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Haematopoietic stem cell transplantation was initiated in the early 1970's by pioneers
studying radiation-induced bone marrow damage and blood transfusion. Since
that time there have been over one million transplants and over 34 million donors
registered with the world marrow donor association. This special edition of Frontiers in
Immunology highlights the research achievements which led to the curative therapy
of haematopoietic stem cell transplantation (HSCT) but also reviews the ongoing
complications such as graft versus host disease (GvHD) and infection caused by the
procedure. Early animal and human studies are reviewed as well as those which led
to the development of changes in transplant protocols such as peripheral blood stem
cell and cord blood transplants and the harnessing of graft versus leukaemia (GvLl)
effects by donor lymphocyte infusions. The eBook covers immunogenetics, the
role of biomarkers, and future developments of the therapy which will aim to further
improve the outcome for HSCT patients. The eBook is divided into 8 chapters dealing
with animal studies; a history of early human studies; the pathophysiology of HSCT;
graft versus host disease; graft versus leukaemia effects; immune reconstitution;
non-HLA immunogenetics and future developments, including use of mesenchymal
stem cells, virus specific T cells and chimeric antigen receptor (CAR) therapy.
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Editorial on the Research Topic
Cellular Therapies: Past, Present and Future

This collection of review articles on hematopoietic stem cell transplantation (HSCT) has been
compiled by enthusiastic post-graduate students within the Marie Curie Initial Training Network
CELLEURORPE. It starts with two reviews of current research with a historical perspective and focus
on either animal or human HSCT studies.

Boieri et al. summarize the importance of early animal experiments from the 1950’ including
graft-vs.-host disease (GvHD) a major complication of HSCT, initially termed “runt disease.”
The article focuses on the contribution of animal experiments to the understanding of the
pathophysiology of acute and chronic GvHD and the development of therapies to overcome these
complications. It ends with a discussion of general advantages and limitations of animal models for
studying GvHD.

The historic milestones of HSCT in man are reviewed by Juric et al. They describe the
development of conditioning therapies enabling engraftment of HSC. The pivotal role of human
leukocyte antigen (HLA) typing technologies for the introduction and continuous improvement
of HSCT is explained. The shift from serological to molecular methods is discussed in view of
their importance for the utilization of matched unrelated donors. Further parameters affecting
HSCT outcome are introduced focusing on stem cell sources ranging from bone marrow to
peripheral HSC and cord blood. The article closes with an outlook on new developments, such
as the adoptive transfer of T cells engineered to express chimeric antigen receptors (CARs) directed
against antigens present on leukemic cells.

Ghimire et al. discuss in detail the pathophysiology of GVHD explaining initiation and course
of both the acute and chronic forms and introducing new strategies to limit these complications.
Despite these efforts, especially chronic GvHD remains a major challenge that warrants further
research.

The risk to elicit GVHD by transplantation of allogeneic T cells is balanced by their potential
for profound graft-vs.-leukemia (GvL) effects, giving rise to curative therapies for malignancies.
Dickinson et al. summarize clinical observations and experimental results demonstrating that
allogeneic T cells in the graft reduce the risk of relapse of malignancy after HSCT. They describe the
development of donor lymphocyte infusion (DLI) as a means to treat relapse. In addition, newer
strategies are explained including the infusion of allogeneic mismatched natural killer (NK) cells or
tumor antigen-specific T cells.

Frontiers in Immunology | www.frontiersin.org 5

August 2018 | Volume 9 | Article 1966


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2018.01966
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2018.01966&domain=pdf&date_stamp=2018-08-30
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:anne.dickinson@newcastle.ac.uk
https://doi.org/10.3389/fimmu.2018.01966
https://www.frontiersin.org/articles/10.3389/fimmu.2018.01966/full
http://loop.frontiersin.org/people/39180/overview
http://loop.frontiersin.org/people/33325/overview
http://loop.frontiersin.org/people/32130/overview
http://loop.frontiersin.org/people/32736/overview
https://www.frontiersin.org/research-topics/4525/cellular-therapies-past-present-and-future
https://doi.org/10.3389/fimmu.2016.00333
https://doi.org/10.3389/fimmu.2016.00470
https://doi.org/10.3389/fimmu.2017.00079
https://doi.org/10.3389/fimmu.2017.00496

Dressel et al.

Cellular Therapies: Past, Present, and Future

The reconstitution of the immune system after HSCT is
reviewed by Ogonek et al.. It is of the utmost importance for the
success of HSCT, that the various immune cell subsets recover
and regain function in a timely manner. Neutrophils are the
first cells that usually reappear within the first month after the
conditioning therapy. They are followed in the first 3 months
by NK cells and then by T cells. B cell recovery takes longer
and may need up to 2 years post-HSCT. The reconstitution of
regulatory T cells is explained focusing on factors which influence
reconstitution, such as immunosuppressive treatment. Finally,
the reconstitution of virus-specific T cells is reviewed in view of
the clinical importance of these cells for avoiding complications
such as CMV reactivation.

Biomarkers have gained much attention as they may predict
the occurrence of GvHD and allow for risk-adapted treatment.
Juric et al. review the recent developments and start with a
discussion of cellular biomarkers, such as CD19TCD21°" B
cells that are promising in predicting chronic GvHD. Besides
cells, serum molecules have been reported to predict GvHD.
In addition to proteins, miRNAs are potentially promising
biomarkers for GvHD. Moreover, recent developments to
identify biomarkers in urine by proteomic approaches are
presented. Juric et al. close by discussing the challenge to validate
and integrate the great variety of biomarkers that have been
suggested during the last few years.

Gam et al. discuss the genetic associations of HSCT
outcome focusing on non-histocompatibility genes and three
specific examples. Firstly, it is discussed how polymorphisms
of FOXP3 and FOXP3-regulating microRNAs affect the risk of
GvHD. The miR-155 and miR-146a regulatory network, their
polymorphisms and role after HSCT is outlined as a second
example. Polymorphisms of the MICA gene, which encodes a
ligand of the activating NK cell receptor NKG2D, are introduced
as a third example. Furthermore, mRNA and miRNA expression
profiling studies aiming at the identification of HSCT associated
risks are summarized. The review ends with a discussion of the
few genome wide association studies, which have been performed
so far to elucidate the role mainly of non-HLA polymorphisms in
controlling the outcome of HSCT.

The final review by Reis et al. outlines recent developments in
cellular immunotherapies for HSCT-associated complications.
These include the transfer of mesenchymal stromal cells

(MSCs) or MSC-derived extracellular vesicles to treat
GvHD. Further complications are infections occurring in
the immunocompromised patients. In recent years, strategies
to employ anti-virus-specific T cells in the therapy of
viral infections have been developed. Relapse is another
outcome that can be targeted by cellular immunotherapies,
e.g., with CAR T cells and in this chapter the challenges

of these new and fascinating therapeutic strategies is
discussed.
This collection of articles is dedicated to Professor

Bent Rolstad (1947-2016), an enthusiastic and committed
supervisor of two of the project’s post-graduate students and
Professor Jon van Rood (1926-2017), who was encouraging
and supportive to the students in writing and revising the
articles.
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Bone marrow transplantation (BMT) is the only therapeutic option for many hematolog-
ical malignancies, but its applicability is limited by life-threatening complications, such
as graft-versus-host disease (GvHD). The last decades have seen great advances in
the understanding of BMT and its related complications; in particular GvHD. Animal
models are beneficial to study complex diseases, as they allow dissecting the contri-
bution of single components in the development of the disease. Most of the current
knowledge on the therapeutic mechanisms of BMT derives from studies in animal
models. Parallel to BMT, the understanding of the pathophysiology of GvHD, as well
as the development of new treatment regimens, has also been supported by studies
in animal models. Pre-clinical experimentation is the basis for deep understanding and
successful improvements of clinical applications. In this review, we retrace the history
of BMT and GvHD by describing how the studies in animal models have paved the way
to the many advances in the field. We also describe how animal models contributed
to the understanding of GvHD pathophysiology and how they are fundamental for the
discovery of new treatments.

Keywords: animal models, HSCT, aGvHD, cGvHD, pathophysiology

The use of animal models to study human diseases is considered essential for understanding underly-
ing pathophysiological and molecular mechanisms (1). Here, we will review how animal models have
contributed to understanding the complexity of hematopoietic stem cell transplantation (HSCT) and
graft-versus-host disease (GVHD). HSCT is the treatment of choice to cure many types of malignant
and non-malignant hematological diseases. Despite continuous improvements in the pre- and
post-transplantation procedures, the survival rate of transplanted patients is still poor. Acute GYHD
(aGvHD) or chronic GVHD (cGvHD) represents major complications after HSCT with high mortal-
ity rates, in addition to other complications, such as relapse of the malignancy, engraftment failure,
or opportunistic infections. GvHD is evoked by immunocompetent cells present in the graft that
recognize and attack host tissue in an immunosuppressed environment.

THE HISTORY OF BONE MARROW TRANSPLANTATION

The advent of the atomic age in the early 1950s led to a strong interest in developing means to
protect or cure the potentially lethal effects of radiation. Exposure to high doses of radiation
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was recognized to have deleterious effects on hematopoiesis
and immune cell functions. By using different animal models
including mice, rats, and guinea pigs, researchers soon discov-
ered that injection of bone marrow or fetal spleen cells into
lethally irradiated animals could reconstitute the hematopoietic
system (1-5).

At the time, it was not clear how reconstitution occurred.
At first, all evidence suggested the presence of “humoral factors”
that stimulated regeneration of the endogenous hematopoietic
system (6), but several studies in the following years showed that
the newly formed hematopoietic system was in fact originating
from the donor. In one study, biochemical techniques were
used to track rat bone marrow cells transplanted into lethally
irradiated mice. The authors postulated that the intravenously
injected cells were able to migrate to the bone marrow where
they survived and maintained their ability to proliferate and
form a new hematopoietic system (7). In another study, Ford and
colleagues used chromosomal markers to track the donor cells in
the recipient. Their experiments provided the final evidence that
reconstitution was originating from donor-derived cells (8). The
responsible cells in the graft were identified almost 10 years later
when Till and McCulloch in 1963 described a single progeni-
tor cell type in the bone marrow with the potential to expand
clonally and to give rise to all lineages of hematopoietic cells.
This represented the first characterization of the hematopoietic
stem cell (9).

In 1956, Barnes and Loutit proposed that an irradiation-trans-
plantation approach could be used to treat fatal hematopoietic
malignancies, such asleukemia (10). They speculated that irradia-
tion followed by injection of bone marrow could treat leukemia if
leukemic cells were as sensitive to radiation as normal cells. They
also hypothesized, in the same paper, that if the entire population
of leukemic cells was not eliminated by radiation, a cure could
perhaps be achieved with the injection of cells capable to induce
an immune response toward the residual leukemic cells. With this
central paper, they introduced the concepts of therapeutic bone
marrow transplantation (BMT), graft versus leukemia (GvL), and
cell therapy.

At that time, it was already well known that grafts between
individuals of different genetic backgrounds were rejected, while
transplantations between inbred animals or identical twins were
successful. The first successful human BMT was performed in
1959 by Thomas and co-workers who treated two leukemic
patients with irradiation followed by infusion of bone marrow
from their homozygous twins (“autologous” transplantation) (11).
Despite successful transplantation, both patients experienced
relapse. Further animal experiments and human transplantations
demonstrated that irradiation followed by autologous BMT was
not enough to eradicate leukemia. As an alternative approach,
transplantation of immune cells derived from an individual or
animal with a different genetic background was proposed (“allo-
geneic,” formerly termed “homologous”). This approach was
experimentally tested in different mouse models (10, 12), result-
ing in successful eradication of the malignancies. Unfortunately,
the mice died a few weeks later from what was then referred to as

secondary or homologous disease. This disease was later defined
as GvHD.

GRAFT-VERSUS-HOST DISEASE

The definition of GVHD is the result of a great number of accumu-
lated observations since the 1940s. However, it was in particular
the work of two independent researchers that elucidated the
details of this phenomenon. Simonsen studied the acquisition
of tolerance using chick embryos, and observed that injection of
adult spleen or blood cells resulted in splenomegaly and severe
hemolytic anemia in the recipient embryo. The rationale behind
his experiments was that immunological competence is acquired
after birth and, therefore, any immune effect in the adult to
embryo transplantation setting is ascribable to the injected cells
(13). During the same years, Billingham and Brent (14) per-
formed similar studies in mice, describing splenomegaly, defects
in growth, and early deaths when newborn mice were injected
with allogeneic (“homologous”) adult lymphoid tissues. The
phenomenon was termed the “runt disease” due to the growth
retardation of the mice. In 1959, the same authors concluded that
runt disease resulted from a graft-versus-host reaction (GVHR).
Their observations were similar to those of experimental BMT
(15-18). In addition, several other research groups at the same
time described a reaction of grafted immune cells against the host
(19-22), and by the beginning of the 1960s the GVHR was an
established caveat for successful BMTs.

The nature of the GVHD reaction was ascribed to immu-
nocompetent cells present in the bone marrow graft. Initial
the first experiments showed that different hematopoietic cell
populations could be fractionated by centrifugation on discon-
tinuous albumin gradients (23). Factions with low content of
lymphocytes and high content of blasts were shown to induce
less GvHD (24). The lymphocytes responsible for inducing
GvHD was identified as T cells, demonstrated by depletion
experiments, first with the use of anti-lymphocyte serum (ALS)
(25, 26), and later confirmed by the use of various methods to
specifically remove T cells from the graft (27-30). These find-
ings represented an important step forward in improving the
success of BMTs. The removal of T cells from the bone marrow
graft was soon applied in the clinic, and the depletion methods
were substantially improved. Unfortunately, while a reduction
in GVHD was achieved, patient survival was not improved,
since the absence of T cells led to increased relapse, higher risk
of infections, and diminished engraftment. To overcome the
detrimental effects related to T cell depletions and to boost the
GvL effect, donor T cells was re-introduced after BM trans-
plantation. The infusion was delayed to allow establishment of
tolerance toward the host. Murine and canine models served
well in testing the timing and protocols for T cell infusions, now
termed donor lymphocyte infusion (DLI) (31-34).

The success of allogeneic transplantation depends on the
degree of histocompatibility match between donor and recipi-
ent. Research on outbred canine models has been vital to study
genes involved in histocompatibility, and the importance of
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tissue typing and donor selection. In intial experiments, antisera
were produced by cross immunization of dog littermates. These
antisera were used in cytotoxicity tests in order to establish
matched donor/recipient pairs that proved to be effective in
reducing, but not eliminating, GvHD occurrence. The number
and nature of the allo-determinants were still unknown; how-
ever, it was already clear that histocompatibility antigens were
allocated to different loci and that the potential presence of
different alleles would make the selection of donor-recipient
pairs difficult, especially in unrelated animals (35-37). In the
following years, several studies, especially on canine models,
were vital for understanding the mechanisms related to histo-
compatibility. Histocompatibility was shown to be linked to a
particular genomic region called the major histocompatibility
complex (MHC).

Differences in the genes of the MHC region between donor and
recipient are the major cause of T cell allo-activation and GvHD
induction, but there are also other genes involved. The first observa-
tions of allo-antigens encoded outside the MHC complex came from
the above-mentioned studies on BMT in dogs. In some instances,
dogs developed GvHD when transplanted with MHC-matched
bone marrow (37). Subsequent studies in the mouse provided more
evidence on the involvement of non-MHC antigens (38-40), called
minor histocompatibility antigens (41). GVHD induced through
mHA was also T-cell mediated as demonstrated by a series of T-cell
depletion experiments (42, 43), but the manifestation of the disease
was delayed compared to classical GVHD.

