCT recipients during the 
pre- engraftment period are at a much higher 
risk for developing infections, including pneu-

monia. In one study of 427 consecutive alloge-
neic HSCT recipients, pneumonia developed in 
19% of HSCT patients within the first 30 days 
post- HSCT, with 9% fungal, 4% bacterial, 2% 
viral, and 4% had suspected pneumonia without 
a specific organism being identified [9]. Among 
the cases of bacterial pneumonia, the most com-
mon causes were found to be Escherichia coli, 
Pseudomonas aeruginosa, and Streptococcus 
pneumoniae.

 Bacterial Pneumonia

Introduction and incidence: HSCT recipients in 
the pre-engraftment phase are most at high risk 
for aerobic gram-positive and gram-negative bac-
terial infections, including pneumonia, due to 
prolonged, profound neutropenia [9]. The most 
common gram-positive bacterial organisms are 
Staphylococcus epidermidis and Streptococcus 
spp., whereas the most common gram-negative 
organisms are Pseudomonas aeruginosa and 
Klebsiella. In addition, the atypical bacteria 
(Legionella and Mycoplasma spp.) can be the 
cause of bacterial pneumonia in the HSCT recipi-
ent in the pre-engraftment phase.

Risk factors: The risk factors for developing 
bacterial pneumonia are neutropenia, hypogam-
maglobulinemia, severe mucositis, swallowing 
difficulties, aspiration, and possibly impaired 
mucociliary clearance.

Differential diagnosis: The differential diag-
nosis of bacterial pneumonia includes interstitial 
pneumonitis, atypical pneumonia, pulmonary 
edema, Pneumocystis jiroveci pneumonia (PJP), 
and DAH.

Clinical and radiographic features: The clini-
cal findings are relatively nonspecific, and they 
include fever, hypoxemia, increased work of 
breathing, and dry or productive cough. 
Legionella pneumonia may start as a unilateral 
process that rapidly progresses to a bilateral pro-
cess. CXR often shows consolidation of alveolar 
sacs and an isolated area of consolidation. 
Similar to immunocompetent patients with 
pneumonia, the radiographic findings lag 
behind by the clinical findings. Unlike immuno-
competent patients, post-HSCT patients in the 

Fig. 21.2 Diffuse Alveolar hemorrhage (DAH) post- 
HSCT. Chest CT image showing bilateral areas of con-
solidation in a patient with DAH (From Amy K. Chi, 
Ayman O. Soubani, Alexander C. White, Kenneth 
B. Miller, An Update on Pulmonary Complications of 
Hematopoietic Stem Cell Transplantation, Chest, Volume 
144, Issue 6, 2013, 1913–1922, https://doi.org/10.1378/
chest.12-1708)
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pre-engraftment phase do not have leukocytosis 
with predominant “left shift” because of their 
profound neutropenia.

Diagnostic studies: A CXR should be obtained 
with onset of fever; CT scan of the chest should 
be performed in patients with persistent fevers 
(typically defined as 3–5 days of persistent fever). 
When possible, sputum cultures (or tracheal cul-
tures if patient is intubated) should be obtained. 
When warranted, BAL with transbronchial 
biopsy and/or CT-guided needle biopsy may be 
performed. Blood cultures should also be 
obtained with new onset fever to determine if the 
patient also has bacteremia and/or sepsis.

Management and outcome: The management of 
bacterial pneumonia includes the initiation of 
broad-spectrum, empiric antibiotics with onset of 
fever. The selection of antibiotic(s) is based on the 
causative or suspected organism(s) and its antibiot-
ics sensitivity profile. While specific choice of anti-
biotics is based on each institution’s antibiogram, 
in general, cefepime and meropenem are used if the 
causative organism is S. pneumoniae, Enterobacter, 
Chlamydia, or S. aureus. If Mycoplasma, S. pneu-
moniae, Legionella, or H. influenza is suspected or 
identified, then azithromycin, clindamycin, or 
erythromycin is used. Aspiration pneumonia (due 
to S. pneumoniae and other oral flora as a result of 
severe mucositis) is typically treated with metroni-
dazole or clindamycin.

 Fungal Pneumonia

Post-HSCT recipients are at high risk for devel-
oping invasive fungal infections (IFI) including 
fungal pneumonia. Both endemic (e.g., 
Histoplasma spp., Coccidioides spp., and 
Cryptococcus spp.) and opportunistic (e.g., 
Candida spp., Aspergillus spp., and Mucor spp.) 
fungal organisms are known to cause pneumonia 
in the immunocompromised patient. The route by 
which fungal pneumonia arises is subdivided into 
three mechanisms: (1) fungi that invade the lung 
directly via inhalation of spores (e.g., Aspergillus, 
Cryptococcus), (2) organisms that reach the lung 
from another site (Aspergillus, Candida spp.), 
and (3) systemic mycoses that lie dormant and 
reactivate in an immunocompromised patient 

(Coccidioides, Mucor, and Histoplasma spp.) 
[2, 10, 11]. In immunocompromised patients, 
fungal pneumonia often progresses to dissemi-
nated disease quickly and is much more difficult 
to treat successfully once it has disseminated.

 Aspergillus Pneumonia

Introduction and incidence: Aspergillosis is the 
leading cause of IFI of the lung in immunocom-
promised patients, including those who have 
undergone HSCT and are awaiting immune 
recovery or are on immunosuppression due to 
GvHD. Because it often becomes disseminated, 
aspergillosis is associated with poor outcomes in 
this patient population. Invasive fungal infection 
mortality has been reported to be greater than 
50% [11]. Overall survival is significantly less in 
patients with invasive fungal infections, as com-
pared to their counter parts [11].

Risk factors: Risk factors for aspergillosis of 
the lungs include allogeneic HSCT, prolonged 
use of immunosuppression (particularly cortico-
steroids), GvHD, HLA disparity, TBI-containing 
conditioning/preparative regimens, history of 
prior fungal infection, and increased age of 
HSCT recipient.

Differential diagnosis: The differential diag-
nosis of aspergillosis of the lungs includes bacte-
rial pneumonia, interstitial pneumonitis, and 
atypical pneumonia.

Clinical and radiographic features: Neutro-
penic patients may present with the classic triad of 
fever, pleuritic chest pain, and hemoptysis, 
although this triad is frequently not present. 
Hypoxemia may also present. The radiographic 
appearance is varied and includes single or multi-
ple nodules with or without cavitation, patchy or 
segmental consolidation, or peribronchiolar opaci-
ties. Figure 21.3 shows an example of invasive 
aspergillosis of the lungs seen on CT scan of the 
chest in a post-HSCT recipient. This image shows 
a characteristic feature of a nodule surrounded by 
ground-glass opacity (“halo sign”) that reflects 
angioinvasion and hemorrhage into the surround-
ing tissue. However, the halo sign is not specific to 
Aspergillus and can be seen with other fungi 
and molds including Fusarium, Mucor, and 
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Scedosporium species. Note: patients who are 
 profoundly neutropenic and/or immunocompro-
mised may not have radiographic evidence of dis-
ease; however, lack of the radiographic findings 
should not delay the initiation of empiric treatment 
if the patient is at very high risk for developing 
fungal pneumonia.

Diagnostic studies: Early treatment interven-
tion is very important in order to maximize suc-
cessful outcome. Radiographic findings develop 
late in the course of aspergillosis. Thus, empiric 
treatment of suspected IFI, including aspergillo-
sis of the lungs, is essential. Screening methods 
to detect Aspergillus include serum Aspergillus 
galactomannan, serum β-D-glucan, or serum 
Aspergillus PCR testing. Serum Aspergillus 
galactomannan assay is used most commonly, 
although false-positive serum galactomannan has 
been reported in patients receiving β-lactam anti-
biotics, particularly piperacillin–tazobactam, and 
the effects may last up to 5 days after discontinu-
ing these antibiotics [12, 13]. β-D-Glucan screen-
ing, especially in pediatric HSCT recipients, has 
a low positive predictive value and is, therefore, 
of limited usefulness in screening for pulmonary 
aspergillosis [13]. Other diagnostic tools include 
CXR, CT scan of the chest, BAL with or without 
transbronchial biopsy, and CT-guided needle 
biopsy. Whenever possible, a biopsy of a sus-
pected lesion should be obtained because the 
biopsy tissue results may help to confirm the 
diagnosis and guide appropriate therapy. 

Galactomannan testing from BAL specimen is 
available and has been shown to have a higher 
sensitivity for invasive pulmonary aspergillosis 
than Aspergillus galactomannan testing from the 
serum [10].

Management and outcome: Because the out-
comes of IFI in immunocompromised patients 
are poor, prophylaxis with antifungal agents in 
high-risk patients (i.e., patients undergoing alter-
native donor allogeneic HSCT and patients 
receiving substantial immunosuppression) is 
essential. For aspergillosis prophylaxis, an echi-
nocandin (e.g., caspofungin and micafungin) is 
used. Alternatively, voriconazole or posacon-
azole is used in very-high-risk patients.

For treatment, whether empiric or documented, 
voriconazole is the first-line antifungal agent of 
choice. However, voriconazole has no activity 
against mucormycosis, and outbreaks of mucor-
mycosis in patients receiving voriconazole pro-
phylaxis have been reported [2]. For patients who 
are intolerant of voriconazole or for whom the 
diagnosis of invasive aspergillosis is not  confirmed, 
liposomal amphotericin B should be considered. 
For patients who fail treatment with voriconazole, 
an echinocandin alone or in combination with 
voriconazole or posaconazole can be used as sal-
vage therapy [10, 14]. In selected cases, surgical 
intervention has been successful either as treat-
ment or prevention of relapse in patients requiring 
further chemotherapy or HSCT [11, 14]. 
Prophylaxis with newer azole derivatives is under 
investigation for reducing relapse rates [15].

 Candida Pneumonia

Introduction and incidence: Pneumonia due to 
Candida species in the HSCT patient population 
is rare due to the frequent use of prophylaxis with 
antifungal-azole derivatives (e.g., fluconazole).

Risk factors: Risk factors for Candida pneu-
monia include neutropenia, use of corticoste-
roids, oral candidiasis, and mucositis.

Differential diagnosis: The differential diag-
nosis includes bacterial pneumonia, interstitial 
pneumonitis, and atypical pneumonia.

Clinical and radiographic features: Similar to 
pneumonia due to other fungi, Candida pneumo-

Fig. 21.3 Aspergillosis of the lung post-HSCT. Chest CT 
image showing aspergillosis, which typically involved 
segmental and subsegmental bronchi usually in the upper 
lobes. The lesion(s) can have a mass-like appearance and 
have a “halo sign” as depicted here
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nia in HSCT recipients typically presents with 
persistent fever that is unresponsive to broad- 
spectrum antibiotics. Chest CT scan findings 
include multiple nodules with airspace consolida-
tion. In patients with acute lung injury due to 
Candida pneumonia, the chest CT scan may show 
extensive ground-glass opacities in addition to a 
focal area of consolidation.

Diagnostic studies: Similar to other fungal 
pneumonias, early treatment intervention is key 
to providing a successful outcome. The only 
screening method to detect Candida infection is 
serum β-D-glucan. β-D-Glucan screening is of 
limited value, especially in pediatric HSCT 
recipients, because it has a low positive predic-
tive [13]. Other diagnostic tools include CXR, 
CT scan of the chest, BAL with or without trans-
bronchial biopsy, and CT-guided needle biopsy. 
Whenever possible, biopsy of suspected lesions 
should be obtained because it will help make a 
definitive diagnosis and thus help guide the 
appropriate therapy.

Management and outcome: Antifungal ther-
apy with an azole derivative (e.g., fluconazole, 
voriconazole, and posaconazole) is used as first- 
line treatment. Depending upon the species of 
Candida (such as C. glabrata and C. krusei which 
are resistant to fluconazole), caspofungin may be 
indicated although C. glabrata isolates that are 
resistant to echinocandins are on the rise.

 Zygomycetes Lung Infections

Introduction and incidence: Zygomycetes, includ-
ing Mucor and Rhizopus spp., have a reported 
prevalence of 1.9% in the allogeneic HSCT 
patient population. Data suggest that the inci-
dence is rising with more frequent use of vori-
conazole prophylaxis [4].

Differential diagnosis: The differential diag-
nosis includes bacterial pneumonia, interstitial 
pneumonitis, and atypical pneumonia.

Clinical and radiographic features: The 
clinical presentation of pneumonia due to 
Zygomycetes in HSCT recipients has a similar, 
nonspecific presentation as seen with other fun-
gal pneumonias, including persistent fever that 
is unresponsive to broad-spectrum antibiotics. 

There are no biomarkers to identify Zygomycetes. 
β-D-Glucan and galactomannan tests do not 
detect antigen components of the mucorales cell 
wall. Zygomycetes, clinically and radiologically, 
resembles Aspergillus, and, as a result, clinical 
distinction between the two entities is difficult. 
Thus, biopsy and culture are critical to distin-
guish Zygomycetes from Aspergillus and other 
more common mold species [16]. Chest CT scan 
findings include multiple nodules with airspace 
consolidation. In patients with acute lung injury 
due to Zygomycetes, the chest CT scan may show 
extensive ground-glass opacities in addition to a 
focal area of consolidation.

Diagnostic studies: Because Zygomycetes- 
associated infections are so aggressive, an emer-
gent biopsy and/or BAL is strongly recommended 
in order to accurately identify the causative 
pathogen and thus provide the most appropriate 
therapy.

Management and outcome: Because 
Zygomycetes-associated infections, including 
those of the lung, have an extremely poor prog-
nosis in immunocompromised patients, treatment 
of Zygomycetes infection should be initiated as 
soon as possible in order to improve outcome. 
Aggressive treatment is required and includes 
systemic therapy with amphotericin B and, when-
ever possible, wide surgical debridement and/or 
excision of the involved tissue.

 Other Fungi

Fusarium and Scedosporium species can also 
cause pulmonary infections but are extremely 
rare. For example, the incidence of Fusarium 
among patients who underwent allogeneic HSCT 
ranges from 0.5 to 2% [9].

 Early Post-engraftment (31–
100 Days Post-HSCT)

Many of the most common etiologies of pulmo-
nary complications that are seen during the early 
post-engraftment period (days 31–100 post- 
HSCT) overlap with the pre-engraftment and/or 
late post-engraftment periods. These include 
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DAH (which is discussed under “pre- 
engraftment”) and the risk for infections, particu-
larly community-acquired viruses, such as RSV, 
influenza, adenovirus, rhinovirus, and human 
metapneumovirus as well as CMV (which are 
discussed under “late post-engraftment”). While 
the risk for bacterial pneumonia is present during 
pre- and early post-engraftment periods, gram- 
positive organisms are far more common than 
gram-negative organisms. In addition to the early 
post-engraftment period, PJP is more prevalent 
and remains so through the late post-engraftment 
period. Both idiopathic interstitial pneumonitis 
(IPS) and bronchiolitis obliterans organizing 
pneumonia (BOOP) reach median peak inci-
dence during the early post-engraftment period 
and are discussed in this section.

 Idiopathic Interstitial Pneumonia 
Syndrome (IPS)

Introduction and incidence: Idiopathic interstitial 
pneumonia syndrome (IPS) is a noninfectious 
inflammatory process involving the intra-alveolar 
lining of the lung without a clear causative etiol-
ogy, in which all infectious, cardiac, and renal 
causes have been excluded [17]. It results in 
widespread pulmonary damage shortly after allo-
geneic HSCT. Clinically, it behaves similar to an 
infectious pneumonia; however, IPS tends not to 
respond to antimicrobial therapy. IPS usually 
occurs within 120 days post-HSCT with the 
median time of onset between 42 and 58 days 
[18–21]. The incidence of IPS is 5–25% within 
the first 120 days of HSCT [17, 19]. It has a high 
mortality rate of 50%–70% despite improve-
ments in diagnostic tools and in supportive care 
measures [17, 19, 20].

Pathogenesis: The exact pathogenesis of IPS 
has not been completely elucidated. However, it 
is thought that agents used in the conditioning 
regimen cause damage to pulmonary epithelium 
which triggers recruitment of macrophages and 
T-cells to the sites of injury, causing a signifi-
cant inflammatory response (see Fig. 21.4 for a 
pictorial representation of the presumed process 
of IPS) [1–3, 10, 22, 23]. The underlying 

 primary disease is also thought to contribute to 
the predisposition of IPS. The presence of acute 
GvHD and immunosuppression appears to exac-
erbate IPS.

Risk factors: Risk factors for IPS include pre-
vious diagnosis of leukemia or myelodysplastic 
syndrome (MDS), prior allogeneic HSCT, mye-
loablative conditioning (TBI and/or high-dose 
cyclophosphamide), chest irradiation, immune- 
mediated lung injury (acute GvHD), pulmonary 
infections (e.g., CMV), and increased age of the 
recipient at time of HSCT [19, 21]. Other factors 
such as previous exposure to bleomycin, carmus-
tine, methotrexate, melphalan, and cytarabine 
chemotherapy appear to contribute to an increased 
risk but have not been statistically significant.

Differential diagnosis: The differential diag-
nosis for IPS includes but is not limited to infec-
tious pneumonia (bacterial or viral), acute GvHD, 
drug reaction, inhalation exposure, chronic 
hypersensitivity pneumonia, collagen vascular 
disease, and asbestosis [17, 19].

Clinical and radiographic features: IPS typi-
cally presents with a nonproductive cough, fever, 
dyspnea, rales, hypoxemia, and worsening respi-
ratory status. It can be categorized in three differ-
ent patterns depending upon the site of injury; 
these are (1) pulmonary parenchyma, (2) vascu-
lar endothelium, and (3) airway epithelium [17]. 
The typical clinical course evolves quickly from 
mild respiratory symptoms to respiratory failure 
leading to demise within a few weeks. The radio-
graphic findings are nonspecific with diffuse 
ground-glass appearance bilaterally, airspace 
consolidation, and pulmonary edema noted on 
CXR and CT scan of the chest [17]. The diagnos-
tic criteria of IPS include the presence of diffuse 
radiographic infiltrates, clinical symptoms of 
pneumonia (hypoxia, cough, and dyspnea), and 
evidence of abnormal pulmonary physiology 
(i.e., an increased A-a gradient and/or restrictive 
pattern on PFTs) as well as exclusion of active 
lower respiratory tract infection.

Diagnostic studies: Diagnostic studies include 
CXR (two views if possible), pulmonary function 
tests (PFTs), oxygen saturation, ABG, high- 
resolution chest CT, as well as BAL with or with-
out transbronchial biopsy. CT-guided needle 

M. Kapadia and T.W. Shapiro



313

biopsy or open lung biopsy may be performed to 
exclude an infectious etiology.

Management and outcome: Preventative mea-
sures for infections such as antibacterial, antifun-
gal, antiparasitic, and antiviral therapies are often 
instituted while awaiting the results of the tests 
performed to determine the etiology of the respi-
ratory failure. Once an infectious etiology has 
been excluded, treatment of IPS with corticoste-
roids should be instituted promptly. In addition, 
supportive care including oxygenation and respi-
ratory support (i.e., mechanical ventilation) 
should continue [19, 24]. Recently, the addition 
of tumor necrosis factor-alpha (TNFα) inhibitors 
such as etanercept and infliximab to corticoste-
roid treatment is being actively investigated; 
however, further work needs to be done in order 
to prove the effectiveness of the addition of these 
inhibitors on overall survival [19, 24].

 Bronchiolitis Obliterans Organizing 
Pneumonia (BOOP)

Introduction and incidence: Table 21.3 presents a 
comparison between bronchiolitis obliterans orga-
nizing pneumonia (BOOP) and bronchiolitis oblit-
erans syndrome (BOS) in terms of characteristic 
pathology, affected lung tissue, PFT measurements, 
radiographic findings, treatments, and outcomes. 
BOOP usually occurs on average 3 months post-
HSCT (range, 3–14 months) and is characterized by 
moderate-to-severe restrictive lung disease. The 
cause of BOOP after HSCT is unclear, although risk 
factors such as chronic GvHD, matched unrelated 
donor (MUD) allogeneic HSCT, haploidentical 
HSCT, and the use of tacrolimus for GvHD prophy-
laxis have been identified. Various immunologic, 
toxic, and/or inflammatory insults to the lung may 
lead to the pathognomonic findings associated with 
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Fig. 21.4 Evolution of 
idiopathic pneumonia 
syndrome (IPS). This 
illustration represents the 
evolution of the 
development of IPS in 
the post-HSCT recipient. 
IPS is a multifactorial 
disease process. The 
underlying primary 
malignancy predisposes 
the post-HSCT recipient 
to an initial pulmonary 
insult that is exacerbated 
by the chemotherapy 
used in the conditioning 
regimen. The presence 
of acute GvHD and the 
use of 
immunosuppression 
further contribute to the 
development of IPS
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BOOP. These lesions consist of exudates with plugs 
of granulation and connective tissue in the distal air-
ways extending in to the alveoli; interstitial inflam-
mation and fibrosis are also present [25, 26].

Risk factors: The risk factors of BOOP include 
chronic GvHD, MUD allogeneic HSCT, haploi-
dentical HSCT, and use of tacrolimus for GvHD 
prophylaxis.

Differential diagnosis: The differential diag-
nosis of BOOP includes infectious interstitial 
pneumonia as well as drug- and radiation-induced 
pneumonitis.

Clinical and radiographic features: The clini-
cal features of BOOP include quickly progressive 
dyspnea preceded by a flu-like illness. Overall, 
the onset is acute. Pulmonary function tests 
(PFTs) show restrictive changes with a decreased 
FEV1/DLCO ratio. Chest CT scan typically 
shows predominantly peripheral, patchy infil-
trates distinguishable from bronchopneumonia 
(which has a classic mosaic pattern).

Diagnostic studies: Diagnostic studies include 
PFTs, CXR, and chest CT scan with contrast. A 
BAL with or without transbronchial biopsy, 
CT-guided needle biopsy, or an open lung biopsy 

may need to be performed in order to exclude an 
infectious etiology.

Management and outcome: Treatment of 
BOOP includes oral corticosteroids, inhaled cor-
ticosteroids, and every other day azithromycin. 
Additional immunosuppression has been used. 
BOOP is very responsive to corticosteroid ther-
apy, with about 80% of patients responding, 
which is much more favorable than the outcomes 
of patients with BOS [27].

 Late Post-engraftment (>100 Days 
Post-HSCT)

Many of the pulmonary complications that 
typically occur during the late post-engraft-
ment period (>100 days post-HSCT) are as a 
consequence of chronic GvHD (both infec-
tious and noninfectious causes). The other 
major factor contributing to pulmonary com-
plications is delayed immune reconstitution, 
particularly adaptive immunity (i.e., T- and 
B-cell recovery). These late pulmonary 
 complications include bronchiolitis obliterans 

Table 21.3 Comparison of BOOP and BOS

BOOP BOS

Median time of 
onset post-HSCT

•  3 months post-HSCT 
(range 3–14 months)

•  12 months post-HSCT (range 6–24 months)

Cause •  Unclear •  Unclear

Pathology •  Nonspecific inflammatory 
injury

•  Fibrotic deposition in small airways and terminal 
bronchioles that results in bronchiole destruction and scar 
tissue

Airways affected •  Small airway and alveoli •  Small airways
•  Alveoli are NOT involved

Pulmonary 
Function Test 
(PFT)

•  Restrictive pattern with 
decreased FEV1/DLco

•  Obstructive pattern with airflow obstruction

Radiographic 
findings

•  Chest x-ray with fluffy 
airspace disease

•  Not detected on standard chest x-ray or CT scan
•  Can be detected with high- resolution CT scan
•  Need bronchoscopy to exclude infection as cause of airflow 

obstruction

Treatment •  Short course of 
corticosteroids

•  Indolent course
•  Goes undetected until severe
•  Treat with corticosteroids, cyclosporine, tacrolimus, and 

bronchodilators, although typically unresponsive to 
treatment

Outcome •  High mortality rate •  Severe and irreversible
•  High mortality
•  Lung transplant
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 syndrome (BOS) (which differs from BOOP 
and is considered by many to be a clinical 
manifestation of chronic GvHD of the lung), 
posttransplantation lymphoproliferative dis-
ease (PTLD) involving the lungs, infectious 
pneumonias due to encapsulated bacteria (e.g., 
pneumococcus), and Aspergillus or viral pneu-
monia including CMV, VZV, and community- 
acquired viruses (e.g., RSV, parainfluenza, 
human metapneumovirus, adenovirus, and rhi-
novirus) [1, 2, 28–30].

 Bronchiolitis Obliterans  
Syndrome (BOS)

Introduction and incidence: Table 21.3 contains a 
summary comparing BOOP and BOS regarding 
their characteristic pathology, affected lung tis-
sues, PFT measurements, radiographic findings, 
treatments, and outcomes. Historically, BOS had 
a grave prognosis due to its ill-defined diagnostic 
criteria, unknown pathophysiology, and lack of 
effective supportive care and therapeutic options 
[31]. BOS arises from an immune-mediated reac-
tion involving the small airways. This immune- 
mediated reaction leads to fibrotic deposition in 
the small airways and terminal bronchioles that 
eventually causes obliteration of the bronchioles. 
It is an insidious process that occurs within 2 years 
post-HSCT with a median onset of 12 months 
(range, 6–24 months) post-HSCT [31]. The inci-
dence of BOS ranges from 2 to 10%. Its preva-
lence is 10% among long-term survivors and up to 
14% among patients with evidence of chronic 
GvHD [32]. The mortality rate of BOS is 41% 
within the first 5 years post-HSCT [32].

Risk factors: BOS is a rare, late complication 
of HSCT. The cause of BOS post-HSCT is not 
fully understood. However, there are many risk 
factors that increase the likelihood of developing 
BOS. These include HLA mismatch, other mani-
festations of chronic GvHD, a history of acute 
GvHD, busulfan-containing conditioning regi-
mens, peripheral blood HSC source, early post- 
HSCT pulmonary viral infections, ABO 
incompatibility, prior lung disease, and post- 
HSCT lung disease [31, 33].

Differential diagnosis: BOS is difficult to 
diagnose without a lung biopsy, as it may appear 
similar to other diagnoses on radiographic imag-
ing and clinical presentation. The differential 
diagnosis of BOS includes idiopathic pneumonia 
syndrome, cryptogenic-organizing pneumonia 
(COP), pulmonary fibrosis, late effects from ion-
izing radiation, infection, asthma, or chronic 
obstructive pulmonary disease (COPD). The dif-
ferential diagnosis also includes rare disorders 
such as tracheomegaly, tracheobronchomalacia, 
and α-1-antitrypsin deficiency [31].

Clinical and radiographic features: Clinical 
features of BOS are chronic nonproductive 
cough, dyspnea on exertion, decrease exercise 
intolerance, wheezing, or pneumomediastinum 
[31, 32]. Very often, BOS is accompanied by 
other manifestations of chronic GvHD. While 
BOS can mimic other entities on radiographic 
imaging, the most common CT scan findings on 
high resolution are reticulonodular disease and 
air trapping (see Fig. 21.5). The most useful diag-
nostic tool is PFTs. Early PFT findings include a 
diminished FEV1 which can also be used to mea-
sure treatment response and disease progression.

Fig. 21.5 Radiographic evidence of bronchiolitis obliter-
ans syndrome (BOS). High-resolution CT image showing 
mosaic pattern in a patient with BOS with airspace and 
nodular opacities (From Amy K. Chi, Ayman O. Soubani, 
Alexander C. White, Kenneth B. Miller, An Update on 
Pulmonary Complications of Hematopoietic Stem Cell 
Transplantation, Chest, Volume 144, Issue 6, 2013, 1913–
1922, https://doi.org/10.1378/chest.12-1708)
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Diagnostic studies and criteria: Historically, 
lung biopsy was considered the gold standard to 
make the diagnosis of BOS; however, patients 
undergoing lung biopsy had significant morbid-
ity. As a result, noninvasive diagnostic criteria 
have been developed for BOS. The current diag-
nostic criteria includes (1) FEV1 <75% predicted 
and an irreversible ≥10% decline in <2 years, (2) 
FEV1-to-vital-capacity (VC) ratio <0.7 or the 
lower limit of the 90% confidence interval of the 
ratio, (3) absence of infection, and (4) either pre-
existing diagnosis of chronic GvHD, air trapping 
by expiratory CT scan, or air trapping on PFTs 
measured by residual volume (RV) >120% or 
RV/total lung capacity (TLC) exceeding the 90% 
confidence interval [31, 32]. The severity of dis-
ease may be classified as mild (FEV1 measuring 
>60%), moderate (FEV1 measuring between 40 
and 59%), and severe (FEV1 measuring <39%). 
BAL is a valuable tool in making the diagnosis of 
BOS. Alternatively, it can be useful to identify or 
exclude other pulmonary etiologies such as infec-
tion (which often contributes to the development 
of BOS) and help guide further management 
[31]. However, there are limitations to BAL as a 
diagnostic tool because the diagnostic yield may 
be as low as 36% [34].

Due to the limitations of BAL, if there is a 
high suspicion for both BOS and infection, it is 
common practice to proceed directly to lung 
biopsy despite the risks of comorbidities. 
Management and outcome: Over the last few 
decades, there has been significant improvement 
in both supportive care and treatment guidelines 
resulting in improved outcomes and overall sur-
vival for post-HSCT patients with BOS. Early 
detection improves overall survival; hence, fre-
quent PFT monitoring in post-HSCT patients is 
important. It is recommended that PFTs be moni-
tored at least every 3 months for the first year 
after HSCT and then annually thereafter. If a 
diagnosis of BOS is rendered, recommended PFT 
measurements should be performed more fre-
quently in order to monitor the change in the 
slope of FEV1 volume over time. This measure-
ment dictates further escalation of treatment and/
or investigation of other etiologies that may be 
contributing to declining lung function [31, 33].

Though BOS is considered noninfectious, anti-
microbial prophylaxis is recommended for patients 
with BOS. These include trimethoprim/sulfa-
methoxazole for Pneumocystis jiroveci pneumo-
nia, penicillin for Streptococcus, and voriconazole 
or posaconazole for fungal coverage [31, 32].

Historically, patients with BOS have been 
treated with systemic corticosteroids. The 
 downside to this approach is the increased risk of 
infection due to immune suppression. Recent 
studies have suggested that other modalities of 
immune suppression such as inhaled fluticasone, 
oral azithromycin, and montelukast (FAM) with a 
brief burst of prednisone (1 mg/kg/day) followed 
by a rapid taper has led to improved results. In a 
multi-institutional study of 36 patients using this 
approach, 94% of patients showed stabilization or 
improvement of their disease in 3 months and sur-
vival of 97% at 6 months [31, 35].

A high mortality rate has been associated with 
BOS despite aggressive interventions. However, 
recent estimates show a 60–70% survival rate at 
2–3 years post-diagnosis and 40–50% 5-year sur-
vival as compared to 40–20% for 2–3- and 5-year 
survival reported previously. This improvement 
in survival is likely due to better supportive care 
and new treatment approaches [31–33].

 Bacterial Pneumonia

Introduction and incidence: Lung infections that 
occur later than 100 days post-HSCT are gener-
ally caused by encapsulated bacteria (e.g., S. 
pneumoniae and H. influenza), although their fre-
quency is less than during the pre-engraftment 
phase. These types of infections continue to 
occur into the first year post-HSCT, largely due 
to defects in cellular and humoral immunity. 
During this period, numerous other bacteria can 
cause bacterial infections, including Legionella, 
Nocardia, and Actinomyces [1, 10, 36, 37].

Risk factors: Risk factors of bacterial pneumo-
nia during the late post-engraftment phase 
include delayed immune reconstitution post- 
HSCT, hypogammaglobulinemia, and long-term 
immunosuppression (particularly steroids) for 
the treatment of chronic GvHD.
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Differential diagnosis: The differential diag-
nosis of bacterial pneumonia includes interstitial 
pneumonitis, atypical pneumonia, respiratory 
viruses, PJP pneumonia, CMV pneumonia, 
Aspergillus pneumonia, PTLD, BOOP, and BOS.

Clinical and radiographic features: The clinical 
findings are relatively nonspecific, and they include 
fever, hypoxemia, increased work of breathing, and 
dry or productive cough. CXR often shows con-
solidation of alveolar sacs and an isolated area of 
consolidation. Similar to immunocompetent 
patients with pneumonia, the radiographic findings 
lag behind by the clinical findings.

Diagnostic studies: Diagnostic studies include 
chest radiograph (two views if possible), PFTs, 
oxygen saturation, ABG, and high-resolution 
chest CT. BAL, transbronchial biopsy, CT-guided 
needle biopsy, or open lung biopsy are performed 
if the etiology is unclear.

Management and outcome: If the post-HSCT 
patient has chronic GvHD, then much of their 
management involves the prevention of these 
infections including the use of prophylactic peni-
cillin to help prevent the development of infec-
tions with encapsulated bacteria, In addition, 
immunoglobulin replacement is administered for 
patients with hypogammaglobulinemia. A thor-
ough evaluation of fever in a post-HSCT patient 
who is still immunocompromised is essential.

 Mycobacteria Pneumonia

Introduction and incidence: Mycobacterial and 
atypical mycobacterial infections are occasion-
ally reported after HSCT [2, 38]. The overall 
incidence of M. tuberculosis infections in alloge-
neic HSCT recipients is 1–3% [39]. M. haemoph-
ilum and M. avium complex can be important 
pulmonary pathogens after HSCT as well.

Risk factors: Total body irradiation, chronic 
GvHD (requiring escalation of immunosuppres-
sive therapy), and patients older than 45 years are 
associated with an increased risk of mycobacte-
rial infections.

Differential diagnosis: The differential diag-
nosis of mycobacteria pneumonia includes other 
infectious etiologies such as bacterial and fungal 

pneumonia in addition to BOOP, BOS, and meta-
static malignancy [38, 40].

Clinical and radiographic features: 
Radiological manifestations are variable and may 
include consolidation and patchy inflates, pulmo-
nary nodules, lung cavitation, multifocal bronchi-
ectasis, and plural effusions [38]. M. haemophilum 
and M. avium should be suspected in patients with 
skin nodules with or without pulmonary infil-
trates. Other features consist of lymphadenopa-
thy, fever, weight loss, diarrhea, nonproductive 
cough, chest pain, and hepatosplenomegaly.

Diagnostic studies: Because allogeneic HSCT 
is associated with depressed delayed-type hyper-
sensitivity reactions, skin testing with purified 
protein derivative (PPD) is not likely to be useful. 
Sputum samples may be helpful in making a 
diagnosis. More useful tests consists of 
Mycobacterium PCR to confirm the diagnosis in 
addition to special culture that require isolated 
conditions. Thus, close communication with the 
microbiology laboratory is essential. Failure to 
recognize this treatable pathogen in a timely 
fashion can lead to a fatal outcome.

