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History

The advent of the atomic era in the 1940s and the potential for large-scale
human exposure to ionizing radiation increased research in hematopoiesis and
hematopoietic cell transplantation (HCT) as a therapeutic strategy against expo-
sure to lethal radiation. The following influential observations were required to
develop the field: (1) safety and feasibility of human bone marrow infusion, (2)
ability of normal stem cells to reconstitute a lethally radiated host, (3) recogni-
tion of a potential graft-versus-tumor (GVT) effect operative in animal mod-
els and humans, and (4) safety and feasibility of cryopreserved autologous bone
marrow in reconstituting lethally radiated hosts

The initial clinical experience with HCT was dismal, with almost all patients
dying from transplant-related complications, the notable exception being
patients who received a hematopoietic graft from an identical twin. It was not
until the discovery and identification of human leukocyte antigens (HLAs), as
well as improvements in supportive care with antibiotics and antifungals, that
HCT warranted large-scale study. A landmark paper from Thomas et al, demon-
strating that long-term remission could be achieved in patients with refractory
acute leukemia following high-dose chemoradiotherapy and infusion of HLA-
identical sibling bone marrow, marked the beginning of clinical HCT.

The rationale for high-dose cytotoxic chemotherapy stems from the steep
dose-response curve of alkylating agents and radiotherapy. Doubling the dose
of alkylating agents increases tumor cell kill by a log or more and increasing
the dose of alkylating agents by 5- to 10-fold overcomes the resistance of most
tumor cells. In 1978, investigators from the National Cancer Institute were the
first to report the use of high-dose chemotherapy followed by autologous HCT
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for patients with relapsed lymphoma. These encouraging
results were the initial clinical evidence leading to the
widespread application of autologous HCT. McElwain
and Powles demonstrated a similar dose-response curve
for melphalan in patients with myeloma, which led to the
beginning of high-dose therapy for myeloma, the most
common indication for autologous HCT.

High-dose chemotherapy led to significant toxicity,
however, and limited the ability of patients with comor-
bidities or older age to access this potentially curative
therapy. This led to the development of reduced-intensity
conditioning (RIC) for allogeneic transplantation, where
lower doses of chemotherapy and radiation effectively
enabled engraftment and GVT effect in less fit patients.
Additionally, the requirement for an HLA-matched sib-
ling or unrelated donor also limited access to HCT, lead-
ing to expansion of donor options including mismatched
unrelated donors, umbilical cord blood (UCB) units, and
later haploidentical transplantation. These advancements
significantly improved the ability of populations under-
represented in the unrelated donor pool to access HCT.

Even with these advances in the field, graft-versus-host
GVHD disease remains a significant contributor to mor-
bidity and mortality in patients treated with HCT. This
challenge has contributed to the development of cellular
therapies aimed to enable GVT without any risk of GVHD.
The most notable example is chimeric antigen receptor
(CAR) T cells, where curative potential has been demon-
strated following cell infusion without risk of GVHD.

Clinical transplantation of
hematopoietic progenitor cells

HCT traditionally has been classified according to the
source of hematopoietic progenitor cells (HPCs) as either
autologous or allogeneic. Allogeneic donors may be
matched sibling (related), matched unrelated, mismatched
unrelated, haploidentical (relative sharing 1 HLA haplo-
type), or unrelated newborns via umbilical cord blood. In
addition, hematopoietic cells for transplantation may come
from either harvested bone marrow, mobilized peripheral
blood, or cord blood.

Autologous transplantation

Autologous HCT uses HPCs obtained from the patient,
who is both the donor and the recipient of these cells.
Concurrent with the observation that 2/3 of resistant
myeloma patients evidenced remarkable antitumor activ-
ity after a single dose of melphalan 3 to 4 times higher
than the standard dose, severe and prolonged bone mar-
row depression caused the death of about 1/3 of treated
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patients. This complication can usually be prevented
by infusion of autologous bone marrow after comple-
tion of high-dose chemotherapy, which reduced the
duration and toxicity of severe myelosuppression. Later,
Granulocyte-Colony Stimulating Factor (G-CSF)—mobi-
lized peripheral blood HPCs were shown to prevent pro-
longed myelosuppression and remain the predominant cell
source for autologous transplantation. Autologous HCT is
most effective when there is direct correlation between
chemotherapy dose and tumor response and when the
dose-limiting treatment toxicity for the chemotherapeutic
is myelosuppression. For a review of the indications for
autologous transplant in specific diseases, please see the
applicable sections later in this chapter.

Hematopoietic progenitor cell
mobilization and procurement

HPC:s reside primarily in the bone marrow but circulate at
low levels in the peripheral blood. Chemotherapy, G-CSE
and the CXCR4 inhibitor plerixafor can mobilize large
quantities of HPCs into the peripheral blood for subse-
quent collection via leukapheresis. With the advent of the
cryopreservation agent dimethyl sulfoxide, cryopreserva-
tion of peripheral blood (or marrow) HPCs became feasi-
ble and was rapidly adopted for autologous HPCs.
Various strategies have been developed to mobilize HPCs
into the bloodstream. This includes single-agent cytokine
(typically G-CSF), and combinations of chemotherapy with
cytokines followed by collection of peripheral blood leuko-
cytes with leukapheresis. HPC concentration in the blood-
stream usually peaks 4 to 6 days after initiation of therapy with
G-CSEWhen chemotherapy with G-CSF is given, maximum
recovery of HPC:s in the blood occurs at the time of marrow
recovery and usually leads to higher cell yields than growth
factor alone. Collection is usually initiated when the white
blood cell (WBC) count recovers to >2 X 10 WBC/L. and
peripheral blood CD34+ cell content exceeds 10 cells/pL.
Identification of patients with suboptimal preapheresis
Peripheral Blood (PB) CD34+ counts allows for the salvage
of mobilization attempts, thereby reducing failure rates.
Mobilized peripheral blood HPCs have almost com-
pletely replaced bone marrow as the HPC source for
patients undergoing autologous HCT because of the less
invasive collection method and more rapid blood count
recovery after reinfusion. In the autograft, increasing cell
dose is associated with more rapid platelet and neutrophil
recovery when stem cell doses of at least 2 million CD34+
cells/kg are used. CD34+ cell doses lower than 2 million
CD34+ cells/kg compromise the efficiency and success
of engraftment and doses lower than 2.5 million CD34+
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cells/kg delay platelet engraftment. Higher CD34+ cell
doses >5 X 10°/kg do not have meaningful clinical bene-
fit in the autologous setting.

Despite the use of chemotherapy-cytokine combina-
tion regimens, mobilization failure still occurs in some
patients needing an autologous HCT. Prior chemotherapy
and/or radiation treatment is the most important factor
affecting stem cell yields. Prior treatment with lenalido-
mide and purine analogs, recent chemotherapy, previous
radiation, hypocellular marrow at collection, clonal hema-
topoiesis of indeterminate potential, malignancies involv-
ing the bone marrow, premobilization thrombocytopenia,
and refractory disease are associated with poor mobili-
zation. This underscores the importance of referring a
potential transplantation candidate early for autologous
transplantation evaluation before repeated salvage chemo-
therapy attempts adversely affect stem cell collections.

A small-molecule CXCR4 inhibitor, plerixafor, in
combination with G-CSE can help overcome failure to
mobilize in some patients. Plerixafor is an antagonist of
CXCR4 and prevents interaction with stromal cell-de-
rived factor-1 (SDF-1). Plerixafor causes a rapid and sig-
nificant increase in the total WBC and peripheral blood
CD34+ counts 4 to 9 hours after a single injection. In 2
phase 3 randomized studies comparing G-CSF alone or
G-CSF with plerixafor, a significantly higher proportion
of patients in the G-CSF—plerixafor arm collected ade-
quate stem cells compared with the G-CSF alone arm.
The most common adverse events associated with plerixa-
for include diarrhea and injection site reactions.

HPCmodifications

After collection of autologous HPCs, there is significant
opportunity for cell modifications that have potential use
in the treatment of diseases affecting the hematopoietic
system. One of the most successful to date involves the
use of clustered regularly interspaced short palindromic
repeats (CRISPR)-Cas9 gene editing of HPCs ex vivo
followed by reinfusion of the modified product. While still
in early phase studies, this has shown potential benefit in
patients with sickle cell disease, B-thalassemia, and may be
applicable in patients with HIV as well.

Allogeneic transplantation

Alloreactivity in the treatment of hematologic
malignancies

In allogeneic HCT, the conditioning regimen eradicates
malignant cells, ineffective hematopoietic cells in the case
of nonmalignant disorders, and host immune cells that
may reject the donor cells. Although HCT was originally
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regarded as a way of rescuing patients from therapy-
induced marrow aplasia, it is now accepted that allore-
active donor cells produce a substantial GVT effect that
contributes to long-term cancer control.

The importance of GVT was initially studied by com-
paring relapse rates between syngeneic (identical twin
donor) and allogeneic HCT recipients, considering the
relation between graft-versus-host disease (GVHD)
and relapse, and examining the effect of T-cell depletion
of the graft on risk of disease recurrence. Patients with
acute myeloid leukemia (AML) in first complete remis-
sion (CR1) and chronic myelogenous leukemia (CML)
in chronic phase had an increased rate of recurrence after
syngeneic HCT relative to allogeneic HCT. In addition,
patients with graft-versus-host disecase were noted to
have a lower risk of relapse compared to patients without
GVHD.

Allogeneic hematopoietic cell transplantation and
human leukocyte antigen typing

Allogeneic HCT uses HPCs obtained from a related or
unrelated donor. The ideal allogeneic donor is identified
according to HLA compatibility. The major histocom-
patibility complex (MHC) refers to the entire genetic
region containing the genes encoding tissue HLA anti-
gens. In humans, the MHC region lies on the short arm
of chromosome 6. The HLA region is a relatively large
section of chromosome 6 with many genes, divided
into class I, class II, and class III regions, each containing
numerous loci that encode a large number of polymor-
phic alleles.

The class I HLA antigens, HLA-A, -B, and -C, are
expressed on almost all cells of the body at varying densi-
ties. The class II antigens include DR, DQ, and DP anti-
gens, are expressed on B cells and monocytes, and are
induced on many other cell types following inflammation
or injury.

Determination of HLA types has refined as typing has
become molecularly based, replacing earlier serologic or
cellular techniques. Modern HLA typing relies on poly-
merase chain reaction (PCR) amplification followed by
probing with labeled short sequence-specific oligonucle-
otide probes or sequencing of the MHC class I and class
IT alleles. By convention, differences recognized by sero-
logic typing are called antigen mismatches, and difterences
recognized only by molecular techniques are called allele
mismatches. In addition to the HLA genes, a large number
of other genes encoding cell surface proteins are collec-
tively termed minor histocompatibility antigens. As individual
proteins, they play a more modest role in an alloimmune
response but are collectively likely to direct both GVHD
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and graft-versus-tumor responses. Detailed guidelines
exist to inform donor choice based on molecular typing
(https://bethematchclinical.org/).

Donor selection

A complete HLA-matched related donor (MRD) is usu-
ally the first choice of allogeneic donor. MRD cells cause
less GVHD, less morbidity and mortality, and are easier
to coordinate for timing of transplantation. Sibling pairs
have a ~25% chance of being HLA-identical. Crossover
phenomena during meiosis explain rare cases of aberrant
recombination of HLA antigens resulting in a probability
slightly lower than 25%.

Given diminishing family sizes and the increasing age of
recipients, medically fit sibling donors are often not avail-
able. Thus, many allogeneic transplants rely on matched
unrelated donors (MUDs), matched at HLA-A, -B, C,
DRBI1, and DQB1 loci (10/10). In linkage disequilibrium,
alleles occur together with a greater frequency than would
be expected by chance and is more frequently observed
between loci that are in close proximity (eg, between
HLA-B and -C and HLA-DRB1 and -DQB1). Millions
of potential donors have been HLA typed and are listed in
national and international registries. Thus, for patients with
common HLA types, it is now possible to find donors on a
routine basis. It is more difficult, however, to find a donor
for patients with infrequent haplotypes or for patients with
polymorphic HLA backgrounds. Despite matching for
HLAs, unrelated donors are much more likely to be a mis-
match at minor histocompatibility antigens.

Alternative donor transplantation: umbilical cord
blood and haploidentical grafts

Because of the inability to identify a matched related or
unrelated donor for all patients in need of an allogeneic
HCT, additional sources of HPCs have been explored. It
is estimated that a quarter to a third of patients in need of
transplant are not able to find a standard match. Umbilical
cord blood cells represent an alternative source of HPCs.
UCB contains HPCs capable of hematopoietic reconsti-
tution and less allogeneic reactivity responsible for GVHD
compared to marrow or peripheral blood grafts. Because
of the relative immaturity of the newborn immune sys-
tem, cord blood transplantation can be performed with
a relatively low incidence of GVHD even with 2 and 3
HLA antigen mismatches.

The greatest limitations of UCB transplantation are slow
engraftment with prolonged cytopenias (median Absolute
Neutrophil Count recovery 3 to 4 weeks), engraftment
failure rates up to 10%, and delayed immune reconstitution
that results in higher rates of death from infection. These
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limitations correlate with progenitor cell dose in cord
blood units and suggest the need for selection of cord units
with a higher cell dose per kg of recipient weight. The most
used definition of “adequate” cell dose is 2.5 X 107 nucle-
ated cells/kg, with higher doses preferred in the setting of
greater HLA mismatch.When UCB units lack the requisite
number of progenitor cells, the use of 2 UCB units enables
a higher cell dose. Two randomized controlled trials in
children and young adults compared transplantation using
2 UCB units versus a single UCB unit and concluded that
single UCB transplantation with adequate cell dose is pref-
erable to 2 UCB units unless a single unit of adequate cell
dose is not available.

Another potential source of stem cells for patients
without an HLA-matched donor is haploidentical fam-
ily members sharing 1 HLA haplotype. Parents and their
children are HLA haploidentical with each other and sib-
lings have a 50% chance of being haploidentical with each
other. It 1s estimated that approximately 90% of patients
have a haploidentical donor. Because of the mismatch,
without additional intervention, haploidentical transplant
would be associated with unacceptable rates of graft failure
and severe GVHD. The predominant strategy to amelio-
rate these limitations is through immunomodulation of the
T-cell replete graft by functionally impairing alloreactive T
cells with the use of posttransplant cyclophosphamide (PT-
Cy) given on days +3 and +4. Early after transplant, allo-
reactive effector T cells are more susceptible to alkylator
therapy because of their rapid proliferation, while hema-
topoietic stem cells and nonalloreactive regulatory T cells
are relatively spared because of their quiescence. In addi-
tion, expression levels of aldehyde dehydrogenase, which
metabolizes cyclophosphamide to an inactive metabolite,
are higher in CD4*Foxp3™ regulatory T cells and contrib-
utes to a relative sparing and faster recovery of this pop-
ulation and further immunomodulation of the graft. This
therapy enables rates of GVHD comparable to, and poten-
tially lower, than that seen with MRD and MUD donors
and has led to investigation into whether this represents an
optimal method for GVHD prophylaxis in all donor types
as part of Blood and Marrow Transplant Clinical Trials
Network (BMT CTN) 1703. Retrospective comparisons
have shown similar results for recipients of haploidentical
and Unrelated Donor transplants. The presence of clin-
ically significant donor-specific antibodies (DSAs) in the
recipient, directed against donor HLA, has been reported
to induce graft failure in up to 75% of haploidentical
recipients and these donors should be avoided or used after
treating the recipient to lower DSA titers.

To clarify the optimal choice of alternative donor,
the BMT CTN 1101 study randomized patients to
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haploidentical versus double UCB transplant for the treat-
ment of leukemia or lymphoma. Reduced-intensity con-
ditioning (Flu/Cy/TBI) was used and while the 2-year
progression-free survival (PFS) was similar within the 2
groups, 2-year overall survival was higher (57% versus
46%, P = 0.04) and nonrelapse mortality (NRM) lower
(11% versus 18%, P = 0.04) with a haploidentical source,
suggesting it is the preferable alternative donor source.

Cell source

Bone marrow versus mobilized peripheral blood

Since the 1990s, peripheral blood HPCs (PB-HPCs) have
steadily surpassed Bone Marrow (BM) as an HPC source
because of faster engraftment, donor preference, and feasibility.
The Center for International Blood and Marrow Transplant
Research (CIBMTR) reported that between 2007 and 2011
about 70% to 80% of adult allogeneic transplant recipients
received Peripheral Blood Stem cells (PBMCs).

A systematic review, which included 9 randomized
controlled trials and 1521 related and unrelated donor
allogeneic BMT recipients with hematologic malignan-
cies, demonstrated that overall survival and disease-free
survival between the 2 graft sources were comparable.
PBSC led to faster neutrophil and platelet engraftment
and a significant increase in grade 3 to 4 acute GVHD
and extensive chronic GVHD at 3 years. PBSC was associ-
ated with a decrease in relapse (21% versus 27% at 3 years)
both for advanced and early stage hematologic malignan-
cies. However the role of BM as a preferred source was
strengthened by the BMT CTN 0201 randomized trial
demonstrating that patients undergoing MUD transplant
with myeloablative conditioning (MAC) and GVHD
prophylaxis using methotrexate and calcineurin inhib-
itors with a PB-HPC graft experienced more chronic
GVHD than those who received BM-HPC (53% versus
41%, P = 0.01). There was no difference in relapse, dis-
ease-free survival, or overall survival between the 2 treat-
ment arms; although BM-HPC recipients had a higher
incidence of graft failure (9% versus 3%, P = 0.02). In
addition, BM-HPC recipients reported better psycholog-
ical well-being, less burdensome chronic GVHD symp-
toms and were more likely to return to work at 5 years
after BMT. However, donor preference (30% of screened
donors declined randomization in the CTN trial), as well
as additional options for prophylaxis of GVHD such as
PT-Cy, makes the adoption of BM over PBSC an uncom-
mon practice at most transplant centers. One nota-
ble exception is the predominant use of BM-HPCs for
patients undergoing transplant for severe aplastic anemia.
Without a significant need for GVT effect, decreasing the
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risk of GVHD is even more impactful and BM demon-
strates improved survival in all age groups when compared
with PBSC, largely through reduction in rates of acute
and chronic GVHD.