Graft-versus-host disease can develop in two different forms
that differ in pathogenesis, symptoms, and organ involvement.
aGvHD affects up to 50% of the patients and accounts for 15%
of post-transplantation mortality (44). Classically, acute GVHD
(aGvHD) develops during the first 100 days after transplanta-
tion, but late acute aGvHD has also been described. Typical
target tissues for aGvHD are the gastrointestinal tract, skin, and
liver, but other atypical tissues include kidneys (45), salivary
glands (46), oral epithelium (47, 48), and thymus (49). cGvHD
develops later, and it occurs in ~50% of long-term survivors
(50). Chronic GVHD (cGvHD) is associated with significant
morbidity and mortality, and is still the leading cause of death
in long-term survivors of HSCT (51). The organs involved
are mainly skin, mouth, eye, and liver, and less frequently the
gastrointestinal tract and lung. The pathogenesis of cGVHD is
not clearly understood and the manifestations resemble more an
autoimmune disease characterized by autoantibody production,
chronic inflammation, and collagen deposition in target tissues.

ACUTE GvHD

Pathophysiology of Acute GvHD

Understanding the complexity of the process leading to aGvHD
requires in-depth mechanistic studies to identify the involve-
ment of the different components of the immune system. For
this reason, a great deal of the knowledge on the pathophysiol-
ogy of aGvHD is derived from animal models. In this section,
we will review the seminal findings from animal models that
have led to the current view of how aGvHD develops, which is
acknowledged to progress through three phases: (i) activation

1930s —+ Effects of radiation on the hematopoietic system

Role of bone marrow in recovery from radiation injury
1950s —— Studies on immunological tolerance,
and definition of graft-versus-host reaction

Treatment of murine leukemia with x-rays and

1957 ——
homologous bone marrow

Studies on histocompatibility in dogs
1970s — Development of cell depletion methods
Importance of intestinal microbiota

Role of minor histocompatibility antigens

1980s —— : : ;
Development of immunosuppression strategies
1990s Role of cytokines in aGvHD
Involvement of different immune populations in aGvHD
2000s — Development of cellular therapies

FIGURE 1 | A timeline presenting seminal events in animal models of
aGvHD. Acute GvHD is caused by activated alloreactive donor T cells that
directly cause tissue damage in target organs, such as skin and gut. The
timeline shows the seminal findings in animal models that have led to the
current understanding of aGvHD pathology.

of antigen-presenting cells (APCs), (ii) allo-activation of donor
T cells, and (iii) tissue destruction by alloreactive T cells. A sum-
mary of these findings are found in Figure 1, while an overview
of rodent aGvHD models is found in Table 1.

The Conditioning Regimens Lead to Activation

of APCs

In the first phase, both the conditioning regimen and the underlying
disease play central roles. Together, they create the tissue damage
responsible for the production and the release of pro-inflammatory
cytokines and chemokines that activate macrophages and APCs.
Of particular importance is the damage to the intestinal epithelium
caused by the conditioning regimens, and the subsequent release
of microbial products, such as lipopolysaccharide (LPS) by the
resident gut bacteria (82-84). After HSCT, we face the uncommon
situation in which APCs from both host and donors are present.
Using mouse recipients whose APCs were unable to cross-present
class I restricted peptides, Shlomchik and colleagues demonstrated
how host, rather than donor APC, are presenting allo-antigens to
donor T cells (85). APCs are activated by many signals released
during this early phase of inflammation, where cytokines, such
as TNF-a, IL-1, and IL-6, are central. These cytokines, apart from
activating APCs, can also promote antigen presentation by non-
professional APCs in the tissue and cause direct tissue inflamma-
tion that allows T cells to access their target tissues (86).

Total body irradiation (TBI) was the standard immunoabla-
tive procedure in the first years of BMT, and it is a widely used
pre-conditioning method in animal models of HSCT. TBI is a
very harsh procedure and causes significant damage to the
fast-replicating tissues, such as skin and intestinal mucosa.
Through research in murine and canine models, it was shown
that the conditioning intensity and GvHD severity were directly
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TABLE 1 | Overview of rodent models for acute GvHD.

Species Model MHC haplotype Conditioning MHC mismatch Reference
Mouse C57BL/6 — BALB/c H2°> — H2d TBI Complete (27, 30, 52, 53)
C3H/Hed — C57BL/6 H2k — H2°
C57BL/6 — B10.BR H2P — H2K
C57BL/6 — B6C3F1 H2°0 — H2P TBI Haploidentical (54-58)
C57BL/6 — B6D2F1 H2b — H2v/d
C57BL/6 — B6AF1 H2b — H2bra
C57BL/6 — B6.C-H2! H2b — H2bm! TBI or none MHC-I (59, 60)
C57BL/6 — B6.C-H2°m2 H2b — H2om12 MHC-II (59, 60)
B10.D2 — DBA/2 H2d — H2d TBI miHA (42, 43, 61-63)
B10.D2 — BALB/c H2d — H2d
B10 - BALB.b H2o — H2°
C57BL/6— BALB.b H2b — H2°
DBA/2 — B10.D2 H2d — H2d
Rat BN — LEW RT1" —» RT1! TBI or CYP or anti-CD25/ Complete (45, 64-71)
PVG — BN RT1e — RT1" CD154/CTLA4 Ig
DA — LEW RT12 - RT1!
LEW — BN RT1' — RT1"
Wistar Furth — LEW RT'v — RT1'
LEW.1ART — LEW.1AR2 RT1A%, RT1B/DY, RT1C/E" — TBI MHC-II (72)
RT1As, RT1B/D?, RT1C/E
BN — (BN x LEW) F4 RT1" - RT1™ TBI or none Haploidentical (47,73)
LEW — (LEW x BN) F; RT1' = RT1™ (48, 74-81)
LEW — (LEW x DA) F4 RT1' - RT 1V

PVG — (PVG x DA) F, RT1e - RT{ca

correlated (83, 87, 88). Therefore, the development of milder
conditioning regimens with less damage of the gut were rapidly
developed in animal models and then brought to the clinic. At
first, canine models showed that reduced intensity conditioning
(RIC) led to graft rejection, but introduction of immunosuppres-
sion protocols post transplantation led to successful engraftment
and reduced GvHD (87).

The role of the gut microbiota in the development of GvHD
was first described in the early 1970s when experiments using
germ-free mice showed that elimination of the gut microbiota
reduced symptoms and mortality related to aGvHD (89, 90).
In the following years, gut decontamination using broad-
spectrum antibiotics was applied in clinical BMT. Results from
clinical trials gave contrasting results and ultimately showed
no increase in survival (91, 92). The reason is that the use of
broad-spectrum antibiotics for gut decontamination does not
take into consideration that the mutualistic relationship between
patient and microbiota can be also protective in some instances.
In more recent years, studies focusing on the composition of the
microbiota have shown how the abundance of some bacterial
species over others can protect or promote aGvHD. In particu-
lar, immunosuppressive treatments and aGvHD lead to loss in
microbiota diversity, and the prevalence of members from the
Enterobacteriales and Enterococcus order together with a loss
in Clostridiales bacteria can promote aGvHD (93). The loss
of Clostridiae species has important functional consequences
since this population is thought to be an important promoter
of regulatory T cell (Treg) proliferation and activity (94). The
re-establishment of gut microbiota diversity through the intro-
duction of probiotic therapy has been successful in reducing
experimental aGvHD in mice (95).

Alloreactive T Cells Are Activated in Secondary
Lymphoid Tissues

During the second phase, host APCs cross-present host auto-
antigens to donor T cells, which will be activated and start
proliferating. The interaction between APCs and T cells is
further enhanced by cytokines produced in the first phase (96).
Furthermore, co-stimulatory molecules, including CD80 and
CD86 expressed by APCs and CD28 expressed on T cells, give
the classical second signal required for full T cell activation. Their
expression is upregulated by the ongoing inflammation. The sec-
ondary lymphoid tissues of the gut are thought to be the primary
site of T cell activation, as shown by experiments demonstrating
failure to develop aGVHD in mice lacking Peyer’s patches (PP)
or where donor T cells lack the ability to migrate into PP (97).

The complex heterogeneity of T cell populations in humans
makes it difficult to study the specific role of each subset, and how
they may either promote or suppress aGvHD. Animal models are
and have been essential for in-depth studies of the function of
different T cell populations. For example, involvement of naive
rather than memory T cells in aGvHD has been investigated in
mouse models. Several studies have shown how the transfer of
purified effector memory CD44*CD62L" T cells did not induce
GvHD while retaining a GvL effect (98, 99).

CDA4* T helper (Th) cells can differentiate into diverse subsets
depending on the cytokines and microenvironment they are
exposed to, and different Th subsets may be involved in aGvHD
pathogenesis in distinct organs (100): Th1 cells, producing IFN-y,
IL-2, and TNF-q, are mostly involved in the pathogenesis of gas-
trointestinal GvHD (101), while Th17 cells, producing IL-17A,
IL-17F, IL-21, and IL-22, are thought to be the major pathogenic
subset in skin GVHD (102). Only the simultaneous depletion of

Frontiers in Immunology | www.frontiersin.org

10

August 2016 | Volume 7 | Article 333


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Boieri et al.

Animal Models of GvHD

both these T helper populations is effective in controlling GYHD
in mouse models (103).

The role of B cells in aGvHD is still controversial and
under investigation. Host B cells have been shown, in mouse
models, to be induced by TBI to produce IL-10 and contribute
to reduce aGvHD occurrence (104). In previous studies in
the rat, Renkonen and colleagues showed that, in lymphoid
organs, there is increased B cell activation, proliferation, and
antibody production early after BMT before the appearance
of aGvHD symptoms. At later stages, the number of B cells
decreased in the lymphoid compartment, but remained at
high levels in the liver, suggesting a pathogenic role at least
in this organ (105).

Alloreactive T Cells Migrate to Target Organs and
Mediate Tissue Destruction

The third and last phase of aGvHD pathophysiology is the
effector phase with migration of lymphocytes to their target
tissues as one of the key steps. Chemokines and chemokine
receptors specifically guide T cells in this process [reviewed
in Ref. (106)]. CCR5 seems to have a broad effect as it has
been described to mediate the recruitment of effector T cells,
as well as Tregs, to many different target organs (97, 107, 108).
In gastrointestinal aGvHD CXCR3 (109), CX;CL1 (110), and
CCR6 (111) has been shown to play additional important roles.
Blocking the interaction between chemokine receptors and their
ligands is one of the therapeutic strategies that are currently
under investigation. Once T cells reach their target site, the
tissue destruction occurs by direct induction of apoptosis medi-
ated by TNF-a and IL-1 (112), and/or by killing mediated by
cytotoxic CD8* T cells through perforin/granzyme and Fas-FasL
interactions. The suppression of CD8* T cell function is crucial
in the control of aGvHD (113).

The effector mechanisms in aGvHD have been studied in
several mouse models. Donor spleen cells lacking both perforin
and FasL failed at inducing aGvHD (114). Using different
genetic combinations of donor and host mice, Graubert and
colleagues showed that the perforin/granzyme pathway is
mostly involved in MHC class I restricted aGvHD, while the
Fas-FasL interaction is involved in MHC class II restricted
aGvHD (115). A more recent study showed that CD8* T cells
deficient for both perforin and FasL can still induce aGvHD in
a donor-recipient combination that differs at a single MHC class
I antigen. In this model the serum levels of IFN-y and TNF-«
were increased, and CD8* T cells showed increased activation
and proliferation. The authors concluded that both perforin
and FasL are important during the contraction phase, and can
contain the expansion of CD8* T cells (116). T cell expressed
TNF-related apoptosis-inducing ligand (TRAIL) induces pro-
apoptotic signals upon binding to the TRAIL receptor on target
cells, and is a commonly used killing pathway. Interestingly,
this pathway has not been involved in tissue destruction in
aGvHD, but it mediates anti-tumor responses. Murine T cells
overexpressing TRAIL have been shown to suppress GvHD
by inducing apoptosis of alloreactive T cells and mediating
anti-lymphoma responses. The mechanism of action is thought
to be through the interaction of the TRAIL* T cells with host

APCs bearing the TRAIL receptor DR5, but also fratricide of
alloreactive T cells (117).

Treatment of aGvHD

The current standard treatment for aGvHD is the use of steroids
in combination with calcineurin inhibitors. This treatment
induces general immunosuppression, but has side effects.
In addition, many patients with aGvHD are resistant to this
treatment. There is, therefore, a need to improve treatments
and to target specifically aGvHD, without affecting GvL. The
complex pathogenic mechanisms described in the previous
sections offers a variety of pathways as potential targets for new
therapeutic protocols. Also in the development of treatments
for aGvHD, animal models have been and will be extremely
important, although the translation from the pre-clinical
to clinical setting is not always straight forward as human
pathology is more complex due to many varying environmental
factors as we will discuss in more detail below. Nevertheless, the
possibility of studying the mechanisms involved in the efficacy
of different treatments in animal models is instrumental for
designing safe and effective protocols in humans. We will review
some treatment strategies, where the use of animal models has
been essential.

Immunosuppression

Canine models have been essential for testing post-
transplantation immunosuppressive therapies to ameliorate
GvHD. Together with immunohistocompatibility matching and
T cell depletion, the use of immunosuppressive drugs in the
post-transplantation phase represents one of the major advances
for GvHD-free BMT. This is especially the case for partial
MHC-mismatched transplantation or for non-myeloablative
RIC regimens prior to transplantation. Methotrexate (MTX)
is an immunosuppressive drug that targets the production of
folic acid, which is essential for the synthesis of nucleic acids
and proteins. MTX was first tested in dogs and proved to be
effective at reducing GVHD occurrence (118, 119). A few years
later, the discovery of calcineurin inhibitors (e.g., cyclosporine
A and tacrolimus) greatly improved the prophylaxis protocols.
When used early after transplantation, these drugs, alone or
in combination with MTX successfully reduced GvHD occur-
rence in animal models (64, 74, 75, 120-122), and were soon
after introduced to the clinic, where the combined use of MTX
and cyclosporine showed an advantage over cyclosporine alone
(123, 124). Although protocols vary between clinical centers, a
combination of calcineurin inhibitors, MTX, and antithymocyte
globuline (125) is still the gold standard (126).

Targeting of Cytokines

TNF-a is one of the most important cytokines involved in the
pathogenesis of aGvHD, implicated in many steps during the dis-
ease progression. The importance of this cytokine in aGvHD was
first described in a mouse model (127). Since then several studies
have shown how neutralization of TNF-a can lead to reduced
symptoms of aGvHD, and different means to target TNF-a and
its receptor interaction either post- (128) or pre-transplantation
are currently being explored.
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IL-6 has a broad effect, activating many different immune
cells. It has been associated with various inflammatory diseases,
and has a predominant role in the early phases of aGvHD.
Mouse studies have shown that IL-6 and its receptor (IL-6R)
are upregulated during aGvHD (129), and that the addition of
exogenous IL-6 can exacerbate the disease (130). Blockade of
IL-6R were shown to reduce GvHD without affecting GvL (129,
131). Interestingly, mice treated with an anti-IL6R antibody also
showed increased Treg reconstitution, which can effectively
contribute to the reduction of aGvHD (131). A recently FDA-
approved monoclonal anti-IL-6R antibody (Tocilizumab) has
been shown to have beneficial effects in the treatment of steroid-
refractory aGvHD (132).

The classical role attributed to IL-2 is to stimulate T cell
proliferation. After many years of both experimental and clinical
research, it is now clear that IL-2 has a more broad effect, includ-
ing the maintenance of Treg homeostasis. Due to its effect on this
regulatory population, IL-2 has been investigated as a therapeutic
agent for treatment or prophylaxis of aGvHD. Administration of
low doses of IL-2 alone has produced contrasting results in mouse
models showing either beneficial (133) or no effects (134), but
co-administration of rapamycin has been beneficial. Rapamycin
targets conventional T cell signaling by blocking mTOR signaling.
As Tregs use different signaling pathways, they are insensitive to
rapamycin. In the presence of rapamycin, Treg do not compete with
conventional T cells for IL-2 and this leads to their expansion (135).