Management and outcome: Management can 
differ depending on tubercular versus non- 
tubercular etiologies. Regardless of the type of 
mycobacterial infection, once infection is proven, 
treatment should be multidrug due to increased 
risk of resistance. Non-tubercular Mycobacterium 
(NTM) is associated with CVC-induced bactere-
mia. Recovery of the immune system improves 
survival in patient with disseminated NTM. 
Treatment of NTM includes an initial and a con-
tinuation phase. Antimicrobial therapy is based on 
the antimicrobial susceptibility. For the initial 
phase, antimicrobial agents are generally pre-
scribed for 1–2 months or until radiographic 
improvement is noted [38, 40]. At least three drug 
combinations are used in the initial phase. Typical 
regimens include macrolides, azithromycin, fluo-
roquinolones ethambutol, and rifampin. The con-
tinuation phase begins once the patient has 
demonstrated clinical improvement. The antimi-
crobial regimen for the continuation phase is usu-
ally composed of a two-drug regimen, with the 
total duration of therapy being 6–12 months. Non-
tubercular Mycobacterium prognosis is 42% [38].
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Tubercular infections are often sensitive to 
first-line drugs such as rifampin, isoniazid (INH), 
pyrazinamide, and ethambutol. Similar to NTM, 
every effort should be made to reduce the patient’s 
immunosuppression when feasible.

 Viral Pneumonia

HSCT recipients are at risk for serious lung infec-
tions due to respiratory viruses, such as influenza 
A and B, parainfluenza viruses (PIV) (especially 
PIV 3), respiratory syncytial virus (RSV), and 
human metapneumovirus (hMPV). Lymphopenia 
appears to be an important risk factor for respira-
tory virus infection.

Post-HSCT patients who are in the late 
post- engraftment phase are at great risk for 
reactivation as well as de novo acquisition of 
viral infections due to delayed reconstitution 
of adaptive immunity. These infections are 
both opportunistic and community acquired. 
Both types carry high mortality rates. Thus, 
patients need to be monitored closely for viral 
reactivation, and they should avoid contact 
with individuals with cold symptoms and avoid 
large crowds until immune reconstitution has 
occurred.

 Cytomegalovirus (CMV)

Introduction: CMV pneumonia rarely occurs 
during the pre-engraftment period, as the major 
risk involves impaired cellular immunity. 
However, once engraftment occurs, it should be 
included in the differential diagnosis of cough, 
fever, or dyspnea, even in the absence of radio-
graphic abnormalities. CMV is in the herpes 
virus family and can manifest itself in post-HSCT 
patients in three ways: (1) reactivation of latent 
CMV, (2) acquired viral pathogen from an 
infected HSC donor, and (3) acquired through 
blood transfusion [41–44]. Preemptive and pro-
phylactic antiviral therapy has markedly reduced 
the incidence and severity of CMV disease and 
has delayed its onset, although CMV must be 
considered in any  allogeneic HSCT recipient 

who is CMV  seropositive or received HSCs from 
a seropositive donor [2, 41–44].

Risk factors: Allogeneic HSCT recipients are 
at high risk for CMV reactivation which may 
develop into CMV pneumonia. The risk is high-
est in seropositive recipients who receive HSCs 
from a seronegative donor. Another risk factor is 
prolonged immunosuppression, particularly the 
use of corticosteroids.

Differential diagnosis: The differential 
diagnosis of CMV pneumonia is interstitial 
pneumonitis, bacterial pneumonia (esp. 
Legionella spp.), radiation pneumonitis, other 
viral infections, cardiac failure, diffuse alveo-
lar hemorrhage (DAH), and pulmonary edema.

Clinical and radiographic features: The clini-
cal features associated with CMV pneumonia are 
nonspecific, making it difficult to diagnose early 
in its course. Patients may present with fever, 
tachypnea, rales, diminished breath sounds, leth-
argy, restlessness, and hypoxemia. Chest radio-
graphs typically show bilateral, patchy areas of 
ground-glass or consolidation. High-resolution 
computed tomography (HRCT) may show 
ground-glass attenuation, parenchymal opacifi-
cation, or innumerable small (<5 mm) nodules 
[2, 41–44].

Diagnostic studies: CMV by quantitative PCR 
from the blood should be performed one to two 
times a week in all allogeneic HSCT recipients, 
although patients can have CMV pneumonia 
without CMV viremia. A CXR (preferably two 
views) and high-resolution CT scan of the chest 
should also be performed if CMV pneumonia is 
suspected.

Management and outcome: Preemptive treat-
ment should be started immediately in patients 
who show signs of viremia by PCR, i.e., prior to 
the manifestation of clinical symptoms of CMV 
pneumonia [43, 44]. Treatment of CMV infec-
tion/reactivation includes ganciclovir, foscarnet, 
or cidofovir. Ganciclovir is the first-line treat-
ment in patients who have robust, sustained 
donor engraftment, and adequate renal function. 
Ganciclovir acts by inhibiting viral replication. 
The dosing is 5 mg/kg IV Q 12 h (see Chap. 28). 
Patients are transitioned to prophylaxis dosing 
once CMV viremia resolves because patients 
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who have reactivated CMV are very likely to 
reactivate again. Foscarnet is typically reserved 
for use in patients who have limited graft func-
tion. The dosing is 60 mg/kg/dose TID for a 
minimum of 7 days and then changed to mainte-
nance dosing once CMV viremia resolves (see 
Chap. 28). Also, foscarnet may be used as pro-
phylaxis during the pre- and early post-engraft-
ment phases for patients who are at very high 
risk for CMV reactivation (i.e., recipient is sero-
positive and donor is seronegative). Cidofovir 
may be used in patients who have CMV that is 
refractory to ganciclovir or foscarnet. Dosage is 
either 5 mg/kg/dose once a week or 1 mg/kg/
dose three times a week (see Chap. 28). Because 
of its known nephrotoxicity, cidofovir needs to 
be given with probenecid along with pre- and 
post-hydration in order to aid in preserving 
renal function. In addition to antiviral agents, 
CMV hyperimmune globulin (Cytogam) or 
IVIg should be considered in patients with CMV 
viremia, as well as those with CMV disease, 
e.g., pneumonia.

 Community-Acquired Respiratory 
Viral Infections

Community-acquired respiratory viral infections 
(e.g., influenza, parainfluenza, respiratory syncy-
tial virus (RSV), adenoviruses, rhinovirus, and 
human metapneumovirus) can occur during the 
post-engraftment period. Because of delayed 
adaptive immune reconstitution in allogeneic 
HSCT recipients (particularly those on immuno-
suppression), community-acquired respiratory 
viral infections can become deadly with the 
development of lower respiratory tract involve-
ment. Details pertaining to specific viral lung 
infections in HSCT recipients’ post-engraftment 
are provided below [36, 45].

 Influenza Virus

Introduction and incidence: Influenza viruses 
have the potential to cause serious lung infection 
and respiratory failure among HSCT recipients 

because they tend to develop into lower tract 
respiratory disease. Infections with influenza 
tend to be seasonal, predominantly between 
November and April in North America. 
Progression to pneumonia is more likely among 
lymphopenic patients and, thus, is more common 
in the post-engraftment phase than pre- 
engraftment phase [36, 45]. All HSCT recipients 
should be immunized against influenza as soon 
as the vaccine is available in the early fall.

Risk factors: Risk factors for community- 
acquired respiratory viral infections are exposure 
to school-aged household contacts, hypogamma-
globinemia, immunosuppressive therapy, inabil-
ity to receive annual vaccines, nosocomial 
outbreaks, and chronic lung disease.

Differential diagnosis: The differential diag-
nosis of community-acquired respiratory viral 
infections includes bacterial pneumonia, fungal 
pneumonia, and PJP as well as IPS.

Clinical and radiographic features: The pres-
ence of rhinorrhea, high fevers, myalgia, mal-
aise, cough, headache, and/or sinusitis should 
raise suspicion for influenza. The CT scan find-
ings of influenza (as well as parainfluenza virus) 
include small peribronchiolar nodular opacities, 
ground- glass opacities, and/or airspace consoli-
dation [46].

Diagnostic studies: The diagnosis of influenza 
can be established by rapid immunofluorescence 
detection of respiratory secretions (respiratory 
viral panel), throat swabs, or nasopharyngeal 
washes [46].

Management and outcome: Antiviral therapy 
for most community-acquired respiratory viral 
infections is typically supportive care and 
symptom management in addition to decreas-
ing and ideally discontinuing immunosuppres-
sion if possible for HSCT recipients. Influenza 
can be treated with oseltamivir; however, it is 
time sensitive. Treatment with oseltamivir 
shortens the period of illness but does not rid 
one of the virus. Patients who present within 
the 48 h of onset of symptoms should have 
oseltamivir administered. IVIg can generally be 
used for patients who have had recurrent respi-
ratory infections to provide nonspecific passive 
immunity.
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 Respiratory Syncytial Virus (RSV)

Introduction and incidence: Respiratory syncy-
tial virus (RSV) generally begins as an upper 
respiratory tract infection. However, immuno-
compromised patients, including post-HSCT 
recipients, are at great risk for developing lower 
respiratory tract infection (LRTI) which has a 
high mortality rate [2]. RSV has a marked sea-
sonal variation in incidence, with the peak 
between January and March in North America.

Risk factors: Risk factors for RSV pulmonary 
infections are the same as those for other 
community- acquired respiratory viral infections 
and include exposure to school-aged household 
contacts, hypogammaglobinemia, immunosup-
pressive therapy, nosocomial outbreaks, and 
chronic lung disease.

Differential diagnosis: The differential diag-
nosis of RSV respiratory infections includes bac-
terial pneumonia, fungal pneumonia, and PJP as 
well as IPS.

Clinical and radiographic features: For 
patients with RSV, presenting symptoms include 
fever, wheezing, increased work of breathing, 
and hypoxemia, and they often quickly progress. 
Chest radiograph shows bilateral, ground-glass 
opacities. Note: the chest x-ray findings often lag 
behind the development of lower respiratory tract 
infection (LRTI) symptoms; thus it should not be 
excluded [46]. Upper respiratory tract symptoms 
may precede lower tract disease by several days, 
although pneumonia (i.e., LRTI) can be the initial 
presentation.

Diagnostic studies: Similar to influenza, the 
diagnosis RSV can be established by rapid immu-
nofluorescence detection of respiratory secre-
tions (respiratory viral panel), throat swabs, or 
nasopharyngeal washes [46].

Management and outcome: As for most 
community- acquired respiratory viral infections, 
the management of RSV consists of supportive 
care, symptom management, and decrease or ide-
ally discontinuation of immunosuppression if 
possible for HSCT recipients. Oral ribavirin is 
prescribed in patients with RSV who are at low 
risk for developing LRTI. Aerosolized ribavirin 

can be used in patients with RSV who are at high 
risk for developing LRTI. Patients who are at 
higher risk for developing LRTI include immu-
nosuppressed patients or patients with delayed 
immune reconstitution. Intravenous immuno-
globulin (IVIg) and palivizumab are often admin-
istered for RSV LRTI or patients who are at high 
risk of developing LRTI.

 Parainfluenza Virus

Introduction and incidence: Parainfluenza virus 
is a recognized cause of both upper and lower 
respiratory tract infection after HSCT, and it 
affects 2–7% of HSCT recipients. It is seasonal, 
occurring most often during the fall and winter 
months [2, 36, 45]. There are four serotypes, with 
type 3 being the most common cause of lung 
infection after HSCT. The incubation period is 
1–4 days.

Risk factors: Risk factors for parainfluenza 
virus pulmonary infections are the same for all 
community-acquired respiratory viral infections 
with exposure to school-aged household con-
tacts, hypogammaglobinemia, immunosuppres-
sive therapy, nosocomial outbreaks, and chronic 
lung disease being the most common.

Differential diagnosis: The differential diag-
nosis of parainfluenza-mediated respiratory viral 
infections includes bacterial pneumonia, fungal 
pneumonia, PJP, and IPS.

Clinical and radiographic features: The clini-
cal features of parainfluenza are nonspecific and 
include cough, rhinorrhea, otitis media, fever, 
malaise, and/or sinusitis. The CT scan findings of 
parainfluenza virus include small peribronchiolar 
nodular opacities, ground-glass opacities, and/or 
airspace consolidation [46].

Diagnostic studies: The diagnosis of 
parainfluenza- induced respiratory viral infec-
tions can be detected by rapid immunofluores-
cence detection of respiratory secretions 
(respiratory viral panel), throat swabs, or naso-
pharyngeal washes [46].

Management and outcome: The management 
for most community-acquired respiratory viral 
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infections which includes parainfluenza virus 
centers on supportive care and symptom manage-
ment. In addition, every effort should be made to 
decrease and, ideally, discontinue immunosup-
pression if possible. Aerosolized ribavirin can be 
used for HSCT recipients who have lower tract 
parainfluenza infection. IVIg can generally be 
used for patients who have had recurrent respira-
tory infections to provide nonspecific passive 
immunity.

Studies have demonstrated that the rate of 
parainfluenza respiratory viral infections is high 
in HSCT recipients. More than half of the HSCT 
recipients with parainfluenza respiratory infec-
tions will require hospitalization. These findings 
emphasize the importance of preventative strate-
gies against not only parainfluenza but also all 
respiratory viral infections. Such strategies 
include droplet isolation and avoidance of sick 
contacts. The prevalence of respiratory viral 
infection, including parainfluenza, has been 
reported ranging from 15 to 38% and can often 
be fetal [46, 47].

 Adenoviruses

Introduction and incidence: Respiratory adenovi-
rus infection has been isolated in 3–5% of patients 
after HSCT and should be considered in the dif-
ferential diagnosis of pulmonary infection [36, 
48]. While adenoviruses tend to be seasonal, 
adenovirus infection should be suspected in all 
post-HSCT patients with respiratory symptoms 
regardless of the season.

Risk factors: The risk factors for adenovirus 
are GvHD, the use of T-cell-depleted donor 
HSC or umbilical cord blood HSCs, rabbit anti-
thymocyte globulin as part of the conditioning 
regimen, and use of prolonged immunosuppres-
sion [47].

Differential diagnosis: Other viral respiratory 
infections should be considered part of the dif-
ferential diagnosis when adenovirus is 
suspected.

Clinical and radiographic features: Affected 
patients may present with pharyngitis, tracheitis, 

bronchitis, pneumonitis, enteritis, hemorrhagic 
cystitis, or disseminated disease (viremia). Their 
respiratory status may progress to respiratory 
failure requiring mechanical ventilation and may 
be fatal. The specific pattern of symptoms 
depends at least in part on the particular serotype 
of adenovirus and on the age of the recipient, 
with younger HSCT recipients at risk for more 
severe infection. Asymptomatic shedding of ade-
novirus can often be detected in cultures from the 
pharynx, respiratory secretions, stool, or urine up 
to 2–3 months after the active infection has 
resolved [36, 45, 47, 48].

Diagnostic studies: Adenovirus can be rapidly 
detected by immunofluorescence as part of the 
RVP. Identification of specific serotypes can be 
determined, but these test results often take days 
to become available, whereas RVP results can be 
available within hours at most institutions. 
Adenovirus can also be detected by PCR, and this 
test is exquisitely sensitive. Frequent monitoring 
with adenovirus quantitative PCR in high-risk 
populations is highly recommended.

Management and outcome: Ribavirin and 
cidofovir are agents used in the treatment of ade-
novirus. More evidence for efficacy exists for 
cidofovir. Antiviral treatments can be used as 
prophylaxis, as preemptive (based on viral load 
cutoff values), or as therapeutic treatment in 
cases of frank adenoviral infection. Close moni-
toring with quantitative PCR followed by pre-
emptive treatment with low dose of (1 mg/kg) 
cidofovir three times per week can be effective in 
most cases to bridge patients during their most 
severely immunocompromised period post- 
HSCT [47, 48]. Nephrotoxicity is a risk of cido-
fovir therapy; therefore, hyperhydration and 
coadministration of the drug probenecid decrease 
the risk of acute renal injury.

Definitive cure requires adequate immune 
reconstitution. Therefore, every effort should be 
made to decrease immunosuppression to enhance 
T-cell recovery. Methods to hasten this immune 
reconstitution after HSCT have been used with 
some success. These include donor lymphocyte 
infusion (DLI), the infusion of adenovirus- 
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specific cytotoxic T-cells, and adoptive immuno-
therapy [48].

Adenovirus can cause significant morbidly 
and mortality in HSCT patients. Ultimately, 
clearance of adenovirus requires reconstitution of 
immunity which is often delayed in HSCT recipi-
ents who receive T-cell-depleted or UCB donor 
grafts as their HSC source. Adenovirus occurs in 
5–21% of allogeneic HSCT patients. Mortality 
rates of up to 75% have been reported for adeno-
virus pneumonia [47, 48].

 Fungal Pulmonary Infections

Introduction and incidence: During the post- 
engraftment period, patients are at risk for infec-
tion with aspergillosis and other invasive fungi 
and molds. The median time of onset of fungal 
and mold infections of the lung is 100 days post- 
HSCT, and so patients in both the early and late 
phases of post-engraftment are susceptible to 
contracting fungal pulmonary infections [11, 14, 
15].

Risk factors: Risk factors for developing fun-
gal pneumonia during the late post-engraftment 
period include older age, the presence and sever-
ity of GvHD, corticosteroid therapy, and 
leukopenia.

Differential diagnosis, clinical and radio-
graphic features, diagnostic studies, and man-
agement of aspergillosis and other fungi and 
molds are the same as in the early post- 
engraftment period and are detailed under that 
section.

 Protozoa Lung Infections

 Pneumocystis jiroveci Pneumonia 
(PJP)

Introduction and incidence: Prior to the universal 
implementation of prophylaxis with Bactrim, 
PJP was a leading cause of HSCT-related mortal-
ity. However, with appropriate prophylaxis, the 
risk for developing PJP has been greatly reduced 

and is now rarely seen. The incidence of reported 
cases is approximately 2% [49]. PJP is thought to 
infect most humans in early childhood and 
remains dormant. However, PJP may become 
active most often in immunocompromised HSCT 
patients greater than 30 days post-HSCT [1–3].

Risk factors: Risk factors for PJP include allo-
geneic HSCT recipients, poor T-cell function, 
post-HSCT corticosteroid use for the treatment 
of GvHD, a history of PJP prior to HSCT, and 
poor compliance with prophylaxis.

Differential diagnosis: The differential diag-
nosis includes bacterial pneumonia (especially 
atypical bacterial pneumonia) Legionella 
 pneumonia, other protozoa respiratory infections 
(e.g., Toxoplasma Gondii), and viral pneumonia.

Clinical and radiographic features: Clinical 
features include a dry, nonproductive cough, 
acute onset of tachypnea and dyspnea, hypox-
emia, fever, and malaise. Symptoms often rapidly 
progress; ABG reveals decreased PO2. CXR 
shows diffuse interstitial alveolar infiltrates that 
is bilateral and symmetric.

Diagnostic studies: BAL with immunofluo-
rescent staining for PJP is the gold standard for 
making the diagnosis of PJP. Often, serum LDH 
is elevated but is not diagnostic.

Management and outcome: Management of 
PJP is three pronged: (1) support oxygenation 
(mechanical ventilation is often necessary), (2) 
administration of high-dose co-trimoxazole (see 
Chap. 28 for dosing guidelines), and (3) adminis-
tration of corticosteroids to help dampen the 
associated pulmonary inflammation seen with 
PJP. If a patient is unable to tolerate co- 
trimoxazole due to myelosuppression or allergy, 
dapsone or pentamidine may be used. Following 
21 days of therapy, patients are transitioned to 
prophylaxis dosing.

 Toxoplasma Gondii

Introduction and incidence: T. gondii is a proto-
zoan parasite that most frequently occurs in the 
central nervous system (brain) but can also cause 
pneumonia in the immunocompromised HSCT 
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recipient. T. gondii is a rare but possibly underes-
timated complication following allogeneic 
HSCT, with the incidence being reported as less 
than 1% [50]. This low reported incidence may 
be due to the limitations of diagnostic instru-
ments used to detect toxoplasmosis.

Risk factors: Risk factors for T. gondii infec-
tions are T. gondii seropositivity, undergoing 
UCBT, an unrelated donor HSCT, and a T-cell- 
depleted donor graft. In addition, patients who 
received alemtuzumab as part of their condition-
ing regimen are more susceptible to T. gondii 
infections. Patients with chronic GvHD or 
patients who are unable to take Bactrim are at 
higher risk for contracting T. gondii infection.

Differential diagnosis: The differential diag-
nosis includes atypical bacteria, Legionella, C. 
neoformans, Candida species, aspergillosis, PJP, 
CMV, RSV, or parainfluenza.

Clinical and radiographic features: Clinical 
features include fever, cough, and increased work 
of breathing. A CXR typically shows bilateral 
pulmonary infiltrates.

Diagnostic studies: Diagnostic studies include 
chest radiograph and chest CT scan. However, a 
definitive diagnosis of T. gondii cannot be estab-
lished without a BAL. PCR can be used to detect 
T. gondii from BAL specimens. T. gondii PCR of 
the serum can be used for routine monitoring.

Management and outcome: Prevention of T. 
gondii infection is the best management. Thus, 
pre-transplant serologic testing is performed to 
identify high-risk patients. Prophylaxis with 
Bactrim is used. The recommended treatment is 
with dual therapy using Bactrim plus 
pyrimethamine–sulfadoxine.

 Summary

Overall, early detection and prompt investiga-
tion of pulmonary symptoms are essential for 
successful management of pulmonary complica-
tions in post-HSCT patients. Early diagnosis and 
prompt intervention can blunt disease progres-
sion and prevent poor outcomes, including 
death. HSCT patients who are at high risk for 

pulmonary complications include recipients of 
matched, unrelated donor HSCT, or umbilical 
cord blood and patients on corticosteroids. These 
high-risk patients need to be screened weekly 
with PCR tests from the blood for adenovirus, 
CMV, and EBV and a serum galactomannan 
immunoassay for early Aspergillus detection. A 
comprehensive respiratory viral panel for a 
broad range of viruses is performed to all poten-
tial HSCT recipients during cold and flu season. 
Post-HSCT patients who present with rhinor-
rhea, cough, shortness of breath, fever, or a 
change in activity tolerance need immediate 
evaluation. A chest radiograph should be per-
formed with new onset of fever  and/or deteriora-
tion in respiratory status in patients during the 
peri-HSCT period. Chest computed tomography 
(CT) should be performed if the patient is persis-
tently febrile. Pulmonary function tests should 
be done at regular intervals post- HSCT to detect 
deterioration of pulmonary function before a 
patient becomes symptomatic. Important pro-
phylactic measures include frequent incentive 
spirometry, encouraging activity, and compli-
ance with prophylactic antimicrobials, influenza 
vaccination, and avoidance of sick contacts.

 Key Points

• The risk of pulmonary complications post- 
HSCT continues to be high, and early recogni-
tion and treatment may improve outcome.

• Post-HSCT-associated pulmonary complica-
tions can be classified as infectious or 
noninfectious.

• The development of post-HSCT complica-
tions follows a relatively predictable timeline. 
However, while the risk of certain post-HSCT 
pulmonary complications spans the entire 
HSCT time course (from pre- to late post- 
HSCT), others develop more commonly dur-
ing a discrete phase(s) of HSCT.

• While mortality post-HSCT continues to 
improve, respiratory failure from pulmonary 
complications continues to be a leading cause 
of post-HSCT morbidity and mortality.

21 Pulmonary Complications Associated with HSCT
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Renal Complications Associated 
with HSCT

Lena E. Winestone, Alix E. Seif, 
and Benjamin L. Laskin

Abstract

Acute kidney injury and CKD remain significant complications of hema-
topoietic stem cell transplantation (HSCT) and are associated with mor-
bidity and mortality. Careful assessment of kidney function, e.g., 
glomerular filtration rate (GFR), blood pressure, and proteinuria, is a criti-
cal first step in the detection of kidney disease and the prevention of fur-
ther injury, when possible. While kidney injury can be multifactorial after 
HSCT, the most common causes include medications, infections, throm-
botic microangiopathy, and perhaps GvHD. Close collaboration between 
HSCT providers, nephrologists, infectious disease experts, and, when 
needed, critical care teams is essential to the prevention and management 
of kidney injury in this high-risk population. This chapter discusses the 
prevalence and diagnosis of renal dysfunction post-HSCT. It also addresses 
common causes of kidney injury post-HSCT. Hemorrhagic cystitis is dis-
cussed in greater detail elsewhere (see Chap. 16).

 Prevalence of Renal Dysfunction 
Post-HSCT

Patients who undergo hematopoietic cell trans-
plantation (HSCT) are at high risk for renal com-
plications (Table 22.1). At least one third of 
patients experience acute kidney injury after 
HSCT [1]; 5–10% of patients will require acute 
dialysis within the first 100 days of HSCT [2], and 
approximately 15% of HSCT recipients develop 
chronic kidney disease (CKD) within a year of 
transplant [3]. Depending on the type of trans-
plant, the cumulative incidence of CKD within 
5 years of HSCT is up to 44%, although the exact 
risk of CKD in this population is not known [4, 5].

L.E. Winestone (*) •A.E. Seif
Division of Oncology, Children’s Hospital of 
Philadelphia, Philadelphia, PA, USA

Department of Pediatrics, Perelman School of 
Medicine, University of Pennsylvania, Philadelphia, 
PA, USA
e-mail: Winestonel@email.chop.edu 

B.L. Laskin 
Department of Pediatrics, Perelman School of Medicine, 
University of Pennsylvania, Philadelphia, PA, USA

Division of Nephrology, Children’s Hospital of 
Philadelphia, Philadelphia, PA, USA

22

https://doi.org/10.1007/978-3-319-63146-2_22
https://doi.org/10.1007/978-3-319-63146-2_16
mailto:Winestonel@email.chop.edu


328

Table 22.1 Common causes of renal complications in HSCT

Renal complication Prevalence Symptoms/Signs Associated factors Management/treatment

Drug-induced 
nephrotoxicity

Common •  Rising creatinine
•  Electrolyte wasting

•  Administration of 
nephrotoxic 
medication

•  Optimize medication 
dosing

•  Management of 
associated electrolyte 
abnormalities

Thrombotic 
microangiopathy

10–25% •  Rising creatinine
•  Hypertension
•  Hemolytic anemia
•  Thrombocytopenia
•  Schistocytosis

•  Radiation and 
intensive 
chemotherapy

•  Calcineurin/mTOR 
inhibitors

•  Infection

•  Discontinuation of 
causative agent (such as 
calcineurin inhibitor)

Hemorrhagic 
cystitis/BK viral 
nephropathy

5–20% •  Hematuria
•  Dysuria
•  Suprapubic pain
•  Rising creatinine

•  BK viremia •  Hyperhydration
•  Treatment of infection
•  Minimize 

immunosuppression

Nephrotic 
syndrome/
graft-versus-host 
disease

1–6% •  Proteinuria
•  Edema
•  Hypoalbuminemia
•  Hypercholesterolemia

•  Minimal change 
disease or 
membranous 
nephropathy on 
biopsy Chronic 
GvHD

•  Steroids/
immunosuppression

 Detection and Diagnosis of Renal 
Dysfunction

Serum creatinine remains the most clinically 
available estimate of kidney function, although it 
has limitations and may overestimate glomerular 
filtration rate (GFR), especially in HSCT patients 
who have low muscle mass from poor nutritional 
status and inactivity. Cystatin C is a small house-
keeping protein made by all nucleated cells and 
provides a muscle mass-independent estimate of 
GFR that, like creatinine, can also be obtained on 
a single blood sample [6]. Cystatin C may offer a 
more accurate estimate of GFR than creatinine, 
although more research is needed on the use of 
this endogenous marker in the HSCT population 
given its concentration may be affected by 
inflammation, steroid use, and thyroid disease 
[7]. Formal measures of GFR remain the gold 
standard, but they require injection of an exoge-
nous tracer (nuclear isotopes such as DTPA or 
EDTA or contrast agents such as iothalamate or 
iohexol) and are therefore more expensive, inva-
sive, and time consuming.

Proteinuria: Proteinuria as a measure of renal 
injury can be more sensitive than creatinine in 
HSCT patients. The presence of protein in the 

urine on urinalysis is a marker of renal inflamma-
tion and glomerular injury and is associated with 
an increased risk of late complications post- 
HSCT, including non-relapse mortality [8]. 
Proteinuria occurs in approximately 15% of 
patients by day 100 post-HSCT and is present in 
4% of recipients at 1 year [8]. In cases in which 
persistent acute kidney injury, unexplained CKD, 
or significant proteinuria is present, renal biopsy 
can be useful in determining the underlying etiol-
ogy and in making therapeutic decisions. 
However, in the early post-engraftment period (as 
defined as 30–100 days post-HSCT), renal biopsy 
carries significant risk of bleeding complications 
due to thrombocytopenia, hypertension, and high-
dose chemotherapy- or radiation-induced small 
vessel vasculopathy.

Hypertension: Hypertension can be both an 
acute and chronic complication of HSCT and can 
occur alone or in association with acute kidney 
injury or CKD. Therefore, careful monitoring of 
blood pressure can aid in the detection of kidney 
disease after HSCT. The prevalence of hyperten-
sion in the post-HSCT population is triple that of 
the general population and occurs 25 years ear-
lier in post-HSCT patients [9]. In addition to 
intrinsic kidney injury, common causes of ele-
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vated blood pressures after HSCT include fluid 
overload, pain from mucositis, corticosteroid use, 
and calcineurin inhibitor therapy for graft- versus- 
host disease (GvHD) prophylaxis and treatment.

 Drug-Induced Renal Toxicity

Prior to and over the course of HSCT, patients are 
exposed to many nephrotoxic medications includ-
ing conditioning chemotherapy and radiation. As 
noted, calcineurin inhibitors, such as cyclosporine 
A and tacrolimus, are among the mainstays of ther-
apy for prevention and treatment of GvHD. Because 
of their narrow therapeutic index, calcineurin inhib-
itor drug levels are usually monitored closely, and in 
cases in which patients have been exposed to ele-
vated levels, calcineurin inhibitor toxicity should be 
considered and renal function monitored prospec-
tively. Calcineurin inhibitors lead to renal vasocon-
striction mediated via the renin-angiotensin system 
and the associated renal tissue hypoxia can cause 
reversible renal damage (Fig. 22.1). Calcineurin 
inhibitor toxicity can also manifest as acute tubular 
dysfunction preventing magnesium reabsorption, 
leading to urinary losses of magnesium. Finally, 
direct toxicity to tubular epithelial cells and irrevers-
ible necrosis of vascular smooth muscle contribute 
to arteriolar hyalinosis, the hallmark of calcineurin 
inhibitor nephrotoxicity on renal biopsy. The neph-
rotoxicity of calcineurin inhibitors must be bal-
anced with the risk of GvHD by careful titration of 
dosing based on drug trough level monitoring.

Several antimicrobials, such as vancomycin 
and aminoglycosides, are frequently employed to 
prevent or treat the infectious complications of 
HSCT and are known to have significant nephro-
toxicity. While lipid-based amphotericin B has 
decreased the associated nephrotoxicity, ampho-
tericin B remains a major cause of kidney injury 
in HSCT patients. Typically, a rise in creatinine 
can be noted within 7 days of starting therapy, 
and electrolyte abnormalities are commonly 
associated with amphotericin B administration, 
particularly after prolonged use. Cidofovir is 
first-line therapy for the treatment of adenovirus 
infection and is also often employed in the treat-
ment of refractory herpes viral infections, such as 
CMV. Cidofovir causes proximal tubular necro-

sis due to accumulation intracellularly in the 
renal cortex and is generally administered with 
aggressive hydration and probenecid, which miti-
gates the toxicity by competing for the intracel-
lular transport [10]. Foscarnet is frequently used 
in the pre-engraftment period for CMV; the major 
dose-limiting toxicity is renal impairment, which 
in some cases has led to severe electrolyte distur-
bances and death from seizures or cardiac dys-
function [11].

These antimicrobial drugs are often used in 
combination or sequentially with each other 
and other nephrotoxic medications as well as 
in the context of other renal insults, such as 
dehydration. It is important to note that, in 
addition to causing kidney damage, many of 
these medications are cleared by the kidney 
and thus need to be dose-adjusted in the setting 
of a decreased GFR.

 Thrombotic Microangiopathy

Thrombotic microangiopathy (TMA) is clinically 
characterized by kidney injury, hypertension, 
thrombocytopenia, and microangiopathic hemo-
lytic anemia and occurs in 10–25% of transplant 
recipients. Transplant associated-TMA occurs in 
the setting of endothelial injury causing platelet 
aggregation, platelet consumption, and micro-
vascular fragmentation of erythrocytes, which 
leads to fibrin deposition and thrombosis in the 
microcirculation of the kidney and other organs. 
Many factors have been implicated in the endo-
thelial injury that ultimately leads to TMA. These 
include radiation and chemotherapy during con-
ditioning, calcineurin and mTOR inhibitors, 
infection, cytokine release, and complement dys-
regulation [12].

When TMA is suspected, initial management 
should include consideration of dose reduction or 
withdrawal of the suspected causative agent, 
whenever possible. For example, transition from a 
calcineurin inhibitor to another agent for GvHD 
prophylaxis, such as mycophenolate mofetil 
(MMF), should be considered if clinically possi-
ble. Of note, plasmapheresis has not demonstrated 
the same utility that has been seen in classic throm-
botic thrombocytopenic purpura (TTP), but ritux-
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imab and the complement inhibitor eculizumab 
have shown promise in selected cases [12–14].

 Infection and Renal Dysfunction

BK virus, which is relatively ubiquitous in the 
general population, remains latent in the urothe-
lial cells of the kidney and urinary tract and can 
reactivate in the setting of immunosuppression. 

Active infection most frequently manifests as 
hemorrhagic cystitis following HSCT (see 
Chap. 16). The associated clots can cause urinary 
tract obstruction leading to acute kidney injury. 
When BK virus is detected in the urine, serum 
PCR for BK viremia needs to be monitored. 
While patients with BK viral loads on the order 
of a million to a billion copies/mL in the urine 
can be asymptomatic, those with a serum BK 
viral load greater than 10,000 copies/mL may be 

Fig. 22.1 Sites of post-HSCT renal injury by  cause. The 
afferent renal vasculature may be constricted by calcineu-
rin inhibitors and upregulation of the renin- angiotensin 
system. These agents may also be implicated in endothe-
lial damage leading to thrombotic microangiopathy 
affecting the small blood vessels of the kidney (arterioles 
and glomerular capillaries). Graft-versus-host disease 

may affect the glomeruli, manifesting in nephrotic syn-
drome, or lead to tubular injury. Multiple drugs, including 
common antibiotics, can also lead to tubular injury, and 
viral infections may result in nephropathy due to direct 
cytotoxic injury or to an obstructive nephropathy, as is 
commonly seen with BK viral infections. Copyright 
Seif & Associates, Inc., 2017

L.E. Winestone et al.
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at relatively high risk for developing symptoms 
of cystitis or intrinsic kidney injury, although the 
exact PCR cutoff associated with symptomatic 
disease remains unknown [15, 16]. Management 
of hemorrhagic cystitis is largely symptomatic, 
with hyperhydration, bladder irrigation, pain 
management, and platelet transfusion (and is dis-
cussed in greater detail in Chap. 16). In addition, 
BK virus nephropathy can cause CKD, even in 
the absence of hemorrhagic cystitis. As with 
other viral infections that may affect the kidney, 
such as adenovirus and CMV, antiviral medica-
tions are often considered for symptomatic 
nephropathy and in some cases of hemorrhagic 
cystitis. Because cidofovir is the first-line antivi-
ral agent used, the risks of nephrotoxicity must 
be weighed against the benefit of treating the BK 
virus, although treatment doses for BK virus are 
typically much lower than for systemic adenovi-
rus. Intravesicular administration of cidofovir has 
sometimes been used in conjunction with bladder 
irrigation to address hemorrhagic cystitis. 
Leflunomide, fluoroquinolones, and IVIG have 
also been used as adjuncts in the treatment of BK 
virus [17]. It is important to recognize that no 
agent has been shown to be effective against BK 
virus in well- designed clinical trials, and patients 
typically require some degree of immune recon-
stitution to recover from this infection.