Additional donor features
Age

Studies examining the effect of donor age on trans-
plant success show that younger donors result in better
outcomes for patients, resulting in a donor age limit of
60 years in the National Marrow Donor Program regis-
try; most registry participants selected to be donors are
between the ages of 18 and 35-years-old. In fact, donor
age 1is the only non-HLA related donor feature shown to
date that affects survival in allogeneic transplant.

Donor-specific antibodies

Allogeneic hematopoietic stem cell recipients may have
preformed antibodies directed against foreign HLA anti-
gens. The use of partially HLA-mismatched allogeneic
HPC donors allows for the possibility of the presence
of circulating HLA DSAs in the recipient. Anti-HLA
antibodies against mismatched HLA antigens increase
graft failure. Common exposures contributing to DSAs
include pregnancy, blood product transfusion, and previ-
ous organ or blood transplantation. DSAs tend to be of
higher intensity when directed against haploidentical first-
degree relatives. DSA assessment requires frequent mon-
itoring because their relative strength can change over
time. Although the criteria that constitute a prohibitive
DSA are unknown, therapies that decrease antibody levels
can result in more successful engraftment.

Killerimmunoglobin-like receptor ligand

Natural killer (NK) cells are a critical component of
innate immunity, modifying T-cell alloreactivity, and are
among the earliest lymphocyte subsets to reconstitute and
achieve functional maturity (within weeks) after HCT.
Killer immunoglobulin-like receptors (KIRs) control NK
function and are encoded by the highly polymorphic KIR
gene family.

In patients with AML who undergo HCT, lack of HLA
ligand for donor KIR (KIR mismatch) was associated
with superior NK reactivity and lower relapse in an ini-
tial study because of lack of NK inhibition, termed KIR
better. A study of 1328 patients with AML who received
HLA-compatible allografts, donor-recipient KIR3DL1/
HLA-B subtype combinations with weak or no inhibition
in vitro were associated with significantly lower relapse
and higher survival than strong inhibition combinations.
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Since this study, others have not confirmed this impact
of relapse, leading to growing evidence that KIR plays a
more significant role in the setting of reduced-intensity
conditioning and in the setting of the donor KIR B hap-
lotype. Refining donor selection algorithms to include
KIR3DL1/HLA-B subtype analysis to avoid strong inhi-
bition donors may reduce relapse and improve survival.

Donor ABO and cytomegalovirus status

After selection of the optimal donor based on HLA match,
other considerations include ABO and cytomegalovirus
(CMV) status of the donor and recipient pair, though,
importantly, these do not have the same impact on sur-
vival as do HLA-mismatches. CMV-seropositive recipients
have the highest risk of CMV reactivation, followed by
seronegative recipients who receive HPCs from a CMV-
seropositive donor so, when possible, selection of CMV
seronegative donors is preferred for CMV seronegative
recipients. Similarly, while allogeneic transplants can be
performed in ABO-mismatches, an ABO match is prefer-
able to reduce red blood cell transfusion requirements and
risk for hemolysis. Table 14-1 lists the major, minor, and
bidirectional mismatches that occur with various donor
and recipient pairing.

Graft manipulation

The possibility of separating risk of GVHD from like-
lihood of GVT continues to be eagerly pursued, both
through manipulation of the graft as well as through
adoptive cellular therapy. T cells are the major component
exerting an adaptive or innate immune response. Graft
manipulation usually involves depletion of T cells that are
implicated in GVHD. Methods of ex vivo T-cell deple-
tion include negative selection of T cells, which can be
performed with antibodies, or an alternative strategy of

Table 14-1 ABO matching in HCT

Recipient Donor
ABO group

ABO group
Major mismatch O A
B
AB
A AB
B AB
Minor mismatch A O
B O
AB A
B
O
Bidirectional match A B
B A

HCT, hematopoietic cell transplantation.
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CD34-positive selection using immunomagnetic beads.
A CD34-selected graft was compared with tacrolimus/
methotrexate after a BM graft in the BMT CTN 1301
study investigating calcineurin inhibitor-free regimens
for GVHD prophylaxis in patients 65 years or older with
an HLA-matched donor. This study showed a chronic
GVHD rate of 60.2% in the CD34-selected graft com-
pared to 56.6% in the control group (P = 0.23) though
overall survival at 1 year was 75.7% in the CD34 group
compared to 84.2% in the control group (P = 0.02 and
HR 1.74). As shown in this study, while aggressive T-cell
depletion reduces the risk of acute and chronic GVHD, it
comes at the cost of increased risk of relapse, graft failure,
and infection, and this has hindered widespread adoption.

Adoptive cell therapy

Adoptive cell therapy is the transfer of autologous or allo-
geneic immune cells with direct activity against cancers or
infections into a patient. The approach dates back to the
late 1980s when ex vivo expanded autologous popula-
tions of tumor-infiltrating lymphocytes (TILs) mediated
tumor regression in patients with metastatic melanoma.
Over the past 2 decades, advances in gene-transfer tech-
nologies have enabled efficient redirection of immune
cells toward cancer antigens to overcome immune tol-
erance seen with tumor-infiltrating lymphocytes. To
date, most of the progress in adoptive cell therapy has
been in hematologic malignancies with engineered T
cells expressing CARs, with multiple CD19-directed
therapies (tisagenlecleucel, axicabtagene ciloleucel,
brexucabtagene autoleucel, and lisocabtagene maraleu-
cel), now United States Food and Drug Administration
(FDA)-approved, and 1 multiple myeloma [MM] CAR
T-cell product (idecabtagene vicleucel) also approved
with several other CAR T-cell products on the hori-
zon. Emerging data also support efficacy of T cells with
engineered T-cell receptors (TCRs) as well as adoptively
transferred NK cells. Adoptive cell therapy is also being
studied for the treatment of opportunistic infections in
immunocompromised patients.

Cancer therapy with chimeric antigen
receptor—-modified T cells

Adoptive cell therapy with T cells genetically engi-
neered to express a CAR has emerged as a treatment
modality for patients with hematological malignancies.
In its basic (first-generation) form, a CAR is a recom-
binant receptor construct consisting of an extracellular
single-chain variable fragment of an antibody recog-
nizing a tumor-associated cell surface antigen, a spacer
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Gene transfer

Retroviral
Day 1 or

lentiviral

or

transposon

=

Expansion and stimulation

Signal 1. Anti-CD3 antibody or cognate
CAR signal or cognate TCR signal

Signal 2. Agonistic anti-CD-28 antibody or
anti-41BB antibody

Signal 3. Exogenous cytokines
(IL-2, IL-7, IL-12, IL-15)*

* Signal 3 is optional

Figure 14-1 The process to generate chimeric antigen receptor (CAR)-modified T cells. Patients undergo steady-state leukapheresis
for T-cell collection. A lentiviral vector is used to infect the T cells and transfer the new genetic material encoding the CAR. Modified
cells undergo short-term culture for expansion and activation and are harvested for infusion after 12 to 14 days. Patients typically receive
lymphodepleting chemotherapy before T-cell infusion. IL, interleukin; TCR, T-cell receptor. Adapted from Mato A, Porter DL, Blood.

2016;126(4):478-485, with permission from the publisher.

or hinge region, and the TCR CD3{ chain without
costimulatory domains. Unlike physiologic activation
of T cells, this construct leads to activation of the engi-
neered T cell upon contact with the target antigen in
an HLA-independent manner. While effective in vitro,
first-generation CARs have partial expansion and lim-
ited in vivo persistence, yielding limited clinical effi-
cacy. Enhanced in vivo expansion and persistence of
CAR T cells is achieved with second-generation CAR
constructs that include a costimulatory domain (eg,
CD28, 4-1BB, OX40). Even greater activation, prolif-
eration, and efficacy is achieved with third-generation
CARs that include 2 costimulatory domains although
there is limited data to date that additional signaling
impacts clinical outcomes. CAR constructs may be
integrated into autologous or allogeneic T cells through
lentiviral or retroviral transduction or electroporation
of CAR-coding messenger RINA constructs. After ex
vivo expansion, T cells are infused into patients follow-
ing lymphodepleting chemotherapy (typically fluda-
rabine with or without cyclophosphamide), which

facilitates in vivo expansion by removal of regulatory
T cells and generation of a supportive cytokine milieu
(Figure 14-1).

Allogeneic CAR T-cell products

The initial CAR products all used autologous apheresis
material that was genetically reengineered and infused
back into the patient. Immunologically this approach
mitigates the concerns for allogeneic reactions, both
rejection of the CAR which can limit persistence or a
GVHD-mediated response. However, because of prior
lines of therapy which can damage T-cell populations
and rapidly progressing disease, autologous CAR T is not
feasible for all patients. Additionally, the process is time
consuming, requires shipping to and from a third-party
site, and is costly. The ability to use donor-derived allo-
geneic products that can be administered “oft the shelf”
has significant potential advantages to overcome current
limitations. Donor-derived T cells manufactured from
peripheral blood mononuclear cells or UCB have been
used for allogeneic CAR T-cell therapy. To mitigate the
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risk of GVHD, several approaches including gene edit-
ing of the alpha-beta T-cell receptor and selection of yd
T cells for CAR manufacturing, among others, are under
active investigation.

UCART19 is an anti-CD19, gene-edited, donor-de-
rived CAR T-cell product that includes messenger RINA
encoding the target TRAC and CD52 genes to disrupt
cell surface expression of TCR alpha-beta and CD52 to
minimize GVHD. This construct has a CD20 target for
rituximab to allow elimination of the UCART19 prod-
uct in the setting of excessive toxicity. In a phase 1 clini-
cal trial of UCART19 in pediatric and adult B-cell Acute
Lymphoblastic Leukemia (ALL), 21 patients were treated,
and 14 patients achieved a Complete Remission (CR)
or CR with incomplete hematological recovery at 28
days postinfusion. Three patients had grade 3-4 cytokine
release syndrome (CRS) and grade 1-2 neurotoxicity in
8 patients. There were 2 treatment-related deaths related
to CRS and persistent cytopenias. Skin GVHD occurred
in 2 patients. The PFES at 6 months was 27%. This trial
demonstrates the real-world feasibility of allogeneic prod-
ucts, but additional trials with larger cohorts of patients
and longer follow-up are indicated to determine its effi-
cacy and safety.

Cancer therapy with T-cell receptor—engineered cells

Compared to CAR-modified T cells, adoptive cell ther-
apy with autologous TCR-engineered T cells has gar-
nered less attention as an approach to redirect T cells
toward defined cancer antigens. TCR-engineered cells
are most effective for the targeting of peptides from
tumor- associated cell membrane or intracellular/
nuclear proteins as they are presented on the cell sur-
face by HLA molecules. This approach depends on the
generation of TCR a and B chains specifically recogniz-
ing an intended tumor target and expressing engineered
TCR molecules in autologous T cells. Efficient TCR
gene transfer can be achieved with retroviral and lentivi-
ral vectors or the nonviral sleeping beauty system, with
each modality carrying a risk of insertional mutagenesis.
In contrast to later-generation CAR constructs, current
TCR engineering does not involve the introduction of
extracellular stimulatory domains, so that gene-mod-
ified cells depend on the retention of natural TCR-
signaling components for functionality. The ability of
TCR-engineered cells to recognize the intended tumor
cell depends on the cell surface abundance of the ther-
apeutic TCR /B heterodimer, as well as the receptor’s
affinity for the target antigen, aspects that need optimi-
zation (eg, to reduce mispairing with endogenous TCR
chains, which could theoretically result in unexpected,
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self-reactive TCR specificities with potential to cause
off-target autoimmunity).

Most experience with TCR-based adoptive cell
therapy has been gained in patients with advanced
solid tumors. Several small studies have tested TCRs
directed at MART-1 and pgl00 (metastatic melanoma),
MAGE-A family members (primarily metastatic mela-
noma and esophageal cancer), CEA (colorectal cancer),
and NY-ESO-1a (primarily metastatic melanoma and
synovial sarcoma). In these studies, patients generally
received ex vivo expanded, gene-modified autologous
peripheral blood lymphocytes after administration of
lymphodepleting chemotherapy (most commonly cyclo-
phosphamide and fludarabine) and in conjunction with
interleukin (IL)-2. Together, available data from these
trials suggest the potential of TCR-engineered cells to
exert clinically significant antitumor efficacy. However,
in many cases, tumor responses were of short duration,
and further methodological refinements are necessary to
increase the in vivo persistence and functionality of these
cells to maintain their anticancer effects. The clinical
experience is limited in hematologic malignancies, but
data from small studies reporting possible antitumor effi-
cacy with the use of autologous T cells expressing TCRs
against NY-ESOc259 (multiple myeloma) or WT1
(AML) suggest the benefit may extend to some patients
with blood cancers as well. Several trials with TCR-
engineered cells are currently ongoing and the clinical
experience with these cells for the treatment of hemato-
logic malignancies and solid tumors is likely to increase
substantially over the next several years. These trials will
also clarify the spectrum of associated toxicities. While
infusion of ex vivo expanded TCR-modified cells was
well-tolerated without significant safety concerns or
apparent CRS in some trials, others have highlighted the
potential toxicities of these cells. The use of higher-affin-
ity TCRs, can cause adverse on-target, off-tumor as well
as off-target toxicity and substantial morbidity and mor-
tality (eg, inflammatory colitis [CEA], skin rash [MART-
1, pg100], and cardiac/neurologic toxicity [MAGE-A]).

Natural killer cells

NK cells are part of the innate immune system and can
exert antitumor and antimicrobial activity in an anti-
gen-independent fashion. This activity is modulated by an
intricate balance between various activating and inhib-
itory receptors, including the killer cell immunoglobu-
lin-like receptors. Unlike T cells, NK cells do not require
prior antigen sensitization to elicit cytotoxic effects and
do not cause GVHD in the allogeneic setting, properties
that render them very attractive for adoptive cell therapy.
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Recent efforts have focused on allogeneic NK cells. In
this setting, enrichment of NK cells collected from the
peripheral blood or from cord blood products is usually
achieved by depletion of T and B cells, with or without
additional positive selection of CD56-positive cells to
enrich for NK cells. To increase the number of NK cells
and improve their antitumor activity, a variety of protocols
have been developed for the ex vivo expansion/activation
of cells from healthy donors. Lymphodepleting condition-
ing chemotherapy with cyclophosphamide and fludara-
bine can facilitate NK cell persistence and expansion in
vivo, possibly in part because it leads to high production
of IL-15. Currently, efforts are ongoing to overcome lim-
itations of NK cell therapy to modulate their persistence,
cytotoxicity, and homing.

Recently one study reported outcomes of a phase 1
trial using anti-CD19 modified CAR-NK cells. For this
product, cord blood units were the source of NK cells
that were then transduced with anti-CD19 retroviral
CD28/CD3( vector that also included genes for IL-15
and inducible caspase 9. Cells were expanded and infused
fresh on day 15 in patients with relapsed, refractory B-cell
non-Hodgkin lymphomas (NHLs). The administration
of these cells was not associated with traditional adverse
events such as CRS, neurotoxicity, or GVHD. Eight of
11 patients reported had a clinical response at first assess-
ment. While CAR-NK cells persisted at low levels for
at least 12 months, longer follow-up is needed to better
determine the duration of response.

Tumor-infiltrating lymphocytes

A unique form of adaptive cell therapy involves the
use of autologous T cells collected from resected tumor
material. These tumor-infiltrating lymphocytes are sub-
sequently expanded ex vivo and delivered back into
the patient in the presence of cytokines and have led to
impressive outcomes in refractory solid malignancies.
TILs are delivered in combination with IL-2 to improve
antitumor activity with improved outcomes seen with
high-dose IL-2 in comparison to low-dose IL-2. Similar
to other adoptive cell therapies, a preparative regimen of
chemotherapy to lymphodeplete the patient is applied
to improve persistence of the infused T cells in vivo. TIL
therapy has been shown to lead to durable responses
in patients with refractory solid malignancies includ-
ing melanoma, cholangiocarcinoma, non—small cell
lung cancer, etc. Several pharmaceutical companies are
advancing TIL therapies with anticipation of approved
products in the imminent future. Challenges to TIL ther-
apy is the need to manufacture a personalized product
for each individual patient.
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The hematopoietic cell transplantation
process

The HCT process begins with the administration of a
conditioning regimen of chemotherapy and sometimes
radiation to eradicate a malignant disorder or a poorly
functioning bone marrow. Allogeneic HCT also requires
the administration of immunosuppressive, lymphotoxic
chemotherapy to promote donor engraftment, sometimes
with T-cell-depleting antibody therapy to reduce the risk
of GVHD. The conditioning regimen is followed by rein-
fusion of HPCs from the patient (autologous) or alloge-
neic donor. Intense medical support is required as patients
recover from the effects of the conditioning regimen and
during the period of immune suppression that occurs
while the transplanted HPCs mature. Because of this
complexity, national standards exist for care of transplant
patients, and centers are accredited by the Foundation for
the Accreditation of Cellular Therapy as a designation that
they meet this standard.

Indications for hematopoietic cell transplantation
HCT i1s performed for a variety of malignant and nonma-
lignant hematologic disorders. The most common indica-
tions for HCT are summarized in Table 14-2 and data for
each indication are summarized later in this chapter.

Transplant eligibility

Having a condition amenable to treatment with HCT
is not enough for a patient to be eligible for transplant.
Transplant eligibility is determined by a comprehensive
pretransplant evaluation, which includes assessment of
comorbidities, organ function, and psychosocial factors to
estimate the ability of a patient to tolerate transplantation
and the risk-benefit of HCT compared with less toxic
treatment approaches. Table 14-3 summarizes the most
used criteria to determine HCT eligibility which includes
the HCT-comorbidity index (HCT-CI), a standard mea-
surement that predicts risk of NRM in HCT recipients.