The role of IL-18 and IL-22 in aGvHD pathogenesis is more
controversial. ILC3 is a subset of innate lymphoid cells involved
in maintaining gut homeostasis by producing IL-22, and is
suggested to play a role in aGvHD pathogenesis. IL-22 is a
cytokine with both protective and inflammatory functions, most
likely depending on the microenvironment and the cell types
involved (136). IL-22 produced by ILC3 targets epithelial cells,
and regulates the production of anti-microbial factors, which are
important in controlling the epithelial barrier function (137). In
a mouse model, IL-22 depletion or deficiency in the host was
shown to increase aGvHD severity, and ILC3 and IL-22 were
suggested to protect the intestinal stem cell pool and epithelial
barrier function during inflammation (138). Interestingly, in
another mouse model, donor-derived IL-22 was shown to have
the opposite effect and contribute to the severity of GVHD by
promoting Th1 cell infiltration in presence of IFN-a (139).

Targeting of Chemokines and Chemokine Receptors
Blocking chemokine-chemokine receptor interaction is another
logical therapeutic strategy that has been tested using animal
models. Administration of anti-CXCR3 (140) or anti-CX;CL1
(110) antibodies in mouse models of aGvHD were shown to
reduce gastrointestinal aGvHD. CCR5 is involved in migration
of lymphocytes to several target tissue of aGvHD, and for this
reason, it appears as an interesting target molecule. However,
targeting CCR5 has given contrasting results as this chemokine
is thought to be involved also in Treg recruitment to peripheral
tissues (141).

Another interesting approach to treat aGvHD has been
to take advantage of the upregulation of CXCL10 (ligand for
CXCR3) observed in target tissues during disease. By injecting

CXCR3-transfected Tregs, Hasegawa and colleagues showed spe-
cific migration of these cells to the target organs and subsequent
reduction in aGvHD severity (142). Despite the encouraging
results in animal models, it is important to keep in mind that
the chemokine system is redundant, and blocking a single
interaction does not always directly translate to a milder GvHD
phenotype. For this reason, the use of agents with a broader effect
that target more than one pathway has been tested. Among these,
the broad-spectrum chemokine inhibitor NR58-3.14.3 has been
successfully proved to reduce murine aGvHD especially in lung
and liver (143).

Targeting of Co-stimulatory Molecules

Engagement of co-stimulatory molecules is necessary for full
activation of T cells, and blocking these molecules has interest-
ing potentials. Studies in animal models showed that anti-CD80
and anti-CD86 inhibited T cell expansion, and that mice treated
with these antibodies experienced milder symptoms of aGvHD.
Moreover, T cells isolated from CD28-deficient mice caused
less severe GvHD (144, 145). Other studies have focused on
targeting the CD40-CD40L pathway. Also in this case, the use
of anti-CD40L antibodies reduced the severity of GvHD, which
is thought to induce a selective depletion of activated T cells,
and at the same time to induce Tregs (146-148). Along the
same lines, the OX40-OX40L interactions are important in the
pathogenesis of GYHD. T cells from rats with aGvHD upregulate
0X40 (149), and administration of blocking antibodies against
OX40L reduced aGvHD mortality in a mouse model (150). Other
co-stimulatory pathways have been investigated in animals.
Blockade of all of the following pathways have shown potential
beneficial effects on aGvHD severity: 4-1BB/4-1BBL (151),
ICOS/ICOS-L (152), LIGHT/HVEM (153), NKG2D-NKG2D-L
(154), DNAM-1/DNAM-1-L (155), and the CD30/CD30L (156)
pathways. However, co-stimulatory molecules are also important
for the GVL effect, and blocking these molecules may severely
compromise the GvL effect and, therefore, their clinical use may
be limited. Nevertheless, experimental models suggest that not
all molecules are equally involved in GvHD and GvL, and a bet-
ter understanding of the importance of different co-stimulatory
molecules for either GVHD or GvL may help identify new targets
that can reduce GvHD while maintaining GvL.

Cell Therapy

Over the last 15 years, focus has been put on the use of cells
with immunosuppressive functions to regulate aGvHD, in
particular mesenchymal stem cells (MSCs) and Tregs (157).
MSCs are found at very low frequencies in the BM and other
organs, such as adipose tissue, placenta, and amniotic fluid, and
have the potential to differentiate into adipocytes, chondrocytes,
myocytes, and osteoblasts. MSC support hematopoiesis in the
BM (158), and contribute to embryo implantation by promot-
ing trophoblast invasion in the placenta (159). MSC also have
immunosuppressive functions which, together with the ease at
expanding them ex vivo, have made them promising candidates
for immunotherapy for aGvHD [reviewed in Ref. (160)]. Despite
the initial success in the treatment of steroid-refractory aGvHD
(157, 161), MSC therapy has failed to give consistent results
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and animal studies also show contrasting outcomes (65, 66,
76, 162-167). Clinical trials testing the efficacy of MSC in the
treatment of GvHD started before thorough investigation in pre-
clinical models was completed (168). The precise mode of action
of MSC on the immune system is not well understood, and these
cells seem to acquire different functions according to the environ-
ment they are exposed to (169, 170). A better understanding of
the biology of MSC, together with improved and standardized
techniques for their isolation, characterization, and expansion
may allow development of improved methods for their use in
aGvHD prophylaxis or treatment. Tregs are a subset of CD4"
T cells that represent 5-10% of the total T cell pool in human
and rodents (171-173). Tregs express high levels of CD25 and
the transcription factor FOXP3, which is necessary and sufficient
for their immunosuppressive activity (174). The functional and
phenotypical properties of Tregs are conserved in human and
rodent species, making animal studies particularly relevant for
applications in humans. Treg have immunosuppressive proper-
ties, and they are fundamental to induce and maintain peripheral
self-tolerance, protecting from aberrant immune responses that
can lead to excessive inflammation and autoimmunity. Earlier
animal experiments showed that depletion of Treg from the BM
graft resulted in severe aGvHD, with mice dying by day 21 after
transplantation compared to day 41 in non-depleted transplanta-
tions (175). Moreover, addition of donor Treg to the graft at 1:1
ratio with conventional T cells was shown to delay or prevent
aGvHD (175, 176). In order to exert their effects, Tregs must
migrate to the secondary lymphoid tissues where alloreactive T
cells are activated. For this reason, only the CD62L* and not the
CD62L~ population of Tregs have been shown to protect from
lethal aGvHD (177, 178).

Regulatory T cells are categorized into two groups, both
important for controlling peripheral tolerance: naturally occur-
ring Treg (nTreg) that develop in the thymus and induced Treg
(iTreg) that differentiate from conventional T cells in response to
TGE-P and IL-2. The second group is therapeutically interesting
because iTreg can be generated in vitro from conventional T cells
(179), and they can be expanded to therapeutically sufficient
amounts. Unfortunately, animal studies have shown that this
approach does not lead to any protection from aGvHD. The main
reason is that iTreg are unstable in vivo, and upon transfer they
can lose the expression of FOXP3, together with their immuno-
suppressive activity (180, 181). One of the hypotheses to explain
this instability is that the inflammatory environment of aGvHD
can induce the conversion of iTreg back to conventional T cells. In
favor of this hypothesis are studies showing how blocking inflam-
matory cytokines, in particular STAT3-dependent cytokines,
can improve the iTreg stability (182, 183). The nTreg represent,
therefore, a potentially more effective therapeutic tool, but their
low frequency in the periphery requires optimization of ex vivo
or in vivo expansion protocols.

Natural killer cells are another therapeutically interesting cell
population in context ofaGvHD and GvL. Earlier studies in rodent
models demonstrated that NK cells are important for successful
engraftment after BMT. NK cells are particularly radioresistant
and can mediate rejection of allogeneic cells (184-186). The pres-
ence of residual NK cells after immune ablation can play a role

in the acceptance or rejection of the allogenic graft. Studies in
rats showed that differences in both the classical and non-classical
MHC class I genes can contribute to NK-cell mediated rejection
(187, 188). On the other hand, the infusion of alloreactive NK
cells, together with a reduced TBI in a haploidentical transplanta-
tion mouse model, caused eradication of leukemia and depletion
of the residual host hematopoietic system, thus facilitating the
engraftment of donor BM cells. The additional NK-cell mediated
killing of host APC prevents activation of alloreactive T cells and,
therefore, no aGvHD (189). The use of NK cells to cause a GvL
effect is restricted to those combinations of donor-recipient in
which NK cell alloreactivity can be fully exploited (KIR-MHC
mismatch). Moreover, not all types of tumor cells have the same
sensitivity to NK cells due to variable expression of ligands for
activating and inhibitory receptors. Additional stimulation of NK
cells with cytokines might be required in order to accomplish an
effective and long-lasting GvL effect for the NK-cell resistant
tumors. A recent study demonstrated how NK cells pre-activated
with a combination of IL-12, IL-15, and IL-18 reduced aGvHD
while retaining the GvL effect in a fully mismatched BMT mouse
model. Injected NK cells retained their activated phenotype and
exerted their immunosuppressive activity by inhibiting alloreac-
tive T cell proliferation (190).

CHRONIC GvHD
Pathophysiology of Chronic GvHD

Chronic GvHD in the clinic was initially defined as any symptoms
of GvHD that occurred more than 100 days after transplantation,
but it became increasingly clear that this definition was inad-
equate. Due to the heterogeneity of the clinical manifestations of
c¢GvHD, cGvHD was only properly defined a decade ago with the
NIH Consensus Project on cGvHD, and cGvHD is now classified
as a disease distinct from aGvHD (191, 192). Both aGvHD and
c¢GVvHD arise as a complication of allo-HSCT transplantation, but
with different pathology and underlying disease-driving mecha-
nisms. Hallmarks of cGvHD in the clinical setting are systemic
fibrosis, chronic inflammation, sclerodermatous manifestations,
and autoantibody production. These features are similar to sev-
eral autoimmune diseases; yet do not fully mimic any particular
autoimmune disease, being an entity on its own. However, due to
the pathological similarities between cGvHD and autoimmune
diseases, there has been a close synergy between the two fields;
the difference being that cGvHD is mediated by a foreign donor
lymphoid graft.

Therapies directed at ameliorating cGvHD have improved lit-
tle over the past decades. The reason is incomplete knowledge of
the underlying mechanisms that drive the disease. This has been
mainly due to lack of animal models that completely recapitulate
the full clinical heterogeneity of cGvHD. For more than three
decades after cGVHD was acknowledged in the clinic, the best
described and most utilized animal models for cGvHD addressed
only one or a few of the many clinical manifestations of cGvHD,
principally autoantibody generation or sclerodermatous disease
(193) (Table 2). The clinical relevance of these animal models
was a concern, as they did not fully mimic the clinical setting in
terms of composition of the donor graft, preparative regimens,
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TABLE 2 | Overview of rodent models for chronic GvHD.

Species Model Conditioning Manifestation Reference

Mouse C57BL/6 — B10.BR Cyi.p./TBI Bronchiolitis obliterans (194)
DBA/2 — BALB/c TBI Scleroderm. (195)
B10.D2 — DBA/2 x B10.D2 F1 TBI Scleroderm. (186)
B10.D2 — BALB/c TBI Scleroderm. (188, 189)
C57BL/6 — BALB/c? TBI Scleroderm. (190)
BALB/c — BALB/c x A/Jax F1 None SLE (185)
DBA/2 — DBA/2 x C57BL/6 F1 None SLE (183)
CBA - CBA x AF1 None SLE (193)
C57BL/6 — C57BL/6 x BALB/c F1 None SLE (1983, 196)
B6 — B6 x bm12 F1F1 None SLE (197)

Rat LEW — SD SD neonates tolerized with LEW Fibrosis (184)

lymphoid cells

al ow dose donor spleen cells prerequisite.

post-transplantation immune suppression, and the diverse human
genetic background. Still, the animal models were instrumental
for investigating subpopulations of donor and host leukocytes in
the pathogenesis of cGVHD. In Figure 2, we have highlighted
seminal findings from animal models. Moreover, during the last
decade, improved models were developed that incorporate more
of the features of clinical cGvHD, and these have led to further
advances in our understanding of the underlying mechanism of
c¢GVHD pathology.

Lupus-Like and Scleroderma-Like Animal Models of
cGvHD
Chronic GvHD as a complication after allo-HSCT in the clinic
was first acknowledged during the 1970s, with reports on auto-
immune-like symptoms developing in patients several months
after BMT. An autoimmune form of GvHD was described more
than a decade earlier in experimental mouse and rat models.
In 1961, Oliner, Schwartz, and Dameshek reported a form of
GvHD (“runt disease”) in a parent to F1 hybrid transplantation
model with autoimmune characteristics similar to systemic lupus
erythematosus (SLE) (197). Two years later, Stastny, Stembridge,
and Ziff reported in the rat a chronic form of GvHD (termed
“homologous disease”) with features of sclerosing skin lesions
similar to scleroderma (198). These works were followed by stud-
ies arguing that the “runting” syndrome of acute allogeneic disease
must be separated from chronic allogeneic disease, the latter with
symptoms manifesting at a later time point (199). It was suggested
that, as for acute allogeneic disease, the chronic form was evoked
by an immunological reaction of the donor against host antigens,
although the exact mechanisms was not pinpointed at the time.
Throughout the 1970s and 1980s, the SLE-like and the sclero-
derma-like mouse models of cGvHD were the dominant animal
models for cGVHD. These models were also extensively used for
studies of autoimmune diseases. The SLE-like models generally
involved transfers of lymphoid cells from a parental strain into
non-irradiated F1 hybrids [e.g., BALB/c to BALB/c X A/Jax F1
(199) or DBA/2 to C57BL/6 X DBA/2 F1 (197)], resulting in
transient or mixed chimerism. The main manifestation in these
models is generation of autoantibodies, while skin pathology is
less common. The relevance of these models has been questioned,
mainly due to absence of bone marrow derived stem cells in the

“Runt disease” with SLE-like characteristics

1961 ——
reported in the mouse
1963 “Homologous disease” with scleroderma-like
characteristics reported in the rat
early 1970s —— T cells shown to drive cGvHD

¢GVvHD acknowledged in the clinic

mid/late 1970s ——
as separate from aGvHD

Donor T cells necessary for autoantibody

1990 —— production by self-reactive B cells
1995 I Donor B cells required for T cell priming and
cGVHD development
2005 —— NIH consensus report on staging and diagnosis of cGvHD
2012 — Alloantibody production by donor B cells required
for cGvHD development
2014 —— Revised NIH consensus report on staging

and diagnosis of cGvHD

FIGURE 2 | Timeline of major events in cGvHD research using animal
models. Chronic GvHD is characterized by autoantibody production and
deposition in target tissues, and tissue fibrosis. The timeline presents how
animal models have contributed to increased understanding of the pathology
of cGvHD, and included is also the NIH consensus reports on staging and
diagnosis of cGvHD, which has contributed to development of improved
rodent models of cGvHD during the last decade.

donor inoculum and absence of host immuno-depletion prior to
transplantation.

Scleroderma-like mouse or rat models involves transplanta-
tion of major or minor MHC-matched or mismatched bone
marrow into sub-lethally irradiated recipients, resulting in full
donor chimerism (200-203). Here, the main manifestations are
fibrotic changes in the skin, liver, lung, and salivary glands, while
autoantibodies are less common. The scleroderma-like model
for cGvHD shares many symptoms with sclerodermatous clini-
cal cGvHD. The incidence of sclerodermatous cGvHD among
long-term survivors of allo-HCST is around 3-10%, but the
incidence of sclerodermatous ¢cGvHD in the clinic is expected
to rise as increasing numbers of unrelated donor transplants are
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performed, as well as the increased use of mobilized peripheral
blood as stem cell source.

More recently, developed mouse models have better reca-
pitulated human ¢cGvHD. In these models, transplantation of
MHC-mismatched T cell-depleted bone marrow together with
alow dose donor lymphocytesleads to cGvHD (196). Fibrosis of
the skin, salivary gland damage, and serum autoantibodies are
observed. Similarly, a mouse model developed in Blazar’s labo-
ratory with cyclophosphamide and lethal TBI pre-conditioning
followed by allo-BM transplantation and low dose alloreactive
T cell infusion, showed cGvHD manifestations in a wide range
of cGVHD target organs (52). These models will likely signifi-
cantly advance our understanding of the underlying immune
reactions.