 Graft-Versus-Host Disease (GvHD) 
and Glomerular Disease

Nephrotic syndrome, characterized by protein-
uria, edema, hypoalbuminemia, and hypercholes-
terolemia, can occur post-HSCT but is relatively 
rare. Many have proposed that this may be a man-
ifestation of GvHD in the kidney as it has a clear 
association with chronic GvHD. Membranous 
glomerulonephritis is the most common pathol-
ogy noted on renal biopsy in the setting of 
nephrotic syndrome, followed by minimal change 
disease [18]. While membranous glomerulone-
phritis is attributed to the deposition of immune 
complexes, minimal change disease may be 
related to T-cell-mediated attack on podocytes. 
Whether nephrotic syndrome represents GvHD of 

the kidney or not, it is generally effectively man-
aged with immunosuppression.

 Key Points

• Acute kidney injury and chronic kidney dis-
ease are common after HSCT, occurring in 
more than a third of patients.

• Hypertension and proteinuria are important 
signs of potential renal dysfunction.

• Many of the medications used in HSCT are 
nephrotoxic, particularly chemotherapy, radia-
tion, calcineurin inhibitors, and antimicrobials.

• Thrombotic microangiopathy, characterized by 
kidney injury, hypertension, thrombocytopenia, 
and microangiopathic hemolytic  anemia, is a 
cause of kidney disease after HSCT and is man-
aged with removal of the caustive agent.

• BK virus is associated with renal injury due to 
obstruction from hemorrhagic cystitis or from 
a direct cytopathic effect.
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Cardiac Complications Associated 
with HSCT

Valerie I. Brown

Abstract

This chapter focuses on cardiotoxicity that may occur during the peri- 
or early post-HSCT period. The long-term cardiac sequelae associated 
with HSCT are addressed in Chap. 26. Cardiac complications may be 
related to the toxic effects of the conditioning regimen, radiation, prior 
exposure to cardiotoxic agents, infections, and graft-versus-host dis-
ease (GvHD). HSCT-associated cardiac complications include heart 
failure, arrhythmias, pericarditis, myocarditis, endocarditis, pericar-
dial effusion, and cardiac tamponade. Cardiac complications may 
occur acutely during the peri-HSCT period (as defined as the time dur-
ing conditioning through engraftment) or may be delayed by weeks 
to years. With the exception of sinus tachycardia, cardiac complica-
tions are rare during the peri-HSCT period. However, when they do 
occur, they are usually life-threatening because heart failure, cardiac 
tamponade, and dysrhythmias are the most common early cardiac com-
plications. More frequently, the manifestations of the cardiac dam-
age acquired during the peri-HSCT period may be delayed for years, 
requiring lifelong cardiac monitoring (at least annually with ECHO 
and ECG) for all post-HSCT patients who are at risk.

 Risk Factors

The risk factors for developing HSCT-associated 
cardiac complications are listed in Table 23.1. 
The most significant risk factors are history of 
receiving anthracyclines (e.g., doxorubicin, 
daunorubicin, and idarubicin), exposure to a 
total dose of cyclophosphamide of 120–150 mg/
kg or more, receiving total body irradiation 
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(TBI), and prior exposure to radiation to the 
chest. The patient’s comorbidities, pre-HSCT 
physical condition, and performance score con-
tribute to the risk of developing HSCT-
associated cardiotoxicity. Patients who have 
underlying conditions associated with cardiac 
disease, such as Hurler syndrome, Down syn-
drome, and thalassemia, are at a greater risk for 
developing HSCT-related cardiac complications 
[1]. Other risk factors are sepsis, a history of 
mitral valve disease, and a history of prolonged 
QTc [2]. An ejection fraction as determined by 
echocardiography (ECHO) that is less than 50% 
(normal, 55–75%) is a risk factor for HSCT-
related (but not necessarily life- threatening) 
cardiotoxicity [3].

 Etiologies

Acute cardiac-related toxicities are rare in pediat-
ric HSCT patients. However, the majority are 
life-threatening and often result in death if not 
promptly recognized and treated. The most com-
mon etiologies of HSCT-associated cardiac com-
plications are listed in Table 23.2 and are detailed 
below [4].

 Chemotherapy-Induced 
Cardiotoxicity

Acute chemotherapy-induced cardiac tox-
icity is most likely related to high-dose 
cyclophosphamide- containing conditioning regi-
mens [5, 6]. The dosage of cyclophosphamide, 
the type of conditioning regimen (myeloablative 
versus nonmyeloablative), TBI, and coadministra-
tion of other chemotherapeutics can potentiate the 
risk of cardiotoxicity. The different chemotherapy- 
induced cardiac events range from mild, tran-
sient blood pressure changes, ECG changes, and 
transient sinus tachycardia to life- threatening 
arrhythmias, myocarditis, pericarditis, myocardial 
infarction, and cardiomyopathy that often result in 
congestive heart failure. Patients that have previ-
ously received ≥100 mg/kg of anthracyclines and 
then ≥120 mg/kg cyclophosphamide as part of 
the conditioning regimen are at increased risk for 
developing cardiac  damage. Cyclophosphamide-
induced cardiotoxicity typically occurs within 
2–10 days after its first administration, but it can 
appear up to 3 weeks later [5]. Cardiac troponins 
can be helpful in the diagnosis of cardiac dam-
age in this setting. The cardiac damage is usually 
irreversible due to loss of myocardial fibrils and 
cellular degeneration. This results in thickening of 
the left ventricular wall, blood-tinged pericardial 
effusions, and fibrinous pericarditis.

Clinical manifestations: Cyclophosphamide- 
induced cardiac damage is manifested by chest 
pain, nausea, palpitations, tachypnea, tachycar-
dia, peripheral edema, pulmonary edema, cardio-
megaly, and poor peripheral perfusion. Symptoms 
may progress to hemorrhagic pancarditis, cardiac 
tamponade, and death.

Table 23.2 Most common etiologies of HSCT-
associated cardiac complications

• Chemotherapy-induced cardiotoxicity

• Radiation-induced cardiotoxicity

• Arrhythmias

• Graft-versus-host disease-induced cardiotoxicity

• Infection

• Pericardial effusion

• Cardiac tamponade

Table 23.1 Risk factors for developing HSCT-associated 
cardiac complications

Etiology Comments

•  Preexisting cardiac disease –

•  Prior exposure to 
cardiotoxic chemotherapy

•  Anthracyclines
•  Cyclophosphamide
•  5-FU

•  Radiation •  Total body 
irradiation (TBI)

•  Prior mediastinal 
radiation

•  Sepsis –

•  Mitral valve disease –

•  Ejection fraction <50% or 
shortening fraction <27%

•  As determined by 
ECHO or MUGA

•  Underlying diagnosis 
associated with cardiac 
disease

•  Hurler syndrome
•  Down syndrome
•  Thalassemia

• History of prolonged QTc •  As determined by 
ECG

V.I. Brown
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Diagnostic evaluation: An ECHO or MUGA 
as well as cardiac biomarkers with troponin 
measurement are performed in order to deter-
mine the extent of cardiac damage. An ECG usu-
ally shows decreased voltage. ECHO typically 
shows pericardial effusion, decreased shortening 
fraction, and increased end diastolic volume [6]. 
(See Table 23.3 for a summary of the common 
cardiac diagnostic tests and monitoring along 
with their utility.)

Management and outcomes: Treatment is 
focused on alleviating heart failure by aggressive 
fluid restriction, diuretics, and digitalis. If a large 
pericardial effusion is present, then pericardio-
centesis may be indicated. While a rare complica-
tion of HSCT, cyclophosphamide-induced 
cardiotoxicity is associated with a high mortality 
rate. The shorter the time from the administration 
of cyclophosphamide to the first symptom of car-
diac dysfunction is associated with early death. 
Thus, early recognition and prompt intervention 
may improve outcome [5, 6].

 Radiation-Induced Cardiotoxicity

With the lowered dose rates and fractionation of 
TBI, cardiac toxicity as a result of radiation alone 
is rare nowadays. However, the combination of 
radiation with chemotherapy (such as cyclophos-
phamide) in the conditioning regimen is syner-
gistic. Other risk factors for radiation-induced 
cardiotoxicity include prior radiation to the chest 
and borderline cardiac function prior to the start 
of conditioning [4]. While only 10% of HSCT 
patients die due to cardiac toxicity, therapeutic 
options are very limited to reverse this cardiac 
damage. Thus, the optimal strategy is to mini-
mize exposure to these cardiotoxic modalities.

Pathophysiology: Cardiac damage occurs as a 
result of damage to the cellular structures in the 
connective tissue of the myocardium, leading to 
decreased cardiac enzyme activity [4]. When car-
diac enzyme is decreased, the contractility and 
conductivity of cardiac cells become compro-
mised. The degree of damage is related to the 
radiation dose, volume, and treatment technique. 
Radiation therapy can cause pericardial disease 
(most common), myocardial infarction, ischemic 
heart disease, cardiomyopathy, and coronary heart 
disease. Damage to the myocardium from radia-
tion may take years before it becomes evident [7].

Clinical manifestations: The clinical manifes-
tations of radiation-induced cardiotoxicity 
include angina, dysrhythmias, hypotension, jugu-
lar venous distension (JVD), peripheral edema, 
and the presence of third and fourth heart sounds. 

Table 23.3 Common cardiac diagnostic tests and 
monitoring

Test Utility

•  Creatinine kinase •  Enzyme found in multiple 
tissue types including the 
heart

•  Nonspecific measure of 
cardiac damage

•  CK-MB •  Found mostly in the heart
•  Ratio of CK-MB to total 

CK is used to determine 
likelihood of heart damage

•  Troponin •  Determines damage to the 
heart

•  Brain natriuretic 
peptide (BNP)

•  Grades severity of heart 
failure

•  Chest X-ray •  Detect cardiomegaly
•  Detect pulmonary edema

•  Electrocardiogram 
(ECG, EKG)

•  Shows abnormal heart 
rhythms

•  Detects heart muscle 
damage

•  Echocardiography 
(ECHO)

•  Evaluates motion of heart’s 
chambers and valves

•  Determines ventricular 
function

•  Detects vegetations
•  Can be performed 

transthoracic or 
transesophageal

•  MUGA •  Nuclear scan
•  Determines heart wall 

motion at rest or after 
exercise

•  CT scan or MRI of 
the chest

•  Detects pericardial and 
pleural effusions

•  Determines heart size
•  Can diagnoses coronary 

artery disease

•  24-h Holter 
monitor

•  Detects arrhythmias over a 
period of time
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Any of these symptoms warrant further investiga-
tion in a timely manner. Patients with congestive 
heart failure rapidly progress to hemorrhagic 
myocarditis, cardiac tamponade, and even death.

Diagnostic evaluation: An ECHO or multigated 
acquisition (MUGA) scan is performed as well as 
checking cardiac biomarkers and troponins to 
assess the degree of cardiac damage.

Management and outcomes: Similarly to 
chemotherapy- induced cardiotoxicity, the treat-
ment of radiation-induced cardiac damage 
focuses on ameliorating heart failure with aggres-
sive fluid restriction, diuretics, and digitalis. 
Again, pericardiocentesis may be warranted in 
cases of large pericardial effusions. Long-term 
follow-up is necessary because a significant 
number of these patients will go on to have a 
decrease in the ejection fraction over time [4].

 Arrhythmias

A patient’s heart rate should always be evaluated in 
the context of the patient’s age and clinical condi-
tion. The most common etiologies that contribute 
to the development of an arrhythmia in the context 
of HSCT in pediatric patients are electrolyte imbal-
ances, hypoxemia, acidosis, sepsis, drug toxicity 
(e.g., vasopressors), and multi- organ failure. 
Arrhythmias typically arise within the first month 
after transplant with a median of 6 days post-HSCT 
[8]. Currently, serious arrhythmias are very rare in 
pediatric HSCT patients unless there is an underly-
ing cardiac condition present. The two most com-
mon arrhythmias are bradycardia and sinus 
tachycardia, and very often they are transient.

Diagnostic evaluation: If an arrhythmia is sus-
pected or detected, then serum electrolytes, blood 
glucose, calcium, magnesium, CBC, toxicology 
screen, VBG or ABG, and thyroid studies should 
be sent. A chest X-ray, ECHO, and ECG should 
be performed as well. If indicated, a Holter 
 monitor should be placed, and a cardiology con-
sultation obtained.

 Bradycardia
Bradycardia is a serious complication in HSCT 
patients because it compromises systemic perfu-

sion and slows the ventricular rate. It is also asso-
ciated with a fall in cardiac output. The most 
common cause of bradycardia in the HSCT setting 
is dimethyl sulfoxide (DMSO) toxicity during 
infusion of hematopoietic stem cells (HSCs) that 
have been cryopreserved in DMSO [9]. DMSO is 
a necessary agent used to preserve the integrity of 
cells during the freeze-thaw process (see Chap. 8). 
Thus, cardiac monitoring during HSC infusion is 
part of an institution’s standard operating proce-
dures. Other causes of bradycardia include 
hypoxia, acidosis, other drugs (e.g., fentanyl, 
clonidine), electrolyte imbalances (e.g., hypogly-
cemia, hypocalcemia, and hypokalemia), hypo-
thermia, and vagal stimulation.

Management and outcomes: While often 
reversible by treating the underlying cause, the 
immediate treatment of bradycardia is to provide 
adequate oxygenation and ventilation and to pro-
vide pharmacologic support with epinephrine if 
the bradycardia is persistent and becomes life- 
threatening. Atropine may be administered if the 
etiology of the bradycardia is thought to be due to 
vagal stimulation. More importantly, it is essen-
tial to determine the underlying cause of the bra-
dycardia and then treat it.

 Tachycardia
Tachycardia may be due to sinus tachycardia or 
tachyarrhythmia. While tachyarrhythmias, such 
as supraventricular tachycardia, are rare, their 
presence warrants a cardiology consult [8]. In 
contrast, sinus tachycardia is frequently noted in 
patients during the peri-transplant period (from 
the start of the conditioning regimen through 
engraftment). In this scenario, the cause of tachy-
cardia is more likely due to a non-cardiac etiol-
ogy. Tachycardia is a normal physiologic response 
to stress, anxiety, and pain due to catecholamine 
release, leading to increased heart rate and con-
tractility. Other common causes of sinus tachycar-
dia include fever, infection, anemia, hypoxia, 
hypovolemia, electrolyte derangement, and 
 acid-base imbalance (see Table 23.4). Numerous 
medications can cause tachycardia, namely, anti-
histamines, phenothiazines, antidepressants, and 
general anesthetics. Less common causes include 
anaphylaxis and hyperthyroidism.
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Management: The most important aspect of 
the treatment of tachycardia, particularly sinus 
tachycardia, is to treat the underlying, non- 
cardiogenic cause.

 Graft-Versus-Host Disease (GvHD)-
Induced Cardiac Complications

Cardiac complications due to graft-versus-host 
disease (GvHD) are rare. Cardiac damage in the 
setting of GvHD is thought to be caused by donor 
lymphocyte infiltration [10, 11]. This infiltrative 
process can appear on MRI as the presence of 
nodules. ECG demonstrates LV wall thickening 
and impaired LV filling. In contrast, ECHO typi-
cally shows a normal ejection fraction.

Clinical presentation: The clinical presenta-
tion resembles that of impaired myocardial con-
tractile function (thus difficult to discern the 
etiology).

Management and outcomes: If cardiac GvHD is 
suspected, then a cardiology consultation is war-
ranted. Cardiac GvHD is treated with high- dose 
steroids, fluid restriction, and supportive care.

 Cardiac Complications Due to Infection
Cardiac infections are rare in the HSCT setting 
but can affect the pericardium, endocardium, and 
myocardium. They can be of bacterial, viral, or 
fungal origin.

 Bacterial
In general, the most common bacterial heart 
infection associated with HSCT is bacterial 

endocarditis that can involve the heart valves and/
or the endocardium and is very rare [12].

Pathogenesis: Gram-positive bacterial species 
more commonly cause endocarditis [12]. The bac-
teria adhere to the valves and produce vegetations. 
Only a low titer of bacteria is needed to establish 
an infection. The bacteria themselves are found 
deep within the vegetations and thus difficult to 
treat effectively. Over time, the bacterial vegeta-
tions will eventually erode away the valve or leave 
scar tissue on the valve, rendering the valve 
ineffective.

Clinical manifestations: The clinical manifes-
tations of bacterial endocarditis include fever, 
chills, cough, malaise, headache, development of 
a murmur, and positive blood cultures.

Diagnostic evaluation: Valvular vegetations 
along with abscesses and valvular insufficiency 
are detected by ECHO. A transthoracic ECHO 
can be done in infants, children, or obese indi-
viduals in whom an ECHO cannot be performed 
readily. An ECG may show conduction or rhythm 
disturbances as well. Blood cultures should be 
obtained. Because it is difficult to isolate the bac-
teria from the blood if bacterial endocarditis is 
suspected, the microbiology clinical laboratory 
should be notified accordingly.

Treatment and outcomes: The mainstay treat-
ment of cardiac bacterial infections is prompt ini-
tiation of antibiotic therapy and fluid management. 
If damage to a valve is severe, then heart valve 
replacement may be necessary. The use of 
empiric, broad-spectrum antibiotics is critical for 
the prevention and early treatment of bacterial 
infections of the heart. Otherwise, it can be fatal.

 Fungal
In general, fungal infections of the heart are rare 
[13]. However, patients with preexisting invasive 
fungal infections are at a higher risk. Myocarditis 
and pericarditis are more common than 
endocarditis.

Pathogenesis: Initially, fungus spreads by 
direct invasion from the lung tissue to the heart or 
by hematogenous spread. Involvement of the 
endocardium is more common in the presence of 
disseminated fungal disease, such as aspergillo-
sis. Thromboemboli are spread from the primary 

Table 23.4 Etiologies of sinus tachycardia in the 
 pediatric HSCT patient

Common •  Pain
•  Stress, anxiety
•  Hypovolemia
•  Fever, infection
•  Anemia
•  Hypoxia
•  Electrolyte derangement
•  Acid-base imbalance
•  Drug-induced

Less common •  Anaphylaxis
•  Hyperthyroidism
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source and may lead to myocardial infarction if 
they lodge in the coronary arteries. Alternatively, 
fungus invades the myocardium and then spreads 
to the pericardium [14]. Aspergillosis is the most 
common cause of fungal pericarditis as well as 
endocarditis. Candida albicans has also been 
found to cause cardiac infections [12].

Clinical manifestations: The clinical manifes-
tations of fungal heart infections are similar to 
those seen with bacterial cardiac infections. 
However, symptoms in fungal cardiac infections 
may mimic those of a respiratory infection 
including tachypnea, tachycardia, and cough as 
well as refractory substernal chest pain.

Diagnostic evaluation: In general, it is diffi-
cult to diagnose a cardiac infection due to fungus. 
The ECG will show ischemic changes, and blood 
work will show elevation of cardiac isoenzymes. 
Blood cultures are often positive. A fungal infec-
tion should be considered if the patient has per-
sistent fevers that are not responsive to 
broad-spectrum antibiotics and the patient’s 
blood cultures are negative with no source of 
fever identified. Pan CT scans should be per-
formed to investigate for sites of fungal infection, 
although the heart will not necessarily appear.

Management and outcomes: For the best out-
come, empiric antifungal treatment should be ini-
tiated early on. The remainder of care is 
supportive with fluid management, digitalis, 
diuretics, and pain management (e.g., nitroglyc-
erin for chest pain).

 Viral
The most common cardiac infection of viral eti-
ology is myocarditis that is predominantly caused 
by adenovirus and enterovirus (specifically 
Coxsackie A). Viral infection of the myocardium 
causes inflammation that leads to irreversible 
damage to the heart and cardiac dysfunction [15].

Clinical manifestations: A patient with viral 
myocarditis presents with symptoms of heart 
failure including tachycardia, cool extremities, 
pale or mottled skin, muffled or decreased heart 
sounds, jugular vein distension (JVD), hepato-
megaly, and peripheral edema.

Diagnostic evaluation: While it is relatively 
difficult to diagnose viral endocarditis or myo-

carditis, viral cultures obtained from blood, 
nasal passages, and perirectal areas, viral PCR, 
ESR, CRP, CBC, electrolytes, blood glucose, 
and cardiac biomarkers should be sent. Of note, 
a biopsy of the myocardium is the gold standard 
to diagnose viral endocarditis and should be per-
formed as early as possible [15]. ECHO typi-
cally shows general myocardial dysfunction 
with global hypokinesis, increased heart size, 
pericardial effusion, and wall movement abnor-
malities. An ECG demonstrates small voltage, 
tachycardia, and QT prolongation.

Management and outcomes: Early detection is 
important with the goal of treating the underlying 
virus. In addition, management includes support-
ive care: management of heart failure to maintain 
adequate perfusion with fluid management, digi-
talis, and diuretics.

 Pericardial Effusion

In children, the pericardial space normally con-
tains up to 20 mL of fluid. When the volume of 
fluid exceeds the pericardial space (i.e., pericar-
dial effusion), this extra fluid produces pressure 
against the heart causing the heart to pump inef-
fectively. The incidence of pericardial effusion in 
the pediatric HSCT recipient is very low. However, 
when present, the most common causes include 
an infectious etiology (bacterial, fungal, tubercu-
losis, and viral), capillary leak syndrome, renal 
failure, drug toxicity (e.g., cyclophosphamide), 
and GvHD. In one retrospective study, the inci-
dence of clinically significant pericardial effusion 
was 4.4% with a median time of development of 
30 days post-HSCT (range, 19–210 days) [16]. 
The majority of cases were associated with 
GvHD, and all of the patients have had a pre-
HSCT left ventricular ejection fraction >45%.

Clinical manifestations: The presentation of 
pericardial effusion is dependent upon the rate at 
which the fluid has accumulated. Rapidly accu-
mulating pleural effusions typically are more 
symptomatic, whereas slowly progressing ones 
can remain asymptomatic for a long period of 
time. The most common clinical manifestations 
are dyspnea, orthopnea, cough, painful respira-
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tions, chest pain, tachycardia, and pericardial 
friction rub.

Diagnostic evaluation: Chest X-ray often 
shows a “water bottle” sign in which the cardiac 
silhouette is enlarged and looks like a flask or 
water bottle. In addition to chest X-ray and blood 
work (electrolytes, blood glucose, CBC, and 
 cardiac enzymes), an ECHO, ECG, and possibly 
CT scan of the chest should be performed. 
Cardiac consultation should be obtained to per-
form pericardiocentesis. Pericardiocentesis 
should be performed for both diagnostic and 
therapeutic purposes. The fluid obtained from the 
pericardiocentesis should be evaluated for infec-
tious etiologies, the presence of blood, and pro-
tein and glucose levels.

Management and outcomes: In addition to 
pericardiocentesis, the underlying cause should 
be treated, i.e., early initiation of appropriate 
antimicrobials as indicated. Anti-inflammatory 
agents and steroids have been used for the treat-
ment of pericardial effusions, but the use of ste-
roids is controversial because of the potential of 
reaccumulation once the steroids are tapered off. 
If the pericardial effusion is compromising heart 
function that results in cardiac tamponade, a sub-
xiphoid pericardial window with pericardios-
tomy is necessary to adequately drain the fluid 
and relieve the tamponade. Early recognition and 
treatment of a pericardial effusion (prior to the 
development of cardiac tamponade) can prevent 
death related to pericardial effusion [16].

 Cardiac Tamponade

Cardiac tamponade develops after a pericardial 
effusion has caused reduced ventricular filling 
which results in cardiac compromise. Cardiac 
tamponade is a medical emergency because it 
ends in ineffective pumping of blood that often 
leads to death. Pericarditis or pericardial effusion 
often precedes cardiac tamponade, and so the 
causes of cardiac tamponade are the same as 
those of pericarditis or pericardial effusion, with 
infections and chemotherapeutic agents used in 
conditioning regimens (e.g., cyclophosphamide) 
as the most common etiologies.

Clinical manifestations: Clinically, patients 
present with the same symptoms as pericardial 
effusion. Classically, they present with the “Beck 
triad” which is hypotension, increased jugular 
vein distension (JVD), and diminished heart 
sounds [17]. Patients often present with pulsus 
paradoxus.

Diagnostic evaluation: The diagnosis must be 
made in a timely fashion because acute cardiac 
tamponade is a medical emergency. Diagnostic 
studies are the same as those done to evaluate for 
pericardial effusion.

Management and outcomes: If cardiac tam-
ponade is suspected, then a cardiology consulta-
tion should be obtained emergently. Treatment is 
to perform emergently a pericardial window with 
pericardiostomy.

 Pulmonary Hypertension

Overall, the development of pulmonary hyper-
tension in pediatric HSCT recipients is very rare 
but often fatal [18]. Pulmonary hypertension is 
associated with increased pulmonary vascular 
resistance and elevated right ventricular pressure 
that can lead to permanent changes in the pulmo-
nary vasculature. These changes often result in 
right ventricular failure and death. The most 
common classifications of pulmonary hyperten-
sion that are found in pediatric HSCT recipients 
(both autologous and allogeneic) are pulmonary 
arterial hypertension (PAH), pulmonary veno- 
occlusive disease (PVOD), and PVOD with pul-
monary arterial involvement. PVOD is 
predominantly an obstruction of the pulmonary 
venules. In one study, Schechter et al. reported 
that 15% of pediatric patients treated with high- 
dose chemotherapy (carboplatin and thiotepa) 
followed by autologous peripheral blood stem 
cell transplantation in tandem for CNS tumors 
had biopsy-proven PAV with PAH [19]. In 
another study, Desai et al. reported that 19% (4 of 
21) of pediatric patients who received busulfan 
and melphalan for high-dose chemotherapy fol-
lowed by autologous peripheral blood stem cell 
transplantation for high-risk neuroblastoma 
developed pulmonary hypertension [20]. Two of 
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the four patients died as a result of the pulmonary 
hypertension although they had other significant 
comorbidities.

Pathophysiology: Both pulmonary arterioles 
and venules can be affected in HSCT-associated 
pulmonary hypertension. Histopathologically, all 
vascular layers of arterioles can be affected in 
PAH. In contrast, the histopathology of PVOD is 
characterized by extensive occlusion of the 
 pulmonary venules with fibrous tissue eventually 
forming sclerotic occlusion without thrombosis.

Clinical manifestations: PAH and PVOD 
present similarly and can only be distinguished 
by lung biopsy to determine the vascular com-
partment injured. However, it is not important to 
make this distinction because treatment for both 
is very similar. Initially, pulmonary hypertension 
presents with shortness of breath, fatigue, weak-
ness, dizziness, and hypoxemia. Edema, hepato-
megaly, and ascites typically develop later on 
secondary to increased venous congestion. If left 
unrecognized or untreated, patients will develop 
progressive tachypnea and hypoxemia, eventu-
ally leading to respiratory failure. Thus, the diag-
nosis of pulmonary hypertension should be 
considered early on in any HSCT recipient who 
presents with unexplained hypoxemia or respira-
tory distress.

Diagnostic evaluation: A chest X-ray may 
show prominence of the pulmonary artery, 
enlarged hilar vessels, and decreased peripheral 
vessels, and these findings are found in over 90% 
of patients with advanced pulmonary hyperten-
sion. ECG may demonstrate evidence of right arte-
rial enlargement or right ventricular hypertrophy 
with peaked P waves, R axis deviation, and a right 
bundle branch block pattern. High- resolution CT 
or MRI can detect dilated pulmonary artery. 
Cardiac MRI is used to evaluate right heart cardio-
pulmonary function and structure. ECHO is used 
to comprehensively evaluate right heart function. 
Cardia catheterization should be considered in any 
HSCT recipient suspected of having pulmonary 
hypertension, as it is the gold standard in the diag-
nosis of pulmonary hypertension because cardiac 
catheterization will measure directly cardiac out-
put and pulmonary artery pressures and is used to 
calculate pulmonary resistance.

Management and outcomes: In general, manage-
ment of pulmonary hypertension focuses on optimi-
zation of cardiac function, particularly if right 
ventricular compromise is present. Management of 
pulmonary hypertension includes oxygen, diuretics, 
afterload reducing agents, inotropes (e.g., milri-
none), and phosphodiesterase-5 inhibitors (e.g., 
sildenafil). Because the development of pulmonary 
hypertension can quickly lead to right heart failure 
and death, symptomatic patients need to be evalu-
ated and start treatment promptly [18, 21].

In summary, cardiac complications vary 
greatly from transient sinus tachycardia to life- 
threatening, irreversible cardiac damage and 
heart failure that can result in death. The under-
lying causes are multifactorial and include drug 
toxicity, prior chest irradiation, infection, 
GvHD, and preexisting cardiac disease/dys-
function. Pretransplant cardiac evaluation is a 
key component to help prevent or at least mini-
mize cardiac complications that patients may 
experience post- HSCT. While the manifesta-
tions of cardiac damage may be immediate, 
albeit rare, they are more often delayed by 
months or even years. Thus, post-HSCT recipi-
ents require regular, lifelong evaluation for car-
diac damage because outcomes are better when 
cardiac damage is detected early on.

 Key Points

• HSCT-associated cardiac complications can 
occur acutely or delayed.

• Acute cardiac complications that are life- 
threatening are rare in the HSCT patient (<2%).

• Cardiac complications in HSCT patients are 
more often delayed by months to years and 
thus requiring lifelong cardiac monitoring 
annually at a minimum.

• The most common risk factors are preexisting 
cardiac disease, ejection fraction <50%, che-
motherapy, radiation, sepsis, history of mitral 
valve disease, and underlying diagnosis asso-
ciated with cardiac disease or dysfunction.

• The most common cardiac toxicities are che-
motherapy- or radiation-induced cardiac dam-
age, arrhythmias, GvHD-induced damage, 
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infection, pericardial effusion, and cardiac 
tamponade.

• Suspicion of cardiac toxicity warrants an 
emergent evaluation that includes blood work 
for cardiac biomarkers, ECG, ECHO, and 
possibly CT or MRI of the chest, and very 
often cardiology consultation.
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Neurologic and Sensory 
Complications Associated 
with HSCT

Valerie I. Brown

Abstract

Severe neurologic complications associated with hematopoietic stem cell 
transplantation (HSCT) have been reported in approximately 14–25% of 
all pediatric HSCT patients. The majority of severe neurologic events 
occur within the first 100 days after HSCT. Risk factors for developing 
severe neurologic events in the context of HSCT include the age of the 
HSCT recipient (children <3 years old), underlying disease, prior therapy, 
conditioning regimen, hematopoietic stem cell (HSC) source, unrelated 
donor, graft versus host disease (GvHD), immunosuppressive agents, met-
abolic disorders, and prior central nervous system (CNS) infections. The 
most common causes of developing a severe neurologic complication are 
medications (particularly calcineurin inhibitors), radiation-induced, 
hemorrhage- related, immune-mediated, and infection-induced. The most 
common severe neurologic events are seizures, cerebral vascular events as 
well as change in consciousness (mental status changes), and encepha-
lopathy/leukoencephalopathy. Severe neurologic events account for 
10–15% of all deaths in HSCT patients. Sensory complications such as 
radiation-induced cataracts, platinum- induced high-frequency hearing 
loss, and high-dose chemotherapy-induced taste dysfunction are seen 
quite often in pediatric HSCT recipients. Because pediatric HSCT recipi-
ents are still developing, effort needs to be made to minimize neurologic 
and sensory complications.

 Introduction

Approximately 20% (range: 9.7–65%) of all 
HSCT patients will experience a severe neuro-
logic event which includes seizures, change in 
mental status, stroke, cognitive decline, and pos-
terior reversible encephalopathy syndrome 
(PRES), and these events are more common in 
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allogeneic versus autologous HSCT [1, 2]. 
Almost all of the HSCT-related neurologic events 
occur within 1 year post-HSCT with the majority 
occurring within the first 6 months. Figure 24.1 
summarizes the timing of the most common 
causes of severe neurologic complications. Some 
of these neurologic sequelae can be lifelong and 
devastating, and severe neurologic complications 
account for 10–15% of all deaths in HSCT 
patients [3]. However, one study found that if 
neurologic complications do not persist after 
6 months post-HSCT, then there was no impact 
on mortality [1].

 Risk Factors and Etiologies

The risk factors and causes of HSCT-associated 
severe neurologic events are multifactorial. They 
are detailed below and summarized in Table 24.1. 
The major risk factors are the age of the recipient 
at the time of HSCT, use of an unrelated donor, 
the underlying disease being treated by HSCT, 
prior treatments, the conditioning regimen, the 
HSC source, metabolic disorders, history of a 
vascular disorder, and prior CNS infections. The 
major causes include immunosuppressive agents 
and other drugs as well as GvHD. Other causes 
include CNS relapse of the underlying disease 
being treated by HSCT and metabolic derange-
ments. Generally, early neurologic complications 
are associated with medications, radiation used in 
the conditioning regimen, and infections, whereas 

post-HSCT late events are related to the immuno-
deficient state of the patient [4].

Age of recipient: The age of the recipient at the 
time of HSCT impacts the risk for developing neu-
rologic complications due to HSCT. One would 
predict that infants and children under the age of 
3 years would be more susceptible to developing 
neurologic complications because of incomplete 
brain development. However, one study showed no 
significant difference in incidence between younger 
and older children [5], and another found that life-
threatening neurologic events were documented 
more frequently in older (median age, 11 years) 
versus younger (median age, 4 years) children [3].

Underlying disease: Table 24.2 summarizes 
the most common underlying diseases and their 
predisposing features that are associated with a 
higher risk of severe neurologic events in post- 
HSCT pediatric patients.  Patients who have 
underlying neurologic abnormalities or disorders 
(e.g., seizure disorder or inborn error of metabo-
lism) are at higher risk for experiencing a neuro-
logic event while undergoing HSCT. Patients 
who have CNS disease at the time of diagnosis or 
at relapse, such as CNS involvement of leuke-
mias, lymphomas, or solid tumors, are at higher 
risk for severe neurologic events as compared to 
those who have never had CNS involvement [6]. 
Also, patients with brain tumors that have resid-
ual neurologic symptoms or seizures are at higher 
risk for developing neurologic complications 
during the HSCT process, and their neurologic 
symptoms may be exacerbated by the condition-

Time after HSCT (months)

0 1 2 3 4 5 6 7 8 9 10 11 12

Immunosuppressant-induced (1-12 months)

Radiation- induced (1-7 months)

Hemorrhage- related (1-9 months)

Immune- mediated (1-9 months)

Infection- induced (1-12 months)

Fig. 24.1 Timing of the 
most common causes of 
HSCT-associated severe 
neurologic events: Each 
colored bar represents 
the typical timeframe for 
each category of severe 
neurologic events in 
relation to the time after 
HSCT
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ing regimen [7]. Patients with sickle cell disease 
are at particular risk because of the very high 
likelihood of having pre-existing narrowed or 
occluded vessels in the brain [8–10]. This pathol-
ogy lends to abnormal cerebral blood flow that 
increases the risk for stroke, and these patients 
are more susceptible to stroke during HSCT. In 
addition, a high incidence of PRES was noted in 
allogeneic-HSCT recipients with sickle cell dis-
ease [8]. Patients with inborn errors of metabo-
lism such as Hurler’s syndrome may have a 
history of encephalopathy or hydrocephalus and 
are thereby more vulnerable to suffer a severe 
neurologic event during the peri- and post-HSCT 
periods [11].