Age

Individuals with comorbidities and those 70 years of age
and older are now eligible to undergo allogeneic HCT,
following the introduction of reduced-intensity or non-
myeloablative conditioning regimens, which have resulted
in a decrease in regimen-related morbidity and mor-
tality. Between 1991 and 1997, 7% of allogeneic HCTs
were performed in patients over 50 years old; between
2000 and 2015, this percentage increased to 38%. In 2015,
25% of all allogeneic HCT recipients were patients over
60 years old, compared to 5% in 2000. Recent analyses
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Table 14-2 Most common indications for HCT

Autologous HCT Allogeneic HCT

No. performed in No. performed in the
Diagnosis the United States, 2 Diagnosis nited States, 2

Multiple myeloma 7400 Acute myeloid leukemia 3200
Non-Hodgkin lymphomas 3000 Acute lymphoblastic leukemia 1300
Hodgkin lymphoma 900 Myelodysplastic syndromes 1100
Non-Hodgkin lymphoma 770
Myeloproliferative neoplasms 540
Severe aplastic anemia 340

HCT, hematopoietic cell transplantation.

appropriately selected. This suggests that age alone is a less
reliable predictor of outcome and must be considered in

have suggested similar outcomes in patients over 65 to
70 for both autologous and allogeneic HCT when com-

pared to younger populations as long as recipients were

Table 14-3 Commonly used eligibility criteria for HCT

Eligibility criteria Test
Medical history

Patient performance
status

Transplant eligible

ECOG performance status 0-2,
Karnofsky performance status
>70%

the context of comorbidities and fitness.

Transplant mortality increases with decreasing
pre-HCT performance status. Patients with poor
performance status generally are not considered
candidates for HCT.

Disease and disease
status

Multiple

Depending on disease,

disease risk, and disease status.
High-risk disease and
high-risk disease status predict
<10% 2-year survival

Patients with advanced refractory disease are
generally not transplant eligible. Armand et
al. proposed a disease and disease status risk
classification for HCT.

Infectious disease
markers

Serologies for hepatitis A,
B, and C. PCR for viral

EBY, toxoplasmosis

copies HIV, HTLV-1, CMYV,

Generally, patients should not
have documentation of active
viral replication

Guidelines changing with the advent of effective
antiviral therapy for HIV, HBV, and HCV. Prior
hepatitis exposure does not affect transplant
outcomes.

Cardiac function Echocardiogram

Nuclear medicine testing

Ejection fraction >40%
No uncontrolled cardiac disease

Patients with cardiac disease may require more
extensive pretransplant evaluation, including
referral to cardiology for stress testing or Holter
monitoring.

Pulmonary function

Pulmonary function testing

DLCO >40%

In some series, the most important predictor of
outcome is DLCO <40%.

Creatinine and creatinine
clearance

Renal function

Creatinine clearance
>40 cc/min

Patients with poor renal function can be
considered for HCT. Autologous HCT is
performed for patients with multiple myeloma
on dialysis.

Liver function tests
(transaminases and

bilirubin)

Hepatic function

Bilirubin <2-3 X ULN unless
Gilbert disease

Elevated liver function tests predict liver toxicity.

Comorbidity scoring | Hematopoietic cell
transplantation specific

comorbidity indices

No cutoft determined. Poor
risk categories predict increased
treatment-related mortality

Comorbidity scoring is useful to guide regimen
intensity and for estimation of transplant-related
mortality. HCT-CI most commonly used scoring
system.

Psychosocial Various

Varies by institution

Essential to determine risk of noncompliance,
substance abuse, caregiver availability, and social
support needed throughout the transplant
process.
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Table 14-4 Commonly used conditioning regimens

Allogeneic hematopoietic cell transplantation

Myeloablative conditioning

CyTBI Cyclophosphamide 120 mg/kg + TBI
8-12 Gy*

Bu Cy Cyclophosphamide 120 mg/kg +
busulfan 9.6-12.8 mg/kg IV or PO
equivalent

Flu Bu Fludarabine 120-150 mg/m? +

busulfan 9.6-12.8 mg/kg IV or PO
equivalent

Reduced-intensity conditioning
Flu Mel
Flu Bu

Fludarabine + melphalan 140 mg/m?

Fludarabine + busulfan 6.4 mg/kg IV
or PO equivalent

Nonmyeloablative conditioning

Flu TBI Fludarabine + TBI 2 Gy

Flu Cy Fludarabine + cyclophosphamide 60
mg/kg

Cy ATG Cyclophosphamide 4 g/m” + ATGY

Autologous hematopoietic cell transplantation
(all myeloablative)

Lymphoma

BEAM BCNU + etoposide + cytarabine +
melphalan

BEAC BCNU + etoposide + cytarabine +
cyclophosphamide

CBV Cyclophosphamide + BCNU +
etoposide

Myeloma

Melphalan 200 mg/m?

ATG, antithymocyte globulin; BCNU, Carmustine intravenous; TBI, Total Body
Irradiation.

High-dose melphalan

*Various fractionation schedules in use.

TMainly for conditioning in severe aplastic anemia.

Conditioning regimens

The combination of chemotherapeutic agents given prior
to HCT is known as the conditioning or preparative regimen.
The purpose of conditioning in both the autograft and
allograft setting is to eradicate the malignancy with high-
dose chemotherapy or radiation therapy. In the setting of
allogeneic HCT, the conditioning regimen also suppresses
the recipient’s immune system to prevent rejection of
donor hematopoietic cells. The more immunosuppressive
the conditioning regimen is to the host, the better the
chance for engraftment. Conditioning regimen intensity
is classified according to myelosuppressive effects into the
categories of fully myeloablative (MAC), RIC, and non-
myeloablative (NMA). Table 14-4 lists commonly used
conditioning regimens.
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Myeloablative regimens

The first conditioning regimen that achieved wide-
spread application combined cyclophosphamide and
total body irradiation (CyTBI). High doses of cyclo-
phosphamide, typically 120 to 200 mg/kg, are com-
bined with radiation in a dose of 8 to 12 Gy. This
regimen is myeloablative and profoundly immunosup-
pressive. High-dose busulfan and cyclophosphamide
(BuCy) conditioning was developed as an alternative
to CyTBI. Treatment-related morbidity and mortality
rates are similar after both regimens, although the pat-
terns of toxicity are slightly different. TBI is associated
with more pulmonary toxicity, cataract formation, and
thyroid dysfunction. BuCy is associated with a higher
incidence of sinusoidal obstruction syndrome of the
liver (SOS; formerly veno-occlusive disease [VOD]),
though this is much less likely with IV busulfan and
pharmacokinetic-guided dosing, and irreversible alope-
cia. Fludarabine/busulfan combinations have become
increasingly used because cyclophosphamide and its
metabolites increase the risk of SOS/VOD.

Nonmyeloablative and reduced-intensity
conditioning

MAC regimens were long considered necessary for engraft-
ment of allografts, but their considerable extramedullary
toxicity limited their use to patients more than 50 years
old who had a good performance status and no comorbid-
ities. The demonstration that engraftment can be achieved
without myeloablation led to the development of NMA
and RIC regimens. These regimens use lower doses of
busulfan, melphalan, cyclophosphamide, or TBI (typically
2 Gy), often in combination with fludarabine for immune
suppression. NMA and RIC regimens are more frequently
used in older patients, in patients with comorbidities, and
in nonmalignant bone marrow disorders. For malignant
conditions, these regimens rely heavily on immunologic
(GVT or graft-versus-leukemia [GVL]) effects to achieve
long-term remissions and contain lower doses of drugs
with cytoreductive activity and are associated with a higher
risk of relapse. Although treatment-related deaths are less
frequent with NMA/RIC regimens compared to myeloab-
lative regimens, GVHD and infections remain the major
causes of NRM.

Operationally, RIC regimens have been defined by the
following doses of commonly administered agents: melphalan
(<150 mg/m?); busulfan (<9 mg/kg of the oral equivalent);
thiotepa (<10 mg/kg); and TBI (<500 cGy single fraction or
800 cGy fractionated). These definitions are somewhat arbi-
trary but are important for retrospective studies.
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The optimal conditioning intensity for patients for
malignant hematologic disorders was informed by the
BMT CTN trial in patients with AML or Myelodysplastic
Syndrome (MDS) randomized to RIC or fully MAC allo-
geneic HCT.The study was stopped early because of a high
relapse rate in the RIC arm. Overall survival at 18 months
was 68% in the RIC arm versus 78% in the myeloablative
arm (P = 0.07). Transplant Related Mortality (TRM) was
4.4% for RIC versus 16% with MAC (P = 0.002), whereas
relapse-free survival was 47% with RIC versus 68% with
MAC (P < 0.01). Based on these results, MAC may be pre-
ferred for fit adult patients with AML or MDS.

Regimens for autologous hematopoietic cell
transplantation

Given the lack of GVT effect with autologous trans-
plantation, all regimens are myeloablative to attempt to
cure or control disease with high-dose chemotherapy.
Preparative regimens include: (1) carmustine, etoposide,
cytarabine, and melphalan (BEAM), or cyclophospha-
mide, carmustine, and etoposide for relapsed/refractory
(R/R) non-Hodgkin lymphoma or Hodgkin lymphoma
(HL); (2) high-dose melphalan regimens used for multiple
myeloma; and (3) the carboplatin and etoposide regimen
for relapsed germ cell tumors. Conditioning for a nonma-
lignant condition such as severe scleroderma includes TBI
(800 cGy), cyclophosphamide (120mg/kg), and equine
antithymocyte globulin (ATG) (90mg/kg) and the data
supporting cell transplantation for this and other autoim-
mune conditions continue to grow.

Conditioning for nonmalignant hematologic
disorders

Patients with aplastic anemia, autoimmune disorders, met-
abolic disorders, or hemoglobinopathies represent a special
category. There is no underlying malignancy that requires
eradication. There is also a higher risk of graft rejection
because of the nature of the underlying disease, the lack of
previous immunosuppressive chemotherapy and, in many
cases, exposure to prior transfusions with HLA sensitization.
Thus, the conditioning regimens for such patients tradition-
ally have emphasized more immunosuppression and less
myelosuppression. A combination of high-dose cyclophos-
phamide with ATG has emerged as the standard conditioning
regimen for aplastic anemia. Conditioning therapy is more
challenging for patients with Fanconi anemia because of
excessive toxicity from cyclophosphamide in these patients.

Phases of hematopoietic cell transplantation
Successtful HCT requires the patient to tolerate the condi-
tioning regimen; HPCs to engraft, proliferate, and mature
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normally; adequate prevention and treatment of infectious
complications related to myelosuppression and immu-
nosuppression after HCT; and, in the case of allogeneic
HCT, prevention and treatment of GVHD. Outcomes
are improved when HCTs are performed in specialized
transplant units that perform a minimum of at least 10
transplants a year. The HCT procedure can conceptually
divided into 5 phases, though there is significant vari-
ability in the timing and progression through each phase
based on the type of transplant (auto versus allo), recipi-
ent factors, preparative conditioning, T-cell depletion and
GVHD prophylaxis used, and other variables. An over-
view is provided in the following sections and summa-
rized in Table 14-5.

Phase I: conditioning (start of preparative regimen to
day 0)

During this phase, the conditioning regimen is given to
the patient to eliminate any residual malignant cells, pro-
vide physical space for the donor stem cells and, in the
case of allogeneic HCT, suppress the recipient immune
system to facilitate donor cell engraftment. This phase fin-
ishes with the infusion of the hematopoietic cells provided
either by the patient in the case of an autologous HCT or
by a donor in the case of an allogeneic HCT.

Phase II: cytopenic phase (day 0 to engraftment)

The most obvious effects of the conditioning regimen
are noted during this phase. Severe myelosuppression and
disruption of the gastrointestinal (GI) mucosa manifesting
as stomatitis and diarrhea can last 10 to 28 days. During
this period, serious infections and organ toxicities such
as SOS/VOD and idiopathic pneumonia syndrome (IPS)
can occur.

Phase lllI: early recovery

Within the first few days to weeks of neutrophil recovery,
patients can develop a syndrome characterized by fever,
rash, and pulmonary infiltrates known as the engraftment
syndrome, which should be treated promptly with corti-
costeroids. This period also marks the time when GVHD
may begin to manifest in the allograft setting.

Phase IV: immune reconstitution

This phase is characterized by persistent immune defi-
ciency despite normal peripheral blood cell counts.
Allogeneic recipients remain at risk of serious life-threat-
ening opportunistic infections that require antibacterial,
antiviral, and antifungal prophylaxis for at least many
months posttransplant as well as close monitoring for
infection by the transplant team. Autologous recipients
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Table 14-5 HCT complications according to transplant phase

Phase I: Phase II: cytopenic Phase llI: early Phase IV: early Phase V: late
conditioning phase recovery convalescence convalescence
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Timing D—-10 to DO DO to engraftment Engraftment + 7 d D+30 to 6-12 >12 months
months
Infections Catheter-related GPC, GNR from GI Resistant GNR or Viral reactivations Viral reactivation
mucosal toxicity GPC Preumocystis (it active GVHD)
HSV Fungal infections Encapsulated GPC | Encapsulated GPC
Fungal infections CMYV reactivation EBV' PTLD
Catheter-related EBV reactivation
Other viruses
Gastrointestinal Nausea and vomiting | Mucositis Protracted nausea and/ | Gut GVHD:
Diarrhea Diarrhea or anorexia can be sign | diarrhea, abdom-
Nausea of upper GI GVHD inal pain, nausea,
Anorexia anorexia
Hepatic Transaminitis Transaminitis Transaminitis Hepatitis virus Cirrhosis
Sinusoidal obstruction | Sinusoidal obstruction | reactivation
syndrome syndrome Liver GVHD
Liver GVHD
Cardiac Arrhythmias (rare) Hypertension from Hypertension from Hypertension from | Congestive heart
Fluid overload CNI CNI CNI failure
Premature
coronary vascular
disease
Pulmonary Pneumonitis (rare) Infectious pneumonia | Infectious pneumonia | Cryptogenic orga- | Bronchiolitis
Fluid overload Idiopathic pneumonia | nizing obliterans syn-
Idiopathic pneumonia | syndrome Infectious pneu- drome
syndrome Diffuse alveolar hem- | monia Hyperactive
orrhage airway disease
Infectious
pneumonia
Neurologic Seizures from busulfan | PRES (from CNI) PRES (from CNI) PRES (from CNI) | Cognitive
(rare with prophylaxis) dysfunction—
short-term
memory loss
Impaired
concentration
Endocrine Hyperglycemia Hyperglycemia from Hyperglycemia from | Hyperglycemia Metabolic syn-
CNI CNI Hypothyroidism drome
Renal Increased creatinine Increased creatinine Increased creatinine Chronic renal Chronic renal

Electrolyte abnor-
malities

because of drugs
(antibiotics, antifungals,
CNI)

Electrolyte disturbances

Electrolyte distur-
bances

failure

failure

Acute graft-
versus-host disease

Initial presentation can
be rash and fevers

Late acute GVHD
presents as acute
onset diarrhea, rash,
transaminitis, or
hyperbilirubinemia

Chronic graft-ver-
sus-host disease

Usually presents
in the context of
immune suppression

Usually presents
in the context of
immune suppres-

withdrawal sion withdrawal
Other PTLD Cataracts
Secondary
malignancies

CMY, cytomegalovirus; CNI, calcineurin inhibitor; EBV, Epstein-Barr virus; GI, gastrointestinal; GNR, gram-negative rods; GPC, gram-positive cocci; GVHD, graft-versus-host

disease; HCT, hematopoietic cell transplantation; HSV, herpes simplex virus; PRES, posterior reversible encephalopathy syndrome; PTLD Post-Transplant Lymphoproliferative

Disorder.
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have more rapid immune reconstitution when compared
to allogeneic recipients. Patients undergoing allogeneic
HCT continue to be at risk for acute as well as chronic
GVHD, and treatment for GVHD further delays immune
reconstitution. Those undergoing reduced-intensity trans-
plants may also develop late-onset acute GVHD beyond
day 100. Late organ side effects may arise, especially lung
toxicities such as cryptogenic organizing pneumonia and
bronchiolitis obliterans syndrome (BOS). Relapse risk
is highest in the first 2 years after transplant, and risk of
infection can persist long after transplant as well.

Phase V: late recovery

This final phase is characterized by the almost full recov-
ery of the immune system and the potential of late com-
plications, such as organ dysfunction, cataracts, secondary
malignancies, or recurrence of the original malignancy.
Patients undergoing allogeneic HCT remain at risk of
developing chronic GVHD and infections.

Hematopoietic cell transplantation
complications

Myelosuppression

Myelosuppression 1s a universal complication of MAC reg-
imens. The duration of the myelosuppression depends on
various factors, including the hematopoietic stem cell dose,
GVHD prophylaxis, extent of prior therapy, and stem cell
source (peripheral blood versus bone marrow versus UCB).
Engraftment is defined as an absolute neutrophil count of
>500/pL and platelets >20,000/pL, (without transtusion the
past 7 days) respectively, on the first of 3 consecutive days
above that threshold. Filgrastim has been shown to reduce
the time to neutrophil engraftment in both the autologous
and allogeneic setting but without definitive improvement
in HCT outcomes such as Overall Survival (OS).

Graft failure

The mechanisms of graft failure include immunologic
rejection, abnormalities in the marrow microenvironment
or stroma, inadequate cell dose or composition of the graft,
viral infections (in particular CMV), or drug-induced mye-
losuppression. The risk for graft failure is increased with
increasing HLA disparity between the graft and host, with
T-cell depletion of the graft, the use of bone marrow or
cord blood as a stem cell source, and in transplantation for
severe aplastic anemia or hemoglobinopathies. Specifically,
the BMT CTN 0201 study reported a graft failure rate of
9% for bone marrow grafts compared to 3% for peripheral
blood HPCs. The risk for graft rejection can be decreased

14. Hematopoietic cell transplantation and cellular therapy

by infusing larger numbers of HPCs and by increasing the
intensity of the conditioning regimen. Successful treatment
of graft failure involves reinfusing more stem cells either
from the original stem cell donor or another source if the
original donor is unavailable. Graft failure after autologous
HCT 1s rare but can happen because of infections, toxic
drug exposure, or inadequate cell dose.