Donor-Derived CD4+* T Cells as Initiators of cGvHD

It was earlier shown that T cells play a central part for autoim-
mune development by collaborating with B cells for autoanti-
body generation (204). Fialkow and colleagues suggested that
host CD4* T cells were the drivers of autoantibody production,
and that cGvHD was a purely host-derived, but graft-initiated,
disease (205). However, it was soon clear that donor-derived
CD4" T cells were the real initiators of the disease, although
the antigens recognized by the host-reactive donor T cells
were not clear. Several pieces of evidence showed that naive
donor-derived CD4* T cells were central for inducing cGvHD
pathology, e.g., (i) when unfractionated lymph node cells or
splenocytes were adoptively transferred into non-irradiated
F1 hybrid hosts containing a mutated allele in MHC class 1
(B6 X bm1), a milder form of cGvHD was observed compared
to transfer into F1 hybrid hosts with mutated MHC class II
allele (B6 x bm12) (59), (ii) transfer of alloreactive donor CD4*
T cells obtained from mice with aGvHD to lethally irradiated
secondary hosts led to cGvHD (206), and (iii) mature donor-
derived CD4" T cells were shown to cause both alloreactive
and autoreactive responses using a DBA/2 to BALB/c cGVHD
model (207). On the other hand, CD8* T cells and the pool of
CD4*" effector/memory T cells were found insufficient for induc-
ing cGvHD (98, 208-211). Furthermore, depletion of CD8" T
cells from the graft, but not CD4* T cells, led to autoantibody
production. Later, a correlation was made between low CD8*
T cell numbers with cGvHD severity in several parents into F1
hybrid models (212). Thus, there is a notion that the frequen-
cies of donor alloreactive CD8* T cells may determine whether
aGvHD or cGvHD develops. For example, CD8* T cell anergy
can shift the responses from an aGvHD to an SLE-like cGVHD
(194, 213). Although CD8" T cells are not necessary to induce
c¢GvHD, they infiltrate skin and intestines where they contribute
to the observed pathology (214).

B Cells as Autoantibody Producers and APCs

In contrast to aGvHD, B cells have a clear role in evoking cGvHD
pathology. Although it was presumed that donor helper T cells
were needed for production of autoantibodies by B cells, this
was not directly shown until 1990, when Eisenberg’s group
utilizing a mouse model of SLE demonstrated that autoantibody
production by self-reactive host B cells, and not donor-derived

B cells, was directly induced by donor-derived helper T cells
(195, 215). The importance of B cells for inducing cGVHD
pathology was subsequently shown by several investigators
in SLE-like mouse models, by either blocking co-stimulatory
molecules, such as CD40L and CTLA4, important for B-cell
crosstalk (146, 216). Furthermore, B cell persistence, obtained
by transferring perforin-deficient T cells from an aGvHD model
(B6 into B6xDBA/2 F1 hybrids), resulted in a shift to cGVHD
symptoms resembling SLE-like cGvHD (217). Later, in a mouse
model of RIC, persistence of host B cells was associated with
c¢GVHD lesions and autoantibodies of host origin (218). It was
also shown that patients with extensive cGvHD had faster B cell
recovery and detectable autoantibodies after allo-HSCT (219).
Patients with severe cGVHD also have elevated levels of soluble
B-cell activating factor (BAFF), which is evidence for activated
B cells (220). Elevated BAFF serum levels were also associated
with higher circulating levels of pre-germinal center (221) B cells
and post-GC plasmablasts (222). Blockade of germinal centers
with lymphotoxin-receptor Ig-fusion proteins was shown to
suppress cGvHD, further demonstrating the involvement of
mature, activated B cells (223). Interestingly, transplantation
of bone marrow incapable of secreting allo-antibodies resulted
in less severe cGvHD, demonstrating a role for both auto- and
allo-antibodies in cGvHD pathology (223).

In addition to their role as producers of autoantibodies, B cells
are potent APCs that stimulate donor T cells to further propagate
the cycle that leads to cGvHD. Priming of donor T cells to mHA
and subsequent cGvHD development was shown to depend on
B cells as APCs (224). Almost a decade later, it was shown for
the first time in a clinical setting, that a coordinated B and T cell
response to a mHA, with donor B cells mediating the specific-
ity, could be mounted in a setting of cGVHD (225). Further
experiments in the mouse demonstrated that donor B cells
promoted clonal expansion of autoreactive CD4* T cells, their
differentiation to the Th2 subset, and prolonged survival. In fact,
these T cells mediate cGVHD when transferred into secondary
recipients (226).

Mouse Models Suggest That cGvHD Is a Th2-Driven
Disease

It has been debated whether cGvHD is primarily a Thl or a
Th2-driven disease. Most mouse models suggest that cGvHD
is a Th2-driven disease. In the SLE-model, expansion of
recipient B cells leading to lymphadenopathy, splenomegaly, and
autoantibody production are observed. With this model, Th2
cytokines were shown to stimulate secretion of fibrosis-inducing
cytokines (e.g., IL-13 and TGF-p) resulting in sclerodermatous
disease (208, 209). When the cytokine balance was manipulated
toward a Thl type, a shift of symptoms to more aGvHD-like
pathology was observed (227, 228). Furthermore, increased B
cell activity was linked to increased levels of the Th2 cytokines
IL-4 and IL-10, with concomitant suppression of IL-2 and IFN-y
by T cells isolated from animals with cGvHD (229). Confirming
these observations, were clinical studies showing that a lack of
Th1 responses led to early-onset cGvHD, and conversely, an early
Th1 response with high IFN-y production was associated with
less cGvHD (230). These observations were later confirmed in
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mouse models, demonstrating lower incidence of cGvHD in the
presence of donor T cells producing high levels of IFN-y (221).

Involvement of Thymic Dysfunction for cGvHD
Development

The thymus has a central role for both T cell development and for
induction of T cell tolerance toward self antigens. Autoreactive
T cells are negatively selected in this process. This is illustrated
by studies of thymectomized neonatal mice that spontaneously
develop multi-organ autoimmune disease (231, 232). Therefore,
autoreactive T cells in context of cGVHD could result from defec-
tive tolerance induction due to thymic damage as a consequence
of pre-conditioning or immune-mediated damage.

A mouse model of thymic dysfunction, where lethally irradi-
ated hosts (C3H/HeN) receive T cell-depleted bone marrow from
MHC-mismatched, MHC class II deficient donors (C57BL/6)
represent a model where impaired negative selection occurs as
a consequence of lack of MHC class II expression by thymic
dendritic cells. In this model, many features of clinical cGvHD are
observed, including sclerodermatous skin disease, weight loss,
fibrosis, inflammation, and immune cell infiltration of salivary
glands, while autoantibody generation is not reported (233). A
weakness of this model is the fact that host thymic medullary
epithelium cells also mediate negative selection. In addition, in
this model thymic function is constitutively impaired by lack of
MHC class IT molecules, and does not address whether there is
a temporal window of thymic damage where impaired negative
selection occurs. In another model, where sub-lethal irradiation
of BALB/c was performed prior to transfer of MHC-matched,
mHA-mismatched DBA/2 bone marrow, donor T cells caused
lesions characteristic of cGVHD when transferred to secondary
allogeneic recipients. These cells were shown to be thymopoiesis
dependent, and the authors, thus, concluded that T cells generated
in the thymus were responsible for cGvHD development (206).
Of note, a previous study using the same animal model could not
demonstrate thymic dependence for cGvHD development (234).

A number of other mouse models points against a role for
the thymus in the induction of cGvHD, as none of the murine
models involving genetically unmodified mice has provided
any evidence of impaired negative selection. In particular, no
adversities of the thymic architecture or T cell development
has been observed in the well-described SLE or Scleroderma-
models described in the previous sections. Moreover, transfer
of DBA/2 splenocytes and bone marrow to thymectomized
BALB/c hosts did not change the incidence or the severity of
c¢GVHD compared to mice with intact thymus (235). However,
recent years research has indicated that alloreactive donor
CD8" T cells may damage thymic epithelial cells, leading to
generation of autoreactive T cells (196, 236). The resulting auto-
reactive T cells were demonstrated to interact with donor B cells
resulting in autoantibody production (196). Although recently
developed mouse models strongly suggest that dysfunctional
thymic negative selection is important for cGvHD pathogenesis,
a role for the thymus in human ¢cGvHD pathology is not clear.
In addition, one must bear in mind that the thymus involutes
by age, and older patients are not likely to have abundant
functional thymic tissue.

Treatment of cGvHD

Current treatment of cGVHD is largely based on immunosup-
pressive steroids, but development of more targeted therapies to
replace or to treat steroid-refractory cGvHD are currently tested
in pre-clinical animal models and several have now entered clini-
cal trials.

Inhibition of Fibrosis

Platelet-derived growth factor (PDGF) and TGF-p are both
pro-fibrotic cytokines inducing fibroblast activation. cGvHD
patients are shown to have elevated levels of circulating, stimu-
lating autoantibodies toward PDGFRa. PDGER signaling leads
to enhanced reactive oxygen species generation and subsequent
collagen synthesis and deposition. Mouse cGvHD models were
instrumental for developing Imatinib, a tyrosine kinase inhibi-
tor that targets PDGFRa (41), and also anti-TGF-p treatment
was shown to prevent skin and lung fibrosis (237). Imatinib has
shown promising results in clinical trials of steroid-refractory
cGvHD patients (238, 239). An enhanced effect was observed by
simultaneous targeting of both PDGFRa- and TGF-p signaling
pathways using Imatinib and Nilotinib, the latter targeting c-Abl
in the intracellular pathway induced by TGF-f (240).

Targeting of B Cells

As donor-derived B cells are central auto- and allo-antibody pro-
ducers, and significantly contribute to clonal expansion of donor-
derived CD4" T cells, therapies have been directed at depleting B
cells from the patients. The well-known B cell-depleting antibody
Rituximab (anti-CD20) specifically targets B cells and has been
used in the treatment of patients with refractory cGvHD, result-
ing in objective improvements of symptoms (241-243). However,
the antibody rarely results in complete remission of cGVHD. It is
also a concern that anti-CD20 antibodies poorly target germinal
centers in lymph nodes, in contrast to efficient removal of B cells
from peripheral blood (244).

Infusion or Induction of Tregs

As for aGvHD, the use of Tregs in therapy of cGvHD is being
exploited in clinical trials, as cGVHD patients have reduced fre-
quencies of Tregs similar to aGvHD patients (245, 246). In mouse
models, it was shown that transfer of ex vivo expanded Tregs
resulted in suppression of cGVHD (247), suggesting that they
may be utilized to treat cGvHD. However, the required ex vivo
expansion of Tregs to obtain sufficient numbers for transfer into
patients is technically challenging, and may also be associated
with changes in their functionalities as discussed above. Another
strategy is the expansion of Treg in vivo by injecting low-dose
subcutaneous IL-2 leading to increased Treg accumulation that
has demonstrated reduced severity of cGvHD (248).

ADVANTAGES AND LIMITATIONS OF
ANIMAL MODELS FOR GvHD

As outlined above, animal models have largely contributed
to current GVHD prophylaxis and treatment protocols (249).
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An overview of the most common animal models are found
in Tables 1 and 2. Each model has advantages but also their
limitations.

In the early days of GVHD research, canine models were
important for studying the role of MHC disparities in GvHD
(250), and the canine models substantially contributed to
advance our understanding of the biological mechanisms at
play in HSCT and GvHD. Among the many researchers in this
field, Edward Donnal Thomas is often recognized as the father of
clinical BMT, for which he earned the Nobel Prize of Medicine
in 1990. In addition to his clinical work, he carried out intensive
research in canine models of BMT and GvHD. Canine models
are still used in studies pertaining to the effectiveness of cellular
immunotherapy, such as the utility of an anti-CD28 antibody as
therapy to prevent GvHD during allo-HSCT (251).

Although outbred animal models are sometimes required to
better mimic several aspects of human HSCT and GvHD, the
most preferred animal model in context of GvHD is currently
the mouse (252). The advantages of mouse models are the (i)
broad availability of transgenic and gene-deficient strains that
provide mechanistic insights into the role of individual genes
for GvHD (253), (ii) the presence of inbred strains that are well
characterized for studying GvHD and GvL, (iii) the availability of
many well-characterized reagents, and (iv) the relative low costs
of breeding mice (254, 255).

Several well-characterized mouse models of both acute and
c¢GVvHD have been established, such as the full MHC class I
mismatch C57BL/6 to BALB/c (256) or C3H/He] to C57BL/6
(30) for aGvHD, and B10.D2 to BALB/c for ¢cGvHD. The
mouse is a particular valuable model to determine the role
of individual cell types, genes and factors that affect GvHD.
Examples are transgenic mice that have a mutant MHC class
I, e.g., B6.C-H2™ (bm1), or mutant MHC class 1II, e.g., B6.C-
H2*2 (bm12). Both the H2"™! and H2"™'> models have been
important in understanding the interaction of T cells with
recipient and donor APCs (257). Humanized murine models
are also interesting models for GvHD and GvL research (258).
An example is the Hu-PBL-SCID model, which is based on
the NOD-scid mice. In this model, HIV-1 envelope protein
gpl20 delayed GvHD development by activation of human
Tregs (259). Similarly, GYHD development was delayed in the
Hu-PBL-SCID model based on NOD-scid IL2"" mice following
treatment with a soluble Fas ligand (260). On examination of
the kinetics of engraftment and development of GvHD in the
latter model, it was observed that mice deficient in MHC class I
exhibited a delay in GvHD (261). However, it is difficult to select
an appropriate model, as engraftment or the strength GvHD
symptoms does not necessarily correlate with the pathophysiol-
ogy of GVHD in humans (262).

Rats are also used for GvHD studies. Rats are genetically
similar to mice, but they are larger in size, have a longer life
span, and have more biomaterial that can be used for experiments
(263). GVHD models in rats include MHC-mismatched strains
between LEW and BN (264, 265), or between PVG and BN
(67, 68). Rat models have been used to test immunomodulatory
drugs such as Thalidomide (266) and MC1288, an analog for
vitamin D (267) as therapeutic strategies for GvHD.

Conditioning prior to transplantation causes tissue damage
and pro-inflammatory responses that affect the GvHD outcome
(268, 269). Therefore, the timing of transplantation and condi-
tioning regimens will significantly affect the experimental out-
come (270). Conditioning regimens in murine models frequently
involves TBI, in contrast to the clinical settings where patients
are usually given chemotherapy, and where only a few patients
are subjected to TBI (271). Sadeghi and colleagues developed
a chemotherapy-based GvHD mouse model with busulfan and
cyclophosphamide as the conditioning regimen. The mouse
model was mismatched for both MHC and mHA [C57BL/6 (H2)
to BALB/c (H2¢)], and the allogeneic transplanted mice devel-
oped clinical and histological symptoms associated with GvHD,
such as apoptosis and T cell infiltration into the target organs
(272). This model represents a myeloablative-conditioning
regimen, which is most commonly used in the clinic. Another
mouse model involving the same chemotherapy as conditioning
was described using MHC-matched, mHA-mismatched mice
[LP/] (H2*) - C57BL/6 (H2")]. This model was developed to
more closely mimic the clinical situation, where patients usually
are MHC matched. With this model, similar T cell infiltra-
tion, GvHD-specific damage, and systemic inflammation were
observed in the mice as reported in humans (273). Thus, animal
models of selective mHA mismatch may represent human HSCT
more closely than MHC-mismatched models (193).

Another important consideration is the fact that the immune
cell compositions vary between species. In murine models, mice
receive bone marrow and T cells from an allogeneic counterpart
to induce severe aGvHD. The T cell expansion is mainly homo-
geneous in the inbred recipients, in contrast to the heterogene-
ous T cell response in humans (274). Furthermore, differences
in the proportion of lymphocyte subsets (such as CD4*, CD8*,
and Tregs) between species can influence pathophysiology of
GvHD (193). In addition, the metabolism and pharmacology of
animal models can be different and these differences between
animal models and humans could explain why some of the
findings in mice models have not been successfully translated
into clinical trials. For example, IL-11 reduced transplant
related mortality (TRM) and prevented GvHD while maintain-
ing GvL effects in mice (275). By contrast, IL-11 included as
GvHD prophylaxis caused multi-organ failure in a phase I/1I
double blinded, placebo-controlled trial for allo-HSCT (276).
In another example, experiments in mice showed that GvHD
was effectively prevented in animals by therapy with a monoclo-
nal antibody against the IL-2 receptor (IL-2R) (277). However,
the use of IL-2R antibodies in two separate clinical trials was
only moderately successful in reducing the incidence of severe
GvHD (278, 279).