Prior treatment: Patients who have suffered 
from a neurologic event from prior therapy are 
at higher risk for experiencing a severe neu-
rologic event after HSCT [5]. These include 
vincristine- induced peripheral neuropathy, 
asparaginase- related stroke, and ifosfamide-
induced encephalopathy. Patients who developed 
syndrome of inappropriate antidiuretic hormone 
(SIADH) after receiving Cyclophosphamide, 
ifosfamide, or melphalan are at higher risk for 
neurologic events with HSCT [12, 13]. Patients 
who have had neurocognitive deficits or encepha-
lopathy due to intrathecal methotrexate are more 
likely to have these worsen during HSCT.

Conditioning regimen: Certain agents used 
as part of conditioning regimens are known to 
be highly associated with specific neurologic 
complications [3, 14]. Table 24.3 summarizes 
these agents and their associated neurotoxici-
ties. However, the risks can be minimized with 
close monitoring, pharmacokinetic dosing, and 
prophylaxis. For example, the incidence of sei-
zures from busulfan has decreased significantly 
with the advent of pharmacokinetic targeted dos-
ing and the use of prophylactic anticonvulsants 
[15, 16]. Keppra is the most commonly used 
anticonvulsant agent in this case [17]. Seizures 
and mental status changes that occur with cyclo-
sporine-induced SIADH can be avoided with 
close monitoring of serum sodium, urine output, 
and urine-specific gravities as well as with strict 
fluid management and early  intervention with 

Table 24.1 Risk factors for the development of HSCT- associated neurologic complications

Risk factor Comments

•  Age of recipient at time of 
HSCT

•  While older children and adolescents have a higher incidence of CNS 
complications, HSCT patients <3 years old have neurocognitive sequelae 
after TBI due to incomplete brain development

•  Underlying disease •  CNS relapse of underlying disease must be considered

•  Prior treatments •  Prior use of fludarabine and intrathecal methotrexate

•  Conditioning regimen •  Neurotoxicity may be acute or delayed

•  Immunosuppressive agents
  –  Calcineurin inhibitors

•  Most are reversible and resolve once the agent is discontinued

•  HSC source •  Most likely correlates with need of immunosuppression to prevent graft 
rejection and to prevent or treat GvHD

•  Unrelated donor •  Most likely correlates with need of immunosuppression to prevent graft 
rejection and to prevent or treat GvHD

•  GvHD •  Directly due to immune dysregulation associated with chronic GvHD or 
indirectly due to the agents used to treat GvHD (e.g., calcineurin inhibitors)

•  Metabolic disorders •  Particularly if the metabolic disorder is associated with CNS sequelae

•  Prior CNS infections •  HSCT patients with a history of CNS infection is at a higher risk for 
developing the same CNS infection post-HSCT

Table 24.2 Predisposing features of underlying diseases

Underlying disease Predisposing feature(s)

•  Leukemia/lymphoma
•  Solid tumor

•  CNS involvement at 
diagnosis or relapse

•  Brain tumor •  Residual neurologic 
symptoms

•  Seizure disorder

•  Sickle cell disease •  Vessel narrowing or 
occlusion → stroke

•  Metabolic disorder •  Encephalopathy
•  Hydrocephalus
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Table 24.3 Commonly used HSCT agents and their associated neurotoxicities

Agent Associated neurotoxicity, acute

•  Busulfan •  Seizures

•  Cyclophosphamide •  Seizures
•  Mental status changes due to SIADH (transient)

•  Carboplatin •  Ototoxicity (hearing loss)
•  Peripheral neuropathy
•  PRES

•  Fludarabine •  Confusion
•  Visual disturbances
•  Acute toxic leukoencephalopathy

•  Cytarabine •  Cerebellar toxicity
•  Seizures

•  Melphalan •  Seizures
•  Encephalopathy

•  Etoposide •  Peripheral neuropathy
•  PRES
•  Acute dystonia

•  Thiotepa •  Meningitis

•  Corticosteroids •  Psychosis

•  Alemtuzumab
•  Rituximab

•  Progressive multifocal leukoencephalopathy (PML)

•  Calcineurin inhibitors
 –  Cyclosporine A
 –  Tacrolimus
 –  Mycophenolate mofetil
 –  Sirolimus

•  Fine tremor
•  Burning sensation of soles and palms
•  Visual disturbances
•  Seizures
•  PRES
•  Mutism
•  Pseudotumor cerebri
•  Hearing loss
•  Optic neuropathy

•  Acyclovir •  Seizures
•  Encephalopathy

•  Amphotericin B •  Confusion

•  Posaconazole •  Exacerbates vincristine-induced neuropathy

•  Voriconazole •  Visual disturbances
•  Hallucinations

•  Cefepime •  Seizures
•  Encephalopathy
•  Myoclonus

•  Imipenem •  Seizures

•  Linezolid •  Ischemic optic neuropathy
•  PRES
•  Peripheral neuropathy

•  Metronidazole •  Reversible dysarthria
•  Ataxia

Associated neurotoxicity, delayed

•  Radiation •  Leukoencephalopathy
 –  Increased risk if prior intrathecal methotrexate or high-dose 

methotrexate
•  Intracranial hemorrhage

•  Methotrexate •  Leukoencephalopathy
 –  Increased in combination with radiation

•  Alkylators •  Intracranial hemorrhage
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 diuretics and mannitol. Fludarabine is associated 
with a dose-dependent neurotoxicity similar to 
PRES, known as acute toxic leukoencephalopa-
thy characterized by cognitive impairment with 
visual and sensory defects [4, 18]. MRI imaging 
may show bilateral abnormal signaling within 
the deep white matter. Although now rarely used 
in current conditioning regimens, cytarabine 
causes cerebellar toxicity in approximately 10% 
of HSCT patients. Other acute neurotoxicities, 
such as confusion from fludarabine and periph-
eral neuropathy from carboplatin, are usually 
transient. Worsening of hearing loss, especially 
sensorineural high- frequency, is very common 
in patients who receive carboplatin (see below 
for a detailed discussion) [19, 20]. This is par-
ticularly common in patients undergoing autolo-
gous HSCT as part of the consolidation phase for 
the treatment of high- risk neuroblastoma who 
have already suffered significant high-frequency 
 hearing loss from platinum-based prior therapy. 
The onset of neurologic toxicities may be acute 
or delayed as seen with radiation-induced leu-
koencephalopathy. The administration of either 
intrathecal or high- dose methotrexate prior to 
HSCT increases the risk of TBI-induced leuko-
encephalopathy [5]. Because TBI and high-dose 
alkylators can cause disturbances to the vascular 
endothelium along with severe thrombocytope-
nia secondary to myeloablative conditioning, 
patients are at high risk for intracranial hemor-
rhage [4, 5]. Patients who receive anti-thymo-
cyte globulin (ATG) or alemtuzumab as part of 
their conditioning regimen are at high risk for 

viral infections including those known to pen-
etrate the CNS to cause viral encephalopathy 
[5, 12]. Close viral blood monitoring and early 
initiation of preemptive therapy have contrib-
uted to circumventing the development of viral 
encephalopathy.

Hematopoietic stem cell (HSC) source: The 
cumulative risk for the development of a severe 
neurologic event at 3 years post-HSCT by hema-
topoietic stem cell (HSC) source is 2.4% for 
autologous, 15% for matched-related donor, and 
38.6% for unrelated donor HSCT [5]. These find-
ings correlate with the likelihood that the HSCT 
recipient is on concomitant therapy for the pre-
vention or treatment of graft versus host disease 
(GvHD) either as a direct side effect of the 
drug(s) or indirectly as a result of being immuno-
compromised or pancytopenic (i.e., infection or 
hemorrhage).

Graft versus host disease (GvHD) and its treat-
ment: Neurologic complications are much more 
common due to the treatment (i.e., immunosup-
pressive agents) rather than GvHD itself. They vary 
in degree from transient and mild to irreversible 
and life-threatening. Calcineurin inhibitors, such as 
cyclosporine A and tacrolimus, can cause a wide 
range of neurologic side effects, and these side 
effects are most often, but not exclusively, seen 
with elevated calcineurin inhibitor serum levels 
[12]. Most if these side effects are reversible and 
resolve completely once these agents are discontin-
ued. These include fine tremor (which is the most 
commonly seen side effect), confusion or agitation, 
burning sensation of the palms or soles, somno-

Table 24.3 (continued)

Agent Associated neurotoxicity, acute

•  Carmustine •  Encephalopathy

•  Cytarabine •  Encephalopathy

•  Antithymocyte globulin •  Visual encephalopathy

•  Alemtuzumab •  Visual encephalopathy
•  CNS infection
•  Guillain-Barre syndrome

•  Calcineurin inhibitors
 –  Cyclosporine A
 –  Tacrolimus
 –  Mycophenolate mofetil
 –  Sirolimus

•  Demyelination
•  Increased risk for PML
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lence, headache, visual disturbances (including 
hallucinations), aphasia, cortical blindness, and 
ataxia. Calcineurin inhibitor-induced seizures are 
exacerbated in the context of hypertension and 
electrolyte disturbances (particularly hypomagne-
semia, hypo-, and hypernatremia). Thus, it is 
imperative to aggressively treat hypertension and 
correct any electrolyte abnormalities. PRES or 
white matter changes can be seen with elevated cal-
cineurin inhibitors (with cyclosporine A more than 
tacrolimus) and is discussed in detail later in this 
chapter. While calcineurin inhibitors are frequently 
the cause of HSCT-associated neurotoxicity, they 
are associated with fewer long-term neurologic 
sequelae [1]. Coordination disturbances, sleep dis-
turbances, mood disturbances, psychosis, akinetic 
mutism, optic neuropathy ototoxicity, and myoclo-
nus are associated more so with tacrolimus than 
cyclosporine A. In chronic GvHD, neurologic 
complications can also be as a result of immune 
dysregulation. These complications include acute 
demyelinating encephalitis, acute inflammatory 
demyelinating peripheral neuropathy, (e.g., 
Guillain-Barre syndrome), CNS vasculitis, myas-
thenia gravis, relapsing-remitting disorders (e.g., 
multiple sclerosis), polymyositis, and polyneurop-
athy [4, 12]. GvHD-associated vasculitis can result 
in an aneurysm causing focal parenchymal hemor-
rhage. Peripheral neuropathy has been seen in the 
context of chronic GvHD as well but is very rare.

CNS infections: CNS infection is a rare but 
most often fatal cause of neurologic 
 complications seen post-HSCT. In general, the 
infections are opportunistic. Common viral eti-
ologies include HSV, HHV-6, VZV, BK virus, 
adenovirus, and CMV. Fungal (e.g., Aspergillus, 
Candida, and Cryptococcus) and protozoal 
(e.g., Toxoplasma) organisms are also found 
[4, 21]. HSCT patients who are at highest risk 
for CNS infections are those who received an 
allogeneic HSCT (particularly unrelated 
donor), graft manipulation with T cell deple-
tion, or are on prolonged immunosuppression. 
The clinical presentation includes fever, head-
ache, confusion, and focal neurologic signs. 
The neurologic symptoms can be divided into 
three general syndromes: (1) seizures, (2) focal 
brain disease (most commonly due to hematog-

enous spread from outside of the CNS), and (3) 
diffuse neurologic involvement. The diagnosis 
is determined by physical examination, by cul-
ture or PCR assay of cerebral spinal fluid 
(CSF) and blood samples, and by imaging, 
e.g., CT scan or MRI. Generally, treatment 
involves prolonged administration of the 
appropriate antimicrobials, depending upon 
the etiology of the infection. Of note, many of 
the antimicrobials used to treat CNS infections 
can have neurologic side effects. For example, 
the antifungal agent, voriconazole, frequently 
causes altered visual perception. Also, acyclo-
vir can cause encephalopathy and PRES. 
Cefepime has been found to cause severe 
encephalopathy, especially in the context of 
renal insufficiency. Metronidazole is known to 
cause cerebellar dysfunction, sensorimotor 
peripheral neuropathy, optic neuropathy, and 
autonomic dysfunction. Finally, neurotoxicity 
associated with quinolones includes seizures, 
encephalopathy, myoclonus, and toxic 
psychosis.

Fungal etiologies: Aspergillus is the most 
common cause of post-HSCT CNS fungal infec-
tion. CNS fungal infections may result in mycotic 
aneurysm, vasculitis, and/or subarachnoid hem-
orrhage. CNS aspergillosis is usually dissemi-
nated from lungs or sinuses by vascular spread. 
The presentation is typically nonspecific but 
includes an altered level of consciousness (with 
or without focal neurologic signs) or meningeal 
irritation. It may lead to a mycotic aneurysm rup-
ture in the subarachnoid space. Radiographic 
imaging typically shows lesions within the cere-
bral hemispheres with edema, mass effect, and 
areas of ischemia or hemorrhage. Treatment is 
with voriconazole or liposomal amphotericin 
B. Meningitis is rare, but Candida species are the 
most common cause followed by Cryptococcus. 
Mucorales (e.g. Mucor, Absidia, and Rhizipus 
species) can also give rise to CNS infections in 
immunocompromised patients. It occurs by 
spread from nasal, oral, or cranial sinuses to the 
orbit or cranial base and erodes through to the 
brain parenchyma. Early diagnosis and biopsy of 
suspected lesions are imperative. Surgical 
debridement is essential for any hope of cure, and 
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even then, these infections are almost always 
fatal. Combination treatment with liposomal 
amphotericin B and an echinocandin, such as 
caspofungin, is standard treatment.

Protozoal etiologies: Reactivated Toxoplasma 
gondii is a known cause of brain abscess in 
allogeneic- HSCT recipients. Patients often pres-
ent with signs and symptoms of increased intra-
cranial pressure (ICP) because of Toxoplasma 
gondii’s tropism for periventricular locations 
causing obstructive hydrocephalus. Reactivated 
toxoplasmosis presents with multiple abscesses 
in the white or gray matter of the cerebral hemi-
spheres as seen on MRI of the brain. CSF can be 
tested for Toxoplasma gondii DNA by PCR. 
Brain biopsy is required for histological diagno-
sis. The treatment is with trimethoprim- 
sulfamethoxazole and clindamycin or 
pyrimethamine. Toxoplasmosis is extremely rare 
nowadays because of the wide use of 
trimethoprim- sulfamethoxazole as prophylaxis 
in post-HSCT and immunocompromised patients.

Viral etiologies: HHV-6 is the most frequent 
cause of viral encephalitis [4]. Patients present 
with fever, headache, obtundation, and short- 
term memory loss. HHV-6 virus encephalitis has 
been associated with the use of alemtuzumab. 
HHV-6 virus can be detected by PCR from CSF 
fluid. MRI commonly shows bilateral abnormal-
ities in the limbic system. Treatment is with gan-
ciclovir or foscarnet. CNS infection due to CMV 
is rare. Typically, it occurs late post-HSCT 
(median > 4 months post-HSCT) and has a high 
mortality rate in all allogeneic HSCT patients 
(>80%). The CSF can be evaluated by PCR for 
the presence of CMV DNA. Imaging studies 
show ventriculoencephalitis with microglial 
nodules. The treatment is with ganciclovir or 
foscarnet. Varicella zoster virus (VZV) CNS 
infections occur on average 4–5 months post- 
HSCT. Nowadays, VZV CNS infections in post- 
HSCT recipients are extremely rare with 
widespread use of prophylaxis with acyclovir. It 
presents with fever, headache, somnolence, and 
often seizures. Symptoms may also include 
facial nerve palsy, hearing loss, arm weakness, 
and neurogenic bladder due to spinal cord 
involvement. Dermatomal zoster may precede 

CNS disease. Often, VZV CNS infection leads 
to significant vasculopathy, affecting both large 
and small vessels. While pleocytosis in the CSF 
is not detected in a third of patients with VZV 
CNS infections, detection of VZV DNA by PCR 
from the CSF is very sensitive and specific. CNS 
infection due to VZV is often fatal despite treat-
ment with acyclovir. While Herpes Simplex 
Virus (HSV) 1 or 2 infections are relatively fre-
quent in post-HSCT patients, dissemination to 
the CNS is rare. MRI imaging shows alterations 
of the mesial temporal structures. HSV-PCR 
from CSF is highly diagnostic. Treatment is with 
high-dose acyclovir. Two-thirds of patients will 
go on to have neurologic sequelae.

Bacterial etiologies: Bacterial CNS infections 
present as meningitis or brain abscess [4]. Classic 
signs and symptoms of meningitis may be blunted 
or absent in post-HSCT patients due to an 
impaired inflammatory response. In contrast, 
brain abscesses present with altered conscious-
ness and a rapidly evolving focal neurological 
deficit (e.g., hemiparesis) with fever. Both gram- 
negative rods and gram- positive cocci as well as 
anaerobic organisms may cause CNS infections. 
Although extremely rare in the HSCT setting due 
to the use of trimethoprim-sulfamethoxazole as 
prophylaxis, the gram-positive organism, 
Nocardia asteroides, may cause a brain abscess 
as a consequence of hematogenous spread usu-
ally from pulmonary infection. Imaging studies 
with contrast typically show ring enhancing mul-
tiple or multiloculated abscesses. Treatment is 
with Trimethoprim-Sulfamethoxazole.

Miscellaneous infectious etiologies: 
Progressive multifocal leukoencephalopathy 
(PML) is a rare demyelinating disease associated 
with JCV infection. Its development is associated 
with the agents, fludarabine and rituximab. This 
latent infection develops late (>1 month post- 
HSCT) and can be delayed by years after 
HSCT. It is characterized by multifocal areas of 
demyelination of the brain with progressive neu-
rological deficits. MRI shows hyperintense, mul-
tifocal, asymmetric lesions in the white matter 
with mass effect on T2-weighted and flair images 
and minimal contrast enhancement following 
gadolinium injection. While a brain biopsy pro-
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vides the definitive diagnosis, PCR of JCV DNA 
of the CSF can provide the diagnosis but does not 
exclude the diagnosis in the PCR test is negative. 
Currently, there is no effective treatment, but 
reduction of immune suppression should be 
attempted.

 HSCT-Associated Neurologic 
Complications

Serious neurologic complications are relatively 
rare in pediatric HSCT patients, but they do 
account for 10–20% HSCT-related deaths [3, 6]. 
These include seizures, altered states of con-
sciousness (including encephalopathy, leukoen-
cephalopathy, and PRES), and cerebral vascular 
events. They may be diffuse or focal and transient 
or more long-lasting.

Seizures: Seizures occur in approximately 
5–11% of post-HSCT patients [22]. In one study, 
seizures accounted for half of the neurologic 
complications in pediatric post-HSCT patients 
[1]. Risk factors include medications (particu-
larly busulfan, fludarabine, cyclosporine A, imi-
penem, DMSO, and acyclovir), electrolyte 
disturbances, hypertension, stroke, cerebrovascu-
lar bleeding, infections, and a prior history of sei-
zures [22]. While the presentation is highly 
variable, generally, these seizures are most often 
tonic-clonic but can be focal. There is also pro-
dromal encephalopathy. In one study, the most 
common etiologies of HSCT-associated seizures 
are PRES and CNS infections [22]. The ideal 
treatment of seizures in the peri-HSCT period is 
prevention. Thus, medication levels, particularly 
those of busulfan and cyclosporine A, should be 
monitored closely and appropriately dose- 
adjusted, blood pressure tightly controlled, and 
electrolyte abnormalities (particularly of magne-
sium and sodium) corrected promptly. In addi-
tion, treatment of any suspected or proven 
etiology should commence immediately, and 
anticonvulsants, such as keppra, phenytoin, and 
lorazepam, should be started. Typically, patients 
who develop HSCT-related seizures do not go on 
to develop epilepsy, and chronic anticonvulsant 
therapy is not necessary [22]. However, HSCT 

recipients who develop seizures have a reduced 
5-year overall survival of 32.3% versus 45.8% in 
those who do not [22]. Relapse of the underlying 
disease, such as lymphoma or leukemia, needs to 
be considered, as onset of seizures may be a 
symptom of relapse.

Cerebral vascular events: Cerebral vascular 
events typically occur during hematologic recovery 
and include intracranial hemorrhage (ICH), hemor-
rhagic stroke, subdural hematoma, and ischemic 
stroke (both infectious and noninfectious). Risk 
factors include severe thrombocytopenia, neutro-
phil recovery, use of immunosuppressive agents, 
vascular injury, vessel occlusion, hypercoagulable 
state, and fungal infections. These events are 
mostly due to the severe thrombocytopenia that 
HSCT recipients experience while awaiting full 
hematologic recovery and thus most often occur 
during the first month after HSCT. In addition to 
severe thrombocytopenia, rapid engraftment of 
white blood cells can potentiate a cerebral vascular 
event. Side effects of immunosuppression, includ-
ing increased risk for infection and hypertension, 
can potentiate a cerebral vascular event post-
HSCT. Conditions and infections, such as veno-
occlusive disease of the liver and fungal infections, 
are associated with platelet consumption and thus 
place HSCT recipients at a higher risk for cerebral 
vascular events. Patients who are prone to vessel 
narrowing or occlusion, such as those with sickle 
cell disease, are at an increased risk for stroke dur-
ing the peri-HSCT period. The diagnostic workup 
includes obtaining a coagulation profile and per-
forming a CT scan of the brain to evaluate for acute 
hemorrhage or infarct. An MRI should be per-
formed if the CT scan is nondiagnostic. The treat-
ment of a cerebral vascular event includes 
correcting any coagulopathy, platelet transfusion 
support, treatment of underlying hypertension, 
treatment of any underlying infection, administra-
tion of seizure prophylaxis and management of 
increasing intracranial pressure with intubation, 
hyperventilation, and mannitol. A neurosurgical 
consultation may be necessary to fully manage a 
patient with a cerebral vascular event.

Posterior reversible encephalopathy syndrome 
(PRES): PRES is a clinicoradiographic syndrome 
first described by Hinchey et al. [23] in 1996 that 
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presents with acute mental status changes (including 
altered consciousness,  confusion, hallucinations, 
and lethargy), visual disturbances (including blurred 
vision, hemianopsia, and cortical blindness), head-
aches, seizures, nausea and vomiting, as well as 
paralysis [22, 24, 25]. The symptoms peak within 
12–48 h and typically improve within 1–2 weeks. 
An MRI of the brain, which is the preferred 
imaging modality, typically shows extensive, 
multifocal areas of T2-signal hyperintensity in 
the posterior regions of the cerebral hemispheres 
of the white matter that are suggestive of edema 
and represent areas of decreased perfusion result-
ing in cortical ischemia. Most often, the occipital 
lobes are involved (>2/3 of cases) and less so in 
the cerebellum, brain stem, and basal ganglia 
[~ref Masetti et al. Pediatrics]. PRES is seen in 
6–9% of HSCT recipients and usually develops 
in the first 100 days post-HSCT. PRES is most 
commonly induced by elevated serum levels of 
calcineurin inhibitors (cyclosporine A more so 
than tacrolimus) [25]. PRES has also been asso-
ciated with sirolimus, gemcitabine, cytarabine, 
methotrexate, fludarabine, G-CSF, linezolid, cip-
rofloxacin, carbamazepine, rituximab, inflix-
imab, alemtuzumab, and epinephrine [26–29]. 
One report identified age >2 years at the time of 
HSCT, a diagnosis of hemoglobinopathy, 
fludarabine- based conditioning regimen, a mis-
matched unrelated donor, cord blood HSCT, and 
use of G-CSF [25]. The pathophysiology of 
PRES is unclear, but it most likely involves endo-
thelial damage that leads to blood-brain barrier 
dysfunction and then cerebral vasogenic edema. 
The differential diagnosis includes CNS infec-
tion, post-HSCT lymphoproliferative disease 
(PTLD), stroke, PML, metabolic disturbances, 
and thrombotic thrombocytopenia purpura 
(TTP). In addition to an MRI of the brain, a lum-
bar puncture should be performed. While analy-
sis of the cerebral spinal fluid is not helpful in 
making the diagnosis of PRES, it is helpful in 
excluding CNS infection in the differential diag-
nosis. Blood chemistries and liver function tests 
should be sent to eliminate metabolic distur-
bances and TTP in the differential diagnosis. If 
the patient is taking a calcineurin inhibitor, then a 
drug level of this agent should be sent. An elec-

troencephalogram (EEG) may also be helpful in 
making the diagnosis of PRES: In the acute 
phase, unilateral or bilateral focal slowing and/or 
periodic lateralized epileptiform discharges in 
the parieto-occipital or temporo- occipital regions 
of the brain. The mainstay of treatment for PRES 
is to decrease, and if possible, discontinue the 
calcineurin inhibitor and change to an alternative 
immunosuppressant. Because hypertension is 
often associated with the onset of calcineurin 
inhibitor-induced PRES, hypertension should be 
aggressively treated. In addition, any metabolic 
disturbances should be corrected. Typically, neu-
rologic symptoms begin to improve a few days 
after presentation; resolution of abnormalities 
seen on MRI generally correlates with clinical 
improvement. The majority of patients have a full 
neurologic recovery. However, permanent neuro-
logic damage is more likely to occur if PRES is 
not promptly recognized and treated. 
Furthermore, pediatric patients who develop 
PRES after allogeneic HSCT tend to have a 
higher mortality rate than patients who do not. 
However, one study found that the 8-year overall 
survival rates were not statistically significantly 
different at 35.1% versus 56.1% of HSCT recipi-
ents who had developed PRES versus those who 
did not [25].

Metabolic encephalopathy and leukoencepha-
lopathy: Encephalopathy is global brain dysfunc-
tion that is associated with drug toxicity, 
electrolyte disturbances, organ failure, infection, 
nonconvulsive seizures, and GvHD; it is report-
edly seen in approximately 6% of HSCT recipi-
ents. Metabolic leukoencephalopathy is caused 
by irritation of the white matter of the brain. Risk 
factors include older age of the recipient, use of 
busulfan in the conditioning regimen, severe 
electrolyte abnormalities (particularly hyper- and 
hyponatremia), drugs (such as cyclosporine A 
and antibiotics), renal insufficiency, uremia, liver 
failure, viral infections (such as HHV-6 and BK 
virus), toxoplasmosis, and use of mind-altering 
drugs. Encephalopathy and leukoencephalopathy 
usually occur 2–3 months post-HSCT and pres-
ent with an altered sensorium, lethargy or stupor, 
focal neurologic signs, and hemiplegia. The diag-
nostic workup includes clinical examination with 
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a detailed neurologic examination, serum chem-
istries (electrolytes, BUN, creatinine, and liver 
function tests), a lumbar puncture for cerebral 
spinal fluid (protein, glucose, and infection stud-
ies), and drug screening, if indicated. The radio-
graphic imaging of choice is an MRI which will 
show hyperintensity on T2/FLAIR. An EEG will 
show diffuse slowing. In some cases, a brain 
biopsy is warranted. A neurology consult should 
be done as well. The management of encepha-
lopathy and leukoencephalopathy focuses on cor-
recting or eliminating the underlying cause. For 
example, electrolyte and other metabolic distur-
bances should be corrected; uremia and hepatic 
failure should be treated if possible; seizures 
should be treated with anticonvulsants; and infec-
tions should be treated with the appropriate anti-
microbials. Metabolic encephalopathy may not 
always be reversed, and only approximately 15% 
of HSCT patients fully recover neurologically. 
Approximately 38% have a partial recovery but 
with sequelae including seizures and learning 
disabilities. Death is not uncommon.

Acute irreversible and chronic leukoencepha-
lopathy: Non-metabolic leukoencephalopathy is 
often progressive and irreversible and may occur 
at any time during the peri- or post-HSCT period. 
It is characterized by progressive mental deterio-
ration of greater than 2 weeks duration. Symptoms 
include confusion, altered mental status, abnor-
mal movements, and seizures. Known risk fac-
tors are cranial radiation, prior intrathecal or 
systemic methotrexate, cyclosporine A, or JCV 
infection. The diagnosis is made clinically and 
radiographically. The radiographic findings 
include periventricular or subcortical white mat-
ter decay or cerebral atrophy. The management is 
supportive with no known curative intervention. 
The outcome is generally poor [30].

 Immune-Mediated Neurologic 
Complications

The main causes of immune-mediated neurologic 
complications are transplantation-associated 
thrombotic microangiopathy (TA-TMA) as well 
as myositis, diffuse demyelinating leukoenceph-

alopathy, and Guillain-Barre-like demyelinating 
polyneuropathy which are quite rare [5]. 
TA-TMA is a distinct entity of endothelial dam-
age and arterial thrombosis that can involve renal, 
GI, hepatic, pulmonary, and CNS systems. 
Neurologic deficits have been reported in 30% of 
patients with TA-TMA [31]. Only a small num-
ber of patients with TA-TMA have imaging find-
ings suggestive of PRES. There is no standard 
treatment for TA-TMA, but use of inhibitors of 
the antibody-mediated complement cascade, 
such as eculizumab, is being investigated. 
Defibrotide and rituximab may be efficacious. 
Myositis is associated with chronic GvHD with 
an incidence of 2–3% of all HSCT patients. 
Hallmark of chronic GvHD-mediated myositis is 
moderate to severe proximal muscle weakness. 
Elevated creatinine-phospho kinase levels are 
associated with clinical course. The diagnosis is 
confirmed by a muscle biopsy which shows seg-
mental muscle fiber necrosis and regeneration, 
mononuclear cell inflammation, and lymphocytic 
donor cell infiltration. Treatment is with cortico-
steroids. Acute immune-mediated neuropathies, 
such as Guillain-Barre and Guillain-Barre-like 
syndrome (GBS), are very rare. It usually devel-
ops within the first 3 months post-HSCT. It is 
characterized by progressive, symmetrical 
ascending motor weakness, hyporeflexia, and 
numbness. GBS may affect the diaphragm, 
resulting in respiratory insufficiency and need for 
mechanical ventilation. Electrophysiological 
testing shows slowed or blocked nerve conduc-
tion. Treatment with plasma exchange, IVIg, or 
rituximab has been used as well.

 Neurocognitive Consequences 
of HSCT

There is a paucity of studies evaluating the impact 
on cognitive function in pediatric patients who 
have undergone HSCT. However, there are a 
number of small studies and two large studies 
that address this issue. Based upon the prepon-
derance of data that showed the deleterious 
effects of CNS-directed therapy on cognitive 
ability in survivors of childhood brain tumors and 
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leukemia, the assumption had been that pediatric 
patients who undergo HSCT would also be at 
high risk for neurocognitive decline over time. 
However, the results of the majority of studies of 
cognitive performance in pediatric HSCT recipi-
ents demonstrated normal neurocognitive devel-
opment with minimal to no decline in global 
intelligence (IQ) or in academic achievement 
over time [32, 33]. Phipps et al. [32] set out to 
evaluate the cognitive and academic outcomes of 
268 pediatric HSCT patients prior to and at 1, 3, 
and 5 years post-HSCT. At 1 year post-HSCT, 
158 patients were alive and comprised the cohort 
of this study’s data. While the investigators found 
no significant changes in IQ and in academic 
achievement, they noted a difference (albeit 
small) in certain subsets of patients. By age, 
patients <3 years of age at the time of HSCT had 
the sharpest decline as compared to other age 
groups but was not a significantly large decline. 
In terms of underlying disease, HSCT recipients 
with leukemia showed a decline in IQ whereas 
those with non-malignancies showed a signifi-
cant increase in IQ over time. As a function of the 
type of HSCT, patients who received an unrelated 
HSCT demonstrated a significant decline in 
VIQ9 (which measures verbal intellectual abili-
ties, e.g., acquired knowledge, verbal reasoning, 
and attention to verbal materials), whereas those 
who had a matched sibling donor or autologous 
HSCT had a nonsignificant improvement. 
Patients who received TBI as part of the 
 conditioning regimen had a significant decline of 
VIQ and no change in PIQ (which measures fluid 
reasoning, spatial processing, attentiveness to 
details, and visual-motor integration). In con-
trast, patients who did not receive TBI had a sig-
nificant improvement in both VIQ and 
PIQ. Patients who had acute GvHD showed a 
statistically significant (but relatively small) 
decline in all neurocognitive outcomes over time. 
In the 17 patients who had received both intrathe-
cal chemotherapy and high-dose methotrexate 
for treatment of ALL prior to HSCT (six of which 
had received cranial radiation as well), full-scale 
IQ, PIQ, and reading achievement all declined. 
Despite these declining slopes, the change is only 
a two IQ point loss or less over a 5-year period. 

More importantly, the results of this study showed 
that socioeconomic status of the HSCT recipient 
had the greatest impact on all neurocognitive out-
comes measured.

A follow-up study that analyzed an expanded 
pediatric HSCT population focused on the impact 
of age and use of TBI on neurocognitive out-
comes 5 years post-HSCT [33]. Patients were 
divided into four age groups: 0–2.99 years, 
3–5.99 years, 6–15.99 years, and ≥16 years. 
Patients <3 years old who received TBI were the 
only group that had a statistically significant 
decline in IQ by 5 years post-HSCT. While 
patients of all ages regardless of receiving TBI or 
not had a decline in IQ, the decline was more 
substantial in those who had received TBI regard-
less of age. In patients <3 years old at the time of 
HSCT had the greatest decline in IQ whether 
they received TBI or not. However, the youngest 
patients who received TBI had IQs that remained 
flat over time, whereas patients <3 years old who 
did not receive TBI had an improvement in their 
IQ after 1 year post-HSCT and were approaching 
their baseline IQ pre-HSCT. Thus, while the 
impact of HST does not generally impact long- 
term IQ and academic achievement, patients 
<3 years old at the time of HSCT who receive 
TBI are at the greatest risk for a permanent nega-
tive impact on neurocognitive function of signifi-
cance. Therefore, non-TBI conditioning regimens 
should be avoided in patients <3 years old as long 
as overall survival is not compromised.

 Sensory Complications Related 
to HSCT

 Ototoxicity

 Introduction
Ototoxicity has been reported that 2.6% of all 
survivors of HSCT in childhood or adolescence 
with hearing loss in one or both ears [34]. Hearing 
loss is a much more common complication in 
specific subsets of pediatric HSCT recipients. 
The sequelae of ototoxicity (both complete and 
partial hearing loss) have a particularly negative 
impact on patients whose language development 
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is not complete (usually ≤3 years old). Hearing 
loss can lead to impaired speech and language 
development, communication difficulties, as well 
as delayed emotional or social development. 
Children with moderate high-frequency hearing 
loss may not be able to understand speech even in 
a quiet room. Hearing loss is generally classified 
into three groups according to the site of damage, 
Conductive hearing loss occurs as a result of 
damage to the outer or middle ear by preventing 
sound waves from reaching the inner ear. 
Conductive hearing loss is typically temporary 
because its most common causes are fluid in the 
middle ear or otitis media. The second classifica-
tion is sensorineural hearing loss due to damage 
to the inner ear or auditory nerve. Sensorineural 
hearing loss can cause difficulty in speech per-
ception. The third group is mixed hearing loss in 
which both conductive and sensorineural hearing 
loss are present.