Infection

Infections are a major cause of life-threatening complica-
tions in HCT; major advances in this area have decreased
TRM. The Infectious Disease Society of America/
American Society of Transplantation and Cell Therapy rec-
ommendations from 2009 provide a framework for treat-
ment and prevention.

Bacterial infections commonly occur during the neu-
tropenic period after transplantation, and guidelines for
prevention and management are similar to those in other
neutropenic patients. The use of prophylactic fluoro-
quinolone antibiotics is standard for patients >12 years
old during the neutropenic period. Patients with chronic
GVHD are also immunosuppressed and at particular risk
for fulminant infections with encapsulated gram-positive
organisms, particularly Preumococcus. They should receive
prophylaxis with penicillin v Potassium (VK). While elim-
ination of pathogenic bacteria remains a requirement
for successtul transplant outcomes, there is an increas-
ing appreciation for the role of the microbiome after the
demonstration that a more diverse microbiota at the time
of neutrophil engraftment led to lower mortality. This has
now led to the study of fecal transplantation as an inter-
vention in HPC transplant recipients.

HCT patients are at high risk for Pneumocystis jirovecii
pneumonia and prophylaxis is recommended with tri-
methoprim-sulfamethoxazole (TMP-SMX). For those
allergic to TMP-SMX, alternatives such as pentamidine,
atovaquone, or dapsone are commonly used but are
less effective. TMP-SMX prophylaxis also helps prevent
toxoplasmosis, which has been reported in recipients of
allogeneic transplantation.

Fungal infections remain a risk in allogeneic transplan-
tation patients and risk increases in the setting of pro-
longed neutropenia, immunosuppression, corticosteroids,
and GVHD; though these infections are becoming less
common in the setting of effective prophylaxis and the
use of PBSC grafts allowing earlier neutrophil recovery.
Yeast (Candida species) infections are rare with prophy-
laxis and are typically caused by fluconazole-resistant
organisms. Airborne molds, particularly Aspergillus species,
remain a risk for patients undergoing allogeneic transplan-
tation, despite the use of high efficiency particulate air
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filtration. Mold-active azoles (eg, voriconazole, posacon-
azole, isovuconazole) and echinocandins (eg, caspofungin,
micafungin, anidulafungin) have improved the out-
come of these infections. Broad-spectrum azoles such as
posaconazole and isovuconazole are often used for pro-
phylaxis of fungal infections in patients undergoing allo-
geneic HCT and those receiving higher doses of systemic
corticosteroids for GVHD therapy. Interactions of azoles
with the metabolism of calcineurin inhibitors warrant
the need for careful monitoring and dose adjustment of
tacrolimus and cyclosporine. In the setting of better con-
trol and prevention of aspergillosis, cases of mucormycosis
are increasingly reported and necessitate treatment with
amphotericin derivatives and surgical resection, though
azoles such as posaconazole and isovuconazole have lim-
ited activity versus mucor.

Viral infections are common after HCT. CMV infection
used to be a major cause of pneumonia and death in HCT
recipients but is now much less common because of aggres-
sive prevention and preemptive treatment of viral reactiva-
tion. CMV infection post-HCT usually occurs because of
CMYV reactivation in recipients previously exposed to CMV
as indicated by positive antibody titers (CMV-seropositive
patients) before transplant. The incidence of reactivation
without prophylaxis ranges from 40% to 60% in the alloge-
neic setting and <5% in the autologous setting. Detection
of CMV 1in the blood (CMV viremia), either by PCR or
rapid antigen screening, indicates a high risk for develop-
ment of invasive CMV disease, usually CMV pneumonia,
but hepatitis, retinitis, or gastroenteritis are also possible.
Patients who have not been exposed before transplantation
(CMV-) are still at risk for CMV infection either by trans-
mission from a CMV+ HPC donor or via transfusion of
blood products from a CMV+ blood donor. To avoid risk
of CMV infection in CMV seronegative donor/recipient
pairs, CMV-safe blood products such as leukocyte-reduced
products are required.

Frequent screening for CMV viremia is mandatory
in the first 3 months after allogeneic HCT. Letermovir,
a novel antiviral that inhibits the CMV-terminase com-
plex, is the most common medication used for primary
prophylaxis. A phase 3 randomized study of letermovir
versus placebo as primary prophylaxis after allogeneic
HCT showed a significant reduction in clinically signif-
icant CMV infection (CMV reactivation requiring pre-
emptive therapy or invasive CMV disease) from 61% with
placebo to 38% with letermovir (P < 0.001) without a
difference in invasive CMV disease or death from any
cause. Preemptive therapy options include ganciclovir,
valganciclovir, and foscarnet. Each of these approaches
has potential adverse effects. Myelosuppression, especially
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neutropenia, is 2 common toxicity associated with ganci-
clovir and valganciclovir, while electrolyte abnormali-
ties and renal injury are more common with foscarnet.
Acyclovir and valacyclovir have no role in preemptive
CMV treatment, though maribavir may have some role.

Other important herpes viruses include herpes simplex
virus (HSV), varicella-zoster virus (VZV), Epstein-Barr
virus (EBV), and human herpesvirus 6 (HHV-6). HSV,
previously a major cause of early mucositis and pneumo-
nia, and VZV are now effectively prevented with acyclo-
vir or valacyclovir prophylaxis. A double-blinded study of
HSV/VZV prophylaxis compared to placebo showed a
hazard ratio of 0.16 (P = 0.006) for VZV infections within
1 year of transplant. EBV can cause posttransplantation
lymphoproliferative disease, particularly in patients who
are extremely immunosuppressed because of mismatched
or T-cell-depleted transplantation. Withdrawal of immune
suppression is performed when possible to stimulate an
immune response against EBV-infected cells; treatment
with rituximab is typically first-line therapy. HHV-6 fre-
quently reactivates after allogeneic HCT and may cause
posttransplantation encephalitis, hepatitis, or aplasia, but
does not require aggressive preemptive therapy in most
cases. BK viruria is associated with hemorrhagic cystitis
and is treated with hydration and lowering immune sup-
pression as able.

Adenovirus can cause fatal hepatitis, gastroenteritis,
and pneumonitis in transplantation patients. The value
of screening and role of preemptive therapy is uncertain,
but infection is more common in recipients with delayed
immune reconstitution or T-cell depletion. Treatment is
generally with cidofovir, dosed once weekly, which has
significant risks of nephrotoxicity, and myelosuppression.
Brincidofovir is also active against adenovirus, though GI
toxicity is a notable adverse effect.

Respiratory viruses, such as respiratory syncytial virus
(RSV) and influenza virus, can lead to fatal pneumonias
after HCT and warrant strict infectious prevention mea-
sures at transplant centers. Lower respiratory tract infec-
tion with RSV is treated with ribavirin, usually inhaled,
though oral treatment is also available. Many other respi-
ratory viruses can cause significant complications in the
posttransplant setting when they cause lower respiratory
tract infection such as influenza, parainfluenza, and even
rhinovirus. Beginning in 2020, infection with SARS-
CoV-2 was associated with very high rates of com-
plications, with 14% of patients requiring mechanical
ventilation and a 30-day survival in all patients of 68%.
Research performed during the COVID-19 pandemic
also demonstrated the benefit of face masks for the pre-
vention of respiratory viral infection.
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Finally, transplant recipients who previously lived in areas
with high rates of strongyloidiasis, such as Central America,
should be screened and/or treated with ivermectin prior
to transplant since this infection can flare and cause signif-
icant symptoms in the posttransplant setting. The presenta-
tion post-HCT may also resemble GVHD and should be
included on the differential in at-risk recipients.

T-cell therapy for the treatment of viral infections
The frequency of opportunistic viral infections in allo-
geneic HCT recipients, combined with inadequacies and
toxicities of current pharmacological therapies, has raised
interest in strategies to prevent or treat these infections
and their sequelae and to establish long-term immunolog-
ical memory.

One approach to accomplish this goal includes adop-
tive cell therapy with prophylactic or therapeutic infu-
sion of donor-derived or third-party (“off the shelf”)
virus-specific T cells. Several techniques have been estab-
lished for T-cell production that vary in the way anti-
gens are presented and T cells are selected and expanded.
The methodologies have evolved rapidly, and solutions
have been developed that adhere to good manufactur-
ing practices and overcome limitations identified in early
clinical studies. As one example, rather than coculturing
T cells and antigen-presenting cells (APCs) loaded with
virus-derived peptides, proteins, or viral lysates, overlap-
ping peptide libraries (called pepmixes) derived from full-
length immunodominant viral proteins are pulsed into
donor-derived APCs as immunogens and cultured with
T cells. Alternatively, APCs can be genetically engineered
to present immunogenic viral peptides to T cells. Both
approaches allow the development of multivirus-specific
T cells and can be used for the generation of cell prod-
uct from naive cord blood lymphocytes. Also in line with
good manufacturing practices are direct-selection tech-
niques via IFN-vy capture or through multimer- based
selection that allow rapid generation of virus-specific
T cells and scalability of products. Adoptive cell therapy
with donor-derived, virus-specific T cells has been devel-
oped in many centers and used to prevent and/or treat
viral infections. Results from early phase trials demon-
strate that such cells are safe and can be highly effective in
controlling CMV and EBV infections in HCT recipients,
conferring protection in up to 70% to 90% of patients.
EBV-specific T cells have also shown remarkable efficacy
in the prevention of EBV+ lymphomas posttransplant,
as well as the treatment of established EBV lymphomas
with achievement of sustained complete remissions in the
majority of patients. In some patients, failure to respond
or loss of response has been associated with the presence
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of viral strains that possess deletions in immunodominant
epitopes or origination of virus-associated tumor cells
in recipient rather than donor cells. In recent years, the
spectrum of infections targeted with pathogen-specific (or
multipathogen-specific) T cells has expanded to include
additional viruses seen in immunocompromised patients
(eg, adenovirus, VZV, HHV-6, polyomaviruses [BK virus,
JC virus, and Merkel cell carcinoma virus)], influenza) and
fungi (eg, Aspergillus).

Third-party products from banks of cryopreserved
virus-specific T cells offer readily available therapy that
can overcome the need for patient-specific T cell man-
ufacturing. Closely matched third-party products yielded
responses in up to 70% of patients with resistant CMYV,
EBYV, or adenovirus infection. However, while third-party
products do not require full HLA matching to the recipi-
ent for antiviral activity, identification of closely matched
products can be difficult, and suboptimal HLA matching
has been associated with lack of T-cell expansion in recip-
ients. These products also have the theoretical concern of
alloreactivity, but an increased risk of GVHD has so far
not been observed clinically.

Specific organ toxicities

Gastrointestinal toxicity
Second to hematopoietic cells, the GI tract is the organ
most affected by the conditioning regimen. As intestinal
mucosa cells divide rapidly to maintain intestinal mucosal
integrity, the GI tract is particularly susceptible to damage
by conditioning regimens. The most common manifesta-
tions of GI toxicity are nausea, vomiting, mucositis (stoma-
titis), throat pain, esophagitis, abdominal pain, and diarrhea.
Destruction of the GI mucosa is a significant dose-lim-
iting complication of high-dose therapy regimens as severe
toxicity can lead to airway obstruction, mucosal bleeding,
sepsis from intestinal flora, and intestinal perforation. In the
setting of TBI-based conditioning, kepivance has shown
some benefit in decreasing mucositis-related complications.
An effective prevention measure that limits the severity
of mucositis in patients receiving high-dose melphalan i1s
cryotherapy, the practice of using ice to cool the oral mucosa
throughout the time surrounding dose administration. This
decreased in the incidence of grade 3 mucositis from 74% to
14% (P = 0.0005) in a prospective randomized study.

Hepatic complications

SOS/VOD of the liver is a potentially fatal toxicity
of HCT. Incidence varies depending on risk factors
for patients including pre-HCT therapy, conditioning
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regimen, age, GVHD prophylaxis, and underlying
liver disease. SOS/VOD 1is caused by preparative regi-
men toxicity and is thought to be caused by damage of
endothelial cells, sinusoids, and hepatocytes in the area
surrounding terminal hepatic venules leading to a local
prothrombotic state.

Conditioning regimens associated with a higher risk
of SOS/VOD include high-dose cyclophosphamide, pro-
longed and elevated busulfan levels (making individual
pharmacokinetics and IV administration of busulfan ben-
eficial for patient outcomes), or >12 Gy TBI. Pre-HCT
therapy with gemtuzumab ozogamicin or inotuzumab
ozogamicin also increases risk, especially in patients who
receive the drug shortly before transplantation. Ursodiol
and prophylactic heparin/LWMH are used for prevention
of SOS/VOD though without definitive data demonstrat-
ing efficacy.

A diagnosis of SOS/VOD following the Baltimore cri-
teria within the first 21 days after HCT requires a bilirubin
of 22 mg/dL with 2 of the following: painful hepatomeg-
aly, weight gain >5%, or ascites. Modified Seattle criteria
are similar. Diagnosis can be aided by a transvenous pro-
cedure to measure intrahepatic pressures with simultane-
ous liver biopsy. Hepatic wedge pressure over 10 mm Hg
is highly suggestive of SOS/VOD. Late-onset SOS/VOD
beyond day 21 is much less common. Severe SOS/VOD
is associated with multiorgan dysfunction and a mortality
rate of ~80% if untreated.

Defibrotide is an approved medication for the treat-
ment of SOS/VOD with associated multiorgan failure.
While its mechanism of action is not fully understood, it
is thought to contribute to endothelial cell stabilization by
increasing tissue plasminogen activator and thrombomod-
ulin while decreasing von Willebrand factor. Defibrotide
has little systemic anticoagulant activity, which is an
advantage in patients with multiorgan failure. Complete
resolution of SOS/VOD by day 100 was seen in 25.5% of
patients treated with defibrotide compared with 12.5% of
historical controls (P = 0.016) while survival at day 100
was 38% with defibrotide treatment compared with 25%
in the control arm.

Pulmonary toxicities

Pulmonary complications are common after HCT and
contribute to post-HCT mortality. During the early
transplantation period (days O to +30), regimen-related
toxicity and infection account for most pulmonary
events. Although most lung infiltrates are infectious, dif-
fuse infiltrates related to regimen-related toxicity and
other noninfectious etiologies should be considered such
as IPS and diffuse alveolar hemorrhage (DAH).

397

Idiopathic pneumonia syndrome

IPS is characterized by diftfuse alveolar injury often with
fever, cough, dyspnea, hypoxemia, and restrictive airway
physiology. Chest x-ray usually demonstrates multilobar
pulmonary infiltrates. IPS requires exclusion of other causes
of lung injury especially infection, pulmonary edema, and
DAH. Bronchoalveolar lavage (BAL) must be negative for
infectious etiologies, including bacteria, fungi, CMV, and
other viral infections. The incidence of IPS is approxi-
mately 7%, with a median time to onset of 21 days and
mortality ranging from 30% to 70%. The risk factors for
IPS include the use of TBI or carmustine-based condition-
ing regimens and previous exposure to bleomycin. HHV-6
reactivation commonly accompanies IPS but a causative
role for HHV-6 has not been established. Treatment of
IPS 1s mostly supportive, though high-dose corticosteroids
are often given with unclear benefit. Based on laboratory
results suggesting that the inflammatory cytokine TNF-a
plays a role in IPS, the TNF-a blocker etanercept has been
studied as an adjunct to corticosteroids with improved sur-
vival compared with historical experience.

Diffuse alveolar hemorrhage

DAH occurs most commonly in the first weeks after
HCT and presents as idiopathic pneumonia with or
without hemoptysis. Unlike IPS, the classic finding on
BAL is increasingly bloody returns during BAL wash-
ings. Analysis of BAL fluid usually demonstrates red
blood cells, hemosiderin-laden macrophages if blood has
been present for more than 2 to 3 days, and negative
microbiologic studies. Treatment of DAH is largely sup-
portive, but retrospective studies suggest that high-dose
corticosteroids starting in the range of 1 g per day of
methylprednisolone may be beneficial.

Transplantation-related obstructive airway disease

Approximately 6% to 10% of patients with chronic GVHD
develop chronic airway obstruction. The most common
histologic finding is constrictive BOS. BOS typically pres-
ents 3 to 12 months after an allogeneic HCT with grad-
ual onset of dyspnea, dry cough associated with occasional
wheezing, and inspiratory crackles. Pulmonary function
tests demonstrate an obstructive airflow pattern that does
not respond to bronchodilator therapy and a reduced dif-
fusing capacity for carbon monoxide. Thin-section com-
puted tomographic scans reveal bronchial dilatation, mosaic
pattern attenuation, and evidence of air trapping on expira-
tion. The diagnosis often is based on clinical, imaging, and
spirometric findings without a tissue biopsy. Therapy for
BOS includes treatment of GVHD as well as an inhaled
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steroid such as fluticasone along with azithromycin and
montelukast. Importantly, azithromycin should not be used
without confirmed GVHD of the lungs because of the
association with a higher risk of cancer relapse post-HCT.
Lung transplantation is an option for select patients.

Neurologic toxicities

Significant neurologic toxicity complicates approximately
10% to 20% of allogeneic HCT, usually within the first
100 days, but is rarer with autologous HCT. Many neuro-
logic toxicities associated with allogeneic HCT are related
to medications used either in conditioning or for GVHD
prophylaxis but concurrent Central Nervous System
(CNS) infections (such as HSV,VZV, HHV6, and CMYV,
among others) may also contribute. Busulfan conditioning
increases the risk of seizures, though antiepileptic prophy-
laxis can prevent almost all such events. Posterior revers-
ible encephalopathy syndrome (PRES) is associated with
the use of calcineurin inhibitors and typically presents in
the early posttransplant period with headache, confusion,
vision changes, hypertension, and possible seizures. A brain
MRI typically shows T2 enhancement in the white mat-
ter of occipital lobes, although similar lesions may be seen
in the cerebellum and brainstem. Calcineurin inhibitors
are the typical causative agent, although PRES has also
been associated with exposure to etoposide and sorafenib.
PRES typically resolves completely after withdrawal of
the offending agent or treatment of the underlying cause.