An important difference between mouse and rat animal
models and humans is the homogenous genetic composition of
inbred rodents, in contrast to the heterogeneous humans (193).
Furthermore, the genetic drift that occurs in inbred strains from
a particular colony might affect the ability to reproduce data
consistently between labs (280). Given that inbred strains are an
artificial model, several different inbred strains and/or outbred
animals should be used to better represent the genetic complexity
in the human population. For this reason, canines are sometimes
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preferred to study new regimens in prophylaxis and treatment of
GvHD (281).

Moreover, there are important species differences that need
to be taken into consideration when extrapolating results found
in animal models to humans (282). Differences in the anatomy,
physiology, microbiota, play an important role in GvHD pathol-
ogy (193). In addition, age plays an important role in influencing
the efficacy of immune reconstitution post-transplant, as well as
susceptibility to GVHD (283). Non-human primates or canine
models are better fit for long-term therapies, given their longer
life span than rodents. Moreover, the effects of opportunistic
infections that affect HSCT outcome that can be observed in
humans are not modeled in rodents kept in SPF conditions.

An alternative to study GVHR is the use of the skin explant
model. The skin explant model can closely mimic the in vivo
mechanisms and pathology of human GvHD (284, 285). The
skin explant assay for GVvHD was initially tested as a method
to predict incidence and severity of GvHD in humans (286),
and we have previously shown that a rat skin explant assay for
GvHD is useful to determine the severity of GvHD between
different rat strains (287). Although in vitro studies can provide
hypotheses and models for research, there is a strong need for
testing and validation in an in vivo animal model. The important
pathophysiological conditions and symptoms of GvHD have
been successfully reproduced in a number of animal models
(288), and animal models have been very useful in understand-
ing various key mechanisms of GVHD and GvL. However, they
still fail to fully compensate for the variable time of onset of the
disease, the rate of progression, relapse of primary disease, and
other important clinical variables attributed to GvHD pathol-
ogy and HSC outcome (288). Till date, researchers have failed
to create accurately an animal model encompassing all human
parameters (289). Identifying suitable models for specific fields
would be beneficial.
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FUTURE PERSPECTIVES

Opverall, substantial progress has been made using animal models to
understand GvHD. However, major clinically relevant questions still
remain unanswered. It is important to understand the mechanisms
involved in the effect of RIC on late-onset aGvHD, for instance, or
the mechanisms involved in steroid-resistant disease (290). In spite
of distinctive similarities of GVHD pathology between different
animal models and humans, the corollary question remains: Do
animal models, in absence of immunosuppressive medications post
transplantation, adequately simulate GVHD that occurs in humans
(291). Designing interventions using animal models involving
mimicry of the experience of the patient during their treatment in
the clinic could be important. Larger animal models or non-primate
humans could be used to investigate steroid resistance, secondary
treatments, and also monitor these effects long term.
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Since the early beginnings, in the 1950s, hematopoietic stem cell transplantation (HSCT)
has become an established curative treatment for an increasing number of patients with
life-threatening hematological, oncological, hereditary, and immunological diseases. This
has become possible due to worldwide efforts of preclinical and clinical research focusing
on issues of transplant immunology, reduction of transplant-associated morbidity, and
mortality and efficient malignant disease eradication. The latter has been accomplished
by potent graft-versus-leukemia (GvL) effector cells contained in the stem cell graft.
Exciting insights into the genetics of the human leukocyte antigen (HLA) system allowed
improved donor selection, including HLA-identical related and unrelated donors. Besides
bone marrow, other stem cell sources like granulocyte-colony stimulating-mobilized
peripheral blood stem cells and cord blood stem cells have been established in clinical
routine. Use of reduced-intensity or non-myeloablative conditioning regimens has been
associated with a marked reduction of non-hematological toxicities and eventually, non-
relapse mortality allowing older patients and individuals with comorbidities to undergo
allogeneic HSCT and to benefit from GvL or antitumor effects. Whereas in the early
years, malignant disease eradication by high-dose chemotherapy or radiotherapy
was the ultimate goal; nowadays, allogeneic HSCT has been recognized as cellular
immunotherapy relying prominently on immune mechanisms and to a lesser extent on
non-specific direct cellular toxicity. This chapter will summarize the key milestones of
HSCT and introduce current developments.

Keywords: hematopoietic stem cell transplantation, milestones, conditioning, HLA typing, stem cell source

INTRODUCTION

Seven decades ago, scientists working on the Manhattan Project in the United States discovered
that the hematopoietic system was the most radiation-sensitive tissue. In 1945, the plutonium and
the atom bomb ended World War II by striking Japan with over 200,000 fatalities. Subsequently,
scientists began to explore ways of protecting humans from irradiation. In 1949, Jacobson and
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colleagues made the observation that mice were able to survive
otherwise lethal irradiation when their spleen was exteriorized
and protected from irradiation (1). Furthermore, intraperitoneal
injection of spleen cells (1) or infusion of bone marrow (BM)
cells (2) achieved the same protective effect resulting in animals’
survival. In the late 1950s, engraftment of donor-derived BM cells
in lethally irradiated mice and dogs was reported (3, 4). Later on,
with the concept of using irradiation for therapeutic elimination
ofleukemia, the use of conditioning regimens for successful trans-
plantation was introduced into clinic. Thomas performed the first
ever BM transplantation (BMT) for acute leukemia patients. He
conditioned the patients with total body irradiation (TBI) and
high-dose chemotherapy to get rid of the underlying disease and
then infused BM, which led to hematological reconstitution (5).
Unfortunately, major complications including graft failure, graft
rejection, graft-versus-host disease (GvHD), and/or death from
opportunistic infections led to poor transplant outcomes, and no
patients who were transplanted in the late 1950s and early 1960s
survived.

In 1958, van Rood and colleagues recognized that, dur-
ing pregnancy, about one-third of women formed antibodies
against human leukocyte antigens (HLA), which made it pos-
sible to unravel the genetics of HLA (6, 7). Thereafter, numerous
studies elucidated the role of these antigens in hematopoietic
stem cell transplantation (HSCT) leading to an improved
understanding of the importance of HLA typing and thus,
improved donor selection strategies. In 1968, van Bekkum,
Balner, and colleagues (8) had successfully developed a HSCT
protocol in monkeys and shared that information not only
in the Netherlands but also with Good and coworkers in the
United States. That same year, three patients, two in the United
States and one in the Netherlands, all suffering from a con-
genital immune deficiency, were succesfully transplanted with
hemopoietic stem cells from a HLA-identical sibling donor (9).
In 1972, Thomas and colleagues reported the first experience
with allografting for severe aplastic anemia (SAA) (10). In the
following years, more centers were able to perform allogeneic
HSCT successfully in patients with hematologic malignancies
including acute leukemia.

In the 1970s, a major concern was the limitation of allogeneic
grafting to HLA-identical sibling pairs. Only about one-fourth
of the patients in need had a suitable stem cell donor. In 1979,
Hansen and colleagues performed the first successful marrow
graft from an unrelated donor (URD) for a patient with leukemia
(11). After establishing URD registries in numerous countries
and their cooperation under the umbrella of the BM donors
worldwide (BMDW), an increasing number of patients have
received allogeneic HSCT.

The use of peripheral blood stem cells (PBSC) or cord
blood (CB) instead of BM for HSCT has meantime become
a routine part of transplantation. Until the early 1919s, only
myeloablative (MA) conditioning, including cyclophosphamide
(CY), busulfan (BU), and/or TBI, was in clinical use (12, 13).
In the mid-1990s, introduction of fludarabine (FLU) (14, 15)
and reduction of doses of alkylating agents (16) as well as TBI
dose (17), established non-MA (NMA) or reduced-intensity
conditioning (RIC).

In the following sections, we will describe the current develop-
ments in allogeneic HSCT focusing on conditioning therapies,
donor selection, and stem cell sources.

CONDITIONING THERAPY FOR HSCT

For successful HSCT, it is necessary that the incoming donor stem
cells have sufficient graft space and support for proliferation and
differentiation. Therefore, the existing host stem cells must be
eradicated from the host stem cell niche in the BM, or suppressed
from growth in order for donor stem cells to engraft adequately.
It is also crucial that recipients are immunocompromised to
prevent rejection of the incoming donor cells by the host immune
system. The pretransplant conditioning regimen suppresses
and functionally eradicates the host immune system and thus
allows donor stem cells to home in the BM microenvironment
without the risk of graft rejection. Finally and most importantly,
the conditioning therapy eradicates the underlying malignant
disease. This provides long-term disease control by reducing
leukemic cells to a minimum, which allows final elimination
by graft-versus-leukemia (GvL) effects. An exception to this
rule due to a deficiency in their own immune system are infants
suffering from severe combined immunodeficiency (SCID) (18)
and patients with SAA with an identical twin donor who may be
grafted without conditioning therapy (19).

Types of Conditioning Regimens

Many different conditioning treatments exist, but a generally
accepted definition is of two types: MA conditioning and NMA/
reduced-intensity conditioning (19).

Myeloablative conditioning is of high-dose intensity consist-
ing of a single agent or combination of agents that eradicate the
patient’s hematopoietic cells in the BM and induce long-lasting
trilineage aplasia. This strategy includes TBI and/or alkylat-
ing agents at doses that will not allow autologous hematologic
recovery resulting in profound pancytopenia within days from
the time of administration (19). Pancytopenia is life-threatening
and fatal unless patients’ hematopoiesis is restored by infusion
of hematopoietic stem cells (HSCs). TBI has been the primary
therapeutic modality for allogeneic HSCT for patients with
hematological malignancies. TBI has retained wide usage during
the last decades due to its excellent immunosuppressive proper-
ties, activity against a wide variety of malignancies including
ones refractory to chemotherapy, penetration of sanctuary sites
such as the central nervous system (CNS) and the relative lack
of non-hematologic toxicities when given at high doses. Most
frequently, fractionated TBI of 12-14 Gy given over 3-4 days
has been combined with CY at a dose of 120 mg/kg body weight
(BW) administered over 2 days (20) as initially used for successful
BMT in the late 1970s (13). Since patients with lymphoma previ-
ously given dose-limiting local radiotherapy to the mediastinum
experienced a high incidence of fatal interstitial pneumonitis
syndrome (IPS) following TBI (21), non-TBI-containing condi-
tioning regimens were explored. Chemotherapy regimens also
allowed to avoid the long-term sequelae of TBI including cata-
racts, sterility, growth, and developmental problems in children
and secondary malignancies such as myelodysplasia (MDS) (22).
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BU is an alkylating agent with profound MA properties and
marked activity against a variety of malignancies. A regimen of
BU at a dose of 4 mg/kg/day for 4 days combined with CY at
a dose of 120 mg/kg BW has been widely administered for the
treatment of malignant and non-malignant diseases followed by
allogeneic HSCT (12, 20). Few studies compared chemotherapy
regimens with TBI-based conditioning. Two randomized studies
demonstrated the equivalency of BU/CY and CY/TBI in patients
with chronic myeloid leukemia (CML) in chronic phase receiv-
ing HLA-identical allografts (23, 24). One randomized study in
patients with acute myeloid leukemia (AML) given HLA-identical
transplants showed superiority for CY/TBI conditioning due to a
lower relapse rate (25).

Although MA conditioning therapy provides rapid hemat-
opoietic engraftment of donor cells, it also causes myelotoxicity,
considerable morbidity, and mortality (20). Tissues containing
proliferating cells such as gonads, hair follicles, oral mucosa, and
the gastrointestinal (GI) tract are most susceptible, followed by
the lung and other organs such as liver and, to a lesser extent, the
renal and cardiac system. Besides mucositis, nausea, diarrhea,
peripheral neuropathies, alopecia, and skin rash have been
reported after MA conditioning. High-dose BU has been associ-
ated with interstitial pneumonitis, hepatic sinusoidal obstructive
syndrome (26), and increased risk of chronic GvHD (27). The
endothelial system has been increasingly recognized as an addi-
tional highly sensitive target, and this may explain some of the
observed other organ toxicities (28).

Non-myeloablative conditioning can be defined as a regimen
that will cause minimal cytopenia, little early toxicity, and does not
require hematopoietic stem cell support (17, 19). Nevertheless,
NMA conditioning regimens are immunosuppressive to the
extent that, when followed by granulocyte-colony stimulating
factor (G-CSF) mobilized PBSC or BM infusion, donor lympho-
hematopoietic cells can engraft with at least mixed donor/recipi-
ent chimerism (29). The final elimination of host hematopoiesis
is then achieved by graft-versus-hematopoietic and GvL effects
of the donor immune cells resulting eventually in full donor chi-
merism (17). Since Storb and colleagues demonstrated in the dog
model that 2 Gy of TBI in combination with systemic immuno-
suppression allowed establishment of stable mixed hematopoietic
chimerism after BM infusion of a DLA-identical littermate (30),
low dose TBI at a dose of 2 Gy on the day of graft infusion has
become a well-established NMA regimen (17, 20). Furthermore,
low dose TBI has been combined with FLU at a dose of 90 mg/m?*
over 3 days (17, 20). The Stanford group combined total lymphoid
irradiation of 8-12 Gy delivered over 11 days and antithymocyte
globuline (ATG) administered over 5 days in order to facilitate
the presence of natural killer/T cells that suppress GvHD, but
retain GvL effects (31).

Non-myeloablative conditioning regimens usually exert
minor antitumor effects and rely mainly on the subsequent GvL
effects of the reconstituted donor immune cells for eradication of
the underlying disease.

Reduced-intensity conditioning regimens try to fill the gap
between MA and NMA conditioning therapies. The concept
of RIC is based on the idea of preventing the high toxicity and
mortality associated with MA conditioning regimens in patients

with advanced age or relevant comorbidities but providing
sufficient immunoablation to prevent graft rejection (20). The
goal of RIC is not always complete tumor eradication and thus
complete destruction of host hematopoiesis but sufficient control
of the underlying disease by cytotoxic therapy followed by the
immune-mediated effects of donor graft cells (20). Although
intensity of regimens applied vary considerably, all investigators
aimed at replacing cytotoxic components of the conditioning
regimen with less toxic, but immunosuppressive, agents to enable
hematopoietic engraftment. A commonly used RIC regimen con-
sists of FLU at a dose of 125-150 mg/m?* administered over 5 days
in combination with melphalan at a dose of 100-140 mg/m? given
over 2 days showing efficacy in patients with AML and MDS (32).
Slavin and colleagues reported a regimen consisting of FLU, BU,
and ATG in patients both with hematologic malignancies as well
as genetic disorders resulting in neutropenia and complete or
partial donor chimerism in all patients (16). A sequential regimen
of cytoreduction with FLU, cytarabine, and amsacrine followed
by 3 days of rest and then 4 Gy of TBI, ATG, and CY (FLAMSA
regimen) achieved promising results in patients with high-risk
AML and MDS including ones with primary refractory disease
and adverse risk cytogenetics (33). Subsequent replacement of
TBI with BU further improved outcomes (34).

During the last few years, a variety of new agents have been
introduced for RIC therapies including other alkylating agents
such as high-dose treosulfan, clofarabine, or thiotepa in order to
improve patients’ outcome by reducing relapse rates in individu-
als with advanced disease stages prior to HSCT (35).

Table 1 summarizes the currently and most frequently used
conditioning regimens for allogeneic HSCT.

Selection of Conditioning Therapy in HSCT
There is, as yet, no standard decision-making criteria for choos-
ing a conditioning regimen for HSCT. Due to the scarcity of
available direct comparative data from randomized clinical trials,
assessing the efficacy of the various conditioning treatments is
difficult. Before making a choice for a given patient, clinicians
should consider relevant comorbidities, disease status, patient’s
age, risk of rejection, and risk of relapse. In many diseases, MA
conditioning therapy achieves a higher control of underlying
malignancy, but this is at the risk of increased toxicity and higher

TABLE 1 | Frequently used conditioning regimens in various transplant
centers worldwide.