 Risk Factors and Etiologies of HSCT- 
Associated Hearing Loss
Risk factors for ototoxicity in pediatric HSCT 
patients include prior exposure to ototoxic agents 
causing hearing loss, diminished renal function 
(specifically increased serum creatinine), pre- 
and post-HSCT use of ototoxic agents, radiation 
therapy, and age of 3 years or younger at the time 
of administration of ototoxic agents. In contrast, 

the type of HSCT (allogeneic versus autologous), 
use of TBI, and delivery of Amphotericin B and 
vancomycin are not associated with worsening 
hearing loss. Furthermore, baseline hearing loss 
at the time of HSCT does not necessarily mean 
that the patients will suffer worse hearing loss 
post-HSCT [20].

Ototoxic agents: Table 24.4 summarizes the 
common ototoxic agents used in the HSCT set-
ting along with its pathophysiologic mechanism 
of action and end result. The most common oto-
toxic agents used in HSCT are platinum-based 
chemotherapeutics (e.g., carboplatin and cispla-
tin) and loop diuretics (e.g., furosemide). 
Aminoglycoside antibiotics are also notorious 
for being ototoxic but are rarely used in pediat-
ric HSCT patients nowadays. Often, platinum-
based chemotherapy agents initially cause 
high- frequency hearing loss but often progresses 
to speech frequency hearing loss with cumula-
tive exposure [19]. In one study by Punnett 
et al., HSCT patients who had neuroblastoma or 
Hurler’s syndrome and those who received 
carboplatin- based conditioning regimens had 
worse hearing post-HSCT with a 16-fold 
increased risk in neuroblastoma patients and a 
7.7-fold increased risk in patients receiving car-
boplatin [20]. Of note, all nine of the neuroblas-
toma patients in this study received carboplatin, 
and, conversely, nine of ten patients who were 

Table 24.4 Ototoxic effects of agents commonly used in HSCT

Agent Mechanism of pathophysiology End result

•  Platinum-based chemotherapy
 –  Carboplatin Cumulative dose >360 mg/m2

 –  Cisplatin Cumulative dose >1000 mg/m2

•  Destruction of outer sensory 
hair cells followed by inner 
sensory hair cells in the 
cochlea

•  Irreversible sensorineural 
hearing loss in high-
frequency ranges initially 
that progresses to speech 
frequency range

•  Loop diuretics
 –  Furosemide

•  Changes in electrolytes and/
or enzymes in the inner ear

•  Nerve transmission is 
affected by fluid changes 
within the inner year

•  Hearing loss can develop 
quickly

•  Transient, severe tinnitus, 
deafness and high-frequency 
hearing loss

•  Usually reversible after 
discontinuation of agent

•  Aminoglycoside antibiotics
 –  Gentamicin
 –  Tobramycin

•  Destruction of outer sensory 
hair cells in the cochlea

•  Most commonly occurs with 
prolonged elevated trough 
drug levels

•  Usually high-frequency 
hearing loss
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conditioned with a carboplatin-based condition-
ing regimen had neuroblastoma.

Radiation: Radiation of the head and neck can 
cause ototoxicity. In addition, to hearing loss, 
radiation can cause tinnitus. Radiation-induced 
ototoxicity can be self-limiting to irreversible, and 
the loss of can be acute or delayed by 3–10 years. 
Radiation-induced hearing loss can be conductive 
(due to fibrosis of the tympanic membrane and 
ossicles) or sensorineural if the organ of Corti or 
the auditory nerve is within the radiation field.

Patient’s age at the time of exposure: Because 
the auditory system and language is still develop-
ing early in life, children 3 years and younger are 
most vulnerable to damage after exposure to oto-
toxic agents. This damage may be exacerbated 
due to the slower clearance of platinum-based 
chemotherapeutics in younger children [19].

Diminished renal function: Many HSCT 
patients have some degree of renal dysfunction at 
the time of HSCT. One study showed that a rise 
in serum creatinine was associated with worse 
hearing post-HSCT with an adjusted odds ratio 
of 2.2 with every increase of 5 μmol/L of serum 
creatinine [20]. Many agents that are ototoxic are 
also nephrotoxic. The increased serum creatinine 
may be acting as a surrogate marker of prior 
exposure to agents that are both nephron and oto-
toxic. Alternatively, mild renal insufficiency may 
lead to a change in the metabolism of ototoxic 
agents, causing an exacerbation of ototoxicity.

 Incidence
Baseline hearing loss at the time of HSCT in 
pediatric patients has been reported to be 43% 
[20]. The subset of HSCT patients who are most 
likely to suffer from hearing loss are those with 
high-risk neuroblastoma who are receiving high- 
dose carboplatin chemotherapy followed by 
autologous HSCT as the consolidation phase of 
therapy (odds ratio = 16). These patients are par-
ticularly vulnerable for worsening hearing loss 
because they have received cisplatin as part of 
their induction phase of therapy and then high- 
dose carboplatin in the myeloablative consolida-
tion phase. After HSCT, hearing loss has been 
reported to be worse in 44% of patients with 38% 
having a moderate hearing loss (as defined as a 

threshold >40 dB) and 11% with severe loss (as 
defined as a threshold of >70 dB) [20]. Landier 
et al. reported that 67% of high-risk neuroblas-
toma patients had severe hearing loss post autolo-
gous HSCT [19], and the risk of severe hearing 
loss in high-risk neuroblastoma patients was 
increased >3-fold after consolidation with high- 
dose carboplatin. Furthermore, >50% of patients 
required hearing aids [20].

 Management and Outcomes
The best management of hearing loss is its pre-
vention. However, because of the proven efficacy 
of platinum-based chemotherapies for the treat-
ment of certain malignancies, such as neuroblas-
toma, it is inevitable that these patients will 
receive these agents in order to achieve a cure. 
Thus, the use of these agents should be avoided 
altogether, kept to a minimum or substituted with 
a non- or less ototoxic agent without sacrificing 
outcome. For example, the use of busulfan or 
melphalan may be used for high-dose myeloabla-
tive consolidation therapy in place of carboplatin- 
based therapy in high-risk neuroblastoma patients 
with significant hearing loss at the end of the 
induction phase of therapy. Judicious use of loop 
diuretics and avoidance of aminoglycoside anti-
biotics are also done to ameliorate the risk of 
worsening ototoxicity during the peri-HSCT 
period. Because increased serum creatinine is 
associated with worsening of hearing loss, serum 
creatinine should be monitored closely. If the 
serum creatinine increases, then drugs need to be 
renally dosed in order to avoid exacerbation of 
ototoxicity and nephrotoxicity. Also, patients 
with hearing loss should avoid excessively noisy 
situations for up to 6 months after the ototoxic 
insult. Amifostine and sodium thiosulfate are 
being investigated as otoprotectants [35]. 
Monitoring for hearing loss is key. Patients who 
have received platinum-based chemotherapy 
should undergo auditory tests prior to the first 
exposure and then at least 3 weeks after the com-
pletion of each course of platinum-based chemo-
therapy. All patients must undergo auditory 
testing prior to HSCT as part of the pre-HSCT 
evaluation. It is recommended for patients to 
undergo annual audiometric testing thereafter. 
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Table 24.5 summarizes audiometric testing by 
age. Results of audiometric testing are plotted on 
an audiogram with pitch frequency (measured in 
Hertz) on the horizontal axis (lowest to highest) 
and sound intensity (measured in decibel) is plot-
ted on the vertical axis from softest to loudest. 
The threshold is the frequency at which a patient 
can hear the softest sounds. The lower the point 
plotted, the worse the hearing. Conversation 
occurs at approximately 60 dB whereas a whis-
per is heard at approximately 30 dB. Normal 
speech frequencies range from 250 to 2000 Hz. 
Normal hearing is considered to be −10 to 15 dB 
hearing loss, mild hearing loss at 26 to 40 dB, 
moderate hearing loss from 41 to 55 dB, moder-
ate severe hearing loss from 55 to 70 dB, severe 
hearing loss from 71 to 90 dB, and profound 
hearing loss ≥91 dB.

Children with any degree of hearing loss, 
including in the high-frequency range, need to be 

identified and receive intervention as early as 
possible. There are multiple technical devices, 
such as an auditory trainer.FM trainer, telephone 
amplifiers, text telephones, and hearing aids. Of 
note, hearing aids need to be refitted approxi-
mately every 6 months in younger children and 
have the batteries replaced very 1–2 weeks.

 Visual- and Ocular Complications

Ocular complications after HSCT can affect all 
parts of the eye and can be divided as ocular sur-
face disease, cataracts, and posterior segment dis-
ease. Table 24.6 summarizes the most common 
HSCT-associated visual disturbances and ocular 
complications with their potential etiologies. 
Ocular complications associated with HSCT 
have been recognized since the early 1980s. 
Factors that contribute to the development of 

Table 24.5 Comparison of audiographic tests

Test Age range Measurements obtained Interpretation Comments

•  BAER •  Birth to 
9 months

•  Electrophysiologic 
measurement of 
function of auditory 
nerve pathway

•  Hearing assessed 
by reviewing the 
size of the 
evoked peaks 
and the time to 
form them

•  Child must be asleep 
or sedated

•  15-min test

•  VRA •  9 months to 
2.5 years

•  Child turns head 
toward a lighted toy 
when sound is 
introduced at a 
specified frequency

•  Assess hearing 
of better ear if 
headphones 
worn

•  Evaluates 
frequency range 
of 500–4000 Hz

•  Child sits on parent’s 
lap in a soundproof 
room

•  30-min test

•  Play audiometry •  2.5 to 5 years •  Auditory threshold in 
response to speech or 
specific tones

•  Assesses 
patient’s 
auditory 
perception

•  Child performs 
repetitive task each 
time a sound is heard

•  ~30-min test

•  Conventional 
audiometry

•  ≥5 years •  Auditory threshold in 
response to brief clicks

•  Assesses 
patient’s 
auditory 
perception

•  Child raises hand 
when hears a sound

•  Wears soundproof 
headphones

•  30-min test

•  OAE •  All ages •  Cochlear hair cell 
response to auditory 
stimuli

•  Determines 
whether hearing 
loss is present

•  Cannot determine 
degree of hearing loss

•  May be normal in 
patients who have 
received carboplatin

•  10-min test

BAER brain stem auditory evoked response, VRA visual reinforcement audiometry, OAE oto-acoustic emissions
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post-HSCT ocular complications and visual dis-
turbances include the use of total body irradiation 
(TBI), radiotherapy to the head or neck prior to 
HSCT. This damage may also be due to the con-
ditioning regimen used, chronic GvHD of the 
eye, immunosuppression, opportunistic infec-
tions, and adverse effects of other agents fre-
quently used in the HSCT setting.

The incidence and etiology of ocular compli-
cations and visual disturbances post-HSCT var-
ies over time. In a retrospective study from 1999, 
104 pediatric HSCT patients (less than 18 years 
old) that had ophthalmologic examinations 16, 
21, and 36 months post-HSCT were studied for 
ocular and visual complications [36]. Among 
those found to have an ocular complication post- 
HSCT, the most common finding was posterior 
subcapsular cataract. Cataracts were found in 

23% of patients with a mean time to detection of 
19 months (range, 12–36 months). Among these 
patients, 67% had mild cataract(s) (as defined by 
visual acuity ≤20/40 in room light), 12.5% had 
moderate cataract(s) (as defined by visual acuity 
between 20/40 and 20/60 in light room), and 21% 
had severe cataract(s) (as defined by visual acuity 
>20/60 and requiring cataract surgery). Severe 
cataracts were associated with the presence of 
GvHD, most likely due to the use of corticoste-
roids to treat GvHD. Suh et al., also found that 
22% of post-HSCT patients had ocular surface 
disease with dry eye syndrome (DES) noted in 13 
of 104 patients. All patients with DES had under-
gone an allogeneic HCT, and 5 of the 13 had 
acute GvHD. Other ocular surface diseases noted 
in this patient cohort were blepharitis, bacterial 
infection, HSV keratitis, viral conjunctivitis, sub-

Table 24.6 Most common HSCT-associated visual disturbances and ocular complications with their potential 
etiologies

Visual disturbances Potential etiologies

•  Change in visual acuity •  Medication-induced (cyclosporine A)
•  Chronic GvHD

•  Blurred vision •  Medication-induced (cyclosporine A; fludarabine)
•  Chronic GvHD

•  Diplopia •  Medication-induced (cyclosporine A)
•  Chronic GvHD

•  Blindness (occipital) •  Medication-induced (cyclosporine A; fludarabine)

Ocular complications Potential etiologies

•  Premature cataract formation
 –  Posterior subcapsular

•  TBI/radiation to the head/neck
•  Chemotherapy
 –  Busulfan
 –  Melphalan
 –  Fludarabine
•  Prolonged steroid use
•  Chronic GvHD (not necessarily ocular)

•  Ocular surface disease –

 –  Dry eye syndrome (DES)  –  Ocular chronic GvHD

 –  Keratoconjunctivitis sicca  –  Ocular chronic GvHD

 –  Viral conjunctivitis  –  CMV, adenovirus

 –  Subconjunctival hemorrhage  –  Profound thrombocytopenia

 –  Corneal pannus formation  –  Chronic GvHD, steroids

 –  Corneal ulcers  –  Chronic GvHD, steroids, infections (CMV)

 –  Excessive tearing  –  Chronic GvHD

•  Posterior segment changes –

 –  Occlusive microvascular retinopathy/ retinitis  –  Infections (CMV; bacterial infections)

 –  Retinal vasculitis  –  Medication- induced (fludarabine)

 –  Optic disc or nerve edema  –  Medication- induced (fludarabine; cyclosporine A)

 –  Optic nerve atrophy  –  Medication- induced (fludarabine; cyclosporine A)
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conjunctival hemorrhage, corneal pannus forma-
tion, and corneal ulcerations. Posterior segment 
changes, including occlusive microvascular reti-
nopathy, optic nerve edema and optic nerve atro-
phy, were noted in 13.5% of patients (N = 14). 
Three had CMV retinal infections and one had a 
submacular abscess due to Nocardia bacterial 
infection. In this study, 95.7% had 20/40 or better 
visual acuity over time after appropriate treat-
ment despite >50% of patients having an ocular 
complication post-HSCT. In another study, 27% 
pediatric HSCT recipients were found to have 
ophthalmologic abnormalities in the first year 
post-HSCT and that the most common findings 
changed over time [37]. Overall, 14% of the 
HSCT recipients had DES, 12% had retinal hem-
orrhages, 6% had optic disc edema, 2% had cho-
rioretinal lesions, 2% had vitritis, and 2% had 
increased ocular pressure. At 5 months post- 
HSCT, over 50% of the patients with an ocular 
complication had DES, whereas retinal hemor-
rhages, optic disc edema, chorioretinal lesions, 
vitritis, and increased ocular pressure were more 
common within 3 months post-HSCT. Overall, 
the patients’ symptoms were mild and self- 
limiting. Subretinal/retinal hemorrhages were 
associated with profound thrombocytopenia dur-
ing the early post-HSCT period. In this particular 
study, older patients versus younger patients 
(13 years versus 3.4 years) were found to develop 
ocular complications more often. Also, opportu-
nistic infections of the eye were rarely seen. 
However, systemic viral reactivation early on 
post-HSCT does place the HSCT recipient at a 
higher risk for developing eye involvement.

In comparison, Gurney et al. [34] found that 
approximately 40% of survivors who underwent 
HSCT during childhood and adolescence suffer 
from an ocular complication or visual distur-
bance. Among these, cataract formation, legal 
blindness in at least one eye, and double vision 
were the most common findings. The cumulative 
incidence of these individual ocular complica-
tions may vary depending upon the circumstances 
(e.g., TBI- versus non-TBI conditioning regi-
mens, autologous versus allogeneic HSCT, age at 
the time of HSCT, the presence of chronic GvHD, 
the immune status of the patient, and other agents 
used in post-HSCT patients). Ocular chronic 

GvHD is involved in 40–60% of patients with 
chronic GvHD with symptoms that include dry, 
gritty or painful eyes, foreign body sensation, 
eyelid edema and erythema, blurred vision, 
excessive tearing, and photophobia. Ocular 
chronic GvHD is addressed further in Chap. 19.

Special consideration of HSCT-associated 
cataracts: It is well established that premature 
cataract formation is associated with exposure to 
ionizing radiation. Thus, HSCT patients who 
receive TBI as part of their conditioning regimen 
and/or pre-HSCT cranial irradiation are at higher 
risk for developing cataracts. This risk is depen-
dent upon the total dose, fractionation, and dose- 
rate, with single-dose TBI being associated with 
the highest incidence as compared to those who 
received the same dose split up over six or more 
fractions. In addition, the cumulative incidence 
of cataracts is higher in patients who received a 
higher dose rate of radiation. Thus, older studies 
typically report higher incidences of cataract for-
mation than more recent ones because of the 
changes in the delivery of TBI. Furthermore, the 
use of TBI as part of the conditioning regimen is 
now avoided whenever possible in very young 
patients or in patients with non-malignant condi-
tions. However, the incidence of cataract forma-
tion remains significantly high in HSCT patients 
if they received TBI as part of their conditioning 
regimen [34, 37]. Patients who have received 
prolonged corticosteroid therapy prior to or after 
HSCT are at high risk of premature cataract for-
mation. Thus, the presence of chronic GvHD 
(which usually requires a prolonged course of 
corticosteroid treatment) has been associated 
with premature cataract formation, and the devel-
opment of cataracts can be accelerated in patients 
with chronic GvHD who also have received TBI 
[38]. Typically, cataract formation is a relatively 
late complication post-HSCT with a reported 
cumulative incidence of 36% at 15 years post- 
HSCT [34]. Thus, a funduscopic examination 
and visual acuity assessment should be per-
formed annually in patients at high risk for pre-
mature cataract formation and other 
HSCT-associated ocular complications. For 
example, patients with evidence of cataract for-
mation should be referred to ophthalmology for 
further evaluation and possible intervention, i.e., 
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cataract extraction or photocoagulation, in order 
to preserve a patient’s eyesight.

 HSCT-Associated Taste Disturbances 
and Dysfunction

Anecdotally, altered taste (dysgeusia) and reduced 
taste (hypogeusia) have been noted in HSCT 
recipients. However, there are very few formal 
studies, particularly those focused on pediatric 
patients, investigating this issue. The chemical 
sense of taste is detected through taste buds which 
are clusters of cells containing receptor sites that 
specifically detect sweet, sour, salty, or bitter sen-
sations. Taste buds are located on the papillae of 
the tongue. Cranial nerves transmit taste stimuli 
from the taste buds to the brain. Taste receptors 
regenerate approximately every 10 days, but their 
lifespan can last for a month or longer. Because 
taste receptors are rapidly proliferating, they are 
vulnerable to damage by chemotherapy including 
those used in various HSCT conditioning regi-
mens. Thus, renewal of taste receptors is inter-
rupted during the administration of chemotherapy. 
Over time, taste buds will begin to rapidly renew 
and form new connections with nerve fibers. Until 
then, normal taste perception is disrupted (either 
blunted or altered). Other agents, such as antibiot-
ics, can alter taste perception as well.

While some may consider taste disturbances a 
minor issue in the context of HSCT, it can be a 
significant problem in the pediatric HSCT popula-
tion because younger children can develop an oral 
food aversion due to alterations in their taste buds. 
It can interfere with normal oral development in 
very younger children. Older children and adoles-
cents with dysgeusia and hypogeusia may not be 
able to resume appropriate caloric intake and 
achievement of a normal nutritional status. 
Dysgeusia can lead to serious nutritional deficien-
cies in all ages. Knowledge of the time course and 
characteristics of HSCT-associated taste distur-
bances is helpful in order to better counsel HSCT 
recipients and their families regarding what to 
anticipate. One such study of 51 pediatric HSCT 
recipients age 3–12 years old was designed to 
address these issues [39]. This study set out to 
identify threshold values and perceived stimulus 

intensity over time after HSCT. Each participant 
was given solutions of four different flavors 
(sucrose, sodium chloride, citric acid, and quinine 
hydrochloride) at four different concentrations 
plus deionized water as a control for a total of 15 
solutions (2 mL each) to taste for `0 s and then 
expectorate. The sequence of the administration of 
the 15 solutions was randomly predetermined. 
Patients were tested prior to starting their condi-
tioning regimen, twice during conditioning, and 
then every 3 months post- engraftment. For all four 
flavors, the threshold means were significantly 
blunted during conditioning regardless of the con-
ditioning intensity. The threshold means reached 
or approached baseline values by 6 months post-
HSCT. In contrast, the perceived intensity of each 
flavor differed over time. For example, while all 
four taste sensations were not detected during con-
ditioning at the most dilute concentration tested 
(0.000032 M), only the sweet taste sensation was 
detectable at 0.0001M but at a very low level. The 
other three taste sensations were detected only at 
higher concentrations during conditioning. By 
6 months post-HSCT, study participants were able 
to detect all four tastes at lower concentrations, 
with bitter and sweet at the lowest concentration.

Adult studies of taste dysfunction after alloge-
neic HSCT have reported longer time periods for 
resolution up to 1 year or longer post-HSCT, with 
80% recovered by 1 year post-HSCT [40, 41]. 
Salt was the most profoundly affected taste sen-
sation. Furthermore, the presence of oral GvHD 
was not associated with altered taste perception 
[42]. The difference in recovery time between 
pediatric and adult patients may be related to the 
difference in the overall rate of cell proliferation, 
with younger children’s taste buds’ regeneration 
occurring faster than in adults.

 Key Points

• Neurologic complications associated with 
HSCT in children and adolescents are not 
uncommon and quite variable from transient 
and mild to irreversible and severe.

• The most common causes of severe neuro-
logic complications are drugs, CNS infec-
tions, CNS involvement of underlying disease, 
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PRES, encephalopathy of unknown etiology, 
and metabolic disturbances.

• The etiologies vary over time and can present 
early on in the peri-HSCT period to delayed 
(>6 months post-HSCT). Early neurologic 
complications are most often drug-induced, 
whereas delayed ones are typically related to 
the immunodeficient state of the HSCT patient.

• It is very important to perform a detailed neu-
rologic examination and obtain a comprehen-
sive medication history.

• Sensory complications most commonly involve 
medication-induced visual disturbances, radia-
tion-induced cataracts, medication- induced 
ototoxicity and taste disturbances.
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HSCT-Associated Complications 
of the Skin, Hair, and Nails

Valerie I. Brown

Abstract

HSCT-associated skin, hair, and nail changes are very common. Skin com-
plications range from breakdown of the skin integrity due to chemother-
apy or total body irradiation (TBI) during the peri-HSCT period to 
significant changes (sclerodermatous and lichenoid changes) due to 
chronic graft-versus-host disease (GvHD) that can be lifelong and life-
threatening. The most common causes of skin complications are drug 
allergy, engraftment syndrome, chemotherapy- induced, radiation-induced, 
GvHD, infection, and contact dermatitis. Nail changes can occur in HSCT 
recipients, and they are most often caused by chemotherapy, radiation, and 
GvHD. Hair changes associated with HSCT include partial or total alope-
cia that is usually temporary but can be permanent and most often due to 
chemotherapy, radiation, or chronic GvHD. Change in color or texture can 
also occur in HSCT recipients. This chapter addresses skin, nail, and hair 
complications found in HSCT recipients with the exception of GvHD-
related because this topic is detailed elsewhere in Chapters 17 (Acute 
Graft-Versus-Host Disease: Diagnosis, Prophylaxis, and Treatment) and 
19 (Chronic Graft-Versus-Host Disease).

 Skin-Related Complications of HSCT

 Introduction

The skin plays multiple roles: it provides a major 
barrier against microbial infections, protects 
against minor trauma, prevents body fluid loss, 
and plays a significant role in body temperature 
regulation. Impairment of skin integrity can 
impact these important functions. The mainte-
nance of skin integrity is particularly important in 
patients undergoing HSCT because they are sus-
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ceptible to skin infections if the skin has broken 
down. Because a patient may not be able to mani-
fest symptoms of a skin infection or cellulitis, 
i.e., erythema, warmth, and/or purulent dis-
charge, due to profound neutropenia, a thorough 
inspection of the skin during the peri-HSCT 
period is very important in order to detect any 
signs or symptoms of infection. Furthermore, 
patients treated for GvHD with steroids over a 
prolonged period of time are at greater risk for 
skin atrophy and breakdown.

 Risk Factors, Etiologies, and Clinical 
Manifestations

The risk factors of skin complications during the 
peri-HSCT period include toxicity due to the con-
ditioning regimen (chemotherapy and radiation), 
the presence of a central venous catheter, the pres-
ence of a surgical incision, GvHD, poor nutrition, 
and diarrhea. In addition, immobility, impaired 
oxygenation of tissues, medications, infections, 
immunosuppression, and cytopenias are risk fac-
tors of impaired skin integrity. Peripheral edema 
can cause mild erythema to significant stretching 
and oozing of the skin. The differential diagnosis 
of the causes of HSCT- related skin complications 
includes drug allergy, toxicity of chemotherapy 
and/or radiation, GvHD, engraftment syndrome, 
infection, folliculitis, eczematous changes due 
to food or formula, and contact dermatitis. 
Vitamin and mineral deficiencies can result in 
perioral scaling with a pellagroid appearance due 
to skin fragility [1]. In one small study [1], the 
most common cause of skin changes in pediatric 
patients post-HSCT is reaction to drug(s), with 
drug-induced hyperchromia (or hyperpigmenta-
tion) as the second most common finding.

The clinical manifestations of impaired skin 
integrity during the peri-HSCT period range 
from a macular or popular rash with or without 
pruritus and hives to blisters or bullae and com-
plete breakdown of areas of skin. These findings 
can arise any time during the peri-HSCT period 
 starting with the conditioning regimen and can 
last for weeks, months, or even years. Often a 
HSCT patient’s skin becomes very dry during the 

first month post-HSCT, and skin desquamation is 
very common, particularly if the HSCT recipient 
perceived radiation. Other skin manifestations 
seen in the peri- and post-HSCT periods include 
hyper- and/or hypopigmentation, skin erythema, 
petechiae, bruising, alopecia (discussed sepa-
rately in this chapter), urticarial, vesicles, bullae, 
nevi, fissures (particularly perianal), ulcerations, 
sclerodermatous and lichenoid changes, and 
striae due to corticosteroids.

Chemotherapy: Chemotherapeutic agents 
commonly used in conditioning regimens, includ-
ing busulfan, etoposide, melphalan, thiotepa, and 
ATG, typically cause moist desquamation (i.e., 
dermatitis), producing an exudate or oozing of 
the skin. It can range from hyperpigmentation 
to painful desquamation. The most commonly 
affected areas include the neck, upper trunk, 
abdomen, palms, and skinfolds. Some manifes-
tations of skin involvement are more commonly 
seen depending upon the specific chemotherapy. 
For example, the metabolites of thiotepa are 
excreted through sweat pores, accumulating on 
the skin. It particularly collects in axillary, neck, 
and inguinal skinfolds as well as under ventral 
venous catheter (CVC) dressings and under con-
strictive clothing, such as elastic waistbands and 
socks. If not washed off promptly, the excreted 
thiotepa metabolites will cause severe irrita-
tion (reminiscent of a skin burn), moist desqua-
mation, and eventual hyperpigmentation [2]. 
Frequent showers (paying close attention to 
skinfold areas) with water only, minimizing skin 
dressings, and no application of creams, lotions, 
or gels to the skin will help to minimize the risk 
of severe skin irritation. Bathing should occur as 
frequently as every 6 hours with all bed linens 
and clothes changed at the time of each bath. This 
regimen should begin 6 hours after the start of 
the first infusion of thiotepa and continued until 
24 h after the completion of the last dose. Also, 
only loose-fitting clothing should be worn dur-
ing this time period. In very small children, use 
of diapers should be avoided if possible, but if 
not, then diapers need to be changed immediately 
after each void. Thiotepa-induced dermatitis is 
delayed, typically by 1 week or so. Silvadene 
applied to affected skin areas is the typical treat-
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ment. While less commonly used in conditioning 
regimens nowadays, etoposide can cause bul-
lae formation of the hands. However, mucous 
membranes, pharynx, and conjunctiva may be 
involved as well. Another agent commonly used 
during conditioning in pediatric patients is anti-
thymocyte globulin (ATG). The administration 
of ATG is associated with hypersensitivity and 
anaphylaxis. In addition to fevers and hypoten-
sion, patients may develop urticaria (hives), 
erythema, and/or pruritus. The erythema and pru-
ritus are usually transient, but the urticaria may 
be present for several days. Premedicating with 
Benadryl and corticosteroids can minimize the 
risk of these reactions.

Total body irradiation (TBI): The skin changes 
that can occur after exposure to total body irra-
diation range from mild skin irritation and ery-
thema to the development of bullae. These 
changes can be exacerbated if ointments, lotions, 
gels, or creams are applied to the skin prior to and 
during TBI. Thus, topical agents should not be 
applied to the skin starting at least 24 h before the 
delivery of the first fraction of TBI through 24 h 
after the last fraction in order to avoid minor skin 
erythema and irritation from developing into 
frank skin burns, for example.

Impaired skin integrity: Intact skin provides 
the most important barrier to infection. If the skin 
integrity is compromised, then the risk for infec-
tion increases significantly. Although dressings 
are used at CVC sites, the skin under the dressing 
can be irritated, even denuded, from a combina-
tion of adhesives and tape over the dressings and 
from chemoradiation. The skin surrounding the 
CVC site also may become sensitive and irritated 
and occasionally become friable and denuded. If 
the area does become irritated or broken down, 
then nonadhesive dressings, nonirritating soaps, 
and topical antibiotics should be used.

Skin infections: A comprehensive daily skin 
assessment is imperative during the peri- and 
very early post-HSCT periods in order to iden-
tify areas of skin irritation and breakdown early 
on and to promptly intervene with empiric 
 antimicrobial therapy. Common signs of infec-
tion, such as erythema, warmth, and tenderness, 
may not be present due to profound neutropenia. 

Aspergillus skin infection may present initially 
only as a small, gray-black dot that can rapidly 
progress to disseminated disease. If cutaneous 
aspergillus is suspected, then dermatology should 
be consulted to perform a skin biopsy and culture 
of the area. In addition, empiric antifungal cover-
age should be initiated or expanded if the patient 
is already on an antifungal agent for prophylaxis. 
The risk for HPV and herpes simplex virus skin 
infections, which can manifest as gingivostoma-
titis, lip lesions, and warts, correlates with the 
duration of immune suppression [1].

Diarrhea due to the toxicity of the condition-
ing regimen, GI infections, antibiotic treatment, 
and graft-versus-host disease (GvHD) may lead 
to perirectal irritation or skin breakdown which 
greatly increases the risk for infection. Thus, fre-
quent inspection and application of a protective 
barrier cream are effective strategies to prevent 
perirectal skin irritation and breakdown.

Viral infections that involve the skin are seen 
in HSCT patients. Varicella zoster virus (VZV) 
infection typically occurs because of viral reac-
tivation. Most cases of reactivation occur late 
post- HSCT. Initially, VZV reactivation mani-
fests itself as a vesicular rash arising in specific 
dermatome(s). In some cases, the rash is pre-
ceded by pain which may persist after the rash 
resolves. In other cases, the classic “dew drop on 
a rose petal” description of VZV rash is not pres-
ent, especially in immunosuppressed patients. 
Thus, if VZV is suspected, then one of the skin 
lesions needs to be tested for VZV. HHV-6 is 
another virus that can be accompanied by skin 
rash. This rash can mimic acute GvHD of the 
skin, i.e., a maculopapular rash. HHV-6 can be 
detected from the blood by PCR. If HHV-6 is 
detected, then antiviral therapy needs to be ini-
tiated immediately because HHV-6 has been 
associated with graft rejection. Thus, donor chi-
merism should be monitored closely in patients 
with HHV-6 infection [3].

Candidal rash in the diaper area is a common 
skin infection seen in young HSCT patients in the 
peri-HSCT period. Candidal overgrowth often 
occurs due to antibiotic use, diarrhea, and 
chemotherapy- induced dermatitis. Once the skin 
breaks down, it will not heal until the patient 
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engrafts because white blood cells are necessary 
for skin regeneration. Thus, strategies to prevent 
skin breakdown in the perineal area are essential 
in all age groups. This area needs to remain clean 
with frequent diaper changes in very young 
HSCT patients. Application of protective, mois-
turizing creams which provide a mechanical bar-
rier and of antifungal powders and creams 
provides protection against skin breakdown. 
Older HSCT recipients may develop cutaneous 
candidal infections in skinfolds under the breasts 
and scrotal area.

Impaired oxygenation and immobility: 
Impaired oxygenation and immobility can lead to 
decubitus ulcers due to immobility and impaired 
oxygenation. When there is pressure on the skin 
and underlying tissues that is greater than the 
closing pressure of the capillaries, the capillaries 
become occluded, impairing tissue oxygenation. 
If blood flow is not restored, then the vessels with 
collapse, tissues will become anoxic, and ulti-
mately cells will die, resulting in necrotic tissue. 
The optimal approach for the treatment of decu-
bitus ulcers is to prevent them from occurring. 
Preventative measures include frequent reposi-
tioning, ambulation, and specific “alternating 
pressure” or foam mattresses. Treatment includes 
wet-to-dry dressings, but it is best to consult an 
institution’s would team.

 Diagnosis and Evaluation

History and physical examination: When assess-
ing a change in the skin of a HSCT recipient, it 
is important to know key pieces of information 
regarding the change in skin. These include the 
duration of the skin change (e.g., rash), i.e., did 
it just appear or has it been getting progressively 
worse. It is important to ascertain if the charac-
ter of the rash has changed, i.e., evolution from 
a red-violaceous to a black, necrotic-looking dot 
which is suspicious for aspergillus skin infec-
tion. If the rash comes and goes, one needs to 
ask if it is temporarily related to the administra-
tion of a medication or certain food(s). It is 
important to determine if the rash is painful or 

pruritic. One also needs to inquire about recent 
environmental changes or other exposures. Most 
important is a thorough head-to-toe inspection 
of the patient’s skin, including the perirectal 
area and skinfolds, particularly during the peri-
HSCT period.

While the etiology of skin complications that 
arise in HSCT patients is diagnosed most often on 
a clinical basis, dermatology consultation may be 
necessary to perform a biopsy or scraping of the 
affected area and assist in establishing a diagno-
sis, such as GvHD, drug-mediated, or infectious- 
related. If the biopsy site requires a suture(s), the 
site should be monitored very closely for infec-
tion and exposed to the air as much as possible.

 Supportive Care, Management, 
and Outcomes

In general, the use of gentle cleansers without 
alcohol and fragrances is recommended during 
the peri-HSCT period and in patients with chronic 
GvHD. Sitz baths are often utilized to ensure that 
the rectal area is thoroughly cleaned. Use of 
chlorhexidine wipes daily is an effective method 
for daily skin hygiene in patients during the peri- 
HSCT period. Liberal use of skin barriers, topical 
antibiotics, and antifungal agents should be 
applied after each cleaning. Jewelry should be 
removed, clothing with elastic band or are con-
strictive should be avoided, and all artificial nails 
removed during the peri-HSCT period.