Thrombotic microangiopathy
Transplantation-associated ~ thrombotic ~ microangiopa-
thy (TA-TMA) presents as microangiopathic hemolytic
anemia and occurs more commonly after allogeneic and
unrelated donor HCT. In most patients, TA-TMA is
related to calcineurin inhibitors (cyclosporine, tacrolimus)
and usually responds to discontinuing the medication.
Fungal infection, sepsis, or GVHD may also trigger the
microangiopathic processes. Unlike patients with idio-
pathic Thrombotic Thrombocytopenic Purpura (TTP),
patients with TA-TMA have preserved ADAMTS13 levels
and do not respond to plasma exchange. Increased com-
plement pathway activation has been associated with fatal
TA-TMA and blocking the complement pathway with
the C5-binding antibody eculizumab has some benefit as
a treatment for TA-TMA, especially those with evidence

of complement pathway activation.

Graft-versus-host disease

Acute GVHD and chronic GVHD were traditionally
defined by the timing of onset. Acute GVHD was defined as
any GVHD occurring before day 100 after transplantation,
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and chronic GVHD was defined as any GVHD occurring
after day 100. It is now recognized that typical features of
chronic GVHD can occur before day 100 and that typi-
cal features of acute GVHD can occur after day 100. Acute
and chronic GVHD are no longer defined by their time of
onset but rather by their clinical features.

Acute graft-versus-host disease
Acute GVHD can affect the skin, gut, and/or liver. Acute
GVHD of the skin most commonly manifests as an ery-
thematous macular rash. The rash may progress to a con-
fluent rash, generalized erythroderma, and blistering of
the skin similar to a severe burn. GI involvement typically
causes diarrhea with crampy abdominal pain but may also
cause loss of appetite, nausea, and vomiting if there is upper
GI involvement. Hepatic involvement may lead to hyper-
bilirubinemia, transaminitis, and progressive liver failure.
Acute GVHD is graded by the extent of skin rash, the
amount of diarrhea, and the degree of bilirubin elevation
according to the Glucksberg or the modified Keystone
criteria. Because of the challenges in interobserver and
cross-institutional agreement when staging GVHD, fur-
ther attempts to standardize GVHD data collection and
better support interventional studies, such as described by
the MAGIC group, have been reported. This system classi-
fies symptoms more quantitatively and categorizes biopsies
(non-GVHD, nondiagnostic, equivocal, and positive) to
increase consistency across transplant centers. Patients with
grade I disease have skin disease <50% BSA and a milder
course. Those with grade II to IV disease have multior-
gan disease, and patients with grade III or IV disease have
a poor prognosis, with increased mortality rates. Diagnosis
depends on clinical presentation in combination with lab-
oratory studies and tissue biopsy showing apoptotic bodies.
Prevention of GVHD is more successful than treatment
of GVHD. Commonly used GVHD prophylaxis regimens
combine a calcineurin inhibitor (tacrolimus, cyclospo-
rine) with low-dose methotrexate. Because of the renal
and mucosal toxicities seen with these regimens, alterna-
tive prophylactic regimens are being explored. Sirolimus
and mycophenolate mofetil are alternatives to methotrex-
ate to decrease the toxicity of GVHD prophylaxis. The
use of posttransplant cyclophosphamide (PT-Cy) is being
explored in a randomized study versus tacrolimus/meth-
otrexate in matched donors after encouraging data in the
haploidentical population and retrospective analyses.
Other methods to prevent GVHD include depleting
the graft of donor T cells, either by an in vitro procedure
after procurement of hematopoietic cells or by exposure to
T-cell-depleting antibodies such as ATG or alemtuzumab.
While these strategies result in a significant reduction in
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acute GVHD they can also result in poor engraftment,
higher infection rates because of delayed immune recon-
stitution, posttransplant lymphoproliferative disorders, and
increased risk of relapse.

Therapy for higher-grade acute GVHD consists of
high-dose corticosteroids, typically 1 to 2 mg/kg/day of
methylprednisolone or the equivalent, which are tapered
upon obtaining a response. Calcineurin inhibitors are con-
tinued or restarted. Sirolimus has a potential role in place
of steroids for standard-risk acute GVHD as defined by
Minnesota GVHD risk score and Ann Arbor biomarker
status (REG-3a and ST2), studied as part of the BMT
CTN 1501 trial. Use of the topical GI steroids beclo-
methasone and budesonide may also be beneficial for
patients with upper GI GVHD. Patients not responding to
or experiencing recurrence of GVHD on high doses of
corticosteroids (considered steroid-refractory) have a poor
prognosis with 1-year survival <10% from continued acute
GVHD, infection, and chronic GVHD. Second-line agents
added in the steroid-refractory setting include ruxolitinib
(currently the only FDA-approved medication for acute
GVHD), alemtuzumab, ATG, extracorporeal photophere-
sis, mycophenolate mofetil, pentostatin, basiliximab, inflix-
imab, and etanercept. Ruxolitinib at a dose of 10mg twice
daily was found in a randomized study in steroid-refrac-
tory acute GVHD versus investigator’s choice to lead to a
62% Opverall Response Rate (ORR) compared to 39% (P
< 0.001). Given the paucity of proven effective options for
steroid-refractory GVHD, patients with GVHD should be
encouraged to participate in clinical trials.

Chronic graft-versus-host disease

Chronic GVHD affects long-term survivors of alloge-
neic HCT and can lead to long-term morbidity, dis-
ability, and diminished quality of life. Chronic GVHD
is a distinct disorder in which the manifestations often
resemble those seen in spontaneously occurring auto-
immune disorders. The diversity of the manifestations
limited clinical study of chronic GVHD and led to the
creation of a National Institutes of Health (NIH) con-
sensus project to produce working definitions for clinical
and pathologic diagnosis, staging, and response criteria,
as well as suggestions for supportive care, clinical trial
design, and biomarkers. In the NIH scoring system,
chronic GVHD is classified as mild, moderate, or severe
based on the number of organs involved and the extent
of involvement within each organ.

An overlap syndrome of acute GVHD can be found
in patients with chronic GVHD, where clinical manifes-
tations of both disorders present concurrently. Diagnostic
features of chronic GVHD are summarized in Table 14-6.
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The greatest risk factor for development of chronic
GVHD is prior acute GVHD, so it is seen more often
in patients receiving peripheral blood as an HPC source
and less often following the use of PT-Cy. Therapy in
patients with chronic GVHD begins with corticoste-
roid monotherapy after a report by the Seattle transplant
group showing monotherapy is more effective than in
combination with azathioprine. A study comparing cyc-
losporine plus prednisone therapy with prednisone was
also unable to show a benefit to combination therapy.
Ruxolitinib was shown to have activity in ¢cGVH and
ibrutinib, the first FDA-approved agent for GVHD,
achieved this designation by demonstrating benefit for
the treatment of steroid-refractory ¢cGVH. Later, belu-
mosudil, a rho-associated coiled-coil-containing pro-
tein kinase-2 (ROCK?2) inhibitor, was also approved for
c¢GVHD after showing benefit in patients with 2-5 prior
lines of therapy. The overall response rate was 74%, with
responses seen in all affected organs and a median dura-
tion of response of 54 weeks. Other therapies currently
used but not supported by randomized trials or FDA
approval include psoralen plus ultraviolet A, extracorpo-
real photopheresis, pentostatin, imatinib, and rituximab.

The major cause of death in patients with chronic
GVHD is infection from the profound immunodeficiency
associated with chronic GVHD and its therapy. Careful
monitoring with antibiotic prophylaxis for encapsulated
bacteria (penicillin VK) is warranted in all patients. Patients
with frequent infections and immunoglobulin levels <400
may benefit from intravenous immunoglobulin replace-
ment. Patients should remain on prophylaxis for viruses,
P jirovecii pneumonia, and fungal infections (yeasts and molds).

CAR T-related complications

Cytokine release syndrome and neurotoxicity

Adoptive cell therapy with CAR T cells is associated with
unique toxicities, which can be severe or even fatal. For
CD19-directed therapy, common side effects include
CRS, neurological toxicity, and B-cell aplasia. CRS 1is a
systemic inflammatory response that follows the infusion
of the CAR T-cell product and is characterized by sys-
temic symptoms which are mild in most, but severe and
life-threatening in some patients. It is felt to be the result
of cytokines such as IFN-y, TNF-a, and IL-6 released
from activated lymphocytes and/or other immune cells
during the antitumor response and rapid CAR T-cell
activation and expansion. This systemic inflammatory
disorder ranges in severity from low-grade constitutional
symptoms, such as fever and flu-like symptoms, to a high-
grade syndrome associated with hypotension, lung injury,
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Table 14-6 Signs and symptoms of chronic GVHD

Diagnostic of chronic | Distinctive in chronic GVHD Common to both acute
Body site GVHD but not diagnostic Other features* and chronic GVHD

Skin Poikiloderma Depigmentation Sweat impairment Erythema
Lichen planus—like Ichthyosis Maculopapular rash
sclerosis Keratosis pilaris Pruritus
Morphea-like features Hypopigmentation
Lichen sclerosis-like Hyperpigmentation
features

Nails Dystrophy

Ridging

Splitting
Brittleness
Onycholysis
Pterygium unguis
Nail loss'

Scalp and body
hair

Scarring/nonscarring scalp
alopecia

Scaling

Papulosquamous lesions

Thinning scalp hair
Premature graying

Mouth Lichen-type features Xerostomia Gingivitis, mucositis
Hyperkeratotic plaques | Mucocele Erythema
Restriction of mouth Mucosal atrophy Pain
opening from sclerosis Pseudomembranes’ Food sensitivities
Ulcers'
Eyes Dry, gritty, or painful eyes’ Photophobia
Cicatricial conjunctivitis Periorbital hyperpigmen-
Keratoconjunctivitis sicca tation
Confluent areas of punctate | Blepharitis
keratopathy
Genitalia Lichen planus—like vagi- | Erosions
nal scarring or stenosis Fissures’
Ulcers'
GI tract Esophageal web Exocrine pancreatic insuf- | Anorexia
Strictures or stenosis in ficiency Nausea
the upper to mid-third of Vomiting
the esophagus’ Diarrhea
Weight loss
Liver Total bilirubin, alkaline
phosphatase >2-3 X upper
limit of normal®
ALT or AST >2-3 X upper
limit of normal®
Lung BOS diagnosed with BOS diagnosed with PFTs
lung biopsy* and radiology®
Muscles, fascia, | Fasciitis Myositis/polymyositis" Edema

joints

Joint stiffness or con-
tractures secondary to
sclerosis

Muscle cramps
Arthralgia or arthritis

Hematopoietic
and immune

Thrombocytopenia
Eosinophilia

Lymphopenia

Hypo- or hypergamma-
globulinemia
Autoantibodies (AIHA and

ITP)

Table continues on next page
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Table 14-6 Signs and symptoms of chronic GVHD (continued)
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Diagnostic of chronic | Distinctive in chronic GVHD Common to both acute
Body site GVHD but not diagnostic Other features* and chronic GVHD

Other

Pericardial or pleural
effusions

Ascites

Peripheral neuropathy
Nephrotic syndrome
Myasthenia gravis

Cardiac conduction abnor-
mality

Cardiomyopathy

Adapted from Filipovich AH et al, Biol Blood Marrow Tiansplant. 2005;11:945-956 (© 2005), with permission from Elsevier.

AITHA, autoimmune hemolytic anemia; BOS, bronchiolitis obliterans syndrome; ITP, immune thrombocytopenic purpura; PFT, pulmonary function test.

*Can be acknowledged as part of the chronic GVHD symptomatology if the diagnosis is confirmed.

TIn all cases, infection, drug effects, malignancy, or other causes must be excluded.

Diagnosis of chronic GVHD requires biopsy or radiology confirmation (or Schirmer test for eyes).

and life-threatening multiorgan dysfunction. Fulminant
macrophage activation syndrome or hemophagocytic
lymphohistiocytosis may occur. Treatment of CRS is pri-
marily symptomatic/supportive and may include the use
of vasopressors, blood product transtusions, and mechan-
ical ventilation. The IL-6 receptor antagonist antibody
tocilizumab can abrogate CRS without interfering with
the antitumor response, whereas systemic corticosteroids,
while also effective for the treatment of CRS, may inter-
fere with the antitumor activity of CAR T cells. Because
of the use of diverse grading systems for CRS and neuro-
toxicity across clinical trials, in 2018 the American Society
of Transplantation and Cell Therapy published consensus
definitions and grading systems for both CRS and neuro-
toxicity. In this new system, CRS grading is based on the
presence of fever and dependent on the degree of hypoxia
and hypotension that occurs. Neurotoxicity is now
termed immune effector cell-associated neurotoxicity syndrome
(ICANS), with the grading dependent on the presence
of neurological findings and ability to answer questions
as part of a new immune effector cell associated encepha-
lopathy score. ICANS can manifest as delirium, dysphasia,
akinetic mutism, and seizures, and is the second most com-
mon side effect of CAR T-cell therapy occurring concur-
rently with or after CRS. Its presentation can range from
headache, aphasia, tremor, or more serious complications,
such as seizure, somnolence, and cerebral edema which
can be life-threatening. While largely reversible, fatal
cases of cerebral edema have occurred. The mechanism
of ICANS is unclear and while certain predictors such
as high tumor burden and increased depth of lymphode-
pletion correlate with higher rates of neurotoxicity, these
complications remain difficult to predict. While CRS and
ICANS are potential complications of CAR T-cell ther-
apy, they are generally felt to be reversible toxicities with

low risk of treatment-related mortality. In fact, the TRM
of CAR T-cell therapy from large clinical trials is within a
similar range to patients undergoing autologous transplant,
the alternative treatment option available.

Late effects

As the number of long-term survivors following HCT
increases, the need for understanding late side effects of
HCT is essential both for the care of the survivors and to
anticipate the needs of the group as a whole. Joint guide-
lines from the European Group for Blood and Marrow
Transplantation (EBMT), CIBMTR, and American Society
for Transplantation and Cellular Therapy (ASTCT) recom-
mend at least annual evaluation of long-term survivors to
monitor for late effects and preventive health screening.

Endocrine adverse effects

Endocrine sequelae  of myeloablative transplantation
may be significant, especially in children, as CyTBI leads
to growth hormone deficiency in 20% to 70% of chil-
dren. In addition, many patients of all ages develop thy-
roid dysfunction, often compounded by the effects of
therapy before transplantation. Gonadal tissue damage is
common and may result in delayed or absent develop-
ment of secondary sexual characteristics with the need for
sex hormone replacement. The risk for gonadal damage
appears to depend on multiple factors, including age, sex,
type of transplantation, previous therapy, and condition-
ing regimen. For many young adults, there is a high risk
of infertility after HCT and counseling for sperm or egg
banking should be discussed with young patients before
HCT. One study of 39 male patients evaluated after HCT
demonstrated spermatogenesis in only 28% of the patients.
Factors associated with sperm production were age >25
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years at transplantation, longer interval from transplan-
tation, and no chronic GVHD. For many patients, the
course of their disease does not allow for preservation of
gametes; however, counseling with fertility specialists after
transplant may allow options in the future.

Iron overload

Patients undergoing transplant for a hematologic disorder
are often transfused heavily before HCT and continue to
require transfusions in the peri-transplantation period.
Following hematopoietic recovery, phlebotomy or che-
lation therapy to target a ferritin at least below 300 ng/
mL can help prevent long-term sequelae of iron overload.

Musculoskeletal complications

Patients receiving high-dose corticosteroids for their under-
lying disease or for GVHD have an increased risk of avascu-
lar necrosis of the bone, loss of bone density, and myopathies.
Avascular necrosis of the bone can cause progressive col-
lapse of the femoral head, humeral head, and other bones
and typically occurs in adolescent and young adult patients
treated with corticosteroids. Avascular necrosis is a major
cause of morbidity in this age group and frequently leads to
intractable pain and loss of mobility, requiring joint replace-
ment at a young age. Osteoporosis resulting from steroid use
and therapy-induced menopause is common. All patients
should obtain bone densitometry at 1 year after transplan-
tation and as needed afterwards. Vitamin D deficiency is
common, and attention to supplementation of vitamin D
may help limit loss of bone density.

Secondary malignancies and posttransplantation
lymphoproliferative disorders

Survivors of allogeneic HCT are at increased risk for a
variety of second malignancies, including a 2- to 3-fold
increased risk of solid tumors compared with their age-
matched controls. The risk increases over time after trans-
plantation, with greater risk among younger patients. In
a retrospective multicenter study that included approxi-
mately 20,000 patients who had received either allogeneic
or syngeneic transplantations, the cumulative incidence
rates for the development of a new solid cancer were 2.2%
and 6.7% at 10 and 15 years, respectively. The risk was sig-
nificantly elevated for cancers of the buccal cavity, liver,
brain, bone, and connective tissue, as well as malignant
melanoma. Higher doses of TBI were associated with a
higher risk of solid cancers. Patients should be instructed
to avoid ultraviolet exposures and to use sunscreens and
protective clothing. Dermatologic consultation for close
monitoring for and management of skin cancers in high-
risk patients should be employed.