Intensity Regimen Comments

Myeloablative cY/1Bl Profound pancytopenia, require
BU/CY stem cell support, substantial

non-hematological toxicities

Non-myeloablative FLU/TBI Minimal cytopenia, do not require
TLI/ATG stem cell support
Low dose TBI

Reduced intensity FLU/MEL Intermittent cytopenia, reduced
FLU/BU non-hematological toxicities
FLU/CY

CY, cyclophosphamide; TBI, total body irradiation; BU, busulfan; FLU, fludarabine; TLI,
total lymphoid irradiation; ATG, antithymocyte globulin; MEL, melphalan.
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incidence of transplant-related mortality (TRM). In contrast, RIC
regimens have been associated with a higher relapse risk espe-
cially in patients with advanced stage of disease (36-38). Dreger
and colleagues reported that RIC contributed to 18% of 1-year
TRM (39), while MA conditioning generally contributes to over
30% of 1-year TRM, respectively (40).

In a multicenter retrospective study, Martino and colleagues
reported the outcome of 836 patients receiving HLA-identical sib-
ling donor transplants with either MA or RIC therapy (41). They
observed that the 3-year relapse rate was significantly increased
after RIC whereas 3-year NRM was decreased in RIC compared
to MA conditioning with a similar rate of overall survival in both
groups (41). This suggests that RIC is promising regarding early
NRM but at the cost of disease relapse.

New tools for risk assessment before allogeneic HSCT such as
the hematopoietic cell transplantation-specific comorbidity index
have been used for valid and reliable scoring of pretransplant
comorbidities that have predicted non-relapse mortality (NRM)
and survival in large patient cohorts (42). These pretransplant
assessments aim to improve HSCT outcomes by allowing the
selection of conditioning intensity based on the patients’ comor-
bidity index.

Relapse has remained the major cause of mortality after
HSCT. Peritransplant and posttransplant strategies to reduce
the relapse risk have been discussed by various investigators and
research groups (43, 44). So far, available clinical interventions
are limited including timely reduction of systemic immunosup-
pression and prophylactic administration of donor lymphocyte
infusions (DLI) (33, 44-46). In patients with high-risk AML
and MDS, adjuvant DLI after RIC according to the FLAMSA
protocol resulted in significantly improved 7-year survival and
lower relapse rates compared to control HSCT patients not given
additional DLIs (45). The German Lymphoma group investigated
rituximab or no additional therapy in patients with relapsed or
refractory lymphoma starting 21 days after allogeneic HSCT
(47). Peggs and colleagues administered DLI for mixed chimer-
ism after HSCT with RIC achieving full donor status in 19 of 22
patients (86%) with Hodgkin’s lymphoma (46). Of note, 4-year
relapse incidence was 5% in these patients. Targeted tyrosine
kinase inhibitors including sorafenib, sunitinib, and midostaurin
have been used pre- and posttransplant in patients with AML
as relapse treatment or maintenance therapy for prevention of
relapse (48). Another strategy consists of posttransplant moni-
toring of CD34* donor cell chimerism in patients with AML and
azacytidine treatment for patients with a decline of CD34* donor
cells below 80% (49).

Conditioning-Mediated Inflammation
and GvHD

After administration of any conditioning therapy, but especially
prominent after MA and RIC in contrast to NMA regimens, the
major finding is epithelial damage caused by chemotherapeutic
drugs and TBI leading to release of pro-inflammatory cytokines
such as tumor necrosis factor (TNF)-a and interleukin-1 (IL-1)
and resulting in the so-called “cytokine storm” (50). Endotoxins
such as lipopolysaccharides (LPS) are also translocated across
the damaged intestinal mucosa, resulting in a further activation

of the host’s innate immune system and further cytokine release
(51). A whole set of damage-associated molecular patterns
(DAMPs) released from damaged cells such as uric acid and ATP
and various pathogen-associated molecular patterns (PAMPs)
released by the microbiota contribute to this activation (52). The
signals generated cause activation of host antigen-presenting
cells (APCs) such as dendritic cells (DC) (53) and increased
presentation of HLA major and minor antigens. As a result,
naive donor T-cells are recruited, activated, and expanded
leading to the interaction with host APCs. At this stage, DCs
initiate GVHD and prime naive T-cells (53). Recipient’s hemat-
opoietic APCs activate donor CD8* T-cells while, in the gut,
non-hematopoietic APCs can activate donor CD4* T-cells for
the induction of GvHD (54). In this way, conditioning therapy
can mediate tissue damage leading to donor T-cell expansion
and attack on target organs (preferentially gut) leading to acute
and/or chronic GvHD.

Couriel and colleagues evaluated the influence of MA and
NMA regimens in 137 patients undergoing HLA-identical
sibling donor transplantation (55). They observed significantly
higher incidences of grades II-IV acute GvHD in patients
given MA conditioning therapy. Furthermore, the cumulative
incidence of chronic GVHD was 40% higher in patients receiv-
ing MA conditioning when compared to NMA. These results
suggested that MA conditioning was not only myelotoxic but
also accounted for profound higher incidences of both acute and
chronic GvHD (55). Similar results were observed by Mielcarek
and coworkers (56).

It can be noted that, currently, there is no best conditioning
regimen available that can ensure disease-free survival (DFS) of
patients after HSCT. Choice of conditioning therapy used prior
to transplantation highly depends on recipient age, underlying
disease, and disease status prior to HSCT, relevant comorbidities,
and type of donor (matched or mismatched; related, or unrelated).
MA conditioning is perhaps preferred for younger patients, and
RIC may be given to patients whose underlying disease has been
well controlled. A choice among various conditioning regimes
is largely based upon center experience. However, randomized
clinical trials comparing different conditioning therapy intensi-
ties are highly warranted to increase the level of evidence for
choosing the appropriate pretransplant treatment wisely in order
to allow long-term DFS with good quality of life. In addition,
a standardized developed therapy worldwide, or even between
European centers, would greatly facilitate the evaluation of bio-
markers predicting outcome and response to therapy. This would
further improve transplant results in the future.

IMPORTANCE OF THE HLA REGION
HLA-Typing Techniques

Improvements in HSCT would not have been possible without
the significant progress made in the understanding of the
HLA system and the development of HLA typing techniques.
The major HLA antigens essential for immune responses are
HLA-A, -B,-C, -DR, -DQ, and -DP, which are encoded by poly-
morphic genes in the human genome, with 1-1543 alleles per
locus (for the most up to date number of HLA alleles reported
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in IMGT-HLA"). The remarkable allelic polymorphism makes
HLA typing very challenging (57). The pioneering work of
HLA typing was carried out with serological and cellular
assays. Serological techniques started with agglutination, but
were soon based on complement-dependent cytotoxicity, cell
cultures in mixed lymphocyte reactions, and cell-mediated
cytolysis. One of the most important drawbacks of those meth-
ods is the need for viable cells expressing surface antigens. Over
the years, several improvements were made to the serological
techniques culminating in the development of the Terasaki
microlymphocytotoxicity test (58). After modifications, it is
still in use today, especially to clarify the absence of some “null
alleles” (variants affecting expression of protein) or to decrease
the number of primers or probes in DNA-based tests (59).
In the 1980s, molecular techniques were introduced into
HLA typing, namely, restriction fragment length polymorphism
(RFLP). Amplified DNA was digested with restriction enzymes to
generate specific restriction patterns, thus leading to the identifi-
cation of alleles according to the pattern. Although RFLP allowed
for typing with higher sensitivity and specificity than serological
methods, the procedure was still very labor-intensive and did
not replace serological typing (57). Further development of
PCR technologies and Sanger sequencing provided new options
in the field of HLA typing, such as sequence-specific oligonu-
cleotide probes (SSOP), sequence-specific priming (SSP), and
sequencing-based typing (SBT). The SSOP system in the most
practical format (reverse SSOP) involved PCR amplification of
the target sequence labeled with biotinylated primers followed
by hybridization with the immobilized sequence-specific probes,
incubation with streptavidin conjugated to an enzyme and chro-
mogenic substrate (60). The idea of SSOP typing was also adopted
for the flow cytometry technology Luminex by changing immo-
bilization on nylon membrane to microbeads and colorimetric to
fluorescence detection technology. This allowed faster, reliable,
and automated typing (61). SSP typing was the alternative and the
complementary system to SSOP typing, developed based on the
extension of the 3" ends of primers, which were either matched
or mismatched with the target sequence. The results of SSOP
and SSP typing are considered as “low” and “intermediate” HLA
resolution typing (57). Low resolution (on antigen level) and also
called “2-digit typing” corresponds to the identification of broad
families of alleles that cluster into serotypes (e.g., A*02). It is thus,
the equivalent of serological typing (A2) (62). High-resolution
(HR) typing is on an allele level and allows identification of the
set of alleles encoding the same protein sequence for the region of
the antigen-binding site of the HLA molecule. Alleles that are not
expressed as cell surface molecules are excluded. Intermediate
level is the level of resolution in between high- and low-resolution
(63). SBT, which is the combination of DNA amplification and
direct sequencing, provided HR HLA typing. However, ambi-
guity at the allelic level (linked polymorphic sequence can be
outside the typed region) or genotype ambiguity (inability to
establish whether linked polymorphisms are on the same -cis or

'Immunopolymorphism database (IPD) - International InMunoGeneTics project
(IMGT) database. Available from: http://www.ebi.ac.uk/ipd/imgt/hla/stats.html.

different -trans allele coming from the father or the mother) still
remains an important problem. In order to deal with that issue,
scientists included additional exons for typing or investigated
preliminary/additional typing methods to HR typing, e.g., SSP
(method, which can distinguish cis/trans ambiguities) (57).
Over the last few years, the breakthrough in HLA typing was the
development of the next-generation sequencing (NGS) technol-
ogy, which offers HR and high-throughput typing. However, it
requires complex sample preparation including elaborate library
preparation and sample enrichment steps and considerable
bioinformatics resources for data analysis. Recently, several labs
have applied NGS to genotype highly polymorphic HLA genes
using different strategies of amplification, library preparation,
platforms for sequencing, and sequence analysis approaches to
enhance sequencing coverage and resolve ambiguities (64-66).
There are still some limitations to overcome, but it is highly prob-
able that NGS will soon become the routine method for HLA
typing. Thus, in the near future, centralized typing facilities could
offer reasonably priced NGS-based typing when large numbers of
samples can be processed in a more automated fashion.
All described methods of HLA typing are shown in Table 2.

Choice of Donors for HSCT

Over the last few years, based on the outcome of many studies,
identification of 10 alleles in 5 HLA loci, namely, HLA-A, -B,
-C, -DRBI, and -DQBI1 using HR typing has become the gold
standard of URD matching in accordance with the guidelines
of the European Society for Blood and Marrow Transplantation
(62). In the United States, the National Marrow Donor Program

TABLE 2 | Comparison of HLA Typing Techniques.

Method Benefits Drawbacks

Serological  Preliminary or Low resolution; requires viable cells;
supportive method poor reagent supply in the past, labor
for molecular assays; intense, not the current standard
fast and cheap

Cellular Used for HLA class Low resolution; requires viable cells;
Il typing until approx. labor intense, but informative; rarely
2000 used currently

RLFP Used for HLA class Low resolution; labor intense; did not
Il typing until approx. replace serological methods; rarely used
2000 currently

SSOP Involved in preliminary ~ Low or intermediate resolution; limited
typing used today to previously known polymorphisms;

restricted to selected exons

SSP Nowadays used to Low or intermediate resolution; limited
distinguish cis/trans to previously known polymorphisms;
ambiguities restricted to selected exons

SBT High resolution Does not distinguish cis/trans

ambiguities; restricted to selected exons
NGS High resolution; high- Complicated workflow and data

throughput typing;
increases rate of
resolved ambiguities

analysis, novel technique, could
become reasonably priced when used
in centralized facilities

HLA, human leukocyte antigen; RLFR, restriction fragment length polymorphism; SSOF,
sequence-specific oligonucleotide probes; SSR, sequence-specific priming; SBT,
sequencing-based typing; NGS, next-generation sequencing; approx., approximately.
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Committee has recommended allele-level typing for HLA-A,
-B, -C, and -DRBI1 to obtain 8/8 or 7/8 allelic identity (67)
questioning the importance of HLA-DQBI matching for
outcome (68, 69). Due to the low numbers of mature T-cells
in CB, higher levels of HLA-incompatibility between donor
and recipient are accepted. Therefore, selection of CB units
is primarily based on HLA-A, -B intermediate resolution
level, and DRB1 HR level. A recent study by the Center for
International Blood and Marrow Transplantation Research
(CIBMTR) and Eurocord reported better outcomes in single
CB transplants with improved allele-level matching for four
HLA loci (-A, -B, -C, and -DRB1) suggesting that CBT with
three or more allele level mismatches should be avoided, due
to unacceptable levels of NRM and poorer survival (70). HR
typing at 4 loci and selecting CB units matched for at least 5/8
alleles also improved TRM after double CBT (71).

In the search algorithm, genotypically identical related donors
are considered to be first choice based on rapid availability and
the likelihood of not only major but also minor histocompatibil-
ity antigen identity. The probability of HLA identity of a sibling
is 25%. In a study utilizing birth data and statistical modeling,
Besse and colleagues reported considerable variation in the
likelihood in families of an HLA-identical sibling donor, ranging
from 13 to 51% depending upon patient age and race/ethnicity
(72). Furthermore, the present 40-year decline in birth rates
is expected to lead to a 1.5-fold decrease in access to an HLA-
identical sibling for today’s young adults (18-44 years) when they
reach the peak age for potential HSCT (61 years) compared to
their contemporary counterparts (72). HLA typing of parents and
siblings not only allows the identification of a potential-related
donor but also reveals the distribution of haplotypes that can
provide valid information whether an extended family search
may be useful. HLA typing of a family is usually performed at
low resolution level unless homozygosity is expected in the family
requiring HR typing (59). Typing for HLA-A, -B, and -DR (6/6
matching) at low resolution enables, in most cases, determination
of the paternal and maternal haplotypes present in the patient and
a potential related donor (62).

For patients lacking an HLA-identical sibling donor, searches
for HLA-matched donors among extended family members
(grandparents, uncles/aunts, cousins, nieces, and nephews)
have proven fruitful in populations where consanguineous or
related marriage is common (73, 74). Otherwise, the alterna-
tive is an HLA-identical URD or a CB donor. The probability
to find a matched unrelated donor (MUD) is around 30-70%,
depending on the frequency of the HLA genotype in the donor
registries and the patient’s ethnicity (67). HR HLA typing is
performed when searching for URDs to provide in depth infor-
mation on the HLA type of the recipient and the potential URD.
As a consequence of HR typing and thus, more adequate donor
selection, the outcomes of patients transplanted from matched
URD have become comparable to patients transplanted from
matched sibling donors (75).

In case of alack of a MRD or MUD, a mismatched donor can be
considered (9/10 or 7/8 alleles matched) when patients urgently
need a HSCT. This includes haploidentical family donors (5-9/10
or 4-7/8 alleles matched) and mismatched CB donors (<6 alleles

matched). Almost all patients have a haplotype-mismatched
related donor (MMRD) available. This provides the enormous
advantage of immediate access to this donor, a fact that is most
important for patients suffering from acute leukemia, who cannot
afford a lengthy donor search and are at risk of dying of their
malignancy prior to HSCT. It also allows collection of additional
donor cells for peritransplant or posttransplant cellular immuno-
therapy, if needed. In addition, the immediate donor availability
has financial implications since costs for additional donor typing
and URD search can be reduced.