While most of the pigmentation changes 
associated with dry desquamation resolve even-
tually, it often takes months. Furthermore, skin 
can be permanently altered, as is often seen with 
chronic graft-versus-host disease (GvHD). In the 
early and late post-HSCT periods, patients need 
to limit skin exposure by wearing hats and long- 
sleeved cotton shirts as well as liberally using 
sunscreen (≥ SPF 15) while exposed to the sun. 
It is very important to undergo prophylactic skin 
protective actions even after the skin has healed 
because HSCT recipients are at risk for second-
ary skin cancers [4, 5]. In addition, sun exposure 
may trigger skin GvHD exacerbation.
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 HSCT-Associated Hair 
Complications

While reversible alopecia is the most often seen 
post-HSCT, a proportion of patients will go on to 
develop permanent alopecia post-HSCT, and alo-
pecia areata and alopecia universal are associated 
with the calcineurin inhibitor, tacrolimus, and, 
less so, cyclosporine A. However, there are only a 
few studies investigating permanent alopecia fol-
lowing HSCT. One study from the Netherlands 
reviewed the incidence and risk factors of pediat-
ric HSCT patients over a 23-year period [6]. They 
found that 15.6% of patients had permanent alo-
pecia defined as a clinically apparent decreased 
hair density. All had diffuse alopecia except one 
who had alopecia totalis. These patients had nor-
mal eyebrows, eyelashes, and body hair distribu-
tion as they got older. In terms of risk factors, 
permanent alopecia developed more often in 
patients who received a busulfan-containing con-
ditioning regimen as compared to those who did 
not (23% versus 13%). Irradiation to the head was 
not associated with permanent alopecia. GvHD, 
both acute and chronic, was associated with 
patients who had permanent alopecia, but the 
severity was not, nor was the skin as a target organ 
for GvHD. In another study, Choi et al. [7] found 
that 12% of post-HSCT pediatric patients devel-
oped permanent alopecia. In contrast, this study 
found that thiotepa, and not busulfan, was associ-
ated with permanent alopecia. They also found 
that 67.1% of patients experienced a loss of hair 
density. The mean age was significantly younger 
(mean age = 5.2 years) in patients with permanent 
alopecia than those that did not (mean 
age = 7.6 years).

In addition to alopecia, the texture and color 
of hair in post-HSCT recipients may be differ-
ent than pre-HSCT. Furthermore, patients with 
chronic GvHD may suffer from premature 
graying, thinning, and/or brittle hair. While not 
life- threatening, these changes in hair post-
HSCT, particularly permanent alopecia, may 
cause  distress and other psychological issues 
because of its impact on self-esteem. For per-
manent alopecia, currently, there is no effective 

treatment that will reliably restore normal hair 
growth, and there is no effective preventative 
measure either.

 HSCT-Associated Nail 
Complications

The chemotherapy agents used in conditioning 
regimens, including busulfan, cyclophospha-
mide, and melphalan, commonly cause nail 
changes including hypopigmentation, linear 
banding, and ridging. Skin chronic GvHD often 
involves nails. Most common features include 
nail dystrophy, longitudinal ridging or splitting, 
brittle nails, onycholysis, pterygium unguis, and 
nail loss [8]. In one study, 45% of pediatric HSCT 
patients with skin chronic GvHD had nail dystro-
phy, with longitudinal ridging and distal splitting 
being the most common findings [9]. Five of the 
31 HSCT patients who had documented nail 
examinations had pterygium inversum unguis, 
and all five patients had severe chronic GvHD of 
the lung.

 Key Points

• Changes in skin, hair, and nails are very com-
mon in post-HSCT recipients.

• Skin complications range from minor skin 
irritation and erythema to life-threatening skin 
breakdown.

• There are many causes of the skin changes 
found in HSCT patients. These include che-
motherapy and irradiation used as part of the 
conditioning regimen, acute and chronic graft- 
versus- host disease (GvHD), drug allergy, 
engraftment syndrome, infection, and contact 
dermatitis.

• The most common HSCT-associated hair 
change is alopecia that is usually temporary 
but can be permanent. Other hair changes 
include a change in color or texture.

• The most common causes of HSCT-associated 
nail changes are chemotherapy, radiation, and 
GvHD.
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• While not life-threatening, changes in hair 
and nails, particularly permanent alopecia, 
can elicit significant distress in post-HSCT 
patients, negatively impacting self-esteem.
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Transplantation
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Abstract

Immune reconstitution after hematopoietic stem cell transplantation 
(HSCT) is critical in order for HSCT recipients to recover their ability to 
fight all types of infections. Restoration of individual components of the 
immune system occurs with different timelines. Factors that influence this 
differential recovery include the type of HSCT, type of donor, donor histo-
compatibility, donor hematopoietic stem cell source, age of the donor and 
recipient, conditioning regimen used, the underlying disease or disorder, 
graft manipulation strategies, and the presence of graft-versus-host disease 
(GvHD). In general, innate immunity recovers much earlier post-HSCT as 
compared to adaptive immunity. Complete immune reconstitution may 
occur from several months to up to 2 years after HSCT. This chapter dis-
cusses the typical time course of immune reconstitution by cell type as 
well as methods to monitor immune reconstitution and an approach to 
revaccination post-HSCT.

 Introduction

The ability of hematopoietic stem cell transplan-
tation (HSCT) to provide definitive cure without 
excess transplant-related mortality (TRM) for 
both malignant and nonmalignant diseases of 
hematopoiesis and immunity is dependent upon 
the ability of donor hematopoietic stem cells 
(HSC) to replace and restore all aspects of innate 
and adaptive immunity (Fig. 26.1). The immuno-
suppressive effect of HSCT conditioning renders 
patients temporarily vulnerable to a wide array of 
bacterial, viral, and fungal infections that 
 contribute to TRM [1]. Cytokine fluctuations, 
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conditioning regimen-related immune dysregula-
tion, and states associated with profound lym-
phopenia after HSCT are also the leading causes 
of severe, life-threatening HSCT complications 
[2–5]. Intact immune surveillance is additionally 
critical to graft-versus-malignancy (GVM) 
effects that lower relapse rates following HSCT 
for certain malignancies [6]. Furthermore, qual-
ity of donor immune reconstitution is critically 
important for determining the degree of correc-
tion for underlying immune deficiencies and for 
preventing immunologic graft rejection in HSCT 
for nonmalignant diseases [7].

Individual components of immunity are 
restored at quite distinct rates following HSCT. 
Many factors specific to an individual transplant 
strategy and the underlying indication for HSCT 
greatly influence these rates. The type of the trans-
plant (autologous vs allogeneic), type of donor 

(matched sibling, unrelated donor, umbilical cord 
blood), donor histocompatibility (how closely 
matched the donor is to the recipient), donor 
hematopoietic stem cell (HSC) source (cord blood, 
bone marrow, mobilized peripheral blood stem 
cells), donor and recipient ages, conditioning regi-
men, GvHD prophylaxis and treatment choices, 
and in vivo or ex vivo graft manipulation strategies 
all contribute to the pace by which immunologic 
recovery following HSCT occurs [8, 9].

Functional immune reconstitution begins 
with initial engraftment and, on average, pro-
ceeds to completion anywhere from several 
months to up to 2 years after HSCT (Fig. 26.2). 
Recovery of innate immune system components 
(monocytes, granulocytes, and natural killer 
(NK) cells in that order) occurs first, followed by 
a slower and highly variable recovery of adap-
tive immunity [8, 9].
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Fig. 26.1 Cells derived from hematopoietic stem cell 
transplant (HSCT) grafts and their roles in immune 
responses post-HSCT. This illustration represents the dif-

ferent cell types derived from the hematopoietic stem cells 
contained within the donor graft. On the far right side, the 
major function(s) of each cell type is noted
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 Reconstitution of the Innate 
Immune System

 Neutrophils

Neutrophil recovery is considered one of the gold-
standard signs of hematopoietic engraftment fol-
lowing HSCT. Neutrophil engraftment is defined 
as the first of 3 consecutive days post- HSCT with 
absolute neutrophil count (ANC) ≥500 cells/μL 
[10] and is highly dependent on HSC source 
(Table 26.1). In the autologous HSCT setting, 
patients receiving G-CSF mobilized peripheral 
blood stem cell transplantation (PBSCT) generally 
achieve neutrophil engraftment by 10–15 days, 
whereas neutrophil engraftment following autolo-
gous bone marrow transplant (BMT) takes longer 
and is more variable among studies (14–26 days) 
[11]. A meta- analysis of time to neutrophil engraft-
ment in adults receiving allogeneic HSCT for 
hematologic malignancies revealed similar out-
comes with an average time to neutrophil engraft-
ment of 16 and 20 days for PBSCT grafts versus 
BMT, respectively [12]. In contrast, neutrophil 
engraftment following umbilical cord blood trans-
plantation (UCBT) generally takes up to a week 

longer (range, 20–30 days) than following HSCT 
with other stem cell sources [13–17].

The impact of HSC dose on time to neutrophil 
engraftment appears to depend on the HSC 
source. Whereas the total CD34+ cell dose from 
bone marrow grafts does not affect time to neutro-
phil engraftment in pediatric allogeneic BMT, 
G-CSF stimulation of bone marrow (BM) grafts 
does lead to early engraftment [18]. In contrast, 
cell dose significantly impacts neutrophil engraft-
ment following UCBT, with UCB units contain-
ing >3 × 107 nucleated cells/kg having much 
improved rates and durability of engraftment [19]. 
Following recovery of normal neutrophil num-
bers, studies are conflicting as to whether substan-
tive qualitative neutrophil function defects may 
persist for a longer period of time [20–22].

 Natural Killer Cells

Natural killer (NK) cells have gained increasing 
focus in the field of allogeneic HSCT over the 
past decade, with a number of discoveries that 
NK cells can play critical roles in allogeneic 
immune responses, both by mediating graft- 
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Fig. 26.2 Time course of immune reconstitution follow-
ing matched sibling donor bone marrow transplantation. 
This schematic depicts the time course of quantitative 

immune reconstitution following matched sibling donor 
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factors associated with delayed reconstitution
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versus- malignancy (GVM) responses and by 
modulating GvHD risk through a combination 
of interactions involving both activating recep-
tors and inhibitory killer IG-like receptors on 
the NK-cell surface [23]. These studies have led 
to an evolving literature describing the func-
tional reconstitution of NK cells and mecha-
nisms to manipulate this reconstitution. NK 
cells are the first lymphocyte population from 
the donor graft to recover post-HSCT, with 
recovery to baseline numbers in peripheral 
blood by 1 month regardless of whether unma-
nipulated PBSCT, BMT, or UCB grafts are used 
[24, 25]. In the setting of T-cell-depleted unre-
lated donor or haploidentical related donor 
grafts, where GVL effects of NK cells are most 
important, recovery of NK cells is highly depen-
dent on methods of T-cell depletion and on the 
presence or absence of post-HSCT immune sup-
pression. Specifically, the use of positive selec-
tion for CD34+ cells is associated with much 
slower reconstitution of functional NK-cell 
activity when compared to T-cell-depleted grafts 
obtained via either direct depletion of CD3+ or 
TCRαβ+ T cells [26, 27].

The initial NK cells that recover post-HSCT 
are functionally immature. Full restoration of 
normal immunophenotypic NK-cell populations 
takes between 3 and 6 months post-HSCT, and 
T-cell depletion of donor grafts may negatively 
affect the speed with which NK cells become 
functionally mature. Interestingly, CMV infec-
tion post-HSCT may enhance functionality and 
cytotoxicity of recovering NK cells [28], which 
may provide an explanation for the prior obser-
vation that CMV reactivation correlates with 

lower risk of relapse in patients receiving HSCT 
for acute myeloid leukemia [29].

 Monocytes

Donor-derived monocytes are one of the earliest 
cell populations to be detected in peripheral blood 
following HSCT, often preceding the return of 
neutrophils by 1–2 days. While quantitative data 
defining the typical kinetics of monocyte recovery 
are somewhat lacking [2], adequate recovery of 
monocytes by Day +100, defined as an absolute 
monocyte count of >300 cells/μL in peripheral 
blood, correlates with improved overall survival in 
adult patients with hematologic malignancy fol-
lowing both myeloablative and reduced intensity 
conditioning [30, 31]. Adequate monocyte recov-
ery may be critical in facilitating normal immune 
function post-HSCT in several ways. Directly, 
monocytes give rise to tissue macrophages that 
phagocytose pathogens and orchestrate immune 
responses through coordinated release of pro- and 
anti-inflammatory cytokines. Indirectly, mono-
cytes give rise to specialized components of the 
HSC niche in bone marrow that play critical roles 
in maintenance and differentiation of hematopoi-
etic stem and progenitor cells at baseline [32] and 
may play similar roles post-HSCT in graft func-
tion and lymphopoiesis [33]. One negative aspect 
of monocyte reconstitution pertaining to immune 
regulation is that recovery and proliferation of cer-
tain subsets of CD16+ monocytes have been linked 
to the development of acute graft-versus- host dis-
ease (GvHD) and normalize with successful 
GvHD-directed therapy [34].

Table 26.1 Differences in speed of quantitative immune recovery based on stem cell source

Source: Bone marrow Umbilical cord blood
T-Cell-repleted 
PBSC T-Cell-depleted PBSC

Neutrophil engraftment 
(days)

14–21 20–30 10–16 10–16

NK-cell recovery (days) <30 <30 <30 Variesa

T-Cell recovery (months) 3–6 3–6 3–6 >6 monthsa

B-Cell recovery (months) 6–12 2–6 4–12 Variesa

Numbers reflect estimated time to quantitative recovery of each cell type (ANC > 500 μL−1; CD3+ T cells >500 μL−1; 
CD19+ B cells >200 μL−1). Qualitative functional reconstitution takes longer than times indicated here for all subsets. 
PBSC peripheral blood stem cells
aSpeed of NK-, T-, and B-cell recovery in T-cell-depleted PBSC grafts depends on specific method of T-cell depletion
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 Reconstitution of the Adaptive 
Immune System

 T Cells

Reconstitution of functional T-cell subsets is one 
of the most critical determinants of HSCT suc-
cess, whether through promotion of GVM effects, 
resolution of T-cell deficiency in combined 
immune deficiency disorders or prevention of 
graft rejection or post-HSCT opportunistic viral 
and fungal infections. T-cell recovery post-HSCT 
occurs either by (1) peripheral expansion of 
infused mature donor T cells or (2) de novo thy-
mic production of T cells from donor hematopoi-
etic precursors. In the latter process, bone 
marrow-derived donor lymphoid precursors, 
home to the recipient thymus, proliferate and 
undergo “education” through positive and nega-
tive selection, leading to development of func-
tional CD4+ and CD8+ T cells. This de novo 
production process is particularly important for 
CD4+ T-cell recovery post-HSCT [8, 35–37]. 
While de novo T-cell reconstitution is ultimately 
required for a diverse functional T-cell repertoire 
post-HSCT, disruption of thymic architecture and 
function caused by HSCT conditioning regimens 
results in minimal thymic output of de novo T 
cells for at least 6 months post-HSCT, as mea-
sured by the technique of T-cell receptor excision 
circles (TRECs) [38]. Therefore, in the first few 
months post-HSCT, proliferative expansion of 
infused T cells becomes the dominant mecha-
nism of T-cell recovery, anti-pathogen immunity, 
and GVM effects. Strategies incorporating 
ex vivo or in vivo T-cell depletion of donor grafts 
thus have profound impacts on immunity in the 
first 6 months, though as discussed in specific 
sections below, these strategies may also impact 
longer-term thymic output [2].

In conventional HSCT, using related or adult 
unrelated donors without ex vivo or in vivo (sero-
therapy) T-cell depletion, the initial T-cell popu-
lations to recover include effector cytotoxic CD8+ 
T cells [39], which may be primarily responsible 
for GvHD and GVM effects early after 
HSCT. CD8+ T cells normalize faster 
(2–8 months) than helper CD4+ T-cell popula-

tions, which should reach >200 cells/μL by 
6 months and often do not reach normal levels 
until >1 year post-HSCT. Anti-inflammatory reg-
ulatory CD4+CD25+FoxP3+ T cells (Treg), 
which may be critical in limiting pathogenic allo-
geneic GvHD responses, recover somewhat early 
in the first few weeks post-HSCT [2], and lower 
initial Treg recovery correlates with higher rates 
of GvHD. Interestingly, recovery of thymic pro-
duction of Treg may take longer than 2 years 
post-HSCT [39], which may explain the long 
duration of chronic GvHD symptoms and subse-
quent resolution that some HSCT patients 
experience.

Overall, gradual CD4+ T-cell recovery over 
time, regardless of other HSCT factors, is an 
independent predictor of survival. However, 
early rise and subsequent declines in CD4+ T 
cells within the first 90 days post-HSCT, likely 
reflecting GvHD or infection, worsen mortality 
risk [2, 15]. Naïve T cells recover earlier 
(8–12 months) than memory T cells (approxi-
mately 24 months). Importantly, quantitative 
recovery of T-cell numbers precedes the return 
of fully functional T cells as measured by mito-
gen response testing, which is performed by cul-
turing peripheral blood mononuclear cells 
(PBMCs) in the presence of phytohemagglutinin 
(PHA) or pokeweed mitogen (PWM) and assess-
ing for the ability of T cells in the PBMC pool to 
undergo proliferation. In the absence of GvHD 
therapy or T-cell depletion, mitogen testing 
results typically return to normal within the first 
year post-HSCT [40]. T-cell proliferative 
responses to recall antigens, including candida 
and tetanus toxoid, which can also be performed 
through lymphocyte culture testing, may take 
considerably longer to normalize.

The above represents the best-case scenario 
for T-cell recovery post-HSCT. In addition to 
GvHD, which globally slows the pace of diverse 
T-cell immune reconstitution due to intensive 
systemic immune suppression, several additional 
scenarios may impact the speed of T-cell immune 
reconstitution (Table 26.2).

Serotherapy: Use of anti-thymocyte globulin 
(ATG) as an in vivo T-cell depletion approach to 
prevent graft rejection/GvHD following HSCT 
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has many potential benefits, but it may also con-
siderably slow the rate of immune reconstitution 
following HSCT. While recovery of innate immu-
nity is unaffected and CD8+ T-cell and B-cell 
recovery is also only modestly impaired, ATG 
seems to significantly impair CD4+ T-cell recov-
ery, with many patients not achieving a CD4+ 
T-cell count >200 μL−1 until nearly 1 year post-
HSCT [41]. A recent study demonstrates that the 
risk of delayed CD4+ T-cell reconstitution corre-
lates directly with the area under the curve (AUC) 
for ATG exposure, with the timing and dosing of 
ATG within the conditioning regimen being 
major determinants of AUC [42]. Alemtuzumab, 
an alternative agent used as  serotherapy for the 
purpose of in vivo T-cell depletion, causes an 
even greater delay than does ATG in terms of 
both numeric and functional T-cell reconstitution 
and delays B- and NK-cell reconstitution as well. 
Both the timing and dose of alemtuzumab corre-
late with severity of this delay [43–45].

Ex vivo T-cell depletion: Evolving strategies 
for ex vivo T-cell depletion over the past 
15 years have greatly improved outcomes fol-
lowing mismatched unrelated (MMUD) and 
haploidentical- related (Haplo) HSCT. Early 
approaches utilized the concept of positive 
immunomagnetic selection of CD34+ HSC 
cells, thereby severely reducing all immune 
cells present in the infused graft to as few as 
2–3 × 104 cells/kg [46]. High doses of CD34+ 
HSC cells selected in this manner resulted in 
excellent initial engraftment but virtually elimi-
nated adaptive immune reconstitution from the 
proliferative expansion mechanism discussed 
above. With this method, full B- and T-cell 
recovery after haplo-HSCT may take years, 
often with no detectable T-cell recovery in the 
initial 5–6 months post-HSCT [47]. A more 
recent approach to haplo-HSCT, utilizing direct 

depletion of CD3+ T and CD19+ B cells (the lat-
ter depleted to prevent EBV-post-transplant 
lymphoproliferative disease), enables retention 
of lymphoid progenitors and NK cells in the 
infused graft that results in improved immune 
reconstitution. With this approach, NK-cell 
recovery (1000 cells/μL) occurs rapidly within 
the first month. CD3+ T-cell recovery also 
occurs within 3 months with full T-cell recon-
stitution (>1000 CD3+ cells/μL) occurring at 
about 12 months [48, 49]. Building on this con-
cept further, several groups have recently pub-
lished results from promising strategies in 
which only GvHD- causing TCRαβ + T cells are 
depleted from donor grafts along with B cells, 
allowing for rapid proliferative expansion of 
infused donor TCRγδ+ T cells, which may help 
prevent leukemia relapse, immunologic rejec-
tion, and opportunistic viral infections [27, 50].

Cord blood transplantation: While stem 
cell doses in CBT are lower than with BMT or 
PBSCT, overall T-cell number UCB units are 
similar to other graft sources. However, T 
cells derived from UCB are immunologically 
distinct, with predominance of a naïve pheno-
type, increased regulatory T cells, and reduced 
allogeneic reactivity [51]. In contrast to the 
delayed neutrophil recovery following UCBT, 
T-cell recovery can occur quite early after 
UCBT [52] at a similar rate to BMT [13] and 
more rapidly than T-cell-depleted PBSCT [16, 
53]. Complete T-cell reconstitution in the 
absence of serotherapy with ATG or alemtu-
zumab takes about 7–12 months for both 
UCBT and BMT [52]. Inclusion of ATG in the 
conditioning regimen is particularly detri-
mental for T-cell reconstitution in the UCB 
setting because cells with a naïve phenotype 
that are most susceptible ATG comprise the 
majority of T cells in UCB grafts [2, 54–56].

Severe combined immunodeficiency (SCID): 
While approaches to HSCT for patients with 
SCID vary dramatically from unconditioned 
matched sibling donor HSCT to fully T-cell- 
depleted haploidentical or mismatched unrelated 
donor (MMUD) HSCT, T-cell recovery begins 
rapidly in patients with SCID, regardless of 
approach. Analyses have demonstrated that 

Table 26.2 Factors leading to delayed functional T-cell 
reconstitution following HSCT

• Serotherapy (alemtuzumab, ATG)

• Ex vivo T-cell depletion

• Acute/chronic GvHD and its treatment

•  Systemic immune suppression for other reasons 
(e.g., autoimmune cytopenias)
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 thymic production of TREC+ T cells occurs as 
early as 3–6 months post-HSCT [57], much ear-
lier than in many other HSCT scenarios. However, 
T-cell reconstitution is not always complete, with 
as many as 50% of patients having long-term 
CD4+ T-cell counts <500 cells/μL. Patients with 
SCID who receive conditioning and/or grafts 
from MSD without T-cell depletion are more 
likely to achieve normal T-cell counts in the long 
term [58].

 Dendritic Cells

Dendritic cells (DCs) are critical antigen- 
presenting cells involved in initiating adaptive 
immune responses. DCs present processed pep-
tide antigens to T cells in the setting of either pro- 
or anti-inflammatory cytokine, thus determining 
whether antigen-specific T cells become anergic 
or regulatory or exert cytotoxic responses. Thus, 
DCs play critical roles in allogeneic recovery of 
immune function post-HSCT [2]. DC content is 
much higher in mobilized PBSCT grafts versus 
BM grafts and correlates closely with CD34+ 
HSC dose [59]. However, factors influencing 
early DC recovery post-HSCT are not well 
understood. Initial DC reconstitution is rapid, 
correlating with myeloid engraftment, then 
declines significantly, taking years to return to 
normal levels [60]. Particularly low numbers of 
monocytoid and plasmacytoid DC levels corre-
late with increased risk of severe aGvHD devel-
opment. The roles that DC reconstitution plays in 
full reconstitution of immunity post-HSCT and 
in acute and chronic GvHD are just beginning to 
be understood [61].

 B Cells

B cells are nearly undetectable in the first 
2 months post allo-HSCT [9, 41, 62], though the 
few that are present are typically of donor origin 
[63]. Most of the data regarding B-cell recon-
stitution in pediatric HSCT literature reports 
on CD19+ B cells alone and defines recovery 
as a CD19+ cell count greater than 200 cells/

μL. However, numeric B-cell recovery is quite 
distinct from full recovery of humoral immunity. 
Initial B-cell recovery is mostly composed of a 
repertoire of naïve B cells and very few memory 
B cells, in line with normal B-cell development 
in immune ontogeny [64]. Recovery of IgM pro-
duction occurs first, followed by recovery of IgG 
subclass production in a highly variable time 
course occurring anywhere from 3 to 12 months 
post-HSCT. Full B-cell reconstitution includes 
the ability to undergo class switching and produce 
functional antibody responses to vaccines and, 
in the absence of extenuating factors, typically 
takes about 1–2 years following HSCT. Recovery 
of the ability to generate responses to polysac-
charide antigens takes even longer [9]. Memory 
B-cell reconstitution can take as long as 2 years 
post-HSCT. In a cohort of 13 primary immuno-
deficiency patients, Scarselli et al. found that 
switched memory B cells (CD19+CD27+IgD−
IgM−) recover earlier and better than IgM mem-
ory B cells (CD19+CD27+IgD+IgM+). They 
also found that recovery of memory B cells cor-
related with good in vivo humoral function [65].

Slow and/or low B-cell reconstitution 
increases the risk of infections and major com-
plications significantly [41, 66, 67]. B-cell 
recovery can be delayed by a number of factors 
(Table 26.3), including most commonly GvHD 
and its treatment [68, 69]. The use of rituximab 
for EBV prevention/treatment or for chronic 
GvHD [70, 71] significantly impairs both 
numeric B-cell recovery and maturation of 
humoral immunity post-HSCT. As an alterna-
tive to rituximab, ex vivo CD19+ B-cell deple-
tion is often performed for patients receiving 
ex vivo T-cell depletion to prevent severe EBV 

Table 26.3 Factors leading to delayed functional B-cell 
reconstitution following HSCT

• Serotherapy (alemtuzumab, ATG)

• Ex vivo CD19+ B-cell depletion

•  Rituximab therapy/prophylaxis for EBV or 
autoimmune cytopenias

•  Acute/chronic GvHD and treatment with immune 
suppression

•  Specific HSCT indications (e.g., severe combined 
immune deficiency)
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reactivation, though the impact of how this 
CD19+ B-cell depletion impacts the pace and 
extent of B cell reconstitution is not well 
studied.

Conditioning regimens that include ATG are 
also associated with some degree of impaired 
B-cell reconstitution, reflecting the need for ade-
quate T-cell help in regenerating functional B 
cells [41]. Alemtuzumab use can delay B-cell 
reconstitution, either through direct B-cell deple-
tion or through T-cell-related effects, although 
the extent and consistency of this effect is not 
clear [72, 73]. Interestingly, B-cell reconstitution, 
in the absence of ATG conditioning, may be 
faster after UCBT (2–6 months) compared to 
other stem cell sources (4–12 months for PBSCT; 
greater than 6 months for BMT), likely reflecting 
the fact that UCB B-cell progenitors exhibit the 
same rapid B-cell development that is seen in 
infants [13, 16, 74, 75].

B-cell reconstitution following HSCT for 
SCID is particularly well studied and quite dis-

tinct from reconstitution following HSCT for 
other indications [76]. In general, patients with 
SCID who receive HLA-identical related donor 
grafts do not require conditioning regimens to 
develop fully functional B-cell reconstitution 
of either donor or recipient origin. However, 
patients with SCID who lack such donors are at 
high risk of requiring long-term Ig replacement 
therapy due to delayed or permanent B-cell 
dysfunction. In this setting, risk factors for 
poor B-cell reconstitution include SCID geno-
type, lack of intensive conditioning, and poor 
B-cell and total donor chimerism following 
HSCT [77].

 Assessments of Immune 
Reconstitution and Revaccination

An example of a schedule for immune reconstitu-
tion assessments is given in Table 26.4. Schedules 
for assessing functional immune reconstitution 

Table 26.4 Schedule of immune reconstitution assessments post-HSCT

Time from HSCT (months) 1 4 8 12 18a 24

Abs lymphocyte count × × × × × ×

Flow cytometry (absolute #’s)

  CD3+ × × × × × ×

  CD4+ × × × × ×

  CD4+/CD45RA+ × × × × ×

  CD4+/CD45RO+ × × × × ×

  CD8+ × × × × ×

  CD16+/CD56+ x × × × × ×

  CD19+ x × × × × ×

  CD19+/IgD−/CD27− × × × × ×

T-cell mitogen testing (PHA/tetanus/
Candida)

× × ×

TRECs × × × ×

Immune globulins (IgG, IgA, IgM) × × × × ×

Vaccine response

  Anti-tetanus × (pre)b × (post)b

  Anti-pneumococcal × (pre)b × (post)b

aEighteen months post-HSCT assessments only required if abnormal at 12 months
bDenotes pre- and post- re-immunization with tetanus and pneumococcal vaccines. Lymphocyte subsets are as follows: 
CD3+, all mature T cells; CD4+, helper T cells; CD4+/CD45RA+, naïve T cells; CD4+CD45RO+, memory T cells; CD8+, 
cytotoxic effector T cells; CD16+/CD56+, NK cells; CD19+, B cells; CD19+IgD−CD27−, Ig class-switched B cells. 
TRECs T-cell receptor excision circles. PHA phytohemagglutinin
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vary considerably among HSCT centers, but sev-
eral common principles are consistent across cen-
ters. Few centers test directly for reconstitution of 
innate immunity outside of basic CBC monitor-
ing, though clinical testing for quantitative 
NK-cell recovery is available and is often part of 
screening for reconstitution of T-cell immunity. 
Initial assessments for T-cell reconstitution typi-
cally involve monitoring absolute lymphocyte 
and CD3+ T-cell recovery. Once CD3+ T-cell 
counts recover to at least the 200–500 cells/μL 
range, additional assessments for numeric T-cell 
recovery, including CD4+, CD8+, and naïve 

(CD45RA) and memory (CD45RO) populations, 
are also performed, as are assessments of de novo 
T-cell production via TREC assays. The decision 
to stop prophylaxis for Pneumocystis jirovecii and 
for herpes simplex virus based on T-cell reconsti-
tution also varies by institution but at a minimum 
generally requires the patient to be off systemic 
immune suppression with a CD3+ T-cell count 
>500 μL−1 and a CD4+ T-cell count >200 μL−1. 
Prior to revaccination, T-cell functional capability 
is usually assessed through mitogen stimulation 
assays, such as proliferation in response to phyto-
hemagglutinin, as discussed above.

Table 26.5 Recommended revaccination schedule following HSCT

Time post-transplant (months)a

Vaccine 6 12 14 16 18 24 Booster needed?

Influenza (inactivated) ×

Diphtheria, tetanus, 
pertussis

× × × 4 years after 3rd 
dose;
•  DTaP for 

patients 7 years 
and younger;

•  Tdap for patients 
>7 years

Haemophilus influenzae 
type b

× × ×

Hepatitis B × × ×

Inactivated polio vaccine × × × Only if <4 years 
old for all three 
doses

Pneumococcal Conjugate 
13 Valent

× × ×

Hepatitis A × ×

Meningococcal 
Conjugated

× × Cannot be given at 
the same time as 
PVC13, so 
administer 1 month 
after PVC13

Measles, mumps, rubella × 4 weeks after 1st 
dose

Varicella × 3 months after 1st 
dose

Human papillomavirus × Repeat at 2 and 
6 months after 1st 
dose; administer 
for ages 9–26 years

aInactivated influenza vaccination may be given regardless of immune status. For remaining vaccines, patients receiving 
autologous HSCT may initiate schedule at 12 months post-HSCT. Patients receiving allogeneic HSCT must meet immune 
criteria (CD20+ B cells >50 μL−1; CD3+CD4+ T Cells >200 μL−1, normal T-cell response to mitogen) to begin schedule
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Assessment of B-cell recovery typically 
begins with measuring CD19+ B-cell counts. 
Assessments of immune globulins (IgG, IgM, 
and IgA) are performed to determine whether 
patients will require long-term Ig replacement. 
Assessment of B-cell class-switching capability 
requires flow cytometry-based analysis of B-cell 
subsets, including measurements of memory 
IgM+CD27−IgD− memory B cells.

Once B-cell reconstitution has been assessed, 
we recommend checking pre- and post-vaccine 
titers prior to and after initiation of re- 
immunizations. Re-immunization schedules also 
vary according to institutional practice, but con-
sensus exists for a few general guidelines (see 
Table 26.5 for example schedule). Most vaccina-
tions should not be given prior to 12 months post- 
HSCT, with the exception of the inactivated 
influenza vaccine, which may be administered as 
early as 100 days post-HSCT. Live virus vaccines 
are generally delayed until 2 years post-HSCT or 
for up to a year following initiation of inactivated 
vaccines. Finally, initiation of vaccines post- 
HSCT should not start until patients have been 
off chronic, systemic immune suppression for 
GvHD for a period of at least several months.

 Key Points

• Achievement of efficient and complete 
immune reconstitution following HSCT is a 
critical determinant of HSCT success, 
enabling prevention of malignancy relapse, 
graft rejection, infection, and many other 
causes of HSCT-associated morbidity.

• Recovery of innate immunity occurs rapidly 
following HSCT in line with initial engraft-
ment, though recovery, specifically of NK- 
cell- based immunity, may be delayed through 
the use of ex vivo positive CD34+ cell- 
selection strategies and alemtuzumab 
administration.

• Standard kinetics of T-cell reconstitution 
post- HSCT are well described, though T-cell 
recovery may be significantly delayed due to 
serotherapy in the conditioning regimen, 
ex vivo T-cell depletion, or use of chronic 

immune suppression due to GvHD or other 
immune dysregulation complications of 
HSCT. Adequate T-cell recovery should be 
documented prior to discontinuation of anti-
microbial prophylaxis post-HSCT.

• Full reconstitution of B-cell subsets and Ig 
production may take 1–2 years post-HSCT 
and need to be assessed prior to initiation of 
revaccination schedules.

References

 1. Park BG, Park CJ, Jang S, Chi HS, Kim DY, Lee JH, 
et al. Reconstitution of lymphocyte subpopulations 
after hematopoietic stem cell transplantation: compar-
ison of hematologic malignancies and donor types in 
event-free patients. Leuk Res. 2015;39(12):1334–41.

 2. de Koning C, Plantinga M, Besseling P, Boelens JJ, 
Nierkens S. Immune reconstitution after allogeneic 
hematopoietic cell transplantation in children. Biol 
Blood Marrow Transplant. 2016;22(2):195–206.

 3. Alyea EP, Kim HT, Ho V, Cutler C, DeAngelo DJ, 
Stone R, et al. Impact of conditioning regimen inten-
sity on outcome of allogeneic hematopoietic cell 
transplantation for advanced acute myelogenous leu-
kemia and myelodysplastic syndrome. Biol Blood 
Marrow Transplant. 2006;12(10):1047–55.

 4. Scott BL, Sandmaier BM, Storer B, Maris MB, 
Sorror ML, Maloney DG, et al. Myeloablative 
vs nonmyeloablative allogeneic transplantation 
for patients with myelodysplastic syndrome or 
acute myelogenous leukemia with multilineage 
dysplasia: a retrospective analysis. Leukemia. 
2006;20(1):128–35.

 5. Melenhorst JJ, Tian X, Xu D, Sandler NG, Scheinberg 
P, Biancotto A, et al. Cytopenia and leukocyte recov-
ery shape cytokine fluctuations after myeloablative 
allogeneic hematopoietic stem cell transplantation. 
Haematologica. 2012;97(6):867–73.

 6. Negrin RS. Graft-versus-host disease versus graft- 
versus- leukemia. Hematology Am Soc Hematol Educ 
Program. 2015;2015:225–30.

 7. Kang E, Gennery A. Hematopoietic stem cell trans-
plantation for primary immunodeficiencies. Hematol 
Oncol Clin North Am. 2014;28(6):1157–70.

 8. van den Brink MR, Velardi E, Perales MA. Immune 
reconstitution following stem cell transplanta-
tion. Hematology Am Soc Hematol Educ Program. 
2015;2015(1):215–9.