14. Hematopoietic cell transplantation and cellular therapy

PTLDs after allogeneic HCT are usually related to EBV
reactivation and complicate approximately 2% to 4% of
allogeneic HCTs. They occur more commonly with T-cell-
depleted grafts, transplants with highly immunosuppressive
GVHD prophylaxis or treatment regimens, and in recipi-
ents >50 years old. PTLD may be polymorphic, consisting
of a nonclonal proliferation of B cells, or monomorphic,
manifesting as a clonal proliferation of B cells, often large
B-cell lymphoma. Treatment consists of reducing and elim-
Inating immunosuppression, monoclonal antibody therapy
with rituximab, donor leukocyte infusions and, in the case
of aggressive or unresponsive lymphomas, chemotherapy.
EBV-specific cytotoxic T cells have the potential to improve
outcomes of PTLD and are in development.

Palliative care and mental health

Because of the significant symptom burden seen in patients
during the peritransplant period, interventions to improve
control can have major benefits to patients and caregivers.
HCT recipients have significant physical symptoms that
usually begin soon after conditioning chemotherapy and
continue throughout the peritransplant period. In addi-
tion, the associated physical isolation and prolonged hos-
pitalization contributes to a reduction in quality of life
and mood. The psychological impact of a recipient’s trans-
plant experience can impact transplant-related outcomes
months and years later, and in others contributes to the
development of posttraumatic stress disorder (PTSD) and
depression. Concurrent conditions such as chronic GVHD
that impacts body image and function, as well as the cor-
ticosteroids used to treat the condition can increase the
risk further. For this reason, many centers are incorporat-
ing early palliative care consultation into the care of their
HCT recipients to better control both physical symptoms
and to increase psychological support. This intervention is
supported by a randomized multicenter trial that showed
an improvement in depression (—1.21, P = 0.02) and
PTSD (—1.63, P = 0.027) at 6 months posttransplant.

Post-HCT relapse and maintenance

Relapse is the major cause of treatment failure after autol-
ogous HCT and is common after allogeneic HCT. In the
setting of autologous HCT, intrinsic disease resistance to
chemotherapy and/or radiation, involvement of sanctu-
ary sites with reduced chemotherapy exposure, such as the
CNS, and the existence of cancer stem cells that may be
quiescent and therefore more resistant to the effects of high-
dose chemotherapy and radiation may account for relapse.
Maintenance therapies after autologous HCT predictably
prolong the time to progression at the expense of ongo-
ing treatment and may improve OS in select diseases (eg,
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lenalidomide in multiple myeloma), but no maintenance
therapy to date has been demonstrated to improve the cura-
tive potential of autologous HCT. Other examples of main-
tenance in the autologous setting include brentuximab for
high-risk HL and rituximab for mantle cell lymphoma.

Even with the benefit of the GVT effect, attempts to
reduce relapse with the use of posttransplant maintenance
therapy in allogeneic recipients have been investigated.
While initial studies on the use of hypomethylating agents
post-HCT have not shown clear benefit, studies using
FLT3 inhibitors post-HCT have suggested improvement
in outcomes. Studies to clarify this question include the
BMT CTN 1506 trial, which randomized patients with
FLT3™ AML to gilteritinib versus placebo. The trial is
now closed to accrual and results are pending.

Cells to prevent or treat relapse after allogeneic stem
cell transplantation

Definitive evidence for a GVT effect comes from the
use of donor lymphocyte infusions (DLIs). DLI confers a
direct graft-versus-malignancy effect by infusion of allo-
reactive donor lymphocytes, typically in the absence of
immune suppression that would prevent GVHD. Purposes
of DLI include conversion of mixed-donor chimerism to
full-donor chimerism after HCT, as preemptive therapy to
prevent relapse, or for the treatment of relapse. Preemptive
or prophylactic DLI has been attempted, but no large pro-
spective trials have been performed.

The application of DLI is not without toxicity and can
carry a mortality rate of 3% to 10%, with acute GVHD and
marrow aplasia being the leading causes of death. The inci-
dence of severe acute and chronic GVHD after DLI is ~50%,
with more than half of the patients who develop chronic
GVHD having extensive disease. The onset of acute GVHD
typically occurs 32 to 42 days after DLI. To avoid this risk of
GVHD, other posttransplant cellular therapies such as CAR
T are being explored in the postallogeneic setting as discussed
in this chapter. Consideration is given to a second allogeneic
HCT in some instances, though data are very limited to esti-
mate efficacy versus DLI, and it is unclear whether the same
donor or a different donor is preferable.

Disease-specific indications for HCT
and cellular therapy

Acute myeloid leukemia

The most prevalent adult indication for allogeneic HCT
is AML. The decision to use allogeneic transplant as a
consolidative strategy in AML is guided by 2 major dis-
ease-specific factors, namely genomic characteristics
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at diagnosis and depth of remission. A meta-analysis of
24 trials comprising 6007 patients suggested a survival
benefit of allogeneic HCT compared with contempo-
raneous chemotherapy in both poor-risk and interme-
diate-risk AML. The revised 2017 European Leukemia
Network (ELN) criteria have incorporated a number of
gene mutations including TP53, ASXL1, and RUNXI,
and includes quantitative data on the allelic ratio of
FLT3-ITD, as well as concurrent mutations in the case
of FLT3-ITD and NPMT1 to parse out patients who are
more likely to benefit from this intervention in CR1.
Studies have shown that patients with measurable resid-
ual disease at the time of transplant have higher post-
HCT relapse than those without, at a rate of 65% versus
18%, respectively, although the prospective utility of
MRUD in clinical decision-making is still being clarified.
A CIBMTR prospective cohort study enrolling 1483
patients from 2009 to 2011 found significantly improved
OS and PFS with the use of IV busulfan-based condition-
ing relative to TBI-based conditioning with a significant
2-year OS benefit in AML (57% versus 46%, P = 0.003).
As such, IV busulfan-based conditioning has become stan-
dard at many transplant centers. A nationwide randomized
phase 3 trial comparing MAC versus RIC transplantation
in younger patients with MDS and AML (BMT CTN
0901) failed to show a significant OS difference, with a
higher relapse rate in RIC being offset by significantly
higher treatment-related mortality with MAC. In younger,
fit patients with a high likelihood of relapse, it is intuitive
to escalate the potency of the preparative regimen.
Autologous transplant in AML may have some renewed
interest as a consolidative strategy when guided by MRD
data in low or intermediate-risk disease AML but for
high-risk disease, is inferior to allogeneic transplant.
Outcomes of allogeneic HCT in CR1 are predictably
better than in CR2 or higher, or with refractory AML.
Survival after allogeneic HCT is approximately 40% to
60% in CR1,~25% to 30% in CR2, and ~10% in refrac-
tory AML. A CIBMTR study established a predictive
score for survival in refractory AML based on CR1 dura-
tion <6 months, presence of circulating blasts, donor other
than HLA-matched sibling, Karnofsky performance sta-
tus (KPS) <90, and poor-risk cytogenetics. The authors
found a 3-year OS of 19% in the entire AML cohort, but
a 3-year OS of 42% in those with a risk score of 0.
Ongoing challenges remain in high-risk genomic sub-
sets, including TP53-mutated AML, where relapse risk
has not been as responsive to HCT. Some areas of devel-
opment to mitigate relapse risk include the use of post-
transplant hypomethylating agents or targeted therapies
including FLT3 inhibitors.
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Newly diagnosed acute promyelocytic leukemia
(AML FAB M3) has cure rates in excess of 80% with
the all-transretinoic acid in combination with chemo-
therapy or arsenic trioxide. For patients who relapse,
salvage therapy is based on prior therapies and duration
of remission . Consolidation with autologous or alloge-
neic HCT is required to maximize cure rates in these
patients. For patients in molecular remission (lacking
detectable PML-RAR1 fusion transcript), autologous
HCT offers similar Disease-Free Survival (DFES) to
allogeneic HCT but with significantly superior 5- or
7-year OS of 60% to 75% for autologous HCT versus
50% to 52% with allogeneic HCT. For those patients
with detectable disease after salvage chemotherapy or
relapsing after autologous HCT, allogeneic HCT offers
the best opportunity for long-term survival.

Acute lymphoblastic leukemia

Several recent therapeutic advances in ALL including
the extension of pediatric regimens to young adults and
incorporation of bispecific T-cell engagers and tyrosine
kinase inhibitors to deepen responses have diminished the
number of patents relegated to allogeneic transplant in
first remission. High-risk patients are typically identified
based on MRD measurements at completion of induc-
tion or consolidation therapy. Other disease characteristics
including Ph-like gene expression profiles and the early
T-cell precursor immunophenotype are important consid-
erations in the transplant decision.

Ph-negative ALL

The largest prospective trial to date addressing the role
of allogeneic transplant in Ph-negative ALL is the MRC
UKALLXII-ECOG2993 trial, with nearly 2000 newly
diagnosed patients from 1993 to 2006, demonstrating a
superior 5-year OS in Ph™ ALL patients who underwent
allogenic transplant at 53% versus 45%. A meta-analysis of
2962 Ph™ ALL patients from 13 studies also showed supe-
rior OS in patients under the age of 35 with a matched
sibling donor compared with the no-donor group.
However, these and several smaller prospective donor—
versus—no-donor comparisons are less relevant since most
patients in those studies did not receive aggressive pediat-
ric ALL induction protocols now used in patients up to 40
years of age. This escalation of upfront chemotherapy has,
across multiple international trials, improved 5-year sur-
vival rates from the 40% to 50% range to the 60% to 70%
range, diminishing the role of transplantation. Additional
incremental gains have been made by using bispecific
T-cell engagers and B-cell antibodies to deepen remis-
sions. An analysis of the GRAALL-2003/2005 studies
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demonstrated that allogeneic HCT in CR1 only bene-
fited high-risk Ph-negative ALL patients with positive
minimal residual disease (>107°) at the end of induction.

Ph-positive ALL

Ph* ALL has traditionally lagged behind Ph-ALL in out-
comes with a higher risk of relapse resulting in a strong rec-
ommendation for transplant. The incorporation of the first
Tyrosine Kinase Inhibitor imatinib into chemotherapy was
able to increase remission rates allowing more patients to
proceed to transplant. A subsequent prospective phase 2 trial
(S0805) of dasatinib plus hyperCVAD followed by trans-
plant in younger adults with Ph™ ALL, demonstrated DFS
and OS benefit in patients undergoing allogeneic transplant.
Therefore, at this time, for the fit patient with an available
donor, allogeneic transplant remains a strong recommenda-
tion in CR 1. However, this may evolve with the impressive
outcomes combining chemotherapy with the second-gen-
eration TKIs with a 2-year DFS of 80%. Recent phase 2
data using steroids and dasatinib induction and blinatum-
omab maintenance reported complete remission rates of
over 95% substantiating efforts to deescalate the chemo-
therapy backbone needed to achieve remission. One third
of these patients went onto allogeneic stem cell transplant.
The enhanced depth of remission with better TKI and
immunotherapies, and the ability to monitor MRD, may
obviate transplant in a subset of patients in the future.

Relapsed disease

The ability to bridge patients with relapsed ALL to an
allogeneic HCT is improved with the advent of effec-
tive immunotherapies therapies including blinatumomab,
inotuzumab ozogamicin, and CAR T-cell therapies with
response rates of up to 80%. If patients reach allogeneic
HCT, long-term survival continues in about 20% to 30%
of relapsed/refractory patients.

CD19-targeted CAR T-cell therapy for B-cell ALL

Response rates of approximately 80% to 90% have been
reported with CD19-directed CAR T cells in pediatric
and adult relapsed ALL. In August 2017, tisagenlecleucel
(CTLO19), a 41BB, CD3{ CAR T product became the
first CAR T-cell therapy to gain regulatory drug approval
by the FDA. Approval was granted based on results from a
single-cohort, multicenter global phase 2 trial (ELIANA).
Among 75 patients aged 3 to 23 years with relapsed or
refractory CD19+ B-ALL who received an infusion of tis-
agenlecleucel, the overall remission rate was 81% (all measur-
able residual disease—negative) with 12-month Event-Free
Survival (EFS) and OS estimates of 50% and 76%, respec-
tively. Grade 3/4 events suspected to be caused by the CAR
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T-cell therapy were noted in 55 of the 75 patients (73%).
Of note, 77% of the patients experienced CRS, with 48%
of them requiring tocilizumab for management, while 40%
experienced neurologic events. While approval for pediatric
B-cell ALL came early, to date anti-CD19 CAR T-cell ther-
apy has not been approved in adult patients. This approval
has been delayed because of the presence of treatment-re-
lated complications, specifically the development of cerebral
edema and refractory CRS leading to death in early clinical
trials. A team at the University of Pennsylvania, using the
CTLO019 41BB, CD3z anti-CD19_construct (approved in
pediatric ALL), reported a CR rate of 90% and 2-year OS
of 73% and 2-year EFS of 49.5% among 20 patients receiv-
ing a high dose of CAR T cells in a fractionated dosing
schema. Patients who received a high-dose, single infusion
of CAR T cells had a high rate of refractory CRS, with 3 of
6 patients dying of treatment-related complications, leading
to closure of that arm. ZUMA-3, an international phase 2
study of CD28 CD3z CD19 CAR T cells, reported their
outcomes in adult ALL patients leading to the recent FDA
approval of the first CAR T-cell therapy in the relapsed/
refractory adult ALL population with a black box warn-
ing for CRS and neurotoxicity. Among 55 treated patients,
the complete response rate was 71% with a median dura-
tion of 12.8 months. CRS occurred in 89% (n = 49) of
patients with grade 3-4 CRS occurring in 24% (n = 13).
There were 2 grade 5 events attributable to sepsis and brain
herniation again demonstrating the dangers of these treat-
ments. While these data demonstrate clear efficacy for CAR
T-cell therapy in B-cell ALL, relapse and toxicity manage-
ment remain major barriers to their widespread application.
Additionally, a major unanswered question in the field is the
role of allogeneic transplant as a consolidative procedure in
B-cell ALL patients after CAR T-cell therapy.

Chronic myeloid leukemia

Allogeneic  transplantation  is
for chronic-phase CML since the approval of TKIs.
Transplantation for chronic-phase CML patients is con-
sidered in rare cases of intolerance or resistance to all TKIs,
and guidelines suggest it should be considered after 2 lines
of treatment failure, including at least 1 second-generation
TKI. Patients with a T3151 mutation who relapse should
be considered for allogeneic HCT given limited duration

much less common

of response with ponatinib and lack of alternative effec-
tive treatment options. Similarly, for accelerated phase
(AP) disease, allogeneic HCT should be considered for
poor responders to TKI therapy. Al CML patients with
myeloid or lymphoid blast phase (BP) disease should pro-
ceed to allogeneic HCT if possible, ideally after successtul
treatment to chronic-phase disease with a TKI, with or
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without induction chemotherapy appropriate for myeloid
or lymphoid blast crisis. Patients with AP or BP CML can
achieve a complete cytogenetic remission with TKI ther-
apy, but only a third of cases are associated with long-term
PES. Achievement of chronic-phase disease in AP and BP
CML is important for reducing risk of relapse following
allogeneic transplant.

For patients with detectable molecular, cytogenetic, or
morphologic disease relapse after allogeneic HCT, treat-
ment generally consists of withdrawal of immunosup-
pression and donor leukocyte infusion with a 65% 5-year
survival in relapsed CML in a large EBMT study. Given
the strong GVL effect in CML, these strategies can be
very effective although they run a high risk of stimulat-
ing GVHD. Several studies have used TKI therapy to treat
“molecular relapse” posttransplant, with remarkable effect
alone or in combination with DLI. The choice of TKI
should be guided by results of ABL kinase mutation stud-
ies given the reported emergence in some cases of unique
clones at relapse. In addition, published and ongoing stud-
ies have used TKI prophylactically posttransplant in those
cases at very high risk of relapse, such as accelerated and
BP CML and Ph™ ALL.

Chronic lymphocytic leukemia/small lymphocytic
lymphoma

Allogeneic HCT remains an appropriate consideration
for high-risk chronic lymphocytic leukemia (CLL) with
deletion of 17p, p53 mutations or complex karyotypes
generally after achieving response to targeted therapies,
or relapsed/refractory standard-risk disease. Up to 10% of
cases of CLL may develop/present with Richter’s trans-
formation and in this scenario, allogeneic transplant in
first remission has proven benefit over autologous trans-
plant. Three nonrandomized studies provide evidence
favoring the option of allogeneic transplant over non-
transplant strategies for relapsed or refractory CLL, how-
ever these predate the use of targeted inhibitors. Given
that BTK and bcl2 inhibitors can overcome the delete-
rious effects of dell7p and new combination therapies
of venetoclax and novel antibodies are resulting in unde-
tectable MRD, the role of allogeneic transplant in CLL
must be carefully evaluated in older patients where depth
and duration of remission may not be as important as
quality of life.

RIC has largely supplanted myeloablative approaches,
which had a very high NRM of >50%, likely because
of the cumulative effects of chemotherapy as well as the
older age of the CLL population. Preparative regimens
differ, but generally they are based on fludarabine-con-
taining regimens, some with low-dose TBI. The ASTCT
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consensus on CLL allotransplant recommends monitoring
of pre- and posttransplant MRD levels. Long-term out-
comes of patients allografted in the German CLL3X trial
showed that MRD clearance 1 year after allogeneic trans-
plant resulted in an 87% probability of 10-year DFS.

CD19-targeted CAR T-cell immunotherapy for CLL
demonstrated overall response rates of 44% and median
OS of 64 months in patients with R/R CLL resistant to
ibrutinib and venetoclax in a phase 2 study. Further long-
term outcome data will help determine how to position
CAR T cells with respect to allogeneic transplant and
other therapies in patients with CLL.

Myelodysplastic syndrome

Allogeneic HCT is the only curative therapy for myelodys-
plastic syndrome (MDS).The challenge in this group of het-
erogenous diseases is the identification of high-risk patients
at presentation as well as evolution of disease in lower-risk
patients. The revised International Prognostic Scoring
System (IPSS) classifies patients based on degree of cytope-
nias, karyotype, and percentage of blasts with 5-year survival
ranging anywhere from 25% to 75%. There are at least 5
somatic mutations (RUNX1, TP53, ETV6, EZH2, ASXL)
that have additive prognostic benefit to the IPSS-R scor-
ing system and should be considered in the transplant deci-
sion. There is increasing recognition of a subset of patients
with germline mutations in DDX41, RUNX1, or GATA2
that predispose to MDS, may present at a younger age, and
require special consideration of use of a familial donor.