Until a few years ago, the use of a haplotype MMRD was
associated with a significantly higher risk of GvHD and graft
rejection unless the graft was T-cell depleted (76). Recently,
the post-transplant administration of CY on days +3 and +4
after infusion of unmanipulated BM cells from a haploidentical
donor has resulted in improved outcome with low incidence
rates of both acute and chronic GvHD (77, 78). Posttransplant
CY promotes immune tolerance by selectively depleting rapidly
proliferating alloreactive host and donor T-cells while spar-
ing non-alloreactive memory T-cells, regulatory T-cells, and
hematopoietic progenitor cells and thus, preventing antitumor
and antimicrobial immunity (79). Whereas initial protocols
contained BM as graft source, comparable outcomes with BM or
PBSC as stem cell sources for HSCT from haploidentical donors
have meantime been reported (80). Haploidentical HSCT with
posttransplant CY provided survival outcomes comparable to
HSCT with an HLA-identical sibling or URD in patients with
lymphoma, AML, and ALL (81, 82). In retrospective analyses,
results of haploidentical HSCT for patients with AML in
remission appear to be comparable to the best results of CB
transplantation (83). Prospective clinical trials comparing hap-
loidentical HSCT to CB transplantation and HSCT from other
donor sources are currently ongoing.

Interestingly, the superior outcome of the maternal graft
over the paternal graft has been described in haploidentical
transplants (84, 85). Van Rood and colleagues demonstrated
that recipients of non T-cell depleted maternal transplants had
a lower incidence of acute and chronic GvHD than recipients
of paternal transplants (84). Moreover, Stern and colleagues
showed that haploidentical T-cell depleted stem cell transplants
from mother to child had a lower relapse rate and improved
survival compared to paternal grafts (85). The explanation of the
observed effects can be the fact that, during pregnancy, the fetal
immune system is exposed to the non-inherited maternal anti-
gens (NIMA), and the mother is sensitized to the fetus inherited
paternal antigens (IPA), establishing bidirectional immunity,
which is achieved by regulatory T-cells between mother and
fetus (86). This concept is supported by the persistence of fetal
microchimerism in the mothers after pregnancy (87).

Effect of HLA Incompatibility and Other

Clinical Parameters on HSCT Outcome

The effect of HLA mismatches on the outcome of HSCT depends
mostly on the number of mismatches, locus of the mismatch,
and direction of the mismatch (75, 88, 89). The immune reaction
caused by an HLA-mismatch differs when the mismatch is: in
the GvH direction - donor homozygous at mismatched loci; in
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the host-versus-graft (HvG) direction - recipient homozygous
at mismatched loci or is bidirectional - donor and recipient
heterozygous at mismatched loci. The mismatched antigen in the
GvH direction may be targeted by donor T-cells and cause GvHD,
a mismatch in the HvG direction may be recognized by recipi-
ent T-cells and promote graft rejection, whereas a bidirectional
mismatch may affect both outcomes (88, 90). Whereas patients
with hematologic malignancies may benefit from the GvL effect
associated with HLA-mismatched donors, this is different for
patients with non-malignant diseases requiring allogeneic
HSCT where the adverse effect of GvHD is not counterbalanced
by a beneficial GvL effect. Mismatched transplants for patients
with non-malignant disorders are strongly associated with an
increased risk of graft failure, probably also due to the increased
use of T-cell depletion prior to HSCT in order to decrease harmful
GvHD in those patients. The recommendation for transplanta-
tion of patients with non-malignant disorders is to use matched
donors whenever possible (91, 92).

Human leukocyte antigen disparity between donor and
recipient impacts on the risk of severe GvHD, graft failure, and
delayed immune reconstitution (93-96). On the other hand, HLA
mismatches can be tolerated in transplant settings using in vitro
T-cell depleted grafts and permissive HLA mismatches, which do
not result in worse outcome (97-99).

During the last few years, the impact of allelic mismatches in
specific HLA loci on the risk of GVHD development has been
investigated. Several groups have shown an association between
allelic mismatches in HLA-A, -B, -C, and -DRBI1 and higher rates
of acute GvHD (94, 100, 101). However, limited data have been
published on the impact of HLA class I and class II disparities
on the incidence and severity of chronic GVHD. Interestingly,
chronic GvHD was triggered mainly by mismatches in HLA
class I (94, 102). Morishima and colleagues found HLA-A and/
or HLA-B allele mismatches to be a significant risk factor for the
occurrence of chronic GvHD (94).

Since HLA-disparity between recipient and URD is a known
risk factor for GvHD, and this complication also increases the
incidence of opportunistic infections after HSCT, it is difficult
to investigate the impact of HLA-disparity per se on immune
reconstitution and infectious complications. However, Maury
and colleagues identified an independent association of HLA
incompatibility between recipient and URD on delayed recovery
of CD4* T-cells and decreased T-cell proliferative responses
(103). Few studies explored the impact of HLA mismatches
on the rate of infections after HSCT. It has been shown that
mismatched donors or URDs are independent risk factors
for death due to late infection (later than 6 months after
HSCT) (104). Moreover, Ljungman and colleagues reported
results from a multivariate analysis indicating that recipients
of mismatched family or URD grafts were more prone to
develop cytomegalovirus (CMV) disease and die due to
CMV-associated complications than recipients of grafts from
HLA-matched sibling donors (105). In addition, Poutsiaka and
colleagues observed that HLA mismatches between donor and
recipient independently increased the risk of blood stream
infections (106). Reasons for delayed immune reconstitution
after HLA-incompatible donor HSCT may be impaired antigen

presentation by APCs or impaired thymic function, since it has
been previously shown that HLA mismatches negatively influ-
ence thymic-dependent T-cell reconstitution (107). However,
further research on long-term immune reconstitution in the
context of HLA-mismatched HSCT, especially in the adult
population, is warranted.

In addition to HLA disparity, other factors are known to
influence the outcome of HSCT including patient and donor age,
ethnicity, and gender. The impact of patient age has been investi-
gated by Cornelissen and colleagues in AML patients observing
an adverse effect of increasing patient age on outcome due to an
age-related rise of treatment-related complications (108). On the
other hand, administration of RIC regimens for HSCT in older
patients with AML was well tolerated and NRM at 2 years was
15% (109).

Donor age appears to be also an important factor for select-
ing the best donor. The data from several studies suggest that
younger donor age is associated with better outcome after HSCT
(110-113). Bastida and colleagues reported that patients with
AML and MDS who received a graft from a donor above the age
of 50 years had a worse overall survival, higher TRM, and higher
relapse rates (113).

The effect of recipients’ ethnicity has been reported as addi-
tional factor affecting outcome after HSCT. A comparison of
results obtained after HSCT of Caucasians, African Americans,
Hispanics, and Asians showed a decreased overall survival and
higher risk of treatment failure among Hispanics (114-116).
These differences in the outcome after HSCT are not well under-
stood. They might be explained by polymorphisms in cytokine
genes (117) and differences in minor histocompatibility antigens
(mHAs) (118). However, the evaluation of the impact of donor
ethnicity and donor-recipient ethnic identity did not support
drawing donor ethnicity into consideration in the donor selection
algorithm (119).

Various investigators observed a higher risk for transplant-
related complications including GvHD after HSCT of male
recipients with female donor grafts (120, 121). Of note, risk of
relapse was significantly decreased in male recipients experienc-
ing chronic GvHD and having an antibody response to recipient
HY antigen (122).

Graft-versus-Leukemia Effect

While both GvL and GvHD are caused by major or minor histo-
compatibility antigen mismatches, prevention of leukemic relapse
by enhancing the GvL effect is frequently limited by GvHD. It has
become a major clinical issue to improve outcomes by separating
GvL from GvHD effects in the field of HSCT. The role of mHAs
in matched donor transplantation has been predominantly inves-
tigated in order to overcome this challenge (123).

However, few researchers have addressed the problem in
terms of major HLA antigens. Kawase and colleagues identified
eight mismatch combinations (two HLA-Cw and six HLA-
DPB1), which were associated with decreased risk of relapse and
differed from mismatches responsible for severe acute GvHD
(124) Moreover, patients given grafts with these combinations
of HLA-DPBI had significantly better overall survival compared
to recipients of completely matched donor/recipient pairs (124).
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Shaw and colleagues reported comparable data concerning the
role of HLA-DPB1 mismatch and a lower risk of relapse, but
this effect was accompanied by an increased risk of acute GVvHD
(125). A model for identification of non-permissive HLA-DPB1
mismatches by the presence of T-cell-epitope mismatching has
been proposed in order to provide a clinical strategy for lowering
the risk of mortality after URD transplants (98, 126). Recently,
Petersdorf and colleagues revealed the mechanism leading to
the higher incidence of acute GvHD in recipients of grafts mis-
matched for HLA-DPB1 (69). They found that the risk of GYHD
was influenced by the single nucleotide polymorphism in the
HLA-DPBI region responsible for the genetic control of HLA-DP
expression levels. Thus, these data need further investigation but
may be helpful in the future for selection of the best donor.

In a retrospective study of single unit CB recipients, van Rood
and colleagues demonstrated that patients with AML and ALL
who shared one or more HLA-A, -B, or -DRB1 antigens with their
CB donor’s IPAs had a significant decrease in leukemic relapse
after HSCT compared with those who did not, providing indirect
evidence that maternal microchimerism in CB mediates a GvL
effect in CB transplantation (127).

Role of KIR Ligand Mismatches

Killer immunoglobulin-like receptors (KIRs) are NK receptors
binding to the HLA class I molecules and thus, control the activity
of NK cells. There are two types of KIRs; one inhibits the ability
of NK cells to kill foreign cells and the other activates NK cells
(128). Apart from the broad diversity of activating and inhibitory
receptors on NK cells, differences in the expression of NK cell
ligands on the cell surface of target cells determine the induction
or inhibition of NK cell activity. NK cell alloreactivity in patients
after HSCT is directed against leukemic cells and mediated by
mismatches in the graft-versus-host (GvH) direction in HLA
class I molecules, which cause the incompatibility in binding to
KIRs (129). There are three known KIR ligand mismatches in
the GvH direction, all of which are present in donor/missing in
recipient: (1) HLA-C1, (2) HLA-C2, and (3) HLA-BW4 (130).
HLA and KIR genes segregate independently on different chro-
mosomes, thus only 25% of HLA identical siblings and less than
1% of MUD are KIR identical (130). It has been demonstrated
by in vitro studies, murine models, and several clinical studies
that KIR ligand mismatches in GvH direction are important for
the success of HSCT with a haploidentical donor in patients with
AML. GvH NK alloreactivity was associated with significantly
improved survival, favored engraftment, eradication of AML, and
reduced GvHD (131, 132). These clinical observations are based
on the fact that NK cells mediate clearance of (1) residual leuke-
mia cells resulting in lower relapse rate, (2) host T-cells improving
hematopoietic engraftment, and (3) host dendritic cells reducing
GvHD incidence (133).

On the other hand, conflicting results were presented on the
beneficial effect of KIR ligand incompatibilities and outcome
after unrelated HSCT. Giebel and colleagues reported that overall
survival of patients with ALL, AML, or CML, transplanted with
unmanipulated grafts of MUD with KIR ligand incompatibilities,
was significantly improved (134), but other studies failed to
reproduce these results (135-137). The advantage of KIR ligand

mismatches on survival became more pronounced, when analysis
was limited to AML patients (138, 139). The discrepancies in the
results of the aforementioned studies can be explained by the het-
erogeneity of treatment protocols and patient cohorts. However,
difficulties arise in connection with KIR ligand mismatches and
outcome after HSCT. In analyses, it is difficult to show advantages
of KIR-ligand mismatches when mismatches in the GvH and
HvG direction exist on the same HLA molecules. Strong response
from alloreactive T-cells toward the incompatible HLA molecule
can override the favorable effect of KIR ligand mismatch (140).

STEM CELL SOURCES

For many years, BM harvested from the posterior iliac crests
under general anesthesia had been used as the source of HSC
for transplantation. In the 1990s, two new HSC options, namely,
G-CSF-mobilized PBSCs and CB became available for clinical
use. Although there are many differences between these three
HSC sources, clinical results after HSCT seem to be comparable
(141-143). The choice of different stem cell sources depends on
age of the donor and the recipient, clinical comorbidities, as well
as disease stage, and varies depending on the preferences of dif-
ferent centers and donors (Table 3).

PBSC - Benefits for Patients and Donors
One of the major changes in HSCT was the replacement of BM by
G-CSF-mobilized PBSCs (144, 145). Over the past decade, PBSCs
have become the preferable stem cell source in many transplant
centers, accounting for around 75% of all HSCTs performed (142,
146, 147).

Use of PBSCs holds several advantages over BM. HSC col-
lection from peripheral blood (PB) is preferred by donors as it
spares them general anesthesia and cells can be harvested in the
outpatient setting (145, 148). Karlsson and colleagues analyzed

TABLE 3 | Comparison of hematopoietic stem cell sources.

Stem cell Benefits Drawbacks
source
Donor Recipient Donor Recipient
BM Lower risk More invasive
of GvHD HSC collection
PBSC No general Faster Higher risk
anesthesia hematopoietic of GvHD
for engraftment
collection; and immune
less reconstitution;
discomfort enhanced GvL
and pain effect
CB Non-invasive  Lower risks of Lower
GvHD and relapse; number of
rapid availability; HSCs; slower
increased level immune
of HLA-disparity reconstitution

tolerated

BM, bone marrow; PBSC, peripheral blood stem cells; CB, cord blood; GvHD, graft-
versus-host disease; HSC, hematopoietic stem cell; GvL, graft-versus-leukemia, HLA,
human leukocyte antigen.
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171 donors and reported significantly more prolonged pain
and severe fatigue in BM donors compared to PBSC donors
(149). So far, complications of growth factor administration
and leukapheresis such as malignancy and stroke are no higher
than those of BM collection (141). A large study in more than
9000 PBSC and BM donors demonstrated a lower risk of serious
adverse events (SAE) in donors of PBSC (150). Furthermore,
PBSC donors treated with G-CSF have shown no increased risk of
cancer, autoimmune disease, or stroke compared with BM donors
and even a lower incidence of cancer compared with the general
population (150).

Besides benefits for the donors, there are advantages for the
recipients as well. Faster hematopoietic engraftment and immune
reconstitution have been observed in patients receiving PBSC
compared to those given BM grafts (145, 151). In a clinical study
using MA conditioning therapy with HLA-identical related
donors, 5 and 6 days of earlier neutrophil and platelet engraft-
ment, respectively, were observed after PBSC compared to BM
grafts (152). Furthermore, after HSCT with MUD, a shorter time
to absolute neutrophil count equal to 0.5 X 10°/L and a shorter
time of platelet engraftment were reported in the PBSC compared
to the BM group (153). Several other studies and a meta-analysis
including eight different trials in MUD confirm these findings
and showed a higher rate of engraftment in recipients of PBSC
(146, 154, 155).

Moreover, high numbers of lymphocytes in the PBSC,
namely, immunocompetent T-cells may enhance the GvL effect
(145, 155). Unmodified PBSC grafts may contain one log more
T-lymphocytes than unmodified BM grafts (156). However,
these high T-cell numbers could in parallel lead to a higher risk
of GVHD (155, 156), which as a consequence may have a higher
mortality. An increased incidence of chronic GvHD, but no
difference in acute GVHD, was observed between PBSC and BM
graft recipients in HLA-matched related settings by Campregher
and colleagues (157). Eapen and colleagues reported a signifi-
cantly higher incidence of chronic GVHD after MA conditioning
and URD PBSC infusion (158). Although mortality risks were
higher in patients with chronic GvHD, both in PBSC and BM
settings, and PBSC recipients had more severe chronic GvHD,
there was no difference in mortality between these two graft types
(158). A multicentre, randomized trial published by Anasetti
and colleagues similarly reported no difference in acute GvHD
and a higher incidence of chronic GvHD in PBSC recipients,
but no difference in the 2-year-survival rate compared to BM
recipients (142).

Progression-free survival seems to be comparable between
PBSC and BM recipients, and the risk of relapse appears to be
lower in patients given PBSC (142, 151, 155).