 9. Storek J, Geddes M, Khan F, Huard B, Helg C, 
Chalandon Y, et al. Reconstitution of the immune sys-
tem after hematopoietic stem cell transplantation in 
humans. Semin Immunopathol. 2008;30(4):425–37.

 10. Rihn C, Cilley J, Naik P, Pedicano AV, Mehta 
J. Definition of myeloid engraftment after allo-

M.K. Talekar and T. Olson



381

geneic hematopoietic stem cell transplantation. 
Haematologica. 2004;89(6):763–4.

 11. Lewis A. Autologous stem cells derived from the 
peripheral blood compared to standard bone marrow 
transplant; time to engraftment: a systematic review. 
Int J Nurs Stud. 2005;42(5):589–96.

 12. Holtick U, Albrecht M, Chemnitz JM, Theurich 
S, Shimabukuro-Vornhagen A, Skoetz N, et al. 
Comparison of bone marrow versus peripheral blood 
allogeneic hematopoietic stem cell transplantation for 
hematological malignancies in adults – a systematic 
review and meta-analysis. Crit Rev Oncol Hematol. 
2015;94(2):179–88.

 13. Moretta A, Maccario R, Fagioli F, Giraldi E, Busca A, 
Montagna D, et al. Analysis of immune reconstitution 
in children undergoing cord blood transplantation. 
Exp Hematol. 2001;29(3):371–9.

 14. Renard C, Barlogis V, Mialou V, Galambrun C, 
Bernoux D, Goutagny MP, et al. Lymphocyte sub-
set reconstitution after unrelated cord blood or bone 
marrow transplantation in children. Br J Haematol. 
2011;152(3):322–30.

 15. Bartelink IH, Belitser SV, Knibbe CA, Danhof M, 
de Pagter AJ, Egberts TC, et al. Immune recon-
stitution kinetics as an early predictor for mortal-
ity using various hematopoietic stem cell sources 
in children. Biol Blood Marrow Transplant. 
2013;19(2):305–13.

 16. Oshrine BR, Li Y, Teachey DT, Heimall J, Barrett 
DM, Bunin N. Immunologic recovery in children 
after alternative donor allogeneic transplantation for 
hematologic malignancies: comparison of recipients 
of partially T cell-depleted peripheral blood stem 
cells and umbilical cord blood. Biol Blood Marrow 
Transplant. 2013;19(11):1581–9.

 17. Rocha V, Broxmeyer HE. New approaches for improv-
ing engraftment after cord blood transplantation. Biol 
Blood Marrow Transplant. 2010;16(1 Suppl):S126–32.

 18. Pichler H, Witt V, Winter E, Boztug H, Glogova E, 
Potschger U, et al. No impact of total or myeloid 
Cd34+ cell numbers on neutrophil engraftment and 
transplantation-related mortality after allogeneic 
pediatric bone marrow transplantation. Biol Blood 
Marrow Transplant. 2014;20(5):676–83.

 19. Locatelli F, Rocha V, Chastang C, Arcese W, Michel 
G, Abecasis M, et al. Factors associated with outcome 
after cord blood transplantation in children with acute 
leukemia. Eurocord Cord Blood Transplant Group 
Blood. 1999;93(11):3662–71.

 20. Atkinson K, Biggs JC, Downs K, Juttner C, Bradstock 
K, Lowenthal RM, et al. GM-CSF after allogeneic 
bone marrow transplantation: accelerated recovery of 
neutrophils, monocytes and lymphocytes. Aust NZ J 
Med. 1991;21(5):686–92.

 21. Bensinger WI, Clift R, Martin P, Appelbaum FR, 
Demirer T, Gooley T, et al. Allogeneic peripheral 
blood stem cell transplantation in patients with 
advanced hematologic malignancies: a retrospec-
tive comparison with marrow transplantation. Blood. 
1996;88(7):2794–800.

 22. Kent MW, Kelher MR, Silliman CC, Quinones 
R. Neutrophil function in children following allo-
geneic hematopoietic stem cell transplant. Pediatr 
Transplant. 2016;20:658–66.

 23. Rezvani K, Rouce RH. The application of natural 
killer cell immunotherapy for the treatment of cancer. 
Front Immunol. 2015;6:578.

 24. Ottinger HD, Beelen DW, Scheulen B, Schaefer 
UW, Grosse-Wilde H. Improved immune recon-
stitution after allotransplantation of peripheral 
blood stem cells instead of bone marrow. Blood. 
1996;88(7):2775–9.

 25. Brahmi Z, Hommel-Berrey G, Smith F, Thomson 
B. NK cells recover early and mediate cytotoxic-
ity via perforin/granzyme and Fas/FasL pathways 
in umbilical cord blood recipients. Hum Immunol. 
2001;62(8):782–90.

 26. Eissens DN, Schaap NP, Preijers FW, Dolstra 
H, van Cranenbroek B, Schattenberg AV, et al. 
CD3+/CD19+-depleted grafts in HLA-matched 
allogeneic peripheral blood stem cell transplanta-
tion lead to early NK cell cytolytic responses and 
reduced inhibitory activity of NKG2A. Leukemia. 
2010;24(3):583–91.

 27. Lang P, Feuchtinger T, Teltschik HM, Schwinger 
W, Schlegel P, Pfeiffer M, et al. Improved immune 
recovery after transplantation of TCRalphabeta/
CD19-depleted allografts from haploidentical donors 
in pediatric patients. Bone Marrow Transplant. 
2015;50(Suppl 2):S6–10.

 28. Bigley AB, Rezvani K, Shah N, Sekine T, Balneger 
N, Pistillo M, et al. Latent cytomegalovirus infection 
enhances anti-tumour cytotoxicity through accumula-
tion of NKG2C+ NK cells in healthy humans. Clin 
Exp Immunol. 2016;185(2):239–51.

 29. Green ML, Leisenring WM, Xie H, Walter RB, 
Mielcarek M, Sandmaier BM, et al. CMV reactiva-
tion after allogeneic HCT and relapse risk: evidence 
for early protection in acute myeloid leukemia. Blood. 
2013;122(7):1316–24.

 30. DeCook LJ, Thoma M, Huneke T, Johnson ND, 
Wiegand RA, Patnaik MM, et al. Impact of lym-
phocyte and monocyte recovery on the outcomes of 
allogeneic hematopoietic SCT with fludarabine and 
melphalan conditioning. Bone Marrow Transplant. 
2013;48(5):708–14.

 31. Thoma MD, Huneke TJ, DeCook LJ, Johnson ND, 
Wiegand RA, Litzow MR, et al. Peripheral blood lym-
phocyte and monocyte recovery and survival in acute 
leukemia postmyeloablative allogeneic hematopoietic 
stem cell transplant. Biol Blood Marrow Transplant. 
2012;18(4):600–7.

 32. Yu VW, Scadden DT. Hematopoietic stem cell and its 
bone marrow niche. Curr Top Dev Biol. 2016;118:21–44.

 33. Mise-Omata S, Alles N, Fukazawa T, Aoki K, Ohya 
K, Jimi E, et al. NF-kappaB RELA-deficient bone 
marrow macrophages fail to support bone formation 
and to maintain the hematopoietic niche after lethal 
irradiation and stem cell transplantation. Int Immunol. 
2014;26(11):607–18.

26 Immune Reconstitution After Hematopoietic Stem Cell Transplantation



382

 34. Doring M, Cabanillas Stanchi KM, Haufe S, Erbacher 
A, Bader P, Handgretinger R, et al. Patterns of 
monocyte subpopulations and their surface expres-
sion of HLA-DR during adverse events after hema-
topoietic stem cell transplantation. Ann Hematol. 
2015;94(5):825–36.

 35. Mackall CL, Fleisher TA, Brown MR, Andrich MP, 
Chen CC, Feuerstein IM, et al. Distinctions between 
CD8+ and CD4+ T-cell regenerative pathways result 
in prolonged T-cell subset imbalance after intensive 
chemotherapy. Blood. 1997;89(10):3700–7.

 36. Heitger A, Neu N, Kern H, Panzer-Grumayer ER, 
Greinix H, Nachbaur D, et al. Essential role of the thy-
mus to reconstitute naive (CD45RA+) T-helper cells 
after human allogeneic bone marrow transplantation. 
Blood. 1997;90(2):850–7.

 37. Fagnoni FF, Lozza L, Zibera C, Zambelli A, 
Ponchio L, Gibelli N, et al. T-cell dynamics after 
high-dose chemotherapy in adults: elucidation of 
the elusive CD8+ subset reveals multiple homeo-
static T-cell compartments with distinct impli-
cations for immune competence. Immunology. 
2002;106(1):27–37.

 38. Fallen PR, McGreavey L, Madrigal JA, Potter M, 
Ethell M, Prentice HG, et al. Factors affecting recon-
stitution of the T cell compartment in allogeneic hae-
matopoietic cell transplant recipients. Bone Marrow 
Transplant. 2003;32(10):1001–14.

 39. Alho AC, Kim HT, Chammas MJ, Reynolds CG, 
Matos TR, Forcade E, et al. Unbalanced recov-
ery of regulatory and effector T cells after alloge-
neic stem cell transplantation contributes to chronic 
GVHD. Blood. 2016;127(5):646–57.

 40. Pavletic ZS, Joshi SS, Pirruccello SJ, Tarantolo SR, 
Kollath J, Reed EC, et al. Lymphocyte reconstitution 
after allogeneic blood stem cell transplantation for 
hematologic malignancies. Bone Marrow Transplant. 
1998;21(1):33–41.

 41. Bosch M, Dhadda M, Hoegh-Petersen M, Liu Y, Hagel 
LM, Podgorny P, et al. Immune reconstitution after anti-
thymocyte globulin-conditioned hematopoietic cell 
transplantation. Cytotherapy. 2012;14(10):1258–75.

 42. Admiraal R, van Kesteren C, Jol-van der Zijde CM, 
Lankester AC, Bierings MB, Egberts TC, et al. 
Association between anti-thymocyte globulin expo-
sure and CD4+ immune reconstitution in paediatric 
haemopoietic cell transplantation: a multicentre, ret-
rospective pharmacodynamic cohort analysis. Lancet 
Haematol. 2015;2(5):e194–203.

 43. Shah AJ, Kapoor N, Crooks GM, Weinberg KI, 
Azim HA, Killen R, et al. The effects of Campath 
1H upon graft-versus-host disease, infection, relapse, 
and immune reconstitution in recipients of pediatric 
unrelated transplants. Biol Blood Marrow Transplant. 
2007;13(5):584–93.

 44. Willemsen L, Jol-van der Zijde CM, Admiraal R, 
Putter H, Jansen-Hoogendijk AM, Ostaijen-Ten 
Dam MM, et al. Impact of serotherapy on immune 
reconstitution and survival outcomes after stem cell 

transplantations in children: thymoglobulin ver-
sus alemtuzumab. Biol Blood Marrow Transplant. 
2015;21(3):473–82.

 45. Chakraverty R, Orti G, Roughton M, Shen J, Fielding 
A, Kottaridis P, et al. Impact of in vivo alemtuzumab 
dose before reduced intensity conditioning and HLA- 
identical sibling stem cell transplantation: pharmaco-
kinetics, GVHD, and immune reconstitution. Blood. 
2010;116(16):3080–8.

 46. Bastien JP, Roy J, Roy DC. Selective T-cell depletion 
for haplotype-mismatched allogeneic stem cell trans-
plantation. Semin Oncol. 2012;39(6):674–82.

 47. Ball L, Lankester A, Bredius R, Fibbe W, Van Tol 
M, Egeler R. Graft dysfunction and delayed immune 
reconstitution following haploidentical peripheral 
blood hematopoietic stem cell transplantation. Bone 
Marrow Transplant. 2005;35:S35–S8.

 48. Pfeiffer MM, Feuchtinger T, Teltschik HM, Schumm 
M, Muller I, Handgretinger R, et al. Reconstitution 
of natural killer cell receptors influences natural killer 
activity and relapse rate after haploidentical trans-
plantation of T- and B-cell depleted grafts in children. 
Haematologica. 2010;95(8):1381–8.

 49. Perez-Martinez A, Gonzalez-Vicent M, Valentin J, 
Aleo E, Lassaletta A, Sevilla J, et al. Early evalua-
tion of immune reconstitution following allogeneic 
CD3/CD19-depleted grafts from alternative donors in 
childhood acute leukemia. Bone Marrow Transplant. 
2012;47(11):1419–27.

 50. Bertaina A, Merli P, Rutella S, Pagliara D, Bernardo 
ME, Masetti R, et al. HLA-haploidentical stem cell 
transplantation after removal of alphabeta+ T and B 
cells in children with nonmalignant disorders. Blood. 
2014;124(5):822–6.

 51. Lucchini G, Perales MA, Veys P. Immune reconsti-
tution after cord blood transplantation: peculiarities, 
clinical implications and management strategies. 
Cytotherapy. 2015;17(6):711–22.

 52. Chiesa R, Gilmour K, Qasim W, Adams S, Worth AJ, 
Zhan H, et al. Omission of in vivo T-cell depletion 
promotes rapid expansion of naive CD4+ cord blood 
lymphocytes and restores adaptive immunity within 
2 months after unrelated cord blood transplant. Br J 
Haematol. 2012;156(5):656–66.

 53. Clave E, Lisini D, Douay C, Giorgiani G, Busson 
M, Zecca M, et al. Thymic function recovery after 
unrelated donor cord blood or T-cell depleted HLA- 
haploidentical stem cell transplantation correlates 
with leukemia relapse. Front Immunol. 2013;4:54.

 54. Lindemans CA, Chiesa R, Amrolia PJ, Rao K, 
Nikolajeva O, de Wildt A, et al. Impact of thymoglob-
ulin prior to pediatric unrelated umbilical cord blood 
transplantation on immune reconstitution and clinical 
outcome. Blood. 2014;123(1):126–32.

 55. Mold JE, Venkatasubrahmanyam S, Burt TD, 
Michaelsson J, Rivera JM, Galkina SA, et al. 
Fetal and adult hematopoietic stem cells give rise 
to distinct T cell lineages in humans. Science. 
2010;330(6011):1695–9.

M.K. Talekar and T. Olson



383

 56. Szabolcs P, Niedzwiecki D. Immune reconstitu-
tion after unrelated cord blood transplantation. 
Cytotherapy. 2007;9(2):111–22.

 57. Buckley RH. Transplantation of hematopoietic 
stem cells in human severe combined immuno-
deficiency: longterm outcomes. Immunol Res. 
2011;49(1–3):25–43.

 58. Pai SY, Logan BR, Griffith LM, Buckley RH, Parrott 
RE, Dvorak CC, et al. Transplantation outcomes for 
severe combined immunodeficiency, 2000–2009. N 
Engl J Med. 2014;371(5):434–46.

 59. Urbini B, Arpinati M, Bonifazi F, Chirumbolo G, 
Falcioni S, Stanzani M, et al. Allogeneic graft CD34(+) 
cell dose correlates with dendritic cell dose and clini-
cal outcome, but not with dendritic cell reconstitution 
after transplant. Exp Hematol. 2003;31(10):959–65.

 60. Vakkila J, Thomson AW, Hovi L, Vettenranta K, 
Saarinen-Pihkala UM. Circulating dendritic cell sub-
set levels after allogeneic stem cell transplantation in 
children correlate with time post transplant and sever-
ity of acute graft-versus-host disease. Bone Marrow 
Transplant. 2005;35(5):501–7.

 61. Auletta JJ, Devine SM, Waller EK. Plasmacytoid den-
dritic cells in allogeneic hematopoietic cell transplan-
tation: benefit or burden? Bone Marrow Transplant. 
2016;51(3):333–43.

 62. Storek J, Ferrara S, Ku N, Giorgi JV, Champlin RE, 
Saxon A. B cell reconstitution after human bone mar-
row transplantation: recapitulation of ontogeny? Bone 
Marrow Transplant. 1993;12(4):387–98.

 63. Storek J, Lalovic BB, Rupert K, Dawson MA, 
Shen DD, Maloney DG. Kinetics of B, CD4 T, 
and CD8 T cells infused into humans: estimates 
of intravascular:extravascular ratios and total body 
counts. Clin Immunol. 2002;102(3):249–57.

 64. Small TN, Keever CA, Weiner-Fedus S, Heller G, 
O'Reilly RJ, Flomenberg N. B-cell differentiation fol-
lowing autologous, conventional, or T-cell depleted 
bone marrow transplantation: a recapitulation of nor-
mal B-cell ontogeny. Blood. 1990;76(8):1647–56.

 65. Scarselli A, Di Cesare S, Capponi C, Cascioli S, 
Romiti ML, Di Matteo G, et al. Longitudinal evalua-
tion of immune reconstitution and B-cell function after 
hematopoietic cell transplantation for primary immu-
nodeficiency. J Clin Immunol. 2015;35(4):373–83.

 66. Bae KW, Kim BE, Koh KN, Im HJ, Seo JJ. Factors 
influencing lymphocyte reconstitution after alloge-
neic hematopoietic stem cell transplantation in chil-
dren. Korean J Hematol. 2012;47(1):44–52.

 67. Guillaume T, Rubinstein DB, Symann M. Immune 
reconstitution and immunotherapy after autologous 
hematopoietic stem cell transplantation. Blood. 
1998;92(5):1471–90.

 68. Storek J, Witherspoon RP, Webb D, Storb R. Lack 
of B cells precursors in marrow transplant recipients 

with chronic graft-versus-host disease. Am J Hematol. 
1996;52(2):82–9.

 69. Storek J, Wells D, Dawson MA, Storer B, Maloney 
DG. Factors influencing B lymphopoiesis after allo-
geneic hematopoietic cell transplantation. Blood. 
2001;98(2):489–91.

 70. Worth A, Conyers R, Cohen J, Jagani M, Chiesa R, 
Rao K, et al. Pre-emptive rituximab based on viraemia 
and T cell reconstitution: a highly effective strategy 
for the prevention of Epstein-Barr virus-associated 
lymphoproliferative disease following stem cell trans-
plantation. Br J Haematol. 2011;155(3):377–85.

 71. Alousi AM, Uberti J, Ratanatharathorn V. The role of 
B cell depleting therapy in graft versus host disease 
after allogeneic hematopoietic cell transplant. Leuk 
Lymphoma. 2010;51(3):376–89.

 72. Law J, Cowan MJ, Dvorak CC, Musick L, Long- 
Boyle JR, Baxter-Lowe LA, et al. Busulfan, fluda-
rabine, and alemtuzumab as a reduced toxicity 
regimen for children with malignant and nonma-
lignant diseases improves engraftment and graft-
versus-host disease without delaying immune 
reconstitution. Biol Blood Marrow Transplant. 
2012;18(11):1656–63.

 73. D'Sa S, Peggs K, Pizzey A, Verfuerth S, Thuraisundaram 
D, Watts M, et al. T- and B-cell immune reconstitu-
tion and clinical outcome in patients with multiple 
myeloma receiving T-cell-depleted, reduced-intensity 
allogeneic stem cell transplantation with an alemtu-
zumab-containing conditioning regimen followed by 
escalated donor lymphocyte infusions. Br J Haematol. 
2003;123(2):309–22.

 74. Eyrich M, Leiler C, Lang P, Schilbach K, Schumm M, 
Bader P, et al. A prospective comparison of immune 
reconstitution in pediatric recipients of positively 
selected CD34+ peripheral blood stem cells from 
unrelated donors vs recipients of unmanipulated 
bone marrow from related donors. Bone Marrow 
Transplant. 2003;32(4):379–90.

 75. Olkinuora H, von Willebrand E, Kantele JM, Vainio 
O, Talvensaari K, Saarinen-Pihkala U, et al. The 
impact of early viral infections and graft-versus-host 
disease on immune reconstitution following paedi-
atric stem cell transplantation. Scand J Immunol. 
2011;73(6):586–93.

 76. Haddad E, Leroy S, Buckley RH. B-cell reconstitu-
tion for SCID: should a conditioning regimen be 
used in SCID treatment? J Allergy Clin Immunol. 
2013;131(4):994–1000.

 77. Griffith LM, Cowan MJ, Notarangelo LD, Kohn DB, 
Puck JM, Pai SY, et al. Primary immune deficiency 
treatment consortium (PIDTC) report. J Allergy Clin 
Immunol. 2014;133(2):335–47.

26 Immune Reconstitution After Hematopoietic Stem Cell Transplantation



385© Springer International Publishing AG 2018
V.I. Brown (ed.), Hematopoietic Stem Cell Transplantation for the Pediatric Hematologist/Oncologist,  
https://doi.org/10.1007/978-3-319-63146-2_27

Life After HSCT: Survivorship 
and Long-Term Issues

Smita Dandekar

Abstract

Hematopoietic stem cell transplant (HSCT) is a curative therapeutic option 
for not just hematologic malignancies but also many nonmalignant condi-
tions such as beta thalassemia, sickle cell disease, metabolic disorders, and 
certain primary immunodeficiencies. Continued advances in the HSCT 
techniques, expansion of indications for HSCT, and tremendous progress 
in supportive care strategies and management of HSCT-related complica-
tions have collectively resulted in an expanding population of survivors of 
HSCT. Progress and expansion of alternative donor hematopoietic stem 
cell (HSC) sources (e.g., umbilical cord blood, haploidentical donors) are 
resulting in a continually increasing amount of HSCTs performed in chil-
dren per year. These survivors are at risk of developing treatment-related 
late effects, and two-thirds of the HSCT survivors will develop at least one 
chronic health condition. The direct impact of these long-term effects on 
the morbidity and mortality of the HSCT survivors makes risk-based and 
exposure- related screening for these late effects a critical part of their care. 
This chapter reviews the most common secondary neoplasms seen in sur-
vivors of HSCT during childhood and adolescence. This chapter will also 
discuss the HSCT-associated long-term complications affecting the car-
diac, pulmonary, endocrine, musculoskeletal, renal, and neurocognitive 
systems. Screening recommendations are also included.

 Introduction

Hematopoietic stem cell transplant (HSCT) is a 
curative therapeutic option for patients not only 
with malignancies but also with many nonmalig-
nant conditions such as beta thalassemia, sickle 
cell disease, metabolic disorders, and many pri-
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mary immunodeficiencies. Continued advances 
in the use of alternative donors, manipulation of 
the hematopoietic stem cell product, expansion 
of indications for HSCT, and tremendous prog-
ress in supportive care strategies and manage-
ment of HSCT-related complications have 
collectively resulted in an expanding population 
of survivors of HSCT. Progress and expansion of 
alternative donor hematopoietic stem cell (HSC) 
sources (e.g., umbilical cord blood, haploidenti-
cal donors) are resulting in a continually increas-
ing number of HSCTs performed in children and 
adolescents each year. These survivors are at risk 
of developing treatment-related late effects; two- 
thirds of the HSCT survivors will develop at least 
one chronic health condition.

Survivors of childhood and adolescent HSCT 
carry a significantly greater burden of morbidity 
not only compared with the non-cancer popula-
tions but also compared with the conventionally 
treated cancer patients, proving the need for 
close monitoring of this high-risk population [1]. 
The type of HSCT (i.e., matched sibling donor 
versus matched unrelated donor versus umbilical 
cord blood), HSC source (i.e., bone marrow, 
umbilical cord blood, and peripheral blood stem 
cells), and the conditioning regimen used deter-
mine the type and severity of long-term compli-
cations in the HSCT patients. 70–80% of those 
who survive at least 2 years after an allogeneic 
HSCT are expected to become long-term survi-
vors [2–4].

The Bone Marrow Transplant Survivor Study 
(BMT-SS) which is one of the most comprehen-
sive and largest studies of HSCT survivors to 
date, studied 1479 patients who were alive at 
least 2 years post their allogeneic HSCT and 
found that allogeneic HSCT patients had a 9.9- 
fold increased risk of early death [3]. Though 
relapse of primary disease and chronic graft ver-
sus host disease (GvHD) remained the leading 
cause of premature death, treatment-related 
causes such as GvHD secondary malignancies, 
cardiac toxicity, and pulmonary complications 
attributed to 25% of the deaths.

A multi-institutional study comparing long- 
term health outcomes in survivors of childhood 
cancer treated with HSCT to survivors of child-

hood cancer treated with conventional therapy 
showed that survivors of HSCT were more likely 
to have a severe or life-threatening condition 
(Relative Risk [RR] = 3.9) [1]. They were more 
likely to have multiple chronic conditions 
(RR = 2.6) and more likely to have functional 
impairment (RR = 3.5) and activity limitations 
(RR = 5.8) than the conventionally treated 
patients. HSCT survivors were drawn from the 
BMT-SS study and conventionally treated 
patients were drawn from the Childhood Cancer 
Survivor Study (CCSS). The results of this study 
highlight the need for timely screening for these 
health-related complications and appropriate 
interventions.

While screening guidelines have been devel-
oped by the Center for International Blood and 
Marrow Transplant Research (CIBMTR), 
European Group for Blood and Marrow 
Transplantation (EBMT), American Society for 
Blood and Marrow Transplantation (ASBMT) 
[5–7], and other societies, these are not pediatric 
focused. In 2011, the NCI and NHLBI held the 
first international consensus conference on late 
effects after pediatric HSCT and recommended a 
coordinated effort through the Pediatric Blood 
and Marrow Transplant Consortium (PBMTC), 
the Children’s Oncology Group (COG)-SCT 
committee, the Children’s Cancer and Leukemia 
group (CCLG) BMT group, the EBMT Pediatric 
Diseases Working Group, and other pediatric- 
oriented HSCT-specific groups, to work along-
side larger pediatric cancer late effects groups 
such as the COG Late Effects Task Force to for-
mulate formal guidelines.

 Secondary Malignancies After HSCT

One of the most devastating complications after 
HSCT is the development of a secondary malig-
nancy. Many host and clinical factors are associ-
ated with the increased risk of secondary 
malignant neoplasms after HSCT. These risk fac-
tors are summarized in Table 27.1.

The risk of secondary malignancy for chil-
dren undergoing HSCT is increased not only 
compared to age-matched controls but also 
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compared to patients undergoing HSCT at older 
ages [8]. Table 27.2 lists the most common 
types of secondary malignancies seen in post-
HSCT recipients. Curtis, et al. showed that can-
cer survivors who were transplanted at less than 
10 years of age had a risk of new malignant 
neoplasms 36.6 times higher than the general 
population [9]. This risk decreased to 4.6-fold 
for those transplanted between the ages of 10 
and 29 years. Table 27.3 summarizes the caus-

ative agents and screening recommendations 
for secondary malignant neoplasms. These sec-
ondary malignant neoplasms are often due to 
exposure to alkylators, topoisomerase II inhibi-
tors, and TBI.

 Treatment-Related Myelodysplastic 
Syndrome/Acute Myelogenous 
Leukemia

Treatment-related myelodysplastic syndromes 
(t-MDS) and acute myeloid leukemia (t-AML) 
are major causes of non-relapse mortality of 
HSCT. These disorders have very poor prognoses 
with conventional antileukemia therapies with a 
median survival of 1 year or less [10]. This out-
come is related to several factors including older 
age at HSCT, pre-HSCT therapy with alkylating 
agents, topoisomerase II inhibitors and radiation, 
HSC mobilization with etoposide, use of 
 peripheral blood HSCs, TBI-containing condi-
tioning regimens, the number of CD34+ hemato-
poietic stem cells infused, and history of multiple 
HSCTs [11]. Patients presenting with t-MDS 
often progress to t-AML. Two types of t-MDS/t-
AML (which are related to the therapeutic expo-
sure) are generally identified: those due to 
alkylating agents/radiation and those due to 
topoisomerase II inhibitors. t-MDS/t-AML 
related to alkylating agents typically develops 
4–7 years postexposure. Cytopenias are common 

Table 27.1 Risk factors for secondary malignancies 
after HSCT

•  Age at HSCT

•  Type of HSCT (autologous vs allogeneic)

•  Pre-HSCT therapy (chemotherapy + radiation)

•  Total body irradiation (TBI) as part of the 
conditioning regimen

•  Immunosuppression after HSCT (duration)

•  Infections (Epstein–Barr virus (EBV), hepatitis B, 
hepatitis C)

•  Type of original cancer

Table 27.2 Most common types of secondary malignant 
neoplasms in HSCT patients

•  Treatment-related myelodysplasia (t-MDS) and 
treatment-related acute myeloid leukemia (t-AML)

•  Lymphoma

•  Solid non-hematopoietic tumors

•  Skin cancers

•  Posttransplant lymphoproliferative disease (PTLD)

  –  Ranges from benign mononucleosis-like disease 
to fulminant lymphoma

Table 27.3 Risk factors and screening recommendations for second malignant neoplasms (SMN)

Causative agents SMN Screening recommendations

•  Etoposide
•  Teniposide
•  Anthracyclines
•  Alkylating drugs

•  AML
•  AML/MDS

•  CBC with differential yearly for 
10 years after exposure

•  Radiation therapy •  SMN in radiation field:
  – Skin, bone, soft tissues

•  Annual history and physical exam

•  Radiation therapy affecting thyroid 
(TBI)

•  Thyroid cancer •  Yearly US

•  Radiation therapy affecting breast 
(TBI)

•  Breast cancer •  Physical exam until age 25, then 
mammography and breast MRI 
yearly starting 8 years after 
radiation or age 25 (whichever is 
later)

AML acute myeloid leukemia, MDS myelodysplastic syndrome, SMN second malignant neoplasm, US ultrasonography
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and approximately 65% present with MDS. The 
remainder present with AML but have myelodys-
plastic features. Cytogenetic abnormalities asso-
ciated with a poor prognosis in non-therapy-related 
MDS and AML, such as del (7/7q) or a complex 
karyotype, are common in t-MDS and t-AML 
[12]. AML secondary to topoisomerase II inhibi-
tors often presents as overt AML. The latency is 
very short (6 months to 5 years), and there is usu-
ally no antecedent myelodysplastic phase and is 
associated with balanced translocations involv-
ing chromosome 11q23 or 21q22. These disor-
ders are also described after autologous HSCT 
[13]. HSCT should be considered promptly after 
a diagnosis of t-AML/t-MDS is made. However, 
allogeneic HSCT for t-MDS/t-AML is associated 
with a high risk of treatment-related mortality.

 Lymphoma

Posttransplant lymphoproliferative disorder 
(PTLD) represents a spectrum of Epstein–Barr 
virus-related (EBV) clinical diseases, ranging 
from a benign mononucleosis-like illness to a ful-
minant non-Hodgkin’s lymphoma. In the setting 
of HSCT, PTLD is an often fatal complication 
with the highest chance of occurrence in the first 
5 years after HSCT [14, 15] with 80% of the 
cases occurring within the first year of HSCT 
[15]. Risk factors for PTLD are summarized in 
Table 27.4. PTLD is significantly associated with 
T-cell depletion of the donor bone marrow, use of 
antithymocyte globulin (ATG), and unrelated or 
HLA-mismatched grafts. Older age at the time of 
HSCT, second HSCT, and GvHD (both acute and 
chronic) increase the risk of developing post- 
HSCT PTLD by several folds. T-cell depleted 
grafts decrease the risk of acute GvHD but 
increase the risk of PTLD. In the majority of 

cases, PTLD is associated with EBV infection of 
B cells, either as a consequence of reactivation of 
the virus post-HSCT or from primary EBV infec-
tion. Primary infection with EBV may be 
acquired from the donor graft or, less commonly, 
from environmental exposure. The majority of 
the PTLD cases are due to B-cell proliferation, 
with only 5% of cases being of T-cell or T/NK 
cell origin. A vast majority of the B-cell PTLD 
cases (approximately 70%) are EBV-related. It is 
believed that EBV most likely predisposes 
infected B cells to uncontrolled proliferation 
which may result in the accumulation of (epi)
genetic aberrations. Also, T-cell dysfunction 
caused by immunosuppressive treatment further 
allows uncontrolled proliferation of the EBV- 
infected B cells. The 2008 World Health 
Organization (WHO) classification divides PTLD 
into four categories based on morphologic, 
immunophenotypic, and molecular criteria: [1] 
early lesions, [2] polymorphic PTLD, [3] mono-
morphic PTLD, and [4] Hodgkin lymphoma.

Reduction of immunosuppression remains the 
cornerstone for treatment of EBV-driven B-cell 
PTLD. It allows the patient’s natural immunity to 
recover and gain control over proliferating EBV- 
infected B cells. Additional therapeutic measures 
include immune-based therapies such as mono-
clonal antibodies like rituximab (anti-CD20 
monoclonal antibody), EBV-specific donor T 
cells, IVIG, and alpha interferon.

Lymphomas distinct from PTLD, such as 
Hodgkin lymphoma, can occur late post-HSCT 
(usually >2.5 years) and are associated with mod-
erate and severe chronic GvHD. These late-onset 
lymphomas do not have an association with the 
risk factors typically associated with PTLD [16].

 Non-hematologically Derived 
Tumors

A study investigating the incidence of secondary 
malignancies in a cohort of 3182 children who 
underwent allogeneic HSCT for leukemia revealed 
the cumulative risk of invasive solid tumors to be 
0.9%, 4.3%, and 11% at 5 years, 10 years, and 
15 years post-HSCT, respectively [14]. The risk 
was highest among children transplanted under the 

Table 27.4 Risk factors for PTLD

•  T-cell depletion of donor bone marrow

•  Antithymocyte globulin

•  Unrelated/HLA mismatched grafts

•  Age at time of HSCT

•  ≥Second HSCT

•  GvHD
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age of 5 years and those who received high-dose 
TBI with a significantly increased risk for devel-
oping tumors of the tongue, salivary glands, brain, 
thyroid, and skin/connective tissue. In patients 
exposed to radiation at less than 30 years of age, 
the risk of developing a non-squamous cell carci-
noma is ninefold higher than that of the general 
population, while for those older than 30 years of 
age when exposed, the risk approaches that of the 
general population [17].

Skin cancer: Allogeneic HSCT recipients have 
an increased risk of developing basal cell carci-
noma (BCC) and squamous cell carcinoma 
(SCC). Leisenring et al. demonstrated that the 
incidence of BCC and SCC is approximately 
6.5% and 3.4% at 20 years post-HSCT, respec-
tively [18]. Exposure to TBI increases the risk of 
BCC, particularly in younger children. GvHD is 
correlated with the development of secondary 
skin cancers. The risk of SCC is increased in 
patients with acute GvHD, while chronic GvHD 
is correlated with both BCC and SCC.

Breast cancer: Female survivors of HSCT are 
at increased risk of developing breast cancer with 
a 25-year cumulative incidence of 11% [19]. 
The risk is higher among those who received TBI 
(17%) compared to those who did not (3%). The 
increased risk is directly related to the patient’s 
age at the time of HSCT (hazard ratio [HR] = 9.5 
for HCT < 18 years), exposure to TBI, and time 
since HSCT with the median time to develop-
ment of breast cancer being 12.5 years.

Thyroid cancer: Cohen et al. showed that 
HSCT patients have a 3.3-fold increased risk of 
developing thyroid cancer as compared to age- and 
sex-matched controls from the general population 
[20]. Young age at HSCT (<10 years) confers the 
strongest risk with neck irradiation, female gender, 
and chronic GvHD being other risk factors.