Based on decision analysis, allogeneic HCT 1s indicated
for all transplant-eligible patients with IPSS-R intermedi-
ate-, high-, or very high-risk disease. Importantly, patients
with lower-risk disease should be monitored for evolution
including worsening of cytopenias, increasing blast percent-
age and new cytogenetic abnormalities to ensure timely
transplantation before complications related to cytopenias,
transfusions associated iron overload, or progression to AML
that may delay or preclude transplantation.

An important peritransplant variable to predict risk of
relapse in MDS is the percentage of blasts at the time of
transplant. Retrospective studies have compared intensive
induction chemotherapy to hypomethylating treatment
showing no benefit to intensive chemotherapy for cytore-
duction. In patients with over 10% blasts, hypomethylating
therapy as a bridge to transplant is generally undertaken.
Lastly MRD remains an important predictor of relapse
similar to the case in AML. Data in p53-mutated MDS
suggests a lower relapse risk in patients who achieve
MRD negative state prior to transplant. Several strategies
are being explored to increase depth of remission prior
to transplant including the use of CPX-351, shown to be
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effective in secondary AML, as well as combinations of
venetoclax with hypomethylating agents, and lastly post-
transplant strategies including combinations of hypometh-
ylating agents and DLI for molecular relapse.

Follicular lymphoma

Follicular lymphoma (FL) typically runs an indolent
course but is incurable with conventional chemother-
apy. Frontline therapy can lead to prolonged remissions
and HCT (either autologous or allogeneic) is reserved
for patients with relapsed disease. Nonrandomized ret-
rospective studies, including studies from the German
Low-Grade Lymphoma Study Group and the National
LymphoCare Study/CIBMTR have suggested a survival
benefit for autologous transplantation in patients with
early progression of FL within 2 years of frontline therapy.

Several nonrandomized studies showed lower relapse
rates after allografting compared with autologous HCT,
but this gain was offset by the considerably higher NRM
with MAC conditioning. RIC allogeneic transplants
have been used in FL, including cases failing an autolo-
gous transplant. Two prospective studies have used fludara-
bine-based RIC conditioning regimens. The University of
Texas MD Anderson Cancer Center reported 6-year PFS
and OS rates of 83% and 85%, respectively, with a NRM of
15% while a Cancer and Leukemia Group B trial reported
2-year PES and OS rates of 71% and 76%, respectively,
with an NRM of only 7%. Chemotherapy-sensitive dis-
ease before transplantation predicted superior outcomes.
The EBMT performed a retrospective analysis compar-
ing autologous (1 = 726) to RIC allogeneic HCT (n =
149) as first-transplant strategy in relapsed FL. Relative to
autologous HCT, RIC allogeneic HCT vyielded signifi-
cantly reduced relapse rates and longer PFS at the expense
of increased NRM leading to equivalent 5-year OS (72%
autologous transplant versus 69% allogeneic HCT, P = not
significant). Based on lack of superiority in overall survival,
allogeneic transplantation should be reserved for selected
patients with relapse postautologous HCT.

The incidence of transformation from FL to diffuse
large B-cell lymphoma is ~3% per year. Transformed FL
may represent a unique situation where autologous trans-
plant could be a consideration in first remission to prolong
duration of remission recently demonstrated in a matched
propensity score analysis.

Anti-CD19 CAR T cells are now also FDA-approved
in chemorefractory FL that has progressed after at least
2 prior lines of treatment following data from the phase
2 ZUMA-5 clinical trial which demonstrated an overall
response rate of 91% in patients with a CR rate of 61%.
74% of patients remained in remission at 18 months. These
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excellent results are tempered by the presence of grade 3+
CRS and neurotoxicity which occurred in 8% and 21% of
patients, respectively.

Diffuse large B-cell lymphoma

The majority of patients with aggressive and very aggressive
B-cell NHLs can be cured with frontline chemoimmuno-
therapy, with or without consolidative radiotherapy. A retro-
spective analysis of SWOG 9704 demonstrated PFS and OS
benefit with autologous HCT in International Prognostic
Index (IPI) high-risk Diffuse Large B Cell Lymphoma
(DLBCL). As it stands, upfront autologous HCT for
DLBCL in CR1 should be reserved for rare, high-risk
patients, ideally within the context of a clinical trial.

For patients who fail to achieve CR with initial ther-
apy or relapse after a brief CR duration, only 30% to 40%
will respond to salvage chemotherapy and may subsequently
undergo consolidation with autologous HCT. The mul-
ticenter, prospective PARMA trial established the role of
autologous HCT for patients with relapsed, chemothera-
py-sensitive DLBCL with superior 5-year EFS and OS of
46% and 53%, respectively, for the transplantation arm and
12% and 32%, respectively, for the chemotherapy arm. The
subsequent CORAL study established that choice of salvage
regimen did not affect outcomes of autologous transplant
and maintenance rituximab following transplant did not add
any therapeutic benefit. Patients with relapsed DLBCL who
were chemotherapy-sensitive unequivocally fared better
compared with patients with chemotherapy-resistant disease.

Patients with DLBCL who demonstrate primary refrac-
tory disease or relapsed disease that is not responsive to sal-
vage chemotherapy continue to have poor outcomes even
after high-dose therapy with autologous HCT. The recent
SCHOLAR-1 study reported an ORR of 26% to the next
line of therapy and pooled median OS of 6.3 months, indi-
cating a continued therapeutic need. This may be amenable
to allogeneic transplant or CAR T-cell therapies

Allogeneic HCT is not offered routinely to patients
with DLBCL. Exceptions include select young patients
with advanced disease, patients who failed to mobilize
adequate CD34+ hematopoietic cells, or patients who
failed a previous autologous HCT. In a review of 101
patients with DLBCL who failed an autologous trans-
plant, 3-year NRM was 28% (higher in MAC versus
RIC), relapse was 30%, and OS 52%. Time to relapse of
<12 months and chemotherapy-refractory disease por-
tended a worse outcome.

(D19-targeted CAR T-cell therapy in DLBCL

In October 2017, axicabtagene ciloleucel (axi-cel) became
the second approved CAR T-cell therapy. The drug gained
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FDA approval for the treatment of adults with relapsed or
refractory large B-cell lymphoma after 2 or more lines of
systemic therapy, including DLBCL not otherwise spec-
ified, primary mediastinal large B-cell lymphoma, high-
grade B-cell lymphoma, and DLBCL arising from FL.
Approval was granted based on results from a single-co-
hort, multicenter phase 2 trial (ZUMA-1). In this study,
101 patients (of 111 enrolled) ages 23 to 76 years with
histologically confirmed relapsed or refractory large B-cell
lymphoma received a target dose of 2 X 10° CAR T cells/
kg body weight after undergoing lymphodepleting che-
motherapy with low-dose cyclophosphamide and fludar-
abine. The overall response rate was 82%, with a complete
response rate of 54% and median duration of response of
8.1 months. OS was estimated at 52% at 18 months for
patients receiving CAR T cells. Neutropenia, anemia, and
thrombocytopenia emerged as the most common grade 3
or higher events. CRS and neurologic events occurred in
93% and 64% (grade 3 or higher in 13% and 28%) of the
patients, respectively.

Two other forms of CD19 targeted CAR T-cell ther-
apy are approved for relapsed/refractory aggressive B-cell
lymphomas. Tisagenlecleucel is also approved for large
B-cell lymphoma including DLBCL, high-grade B-cell
lymphoma, and DLBCL arising from FL after 2 or more
lines of systemic chemotherapy. Unlike the axi-cel, this
CAR has a different costimulatory domain with a 41BB
activation versus CD28. The pivotal JULIET trial leading
to approval was a phase 2, single-arm study involving 93
patients. The best overall response rate was 52% with 40%
achieving a complete response. CRS measured using the
University of Pennsylvania grading scale demonstrated
grade 3-4 CRS in about 22% of patients with no deaths
attributed to treatment. Grade 3-4 neurological events
occurred in 12% of patients. Lisocabtagene maraleucel
is a third product now approved for relapsed, refractory
large B-cell lymphoma. Similar to tisagenlecleucel, this is
an anti-CD19, 41BB CAR T-cell product. Uniquely it is
administered as 2 doses with a fixed ratio of CD4+ and
CD8+ CART cells. Among 256 evaluable patients treated
on a pivotal single-arm clinical trial, the overall response
rate was 73% with a complete response in 53% of patients.
Grade 3-4 CRS and neurological events occurred in 2%
and 10% of patients, respectively.

Future CARs in B-cell malignancies

While clinical data are most mature with CD19-directed
CAR T-cell therapy, an increasing number of other antigen
targets are being pursued as well (eg, CD20, CD22, CD30
among others). In addition, combinatorial CARs targeting
>1 antigen simultaneously are under active development.
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Among the most promising strategies, has been the tar-
geting of CD22. The CD22 molecule is restricted to the
B-cell lineage and when engaged normally functions to
inhibit B-cell signaling. The National Cancer Institute
(NCI) reported their outcomes using a 41BB/CD3{ CAR
T-cell product in patients with relapsed B-cell malignan-
cies. Among the 58 patients treated on this early phase trial,
the majority had prior exposure to CD19 CAR T cells

(51/58 patients). Despite this the CR  rate was
impressive at 70% with a median OS of 13.4 months
and a median relapse-free survival of 6 months. CRS
occurred in the majority of patients, most of it grade 1-2.
Hemophagocytosis like manifestations were present in
19/58 (33%) requiring management with anakinra.

Since targeting single antigens with CAR T cells car-
ries the risk of immune escape or loss of the target antigen,
a phenomenon well documented in patients treated with
CD19-directed CAR T cells, several groups are now pro-
moting dual targeted CAR T-cell approaches. There are
several ways to construct a multitargeted CAR T cell with
no known superiority to date of one approach to another.
Options include (1) generate 2 or more CAR products
separately and infuse simultaneously or sequentially; (2)
use a bicistronic vector to encode 2 different CARs on
the same cell; (3) transduce T cells with more than 1 viral
vector each encoding a different CAR (cotransduction);
and (4) encode 2 CARs on the same receptor using a
single viral vector (tandem). Each approach has is distinct
advantages and disadvantages and studies are ongoing eval-
uating different models of dual or multitargeting CARs.
Recently outcomes of a bispecific, tandem anti-CD19/
anti-CD20 CAR were reported. At the target dose of
2.5x10° cells/kg, the ORR was 82% and CR rate of 64%.
Interestingly, no relapsing patient had documented loss of
CD19 suggesting that dual targeted therapy may mitigate
one potential mechanism of relapse. Another approach
involves dual targeting of CD19 and CD22. AUTO3 is
a bicistronic retroviral anti-CD19/anti-CD22 CAR T-cell
product given in combination with pembrolizumab.
Among 11 patients treated at higher dose levels, the ORR
and CR rate were 64% and 55% respectively. Toxicity was
limited with no grade 3-4 CRS and only 1 case of grade
3-4 neurotoxicity among 19 evaluable patients. Similarly,
Spiegel et al. reported their outcomes with a bispecific
tandem CD22-CD19 41BB CAR construct among
patients with B-cell ALL and large B-cell lymphoma.
Among the B-cell lymphoma patients treated at the rec-
ommended phase II dose (n = 15), the ORR was 40%
and CR rate was 33%. For patients with B-cell ALL (n = 17),
the ORR and CR rates were 100% and 82%, respec-
tively. Unfortunately, despite dual targeting, loss of CD19
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occurred among relapsing patients with both B-cell ALL
and large cell lymphoma, demonstrating the challenges in
mitigating antigen loss as a mechanism of resistance. This
represents only a small fraction of the ongoing studies
using a multitargeted approach.

Mantle cell lymphoma

Mantle cell lymphoma (MCL) is an uncommon lym-
phoma (5% to 10% of lymphomas) that generally presents
with advanced disease. A small subset presenting with low
SOX11 expression have an indolent course, but in most
cases the disease has an aggressive course and is advanced
at presentation. High-dose therapy with autologous
HCT is typically part of consolidation therapy, yielding
5-year PFS of 50% to 70% and 5-year OS ot 60% to 70%,
although late relapses are reported. Rituximab mainte-
nance after frontline autologous HCT for MCL mainte-
nance versus observation showed improved EFS and OS
in prospective clinical trials. A randomized comparison of
autologous transplant versus maintenance rituximab fol-
lowing high-dose induction chemotherapy is still wanting
in the field.

For patients with relapsed or refractory disease after
autologous HCT, allogeneic HCT is indicated as it
offers the only chance for cure and long-term survival.
Myeloablative allogeneic HCT can induce durable remis-
sions in MCL, even in heavily pretreated patients, but is
associated with significant TRM and morbidity. RIC
regimens reduce toxicity without significantly sacrificing
curative potential, yielding EFS rates ranging from 50% to
85% even in patients who failed a prior autologous HCT.
The main predictors of allotransplant success are chemo-
sensitive disease at the time of transplant and duration of
remission following autologous transplant. TP53 muta-
tion status is important to assess as its negative prognostic
impact cannot be overcome even with transplant; these
patents may be better served on a clinical trial.

(D19-targeted CAR T-cell therapy in B-cell MCL

Brexucabtagene autoleucel 1s a CAR product identical to
axi-cel but manufactured under different conditions to
reduce the burden of malignant CD19 expressing B cells
and improve the manufacturing process. This product was
tested in relapsed, refractory MCL patients that had pro-
gressed after up to 5 prior lines of therapy. The lympho-
depletion regimen and cell dose were identical to axi-cel
(2x10° CAR+ cells/kg). In this phase 2 study, 68 patients
received treatment with an ORR of 93% and a CR rate
of 67%. The 12-month PFS was 61% and 12-month OS
was 83%. Grade 3 or higher CRS occurred in 15% and
grade 3 or higher neurotoxicity in 31% of patients. Two
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fatal infectious adverse events occurred. These data led to
FDA approval of brexucabtagene in relapsed, refractory
MCL.

Hodgkin lymphoma

Frontline therapy for classical has high cure rates. For
patients with relapsed or refractory HL, high-dose therapy
with autologous HCT is the standard of care and confers
cure rates of 40% to 60% in patients with relapsed, che-
motherapy-sensitive disease and 25% to 40% in patients
with chemotherapy-refractory disease. Maintenance ther-
apy after autologous HCT has also been evaluated for
classical HL. Brentuximab vedotin (BV), an antibody-drug
conjugate targeting surface CD30, was evaluated as a
maintenance therapy in the AETHERA randomized, pla-
cebo-controlled phase 3 study comparing 16 BV treat-
ments after autologous HCT to placebo for classical HL
at high risk for relapse or progression. The results demon-
strated superior PES (HR 0.57, P = 0.001) with BV but
at the expense of increased sensory and motor neuropathy,
neutropenia, and 2 cases of fatal acute respiratory distress
syndrome attributable to BV.

The role of allogeneic HCT in classical HL is less
established and generally pursued only in patients who
have persistent marrow involvement, refractory disease, or
relapsed or progressive disease after an autologous HCT. In
general, RIC transplant regimens are preferred to a fully
myeloablative regimen because of a more favorable NRM.
The Gruppo Italiano retrospectively compared nearly 200
classical HL cases following autologous transplant and
divided the patients into those with a donor (sibling, unre-
lated, or haploidentical) versus those who could not secure
a donor, with the intent that those with donor would have
an RIC allogeneic HCT. The 2-year PES and OS were
superior in the donor group (39% versus 14% and 66%
versus 42%, respectively). The Seattle group compared the
outcome for HLA-matched, unrelated matched, and hap-
loidentical donors in RIC allogeneic HCTs and found
survival to be similar in all approaches, with OS of ~60%,
and PES of ~40%. Chemosensitivity before RIC alloge-
neic HCT predicts reduced risk of relapse.

(D30 CART cells in Hodgkin lymphoma

While CAR T-cell therapies in HL are not as advanced as
in B-cell NHL, recent data has demonstrated promising
outcomes targeting the CD30 antigen. CD30 is a trans-
membrane receptor overexpressed on Reed-Sternberg
cells making it an ideal target for CAR based thera-
pies. One group recently reported their outcomes with
anti-CD30 CAR T cells generated using a gammaret-
roviral vector and CD28 as the costimulatory signaling
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molecule. In total 41 patients with HL were treated with
a median of 7 prior lines of therapy. CRS occurred in 10
patients, all of which were grade 1 with no neurological
toxicities reported. The ORR was highest among patients
who received a fludarabine-based lymphodepletion regi-
men (n=32) at 72% with 59% achieving a CR.The 1-year
PES for all patients was 36%-These data provide proof-
of-concept for activity of CAR T cells redirected at novel
antigens in HL. Further research and clinical trials are
indicated before these treatments become mainstream.

Peripheral T-cell ymphoma
Peripheral T-cell lymphomas (PTCLs) account for 10%
of NHLs, and their heterogeneity is reflected in the
International T-cell Lymphoma Project outcome data.
Six prospective nonrandomized studies have examined
autologous transplant and found that early transplantation
appears to improve outcomes in chemotherapy-sensitive
PTCL with 2-year PFS and OS rates of 63.4% and 75.3%
in patients who underwent an autologous HCT in CR1
compared with 19.5% and 41.9% in patients not achieving
CR1.IPI risk group can also guide transplant selection.
For relapsed or refractory disease, autologous HCT
yields 5-year survival rates of about 40% in chemosensi-
tive disease, with similar outcomes observed for allogeneic
HCT with MAC or RIC conditioning.

Plasma cell dyscrasias
Multiple myeloma is the most common adult indica-
tion for autologous HCT. Compared to chemotherapy,
high-dose melphalan therapy with autologous HCT has
demonstrated higher response rates and improved PES
and OS across multiple clinical trials. This benefit per-
sists in the era of immunomodulators and proteasome
inhibitors. The optimal timing of transplant is conten-
tious in light of very deep responses with novel agents in
combination regimens. The IFM 2009 phase 3 random-
ized study compared initial therapy with lenalidomide,
bortezomib, and dexamethasone with or without high-
dose melphalan with autologous HCT in untreated MM.
Transplantation significantly improved PES, but there
was no difference in OS. A unique consideration in MM
is that up to 40% of patients have renal insufficiency and,
unlike other hematological malignancies, this does not
preclude transplant, although lower doses of melphalan
are routinely used.

The utility of tandem transplantation is largely historical.
A meta-analysis of 6 randomized trials with ~1000 patients
concluded that tandem autologous HCT confers higher
response rates compared with single autologous HCT but
did not find conclusive evidence for improvement in PES
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or OS. At this time, single autologous HCT after response
to primary therapy remains the standard at most institu-
tions. The ASTCT and EBMT recommend allogeneic
transplant be considered for patients with early relapse
(<24 months) after primary therapy and/or high-risk fea-
tures (ie, cytogenetics, extramedullary disease, plasma cell
leukemia, or high lactate dehydrogenase (LDH)).

MM was the first disease to demonstrate the benefit of
maintenance therapy with lenalidomide after autologous
HCT, improving median PES from 23 to 27 months to
47 to 53 months and the median OS from 3 to 5 years
to 7 to 10 years. Current research uses immunotherapies,
including antibodies (targeting CD38 and B-cell matura-
tion antigen [BCMA]) and CAR T cells, to enhance the
depth of remission to MRD negative status and augment
the effect of autologous HCT. With a rapidly expanding
therapeutic landscape, it is key to understand how to inte-
grate therapies including multidrug induction regimens,
the prolonged relapse-free survival offered by autologous
stem cell transplant, and potent and well-tolerated bispe-
cific antibodies and CAR T cells.

AL (light chain amyloid) amyloidosis is a clonal plasma
cell disorder characterized by tissue deposition of amor-
phous extracellular material composed in part of immu-
noglobulin light- or heavy-chain fragments in vital
organs, such as the heart, lung, kidney, liver, and CNS.
‘While autologous HCT can reverse the disease process for
selected patients, because of preexisting organ dysfunction,
the NRM of autologous HCT is 2 to 5 times (NRM ~5%
to 10%) higher than for MM (NRM ~2%). Several studies
have suggested a 2- to 3-year survival of ~70% after autol-
ogous HCT, although patients with multiorgan involve-
ment have inferior survival.

Multiple myeloma CAR T-cell therapy

The B-cell maturation antigen is a member of the
tumor necrosis factor superfamily that is expressed by
both malignant and normal plasma cells and is a tar-
get exploited by CAR T-cell therapies in MM. Several
BCMA CAR T-cell products are under investigation,
with 1 product approved and additional approvals antic-
ipated within the next 1 to 2 years. Idecabtagene vic-
leucel (ide-cel) also known as bb2121 is a 41BB, CD3{
CAR T-cell product targeting BCMA and is the first
FDA-approved BCMA CAR product. In a multicenter
phase 2 clinical trial of 128 patients with relapsed, refrac-
tory MM treated with ide-cel, the ORR was 73% and
the CR rate was 33%. MRD negativity was achieved in
26% of patients. As with other CAR T therapies, CRS
occurred in 84% with only 5% of patients having grade
3+ toxicities. Neurotoxic effects occurred in 18% of
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patients. A second product, ciltacabtagene autoleucel, is
a CAR T cell that targets 2 epitopes on BCMA. Interim
results from their phase 2 clinical trial among 97 patients
with relapsed, refractory MM demonstrated an ORR of
94.8% and a stringent CR rate of 56%. The 6-month
PFES and OS were 87.4% and 93.8%, respectively. CRS
occurred in 95% of patients and neurotoxicity in 21% of
patients. To date it remains unclear if CAR T-cell ther-
apies will be curative in MM, with relapse remaining a
barrier to the high upfront response rates. In addition to
BCMA, several other antigens are under active investiga-
tion in MM.

Nonmalignant hematologic diseases

Aplastic anemia and bone marrow failure syndromes

Therapy for aplastic anemia depends on the severity of
the aplasia, the availability of an MRD, and the age of
the patient. The standard first-line therapy for younger
patients with newly diagnosed severe aplastic anemia is
allogeneic HCT if a MRD is available. If a MRD is not
available or a patient is an older adult, immunosuppressive
therapy with equine ATG, cyclosporine and the throm-
bopoietin receptor agonist eltrombopag is used for ini-
tial therapy with unrelated donor transplant reserved for
patients who do not adequately respond to immunosup-
pressive therapy. Long-term survival following an MRD
transplant exceeds 80%. Inferior survival 1s associated with
older age, use of an unrelated donor, and prior transfusion.
Bone marrow rather than peripheral blood is the preferred
source of stem cells to reduce the risk of chronic GVHD.
Most centers use high-dose cyclophosphamide with ATG
as a preparative regimen, although regimens incorporat-
ing fludarabine with ATG and lower doses of cyclophos-
phamide are also efficacious. For younger patients (often
defined as <40 years old) with newly diagnosed idiopathic
severe aplastic anemia and an HLA-identical sibling, many
centers recommend immediate transplantation to min-
imize alloantigen sensitization with transfusions, which
historically has resulted in an increased risk of graft rejec-
tion and poorer outcomes. Secondary malignancies occur
after transplantation for severe aplastic anemia in as many
as 10% of cases 15 years from transplant.

It is important to assess for Fanconi anemia and dys-
keratosis congenita as congenital causes of bone marrow
failure in newly diagnosed aplastic anemia patients to
help select the appropriate treatment course and ensure
any related stem cell donor is screened for the recipient’s
bone marrow failure syndrome. Patients with Fanconi
anemia frequently do not have all of the stigmata of the
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disease, and the diagnosis may be overlooked. The sensi-
tivity of patients with Fanconi anemia to alkylating agents
is well-described, and transplantation can be successfully
performed using nonmyeloablative regimens.

Immune deficiency and inherited metabolic
disorders

Many immune deficiency disorders become evident
in infancy secondary to an increased rate of infections
or the presence of opportunistic infections. The most
common diseases for which allogeneic transplantation
is indicated include adenosine deaminase deficiency
(ADA), SCID, Wiskott-Aldrich syndrome, Nezelof syn-
drome, Omenn syndrome, MHC antigen deficiency,
leukocyte adhesion defect, Chédiak-Higashi syndrome,
chronic granulomatous syndrome, and DiGeorge anom-
aly. Allogeneic HCT is undertaken in these disorders to
provide a stable source of immunologically competent
cells. The major complications are rejection of the mar-
row graft and GVHD.

A number of inborn errors of metabolism, including
globoid cell leukodystrophy; metachromatic leukodys-
trophy; adrenoleukodystrophy; mannosidosis; fucosidosis;
aspartylglucosaminuria; Hurler, Hunter, Maroteaux-Lamy,
and Sly syndromes; and Gaucher disease type III, can be
corrected with allogeneic HCT. One of the most import-
ant steps is the early identification of the disorder before
the development of end-organ damage. In a number of
these disorders, allogeneic HCT halts disease progression,
but the patient may not regain lost milestones or function.

Importantly, gene therapy using third-generation
self-inactivating lentiviral vectors and autologous HCT
has entered the clinical arena both for immunodeficiency
diseases as well as metabolic disorders where the trans-
formed cells cause sustained release of biotherapeutics.
These include the European Medical Agency (EMA)-
approved agent Strimvelis for ADA deficiency and the
FDA-approved gene therapy onasemnogene abepar-
vovec-xioi (Zolgensma) for spinal muscular atrophy.

Autoimmune diseases

Autologous HCT has been used in multiple sclerosis, sys-
temic sclerosis, rheumatoid arthritis, juvenile idiopathic
arthritis, systemic lupus erythematosus, dermatomyositis/
polymyositis, Crohn’s disease, and autoimmune cytopenias
with a randomized study in diffuse systemic sclerosis show-
ing an EFS (74% versus 47%) and OS (86% versus 51%)
benefit to autologous HCT compared to monthly cyclo-
phosphamide. The therapeutic rationale for these transplan-
tations is that high-dose chemotherapy may eradicate or
modulate clones of autoreactive T cells. Allogeneic HCT
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has considerable treatment-related morbidity and mortality
in this population and is not typically used outside of a clin-
ical trial. The waxing and waning course of autoimmune
disorders makes it difficult to define end points in these
diseases. Nonetheless, patients with aggressive autoimmune
disorders should consider clinical trials and examine this
approach as one of their treatment options.

Hemoglobinopathies

Thalassemia major
The clinical manifestations of thalassemia are largely
linked to sequelae of chronic anemia, ineffective erythro-
poiesis, and peripheral hemolysis. Allogeneic transplanta-
tion as a curative approach for this disease was pioneered
in the 1990s by a team in Pesaro, Italy. Three factors pre-
dicted adverse transplantation outcomes: hepatomegaly
(>2 cm below the costal margin), hepatic fibrosis, and
irregular chelation. Disease-free survival exceeding 90%
has been reported with favorable risk profile and matched
sibling donors. For those lacking sibling donors, unre-
lated, haploidentical, and cord blood donor transplanta-
tions have shown promising results in both pediatric and
adult patients. Patients with thalassemia major frequently
develop mixed chimerism following transplantation,
which often leads to marked improvement in their trans-
fusion requirements. The patients remain at risk for graft
rejection, however, especially those with persistence of
>25% host cells

The major breakthrough in this disease has been the
development of gene therapy, whereby transfusion-depen-
dent patients over age 12 with B" or severe B mutations
and lacking a MR D were infused with cells transduced ex
vivo with a lentiviral vector encoding the globin gene fol-
lowing MAC. Several vectors and gene therapy approaches
have been examined. One trial used intraosseous infusion
of cells while another vector encoded HbA with a T87Q
amino acid substitution, a hemoglobin variant that resists
sickling. The endopoints attained include transtusion
independence in a sizable subset and reduce requirement
in others. The EMA has conditionally approved betibeglo-
gene autotemcel for the treatment of thalassemia major.
The cost of these therapies remains a major barrier limit-
ing access given the geographic distribution of these dis-
ease in middle- and lower-income countries.

Sickle cell disease

Between 1986 and 2013, more than 1000 patients received
an HLA-identical sibling HCT and >90% were cured of
sickle cell disease. Allogeneic transplantation and gene
therapy offer the promise of cure to a subset of patients
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with sickle cell disease with severe clinical manifestations,
including frequent pain crises, acute chest syndrome, and
stroke or cerebrovascular disease requiring chronic trans-
fusions. Transplant morbidity and mortality increases
significantly starting in early adolescence and should gen-
erally be undertaken at centers with clinical experience
with this unique subset of patients.

Recent data for 122 adults from 3 institutions undergo-
ing MRD transplant using nonmyeloablative conditioning
with alemtuzumab and 300 cGy of TBI is encouraging
with overall and sickle-free survival at 1 and 5 years of
93% and 85% respectively. Successtul allogeneic HCT
appears to improve hemoglobin, hemolytic parameters,
and hepatic iron levels while pulmonary function testing,
hepatic histology, and neurovascular imaging remained
stable, suggesting cessation of further sickle-related injury.
Importantly, quality of life measures improved significantly
following transplant. Clinical experience using donors
other than matched siblings is increasing and offers an
important solution to the bottle neck of matched sibling
donor availability of <20%.

Simultaneously, multiple gene therapy strategies are in
clinical trials with preliminary data showing their suc-
cess without the morbidity and mortality of GVHD and
no reported rejection. A gene editing approach using
CRISPR-Cas9 to target BCL11 as part of an autolo-
gous transplant to increase expression of fetal hemoglobin
showed success in a proof-of-concept trial encompassing
1 patient with thalassemia major and another with sickle
cell disease. However, clonal myeloid disease has emerged
in recipients of the gene-edited cells after busulfan condi-
tioning, emphasizing the need for ongoing study before
broad adaptation. The choice of transplant versus gene
editing will be one that is guided by emerging data on
efficacy, access, as well as short- and long-term morbidity.

Solid tumors

Germ cell tumors

Approximately 15% to 20% of patients with multiply
relapsed or overtly cisplatin-refractory germ cell tumors
can be cured with high-dose carboplatin and etoposide
followed by autologous HCT. In a large retrospective
study, progressive disease before transplantation, primary
mediastinal tumor, refractoriness to conventional-dose cis-
platin, and human chorionic gonadotropin levels >1000
IU/L before transplantation predicted transplantation
failure. The estimated 2-year survival rates were 51% and
5% for patients with no risk factors and multiple risk
factors, respectively. This is an area where tandem trans-
plant retains a therapeutic niche as demonstrated by a

14. Hematopoietic cell transplantation and cellular therapy

large retrospective experience of 445 metastatic germ cell
tumor patients evaluating high-dose chemotherapy and
tandem autologous stem cell transplant showing similar
outcomes between patients over and under 40 years old.
Over 80% of patients were able to receive both planned
transplants; 2-year PES was >55% and OS >60%.

Pediatric solid tumors

Many pediatric solid tumors demonstrate exquisite chemo-
sensitivity, leading to the exploration of autologous HCT
as a method of dose intensification for children presenting
with high-risk or recurrent disease. The major examples are
high-risk neuroblastoma (defined as age >1 year, metastatic
disease, amplification of MYC oncogene, and histologic
findings) and Ewing sarcoma with high-risk features at
diagnosis, including large primary tumor size, pelvic loca-
tion, and presence of overt metastatic disease.

Health inequities in transplantation

A CIBMTR analysis of more than 200,000 patients with
leukemia, lymphoma, and myeloma from 1997 to 2002
showed a significantly higher odds ratio for receiving HCT
in White compared to Black patients, with ORs of 1.24 for
auto-HCT, 1.59 for HLA-identical sibling HCT, and 2.02
for unrelated donor HCT (P < 0.0001 for all comparisons).
There has been longstanding recognition that the donor
pool in national bone marrow registries disproportion-
ately disadvantages non-White communities. The National
Marrow Donor Program/Be The Match showed after ana-
lyzing more than 10 million unrelated donors, the proba-
bility of identifying a MUD was 75% for a White patient
compared to 19% for a Black patient. Registry modeling
has shown that simply increasing the number of minority
volunteer donors cannot completely close the access gap.
Incorporating posttransplant cyclophosphamide has liber-
alized the degree of permitted HLA mismatch and there
is now widespread use of haploidentical donors. A recent
phase 2 study showed this approach also improved outcomes
for mismatched unrelated donors. Cord blood transplants are
also used, albeit at select centers with expertise in this area.
Social determinants of health strongly affect access to
and outcomes of allogeneic transplant through a diverse set
of mechanisms. The importance of nonbiologic factors in
transplant access is reflected in the extension of this dispar-
ity to autologous transplant. Because of the expensive and
multidisciplinary nature of the procedure, socioeconomic
status, health insurance, and health literacy factors may be
directly relevant in contributing to racial disparities. Other
barriers include comorbidities, availability of caregivers and
transportation, as well as patient adherence to medications
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and outpatient follow-up care. A recent study drew atten-
tion to the importance of patients’ community health
status in predicting NRM following allogeneic HCT.
Sociodemographic, environmental, and community indica-
tors were aggregated to compute a community risk score
that was strongly predictive of survival outcomes following
transplant, These data suggest that disparities persist even
after surmounting the barrier of identifying a donor and
meeting eligibility criteria for transplant.

In addition to race, age remains an important barrier
to transplant based on a recent meta-analysis. Strategies to
make transplant more accessible to elderly patients include
prospective and/or randomized controlled trials investi-
gating HCT in this population such as the BMT CTN
CHARM study that aims to validate pre-HCT factors
(patient-reported factors, clinical factors, and biomark-
ers) and to risk stratify for NRM after allogeneic HCT in
older adults . In addition, physician education and incor-
poration of geriatric assessments in transplant evaluations
will help to increase transplant rates in this vulnerable
population that often presents with high-risk disease.

Economics of hematopoietic cell
transplantation

The cost of an HCT ranges broadly from $36,000 to
$88,000 (US) for an autologous transplantation, to $200,000
(US) or more for a myeloablative allogeneic procedure.
Intensity of conditioning, donor selection, pediatric age
group, and posttransplant complications such as infections
and GVHD, have been shown to be significant cost drivers.
Early use of allogeneic HCT for sickle cell disease has been
shown to improve health-related quality of life and reduced
health care use over time in children and severely affected
adults. Autologous transplant for autoimmune diseases has
the benefit of a single procedure to provide self-tolerance
rather than chronic immunosuppression. A recent analysis
of more than 2000 procedures from 2010 to 2015 by the
EBMT showed that autologous transplant use and outcomes
for autoimmune diseases were correlated with the Human
Development Index, health care expenditure, and team den-
sity (ie, the number of transplant teams divided by popu-
lation) suggesting a need for centers of excellence. Formal
health economic modeling is warranted to fully evaluate the
cost-effectiveness of HCT versus the standard of care in auto-
immune diseases. Existing frameworks such as the Institute
for Clinical and Economic Review (ICER) help guide an
understanding of financial value considerations. A recent
report from ICER showed that while the cost-effectiveness
of 2 FDA-approved CAR T therapies (tisagenlecleucel and
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axicabtagene ciloleucel) fell below or within commonly
cited thresholds of $50,000 to $150,000 per quality-adjusted
life year, changes will be needed in future pricing, payment,
and delivery mechanisms to ensure patient access without
threatening health system affordability.

Summary

The field of HCT and cellular therapy is rapidly evolv-
ing. Results have improved over the past decades and indi-
cations for HCT/CT continue to expand and change.
Transplantation is more widely applicable because of
improvements in supportive care and donor selection and
the advent of reduced-intensity conditioning regimens.
Adoptive cell therapy targeting cancer-associated antigens
has added a powerful new treatment to existing therapies
for patients with hematologic malignancies and soon may
be applicable in solid tumors as well.
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