 System-Based Health 
Complications

 Cardiac Dysfunction

HSCT survivors are at risk for long-term car-
diotoxicity due to a combination of factors. 
These include pre-HSCT therapeutic exposure 

 (especially anthracycline dosage greater than 
300 mg/m2 [21, 22]), HSCT conditioning regi-
mens with high-dose chemotherapy and TBI, and 
post- HSCT GvHD. It presents as either a struc-
tural (valvular abnormalities, coronary artery 
disease) or functional (e.g., cardiomyopathy, 
arrhythmias, congestive heart failure) problem.

A prospective study evaluating the outcome 
of cardiac late effects in 162 children who 
underwent an allogeneic HSCT showed that the 
5-year cumulative incidence of cardiac impair-
ment was 26%. TBI alone and TBI with pre-
HSCT anthracycline exposure were significant 
risk factors for decreased cardiac function [23]. 
The cumulative risk of cardiac late effects 
increases over time. Female gender, exposure to 
anthracyclines at a young age, and mediastinal 
radiation with exposure to the heart are well-
established modifying factors for cardiac health 
among survivors of childhood cancer [23]. TBI 
and prolonged immunosuppressive therapy 
post-HSCT are HSCT- specific unique risk fac-
tors that contribute to diabetes and hypertension 
in this population further modifying the risk of 
cardiac late effects.

Another serious long-term complication is 
the development of therapy-related cardiovascu-
lar disease (CVD). This includes cerebrovascu-
lar disease (stroke, transient ischemic attack, 
carotid artery occlusion) and coronary artery 
disease both of which have an increased inci-
dence and early occurrence rate among survi-
vors of HSCT. At 25 years after HSCT, the 
cumulative incidence of CVD approaches 23% 
in certain high-risk populations. Endothelial 
injury provoked by GvHD is thought to contrib-
ute to the atherosclerotic changes after HSCT 
that lead to premature cardiovascular events. 
Girls with estrogen deficiency resulting from 
gonadotoxic therapy used in HSCT lose the nor-
mally protective effects of estrogen against cor-
onary artery disease. Hence, prompt hormonal 
replacement for gonadal dysfunction in the girls 
and women who underwent HSCT at a young 
age is important for heart health. A study of 
long-term HSCT survivors who had survived for 
one year or more after a HSCT identified the 
presence of two or more of the following risk 
factors: obesity, dyslipidemia, hypertension, 
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and diabetes to be associated with 4.6-fold risk 
of late CVD (p < 0.01). Chest radiation prior to 
HSCT was associated with a 9.3-fold risk of 
coronary artery disease [24].

Compared to the general population, HSCT 
survivors are at a 2.3- to 4.0-fold increased risk 
of death due to cardiac reasons [3], emphasiz-
ing the need for lifelong monitoring for cardiac 
late effects in this patient population. The 
Children’s Oncology Group (COG) long-term 
follow-up guidelines give specific recommen-
dations for echocardiographic screening of 
these individuals ranging from annual to every 
5 years based on their total cumulative anthra-
cycline exposure, age at exposure, and expo-
sure to mediastinal radiation (see Tables 27.5 

and 27.6). Patients who have received chest 
radiation should be screened for early onset 
atherosclerosis. Pregnant women with past 
exposure to anthracyclines should be monitored 
very closely as the markedly increased blood 
volume during the pregnancy, especially during 
the third trimester, can add considerable stress 
to the heart that has already received cardio-
toxic exposure. Survivors should be encour-
aged to participate in a healthy exercise program 
with aerobic activity and avoid isometric exer-
cises that put strain on the heart. They should 
be counseled on ways to maintain heart health 
including dietary guidance and timely and 
appropriate screening for hypertension, dyslip-
idemia, and diabetes.

Table 27.5 Children’s Oncology Group (COG) long-term follow-up guidelines for frequency of cardiac monitoring

Recommended frequency of echocardiogram (or comparable cardiac imaging)

Age at treatmenta

Radiation with potential 
impact to the heart

Anthracycline doseb

Recommended frequency

<1 year old Yes Any Every year

No < 200 mg/m2 Every 2 years

≥200 mg/m2 Every year

1–4 years old Yes Any Every year

No <100 mg/m2 Every 5 years

≥100 to <300 mg/m2 Every 2 years

≥300 mg/m2 Every year

≥5 years old Yes <300 mg/m2 Every 2 years

≥300 mg/m2 Every year

No <200 mg/m2 Every 5 years

≥200 to <300 mg/m2 Every 2 years

≥300 mg/m2 Every year

Any age with decrease in serial function Every year
aAge at time of first cardiotoxic therapy (anthracycline or radiation, whichever was given first)
bBased on doxorubicin isotoxic equivalent dose

Table 27.6 Recommended frequency of echocardiogram

Age at treatmenta Radiation dose Anthracycline doseb Recommended frequency

<5 years Any None Every 2 years

Any Every year

>5 years <30 Gy None Every 5 years

≥30 Gy None Every 2 years

Any <300 mg/m2 Every 2 years

≥300 mg/m2 Every year

Any age with decrease in serial function Every year
aAge at time of first cardiotoxic therapy (anthracycline or radiation, whichever was given first)
bBased on doxorubicin isotoxic equivalent dose
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 Pulmonary Complications

Approximately 35–45% of HSCT survivors have 
abnormal pulmonary function test results and 
suboptimal lung function; however, very few 
have clinical disease [23, 25]. Pulmonary compli-
cations post-HSCT can be divided into two broad 
categories: late-onset infectious pulmonary com-
plications (LOIPCs) and late-onset noninfectious 
pulmonary complications (LONIPCs).

The infectious complications are influenced by 
the immune suppression following HSCT. These 
patients are at an increased risk for fungal, bacte-
rial, and viral infections. These are discussed in 
depth in Chaps. 17 and 21.

The noninfectious pulmonary complications 
include bronchiolitis obliterans syndrome 
(BOS), bronchiolitis obliterans with organizing 
pneumonia (BOOP), and idiopathic pneumonia 
syndrome (IPS). These noninfectious complica-
tions, which are addressed in much more depth 
in Chap. 21, usually appear after approximately 
100 days from HSCT and are related to chronic 
GvHD. In a retrospective review of pediatric 
patients who had survived more than 3 months 
from an allogeneic HSCT, Nishio et al. found 
that the incidence rate of LONIPCs to be about 
10.3% [26]. That study identified high risk 
underlying disease and extensive chronic GvHD 
to be significant risk factors associated with the 
development of the LONIPCs. Another study 
identified chronic GvHD and compromised pul-
monary function existing prior to HSCT to be 
independently associated with a late decline in 
lung function. Patients with chronic GvHD and 
low pre-HSCT diffusion capacity for carbon 
monoxide (DLco) or low forced expiratory vol-
ume (FEV1) in the first second were more 
affected [27]. LONIPCs have been associated 
with a significantly worse mortality rate, espe-
cially after unrelated donor allogeneic HSCT.

Bronchiolitis obliterans syndrome: 
Bronchiolitis obliterans syndrome (BOS) pres-
ents as nonspecific inflammatory injury to the 
small airways and is strongly associated with 
chronic GvHD. Its incidence is approximately 8% 
in allogeneic HSCT recipients but is increased to 
approximately 13% in those with chronic 

GvHD. It typically occurs within the first 2 years 
post-HSCT with a median of 1.5 years. BOS ini-
tially presents as an obstructive disease and then 
gradually progresses to a restrictive disease due to 
peribronchiolar fibrosis. Other factors associated 
with an increased risk of BOS are the use of 
peripheral blood stem cells, busulfan-based con-
ditioning regimen, 14 months or greater interval 
from diagnosis to transplant, sex match of female 
donor to male recipient, past history of interstitial 
pneumonitis, and an episode of grade 2 or higher 
acute GvHD [28]. High-resolution CT scan of the 
chest with imaging in inspiration and expiration 
typically demonstrates air trapping. However, 
PFTs needed to establish the diagnosis demon-
strating an FEV1 decreased >20% from baseline. 
Patients at risk for developing BOS should have 
PFTs performed every 3 months for the first 
2 years post-HSCT because changes in PFTs will 
occur before changes on CT scan or the develop-
ment of clinical symptoms, and early interven-
tion, particularly before a patient becomes 
symptomatic, may blunt the progression of 
BOS. See Chap. 21 for further discussion of BOS.

Bronchiolitis obliterans organizing pneumo-
nia: Bronchiolitis obliterans organizing pneumo-
nia (BOOP) has an incidence of less than 2%. It 
usually occurs in the first year following a HSCT 
and presents as an interstitial pneumonia with 
sudden onset cough, shortness of breath, and 
fever. It has a restrictive pattern on pulmonary 
function tests, and chest x-ray shows ground 
glass attenuation with nodular opacities. See 
Chap. 21 for further discussion of BOOP.

Idiopathic pneumonia syndrome: Idiopathic 
pneumonia syndrome occurs in the first 4 months 
after HSCT. Conditions which predispose 
patients to developing IPS are TBI, pretransplant 
chemotherapy, GvHD, and increasing age at the 
time of HSCT [29]. See Chap. 21 for further dis-
cussion of idiopathic pneumonia syndrome.

Risk factors associated with restrictive lung 
disease (RLD) include the conditioning regimen, 
indication for HSCT, scleroderma/contracture, 
and donor relation (sibling, parent/relative, unre-
lated, autologous). Patients with single fraction 
TBI have the highest risk of RLD. Risk factors 
for obstructive lung disease (OLD) include 
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chronic GvHD, time after HSCT, and the condi-
tioning regimen [25].

All patients who have undergone a HSCT and 
have had exposure to bleomycin or pulmonary 
radiation are recommended to have baseline 
screening pulmonary function tests on entry to 
long-term follow-up. They should also be coun-
seled about risk of smoking.

 Endocrine-Related Complications

Common endocrine-related long-term complica-
tions of HSCT include thyroid dysfunction (most 
commonly hyperthyroidism and secondary thy-
roid cancers), metabolic syndrome, impairment of 
growth and development, and pubertal delay or 
failure. Table 27.7 summarizes the frequency and 
recommended screening for some of these com-
mon endocrine-related long-term complications.

Thyroid dysfunction: Thyroid dysfunction is a 
common problem seen following a HSCT. It 
often presents as subclinical or overt hypothy-
roidism. Subclinical hypothyroidism is defined 
as elevated thyroid stimulating hormone (TSH) 
but normal T4 levels, while overt hypothyroidism 
is reflected by low T4 levels and elevated 
TSH. Hypothyroidism is directly related to radia-

tion of the thyroid gland (as part of neck/medias-
tinal radiation or TBI) [30]. A study of 791 
patients who were transplanted before the age of 
18 years demonstrated that age < 10 years and the 
use of Busulfan or TBI for conditioning are the 
greatest risk factors for development of hypothy-
roidism post-HSCT (see Table 27.8). In this 
study, 30% of the patients developed hypothy-
roidism with 20% needing thyroid hormone 
replacement [31]. Although the latency period is 
variable, the majority of patients will develop 
hypothyroidism within the first 2 years post- 
HSCT. There is some thought that a subclinical 
GvHD-like phenomenon may play a role in the 
development of some cases of thyroid dysfunc-
tion, as it has been observed that children who 
receive an unrelated donor HSCT are more likely 
to develop hypothyroidism than those who 
receive matched sibling donor HSCT (36% vs 
9%) [30]. Other thyroid disorders such as hyper-
thyroidism, thyroiditis, and benign thyroid 
 nodules can occur in some patients but are 
uncommon.

In addition to thyroid dysfunction survivors of 
HSCT are also at an increased risk of developing 
thyroid cancers. Though rare in absolute number, 
thyroid cancer is one of the most common second 
neoplasms after HSCT along with malignant 
tumors of the brain [14]. However, its prevalence 
is less than 1% [14]. The majority of patients 
with thyroid tumors have a history of TBI [31].

It is recommended that HSCT survivors be 
screened annually for thyroid disorders by check-
ing thyroid function tests (TSH and free T4) and 
a thyroid ultrasound if a thyroid nodule is 
palpated.

Metabolic syndrome: Metabolic syndrome is 
comprised of central obesity, insulin resistance, 
glucose intolerance, dyslipidemia, and hyperten-
sion. It is associated with an increased risk of 
developing type 2 diabetes mellitus and athero-
sclerotic cardiovascular disease. A study looking 

Table 27.7 Screening for endocrine complications after 
HSCT

Endocrine complications

Condition Screening Frequency

Hypothyroidism TSH, Free T4
Thyroid Exam

Yearly
Yearly

Impaired 
glucose 
metabolism/
diabetes mellitus

Fasting blood 
glucose or 
HbA1c

Every 2 years
More frequently 
if clinically 
indicated

Dyslipidemia Fasting lipid 
panel

Every 2 years
More frequently 
if clinically 
indicated

Growth 
hormone 
deficiency

Height, weight, 
BMI
Tanner Staging

Every 6 months 
till growth is 
completed and 
then yearly
Every 6 months 
till sexually 
mature

Table 27.8 Risk factors for hypothyroidism after HSCT

•  Age at time of HSCT (<10 years)

•  TBI

•  Busulfan conditioning
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at the prevalence and risk factors for metabolic 
syndrome in young adult survivors of childhood 
leukemia treated both with and without HSCT 
showed that, among the HSCT recipients, the 
prevalence of metabolic syndrome was 5.9% 
among the patients who did not receive TBI and 
was 18.6% for those who did receive TBI [32]. 
Furthermore, HSCT with TBI was associated 
with a higher rate of hypertriglyceridemia, high- 
fasting glucose and a low level of high-density 
lipoprotein cholesterol, supporting that TBI is a 
major risk factor for the development of meta-
bolic syndrome.

Direct damage to the vascular endothelium by 
both chemotherapy and radiation, insult to the 
hypothalamic-pituitary axis due to radiation with 
resultant deficiency of growth hormone and 
hypogonadism, and prolonged immune suppres-
sion post-HSCT all contribute to the develop-
ment of metabolic syndrome. A study comparing 
the late effects for glucose and lipid metabolism 
in three patient populations (long-term survivors 
of HSCT who were 3–18 year post-HSCT for 
leukemia, a subset of leukemia patients who were 
in remission. And matched healthy controls) 
revealed that 39% of the HSCT survivors had 
core signs of metabolic syndrome as compared to 
8% of the leukemia in remission controls and 0% 
of the healthy controls [33]. Fifty-two percentage 
of the HSCT patients had developed hyperinsu-
linemia, and 43% had abnormal glucose metabo-
lism. Furthermore, this study showed that 
long-term survivors of HSCT are at a signifi-
cantly increased risk of developing insulin resis-
tance, glucose intolerance, and type 2 diabetes 
even at a normal weight and young age.

The Bone Marrow Transplant Survivor Study 
(BMT-SS) evaluated the prevalence of late occur-
rence of diabetes, hypertension, and cardiovascu-
lar disease in survivors of HSCT by self-report as 
compared to matched sibling controls. Survivors 
were required to be at least 2 year post-HSCT 
and off immune suppression. After adjusting for 
age, sex, race, and body mass index (BMI), survi-
vors of allogeneic HSCT were 3.65 times more 
likely to report diabetes than their siblings and 
2.06 times more likely to report hypertension 
[34]. Allogeneic HSCT survivors were also more 

likely to develop hypertension than autologous 
HSCT recipients. TBI exposure was associated 
with an increased risk of diabetes, supporting the 
notion that HSCT survivors have a higher age- 
and BMI-adjusted risk of diabetes and hyperten-
sion which could contribute to a higher than 
expected risk of cardiovascular events with age.

HSCT survivors should be screened periodi-
cally for cardiovascular risk factors, such as lipid 
abnormalities, and monitored for development of 
diabetes and hypertension.

Growth and development: Growth impairment 
is a frequent complication following HSCT. Insult 
to the hypothalamic-pituitary axis due to radia-
tion (cranial radiation or TBI) is the primary 
cause with other modifying factors such as nutri-
tional status, gonadal failure with impaired sex 
hormone production, hypothyroidism, prolonged 
exposure to corticosteroids for GvHD manage-
ment, and genetic causes. TBI can have damag-
ing effects on the epiphyseal growth plates 
causing direct impairment of growth. It can also 
impact growth secondarily by affecting growth 
hormone secretion or by causing gonadal failure 
leading to estrogen deficiency in girls or due to 
hypothyroidism. A study looking at 181 patients 
who underwent bone marrow transplantation for 
various hematologic disorders during childhood 
revealed that 80% of the patients attained an adult 
height within the normal range for a healthy pop-
ulation [35]. Irradiation, male gender, and 
younger age at the time of the bone marrow trans-
plantation were directly related to long-term loss 
in height. Prior cranial radiation and single-dose, 
unfractionated TBI had the greatest negative 
effect on final height achievement. Fractionated 
TBI had significantly less effect on final adult 
height, and alternate conditioning with cyclo-
phosphamide and busulfan had no effect on 
height loss.

The maximum benefit of growth hormone 
(GH) therapy has been demonstrated for patients 
transplanted before 10 years of age and with doc-
umented growth hormone deficiency [36]. Risk 
of relapse of the original cancer with growth hor-
mone therapy has not been shown, but there is 
some suggestion that it may be linked with an 
increased risk of second malignancies [37].
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Puberty and fertility: Gonadal failure, puber-
tal failure, and infertility are well-known late 
effects of HSCT and are related primarily to the 
high-dose alkylator therapy and radiation (TBI) 
used for HSCT conditioning.

Undergoing HSCT can result in pubertal delay 
or, rarely, complete failure due to disruption of 
the hypothalamic-pituitary-gonadal axis. Delayed 
or incomplete puberty occurs in approximately 
57% of females and 53% of males [38]. High 
doses of radiation to the hypothalamus and pitu-
itary cause impaired gonadotropin secretion and 
hypogonadism. Lower doses of radiation 
(<20 Gy), however, can lead to an earlier onset of 
puberty. Early puberty combined with impaired 
GH secretion can result in severe stunting of 
growth. Boys who receive >24 Gy testicular radi-
ation have a very high risk of pubertal failure and 
often need testosterone replacement to develop 
secondary sexual characteristics. The risk of 
delayed puberty is related to the conditioning 
regimen used (see Table 27.9).

Pubertal development affects the self-esteem 
and the social integration of adolescents. Hence, 
it must be monitored appropriately with timely 
hormone replacement if pubertal signs are not 
occurring after 13 years of age in girls and after 
15 years of age in boys.

Gonadal failure is related to the pubertal status 
at the time of HSCT. One of the first signs of 
impaired sex hormone production is delayed 
puberty in prepubertal patients, while the postpu-
bertal patients may demonstrate incomplete 
pubertal development, primary or secondary 
amenorrhea, and infertility due to premature 
menopause or azoospermia.

Premature ovarian failure is observed in 
approximately 65–84% of females after HSCT 
[38]. Ovarian failure is considered partial when 

plasma estradiol level is normal and complete 
when the plasma estradiol is low. Ovarian failure 
impairs both fertility and estradiol production. 
Risk factors include pubertal development at the 
time of HSCT, busulfan-/cyclophosphamide- 
based conditioning regimens, and single-dose, 
unfractionated TBI. Prepubertal patients are 
more resistant to the gonadotoxic effects of 
cyclophosphamide and are likely to retain or 
recover ovarian function. Prepubescent females 
can tolerate as high as 25–30 g/m2 of cyclophos-
phamide and retain ovarian function, while for 
women between 30 and 39 years of age, a dose of 
9 mg/m2 causes a similar effect [39]. Fertility is 
more likely to be preserved in patients who 
undergo HSCT at a young age and those who 
receive non-TBI-based conditioning regimens. 
Several cases have reported the resumption of 
ovarian function after initial ovarian failure fol-
lowing HSCT. HSCT survivors who do get preg-
nant have an increased risk of preterm delivery 
and delivery of low birth weight infants if they 
received TBI as part of conditioning due to the 
radiation-induced structural changes of the 
uterus.

Testicular failure is seen in 45–85% of males 
after HSCT [40]. Younger age offers protection 
for boys as well. Similar to females, the risk of 
gonadal failure is dependent upon the condi-
tioning regimen and dose (cyclophosphamide 
and TBI are more toxic). The germinal epithe-
lium of the testes is more vulnerable to chemo-
therapy and radiation than the Leydig cells. 
Spermatogenesis is also exquisitely sensitive to 
radiation and even 2–3 Gy can cause significant 
impairment in function. In a prospective study 
of 64 male patients undergoing HSCT with var-
ious conditioning regimens, the overall rate of 
azoospermia was about 70% [41]. Recovery of 

Table 27.9 Risk of pubertal delay based on conditioning regimen

Conditioning regimen

Risk of delayed puberty

Males, % Females, %

Cyclophosphamide alone (200 mg/kg) 14 16

Busulfan (16 mg/kg) + cyclophosphamide  
(120–200 mg/kg)

48 72

10 Gy single-exposure TBI 81 71

12-15.75 Gy TBI 58 57
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spermatogenesis was directly related to the 
conditioning regimen. Among the patients who 
received cyclophosphamide alone, the recovery 
of spermatogenesis was seen in 90%, and those 
conditioned with cyclophosphamide plus busul-
fan or thiotepa, the recovery was seen in 50%. 
In contrast, for those who received cyclophos-
phamide plus TBI, spermatogenesis recovery 
was seen in just 17% of patients. The sperm 
quality and functional recovery time were bet-
ter with cyclophosphamide alone as compared 
to other regimens. Thus, since the testosterone 
production is independent of spermatogenesis 
and even if fertility is impaired, the testosterone 
production may be normal.

Ovarian failure should be treated with hor-
mone replacement therapy, and boys with Leydig 
cell failure should get testosterone replacement.

Pubertal stage should be assessed every 
3–6 months until puberty is completed. The 
Children’s Oncology Group (COG) long-term 
follow-up guidelines recommend baseline estra-
diol, FSH, and LH testing at age 13 years for girls 
and baseline testosterone, FSH and LH testing 
for boys at age 14 years, and then as clinically 
indicated. The high prevalence of infertility 
among HSCT survivors highlights the impor-
tance of discussion of options for fertility preser-
vation with patients and families prior to 
HSCT. Embryo cryopreservation is the standard 
option for adult females with a committed part-
ner, while oocyte cryopreservation and ovarian 
tissue cryopreservation are currently available 
experimental options for females without a part-
ner. Sperm cryopreservation is the best option for 
adolescent and young adult males with cancer 
and/or plan to undergo HSCT.

 Musculoskeletal-Related 
Complications and Bone Health 
Post-HSCT

Long-term survivors of HSCT are known to have 
musculoskeletal problems including decreased 
bone mineral density, avascular necrosis (AVN), 
and osteonecrosis. The major predisposing risk 
factors are radiation therapy (especially TBI), 

prolonged use of high-dose steroids, and low- 
estrogen secondary to therapy-related gonadal 
failure. Interplay of other modifying factors such 
as gender, age, physical activity status, nutri-
tional status, race, family history, and intake of 
calcium and/or vitamin D plays an important role 
in overall bone health as well (see Table 27.10).

A prospective study involving children 
between 5 and 18 years of age who underwent 
HSCT showed that the incidence of osteopenia 
increased from 18% at baseline to 33% at 1 year 
post-HSCT. The most significant loss of bone 
density occurred in the first 6 months after 
HSCT. Bone-specific alkaline phosphatase 
decreased by 30% by day 100 post-HSCT and 
recovered to near baseline levels by 6 months, 
demonstrating that bone mineral density (BMD) 
can recover post-HSCT. Osteocalcin levels at day 
100 post-HSCT predicted recovery of initial bone 
loss by 1-year post-HSCT [42]. Myeloablative 
therapy is known to affect the osteoprogenitor 
cells within the bone marrow and also cause a 
cytokine storm which stimulates bone resorption. 
As peak bone mineral accretion occurs in adoles-
cence and young adulthood, children who were 
transplanted at a very young age should still be 
able to regain BMD.

Table 27.10 Risk factors for reduced bone mineral den-
sity (BMD) after HSCT

Patient related

•  Age at transplant (younger age)

•  Gender

•  Family history

•  Race (Caucasians)

•  Lower weight and BMI

Therapy related

•  Radiation therapy (TBI)

•  Corticosteroids

•  Cyclosporine

•  Tacrolimus

•  Gonadal failure

Health practices

•  Nutrition (intake of calcium and vitamin D)

•  Physical activity

•  Smoking

•  Alcohol use
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AVN develops in approximately 4–10% of 
the HSCT survivors at a median of 12 months 
after allogeneic HSCT. It can cause significant 
morbidity and sometimes requires surgery 
including total joint replacement. A retrospec-
tive study of 1346 HSCT survivors revealed that 
the cumulative incidence of AVN was 2.9% at 
10 years after an autologous HSCT, 5.4% after 
an allogeneic matched-related donor HSCT, and 
15% after an unrelated donor HSCT. Among the 
allogeneic HSCT recipients, male sex, chronic 
GvHD, and exposure to immunosuppressants 
such as cyclosporine, tacrolimus, prednisone, 
and MMF (Cellcept) increase the risk of AVN, 
especially with exposure to three or more of 
these drugs [43]. In children, knees are the most 
common site of AVN followed by hips. Morbidity 
results from progressive joint damage and 
includes pain, decreased range of motion, arthri-
tis, and articular collapse. If left untreated, joint 
destruction occurs within 1–5 years after onset 
of symptoms.

The pathogenesis of osteonecrosis is often 
multifactorial, and several mechanisms have 
been proposed including increased intraosseous 
pressure or intraluminal obliteration that can 
compromise intramedullary blood flow, causing 
marrow ischemia and then necrosis. Contributing 
mechanisms include defective bone repair due to 
damage to the bone marrow stroma, immunosup-
pression, and injury to the vessel wall and vascu-
litis related to radiation and drug.

MRI imaging has high sensitivity and specific-
ity for detection of early lesions of AVN. Various 
interventions including Vitamin D and calcium 
supplementation, treatment with bisphospho-
nates, and hormone replacement therapy in 
females with gonadal failure are often imple-
mented. Early referral to a pediatric orthopedic 
surgeon with expertise in surgery related to AVN 
is recommended for timely surgical intervention. 
Core decompression to relieve the intramedullary 
compartment syndrome is sometimes tried as a 
temporizing measure before joint replacement.

The COG long-term follow-up guidelines rec-
ommend a baseline DEXA (dual-emission x-ray 
absorptiometry) scan upon entry to long-term 
follow-up.

 Renal Dysfunction

Nowadays, most children who undergo HSCT do 
not develop clinically significant renal dysfunc-
tion. A retrospective study of 121 long-term sur-
vivors of HSCT who were transplanted between 
1991 and 1998 demonstrated a 24% prevalence 
rate of chronic renal failure (CRF) among these 
long-term survivors. Interestingly, their prospec-
tive cohort of patients who received a HSCT 
from 1998 to 2000 showed a lower prevalence of 
chronic renal failure (10%), reflecting the 
improvements in supportive care along with the 
less frequent use of nephrotoxic medications 
including amphotericin, aminoglycosides, and 
tighter control of cyclosporine A trough level tar-
gets. However, only 4–5% had GFR <70 ml/
min/1.73 m2 [44]. High serum creatinine pre- 
HSCT is a strong predictor of CRF, and acute 
renal failure in the first 3 months post-HSCT 
shows a trend toward predicting CRF. The previ-
ously believed contributing role of TBI toward 
CRF has not been confirmed in recent studies. 
This observation is most likely due to the use of 
high-dose fractionated TBI nowadays. 3–12% of 
children have been found to have proximal tubu-
lar dysfunction 5 years after HSCT, and approxi-
mately 9–13% of patients have mild distal tubular 
dysfunction. However, neither of them is clini-
cally significant.

Renal function normally stabilizes about 
1-year post-HSCT, but yearly serum creatinine 
monitoring in long-term survivors is essential as 
a screening test of renal function. Serum creati-
nine, blood urea nitrogen, and serum chemistry 
should be checked at baseline. Urinalysis and 
blood pressure measurements should be per-
formed at baseline and then annually thereafter.

 Ocular Late Effects

The development of cataracts is a common com-
plication in survivors of childhood HSCT (see 
Chap. 24). A study of HSCT survivors who were 
transplanted during childhood or adolescence 
showed that the cumulative incidence of cataracts 
was 36% at 15-year posttransplant [45]. The use 
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of TBI for conditioning, cranial radiation, and 
GvHD is the greatest risk factor for cataract 
development. The cataracts from TBI are poste-
rior and subcapsular which are different from the 
ones that occur with old age (nuclear cataracts). 
Hyperfractionated TBI has a lower incidence of 
cataract development than single-dose TBI (13% 
vs 21% p < 0.01) [46]. Other risk factors include 
age at the time of HSCT, steroid administration, 
and pre-HSCT cranial radiation.

Ocular surface disease such as dry eye 
 syndrome (DES), blepharitis, infection, conjunc-
tivitis, corneal ulceration, keratitis, and kerato-
conjunctivitis sicca syndrome (KCS) has been 
seen post-HSCT of which DES is the most com-
mon in children, likely due to the fast regeneration 
of conjunctival epithelial cells in children. Severe 
ocular GvHD can lead to vision- threatening 
lesions such as uveitis, corneal  ulceration, and 
severe KCS. Supportive care strategies, including 
the use of preservative-free artificial tears, long-
acting lubricants, and close follow-up with an 
ophthalmologist, are essential. Severe KCS not 
responsive to supportive therapy can be treated 
with custom-fitted, fluid-ventilated, and gas per-
meable scleral lenses.

Patients with exposure to TBI, cranial radia-
tion, and corticosteroids need annual ophthalmo-
logic evaluations.

 Dental and Oral Complications

Teeth: Many of the oral and dental sequelae of 
chemotherapy and radiation are irreversible and 
have long-term implications. Structural anoma-
lies like enamel hypoplasia, microdontia, tooth 
agenesis, root malformation, increased risk of 
dental carries, as well as abnormal salivary func-
tion and secondary oral malignancies are increas-
ingly recognized after allogeneic HSCT [47]. 
HSCT conditioning regimens, specifically those 
containing TBI, may cause tooth agenesis and 
root anomalies [47, 48]. A study of long-term 
childhood cancer survivors who were treated 
before the age of 10 years found that children 
who underwent HSCT with a TBI-containing 
conditioning regimen had smaller tooth roots as 

compared to children treated with other condi-
tioning modalities [49].

Salivary gland: Salivary gland dysfunction in 
HSCT recipients occurs as a secondary effect of 
the conditioning regimens or as an early symptom 
of chronic GvHD. 60% of the HSCT survivors 
exposed to a conditioning regimen with cyclo-
phosphamide and a 10-Gy single dose of TBI have 
decreased salivary secretion rates as compared to 
26% in those who received cyclophosphamide and 
busulfan [50]. Chronic GvHD- associated salivary 
dysfunction is seen in 75–85% of patients with 
chronic GvHD and is secondary to the lympho-
cyte-mediated attack on the salivary duct and aci-
nar tissue. Decreased and thickened saliva 
predisposes patients to increased and recurrent 
infections, dental decay, and periodontitis.

Others: Squamous cell carcinoma and parotid 
gland cancers are frequent secondary solid tumors 
following HSCT. Leukoplakia that occurs more 
than 2–3 years after HSCT may be misdiagnosed 
as chronic GvHD, and, thus, suspicious lesions 
need to be monitored closely and biopsied peri-
odically to exclude malignant transformation.

Early identification of oral and dental morbid-
ity and early interventions can optimize health 
and quality of life. Patients should be encouraged 
to maintain good oral hygiene and should be 
counseled to avoid carcinogenic exposures like 
tobacco use and excessive sun exposure.

 Neurocognitive Complications

TBI and prolonged immune suppression post- 
HSCT increase the HSCT survivor’s risk for 
long-term neurocognitive complications (also 
see Chap. 24). The actual incidence of neuro-
cognitive disabilities varies and is related to 
previous chemotherapeutic exposure (systemic 
and intrathecal), cranial radiation and age at the 
time of HSCT [51]. Several studies using neu-
ropsychological testing have identified memory 
and attention deficits as the most prevalent and 
long-lasting neurocognitive impairments affect-
ing adult HSCT survivors. Although some sur-
vivors have acute deficits in neurocognitive 
function that appear to improve over time, other 
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patients have progressive declines that are 
chronic. Phipps et al. found that children less 
than three years of age at the time of HSCT and 
those who received cranial radiation as part of 
prior therapy were at increased risk, especially 
those who received extra CNS radiation dose 
from TBI [52].

Patients and families should be counseled about 
possible cognitive impairment that may occur dur-
ing and immediately after HSCT. Neurocognitive 
testing should ideally be performed prior to HSCT, 
and then as the child progresses through school, an 
individualized education plan should be generated 
for the patient as needed to help set the survivor up 
for success by allowing the patient’s educational 
strengths to overcome any noted deficits.

 Conclusion

The high burden of late effects resulting from the 
intensive regimens used for attaining cure high-
light the need for alternative strategies to help 
decrease a child’s cumulative exposure to che-
motherapy and radiation. Pre-HSCT therapeutic 
exposure, conditioning regimens, immune sup-
pression post-HSCT, and GvHD all contribute 
toward the development of chronic and some-
times debilitating health conditions. New 
advances with targeted therapies and promising 
results with chimeric antigen receptor T cells 
(CAR-T cells) [53, 54] (which are genetically 
modified, tumor directed T cells) offer novel 
approaches other than HSCT for attaining remis-
sion for relapsed and refractory disease. Research 
efforts are ongoing to explore reduced intensity 
conditioning regimens for various diseases 
which would significantly decrease the morbid-
ity from these therapy-related late effects. 
Chronic GvHD remains a significant contributor 
to the chronic health conditions resulting from a 
HSCT, not only from the direct effects it has on 
multiple organ systems but also the toxic thera-
pies that are needed to treat it. Determined 
attempts to find novel approaches to prevent and 
treat GvHD are of utmost importance and being 
actively investigated.

In addition, the timely and appropriate 
screening of patients for therapy-related late 
effects in long-term follow-up clinics dedi-

cated to HSCT patients is critical due to the 
direct impact of these long-term effects on the 
morbidity and mortality of the survivors. It is 
essential to educate patients about their past 
therapy and possible late effects resulting 
from it to so that they are aware of the signs 
and symptoms and will be proactive about 
seeking out medical attention early on. 
Innovative therapies as well as risk-adapted 
and patient-specific timely screening for 
treatment- related effects will help decrease 
the burden of late effects in this unique pediat-
ric population.

 Key Points

• Hematopoietic stem cell transplant (HSCT) is 
gaining increasing prominence as a curative 
therapeutic option for patients with malignan-
cies and many nonmalignant conditions.

• Two-thirds of HSCT survivors will develop at 
least one chronic condition.

• Mortality rates among 15-year survivors of 
HSCT remain twice as high as the general 
population.

• Alkylators and topoisomerase II inhibitors are 
major culprits for the development of treatment- 
related myelodysplastic syndrome (t-MDS).

• HSCT survivors are at a 2.3- to 4.0-fold 
increased risk of death due to cardiac-related 
causes compared to the general population.

• Hypothyroidism, metabolic syndrome, and 
growth impairment are common endocrine prob-
lems in patients who received a total body irradi-
ation (TBI)-containing conditioning regimen.

• Gonadal failure is directly related to the age at 
HSCT and the conditioning regimen.

• Radiation therapy (especially TBI), high-dose 
steroids, and low estrogen secondary to 
gonadal failure are key factors for the devel-
opment of decreased bone mineral density and 
avascular necrosis in HSCT patients.

• Risk-based and exposure-related screening for 
therapy-related late effects is critical in order 
to avoid long-term morbidity in this unique 
population.
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