Cord Blood - A Life-Saving Alternative

Despite the advances made in HSCT over the last decades,
donor availability has remained a major obstacle and introduc-
tion of CB provided an alternative for these patients (159, 160).
The first CB transplantation was performed successfully in Paris
in 1988 in a pediatric patient suffering from Fanconi anemia
(FA) (161). Results of CBT in adults were less favorable (160,
162). In a study by Laughlin and colleagues on 68 patients

who underwent CBT, 17 died most likely as a result of the
preparative regimen and 22 patients died due to an infection
after HSCT (162). High death rates were attributed in part to the
selection of high-risk patients, but slow myeloid engraftment
could have also contributed (162). In the following years, better
CB and patient selection substantially improved CBT outcome
(154, 163-165). Since then, according to the BMDW database,
more than 30,000 CBT have been performed and CB banks
have been established around the world storing more than
600,000 CB units (160).

One of the main advantages of CB is the fact that an increased
level of HLA disparity can be tolerated (166). The current
standard for CB selection is donor-recipient matching at six
HLA loci, namely, HLA-A, HLA-B antigen, and HLA-DRBI
allele in comparison to 8-10 loci for BM or PBSC donation (167,
168). Despite increased tolerance, HLA matching still remains,
together with the cell dose infused, one of the main factors associ-
ated with improved engraftment and better survival (169, 170).
The negative impact of HLA-disparity on patient outcome could
be partially overcome by higher CD34* cell doses for each level of
HLA disparity. Better survival was demonstrated in recipients of
CB grafts with two HLA-mismatches given more than 1.7 X 10°
CD34* cells per kilogram BW than those receiving a lower dose
(171). Data suggest that the CD34" cell content should be the
most important criterion when choosing CB grafts, followed by
the degree of HLA-disparity (154). The number of total nucleated
cells collected or infused should not be less than 2.5 x 107/kg BW
(168, 170). Indeed, the main limitation of CB is the low number of
HSCs in contrast to the numbers typically present in BM or PBSC
allografts (172). Since several studies reported better engraftment
in recipients of higher doses of CD34" cells (162, 169, 170), use
of double CB units was introduced some years ago and has been
proven safe, showing comparable overall outcomes as matched-
related and unrelated HSCT (159, 172). Wagner and colleagues
compared HSCT with one CB unit with double CB units used
in children and adolescents with hematologic malignancies and
observed no differences in survival, neutrophil recovery, and
immune reconstitution between the two groups (173). However,
recipients of single CB units achieved better platelet recovery and
had a lower incidence of more severe acute GvHD and chronic
GvHD (173).

Several studies have been performed in order to compare
outcome of CB versus BM or PBSC transplantation. In 2004,
Laughlin and colleagues compared mismatched CBT and
mismatched BMT in adult patients and observed no significant
differences in TRM, treatment failure, and overall mortality
between these patient cohorts (174). Rocha and colleagues
reported no significant differences between mismatched CBT and
matched BMT regarding TRM, relapse rate, and leukemia-free
survival (175). Takahashi and colleagues observed lower TRM
and better DFS after CBT compared to BMT despite a higher
HLA-mismatching rate in CBT recipients (176). The same group
later reported no differences in TRM, DFS, and relapse rate after
CBT when compared with BM and PBSC grafting (136). More
recent studies support these results (143, 177), respectively.
Terakura and colleagues analyzing HSCT outcomes in patients
with ALL and AML reported similar OS and NRM comparing 8/8
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allele-matched unrelated BMT with CBT leading to the conclu-
sion that CB could be a preferable alternative (178).

Regarding the incidence of GvHD, Laughlin and colleagues
reported higher rates of acute GVHD after MMUD marrow grafts
and higher chronic GvHD rates after CBT (174), while Rocha and
colleagues observed alower risk of grades II-IV acute GvHD after
CBT and a comparable incidence of chronic GvHD between CB
and unrelated BM recipients, respectively (175). Others observed
similar rates of severe acute GvHD after CBT and 8/8 matched
BMT but higher rates after 7/8 matched BM grafting while the
incidence of extensive chronic GvHD was significantly lower
after CBT compared with 8/8 and 7/8 BM grafting (178).

In conclusion, CB as an alternative HSC source is compa-
rable to BM and PBSC, and offers several advantages, namely,
easier availability, higher tolerable HLA-disparity, lower risks of
GVHD, and relapse. Nevertheless, limited cell numbers and slow
immune reconstitution contributing to infections and impacting
survival remain an obstacle. Novel strategies for improvement of
hematopoietic and immune reconstitution after CBT include ex
vivo expansion of CB cells using different cytokine combinations,
intra-bone injection of cells, modification of homing, and the
coadministration of mesenchymal stromal cells (159, 172).

CONCLUSION AND OUTLOOK

Allogeneic HSCT has become an established curative treatment
of a steadily increasing number of life-threatening hematologi-
cal, oncological, hereditary, and immunological diseases. During
the last decades, combined research efforts including preclinical
models and clinical studies on a worldwide scale has resulted in an
impressive progress in various areas of HSCT. Improved patient
selection, development of improved tissue typing methods, avail-
ability of URD and CB units as HSC source, and introduction of
RIC and NMA conditioning regimens has resulted in improved
patients’ survival over the years. However, overall survival rates
have remained at 40-50% for over two decades. Further, inter-
disciplinary research and team efforts are necessary to improve
malignant disease eradication and further inspire survival in the
future. In addition, a worldwide collective effort is necessary to
standardize conditioning protocols, which would aid in improv-
ing outcomes.

Currently, cellular-based immunotherapies, which were
pioneered by the development of allogeneic HSCT are gaining
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For over 60 years, hematopoietic stem cell transplantation has been the major curative
therapy for several hematological and genetic disorders, but its efficacy is limited by
the secondary disease called graft versus host disease (GvHD). Huge advances have
been made in successful transplantation in order to improve patient quality of life, and
yet, complete success is hard to achieve. This review assimilates recent updates on
pathophysiology of GvHD, prophylaxis and treatment of GvHD-related complications,
and advances in the potential treatment of GvHD.

Keywords: pathophysiology, graft versus host disease, T cells, haematopoietic stem cell transplantation,
prophylaxis

INTRODUCTION TO GRAFT VERSUS HOST DISEASE (GvHD)

Graft versus host disease is the most recognized complication post-hematopoietic stem cell trans-
plantation (HSCT) and was first observed in 1956 in a murine model. Barnes and Loutit dem-
onstrated that when irradiated mice were infused with allogenic marrow and spleen cells, mice
recovered from radiation injury and aplasia but they developed diarrhea, weight loss, skin changes,
and liver abnormalities, and subsequently died due to “secondary disease” (1). This phenomenon
was recognized as GVHD. A decade later, in 1966, Billingham postulated three crucial requirements
for the development of GvHD:

(i) the transplanted graft must contain immunologically competent cells,

(ii) the recipient must be incapable of rejecting or eliminating transplanted cells,

(iii) the recipient must express tissue antigens that are not present in the transplant donor, thus the
recipient antigens are recognized as foreign by donor cells (2).

Today, we know that the immunocompetent cells are T lymphocytes that are present in the stem
cell inoculum and are required to mount an effective immune response (3). A normal immune
system is able to reject T cells from a foreign donor. However, when recipient’s immune system
is compromised through the use of various immune-ablative agents (chemotherapy and/or radio-
therapy), the recipient is incapable of rejecting the transplanted cells. We now know that the tissue
antigens that differ in donor and recipient are major and minor human leukocyte antigens (HLA),
and their expression on cell surfaces is crucial for the activation of allogenic T cells and initiation of
GvHD (4). Previously, it was believed that acute GVHD occurs within day 100 after transplantation
and chronic GVHD (¢cGvHD) occurs beyond day 100 and that the most affected organs at the onset
of GVHD are skin (81%), gastrointestinal tract (54%), and liver (50%) (4). Now, it is clear that acute
GVvHD can occur after day 100 as late acute GvHD (e.g., after cessation of immunosuppression or
after donor lymphocyte infusion) or cause overlap syndrome of both acute GvHD and ¢cGvHD (5).
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PATHOPHYSIOLOGY OF ACUTE GvHD:
A THREE-STEP MODEL EXPLAINING
THE CURRENT STRATEGIES OF
PROPHYLAXIS AND TREATMENT

Acute GVHD has been attributed to three stages. Initially, there is
tissue damage due to conditioning that in turn activates the host
antigen-presenting cells (APCs). Secondly, APCs activate donor
T cells, also known as an afferent phase. Finally, in efferent phase,
cellular and inflammatory factors work together to damage the
target organs.

Conditioning-Mediated Tissue Damage
Conditioning is crucial to eradicate underlying disease and to
support engraftment of donor cells without rejection by recipi-
ent (6). Prior to donor cell infusion, patient’s tissues have been
profoundly damaged due to underlying disease itself, treatment
for the disease, infections, and the conditioning regimen (7, 8).
As a consequence, damaged host tissue releases danger signals,
which include pro-inflammatory cytokines such as tumor necro-
sis factor (TNF) and interleukin-1 (IL-1) (9), that activate host
APCs, ultimately activating donor T cells present in the stem cell
inoculum (10, 11). Conditioning-mediated damage to the gastro-
intestinal (GI) tract remains the main concern as GI tract allows
systemic translocation of microbial products like lipopolysac-
charide (LPS) and other pathogen associated molecular patterns
that greatly amplify host APC activation (8), leading to amplified
T-cell activation. Conditioning-related damage also explains why
the concept of reduced intensity or even non-myeloablative con-
ditioning has contributed to less toxicity, less severe GvHD, and
reduced treatment-related mortality. Some studies showed that
delaying the transfer of donor cells after conditioning decreased
the risk of GVHD (9, 12).

Donor T Cell Activation
(the Afferent Phase)

Graft versus host disease occurs when donor T cells activate
and respond to HLA differences on recipients tissue (13).
Experimental models have proved that the host APCs are neces-
sary and sufficient to activate donor T cells and initiate GVHD
(11, 14). Donor T cells can recognize alloantigen either on host
APC, known as direct antigen presentation (15), or on donor
APCs, known as indirect presentation (16). T-cell responses
depend on the disparity between the donor and the recipient
with regard to HLA (13). CD4+ T cells respond to the variations
in MHC class II molecule (HLA-DR, -DQ, and -DP), and CD8+
T cells respond to the variations in MHC class I molecule (HLA-
A, -B,and -C) (17). Transplants carried out in the HLA-matched
sibling or identical twin setting can still give rise to GvHD due
to differences in minor HLA (18). The first to be described were
HA-1 (19) and HA2 (20), and the subsequent clinical impact of
minor histocompatibility antigens including H-Y antigens (21,
22) of female-to-male transplants has recently been reviewed
(23, 24). Minor HLAs are T-cell epitopes, which are originally
derived from polymorphic or normal tissue proteins. These
antigenic peptides can be presented on HLA Class I or Class II

molecules, and to date over 50 minor HLA antigens have been
identified (24). Minor HLA antigens have been associated with
GvHD and graft versus leukemia (GvL) effects due to their tissue
distribution. Minor HLA antigens restricted to the hematopoi-
etic system may be able to enhance GvL responses while more
broadly expressed minor HLA antigens contribute to both GYHD
and GvL (25). As well as cytotoxic T-cell responses of allogeneic
H-Y antibodies have shown to predict cGvHD and non-relapse
mortality (26, 27).

T-cell activation is in the focus of current immunosuppres-
sive strategies used for prophylaxis and treatment. Calcineurin
inhibitors, mycophenolate, and mToR inhibitors interfere
with different signals of T-cell activation (28, 29). The broader
strategy is T-cell depletion, which is currently applied by
in vivo approaches such as the use of antithymocyte globulin
pretransplant (30). Cytotoxic approaches more or less selectively
eliminate activated T cells if applied posttransplant; the old
approach of methotrexate prophylaxis but also the more recent
approach of using posttransplant cyclophosphamide engages
this principle (31).

Target Cell Apoptosis (the Efferent Phase)
In this phase, both innate and adaptive immune cells work
synergistically to exacerbate the T cell-induced inflammation.
Cellular mediators, such as cytotoxic T lymphocytes (CTLs)
and natural killer (NK) cells, utilize the Fas/Fas ligand (FasL)
pathway and perforin/granzyme pathway to lyse the target
cells (32, 33). Furthermore, inflammatory cytokines synergize
with CTLs, resulting in further tissue injury and possible target
organ dysfunction (13). In addition, microbial products like LPS,
released during conditioning, leak through a damaged intestinal
mucosa and skin and stimulate mononuclear cells (monocytes/
macrophages) to secret inflammatory cytokines leading to ampli-
fication and propagation of a cytokine storm (13). This leads to
destruction of epithelial cells, mostly in the GI tract.

The broad activity of corticosteroids including induction
of T-cell apoptosis, suppression of macrophage activation, and
cytokinerelease explains why these old drugs are still the treatment
of choice for first-line treatment of both acute GvHD and cGvHD.
Cytokine inhibitors like TNF blocking agents were thought to be
more specific but did not result in increased response rates (34).
For almost all second-line strategies in steroid-refractory acute
GvHD low response rates associated with high treatment-related
mortality have been reported that the urgent need for further
improvement (35).

In the last 10 years, the concept of GvHD pathophysiology has
been largely extended, and a more differentiated view has been
adapted.

Firstly, the mechanism of conditioning-related damage has
further been specified. It is now clear that the tissue damage
results in release of several danger signals such as uric acid and
the metabolites of adenosine triphosphate pathway and its recep-
tor has been shown to be involved in activation of GVHD (36).

Secondly, the concept of LPS-triggered inflammation has
been substituted by multiple microbiota derived signals and
differential activation of toll-like receptors (TLRs) and NOD-
like receptors (NLRs). NOD2/CARD15 has been shown to be
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involved in triggering the inflammation both in mice (37, 38)
and men (39). More recently, it became clear that the microbiota
of epithelial tissues is the major player influencing epithelial
integrity and local immune tolerance by commensal bacteria
and millions of metabolites are produced to maintain epithelial
homeostasis (40, 41).

Finally, and in context with the concept of microbiota as
important players, the importance of regulatory immune cells
that balance immune reactions is recognized. Regulatory T cells
(Tregs) expressing the transcription factor Foxp3 occur as natural,
thymus derived T cells and are able to prevent alloreaction (42).
On epithelial surfaces, induced peripheral Tregs try to dampen
acute inflammation (43). Foxp3 positive T cells act in cooperation
with numerous newly identified regulatory populations, such as
invariant natural killer T cells (44), myeloid-derived suppressor
cells (MDSCs), and a whole new set of innate immune cells such
as innate lymphoid cells (45). Figure 1 represents the GvHD
initiation phase. Figure 2 summarizes the complete pathophysi-
ology of aGvHD.
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FIGURE 1 | Initiation of graft versus host disease. Conditioning regimen
leads to destruction of epithelial cells and their integrity. Damaged epithelia
secrete uric acid and adenosine triphosphate (ATP) that result in production
of pro-inflammatory cytokines. Pathogen recognition receptors, such as
toll-like receptors (TLRs), NOD-like receptors (NLRs), and P2XRs, are
activated by pathogen associated molecular patterns (PAMPs) and danger
associated molecular patterns (DAMPs). These signals ultimately activate
antigen-presenting cells (APCs) that lead to donor T-cell activation. Adopted
and modified from Ref. (37).

IN VITRO MODELING OF GvHD TO GIVE
INSIGHT INTO THE PATHOPHYSIOLOGY

The skin explant model has long been established as a tool for
studying the immunobiology of GvHD (Figure 3) and more
recently has been used to investigate the specificity of antiviral
T cells in graft versus host (GvH) reactions (34-36), the role of
Tregs, and mechanisms of apoptosis (46, 47).

The skin explant model has also been used to assess the safety
of ex vivo expanded Treg cells as well as their capacity to prevent
GvH reactions (48). Activated and expanded polyclonal Treg,
at any cell concentration, did not induce any significant GvH
reactions.

Over recent years, significant advances in the understanding
of the benefits of Tregs in hematopoietic stem cell transplantation
have resulted in the completion of early stage clinical trials as well
as the initiation of trials in solid organ transplantation (49-52).
These early stage HSCT trials have provided promising results
showing a reduction in the incidence of GVHD without adversely
effecting relapse, transplant-related mortality, and engraftment.
Using the skin explant model, it has been possible to investigate
the cellular and molecular mechanisms by which Tregs are likely
to be preventing GvHD following HSCT.

We have shown that for Treg to suppress GvH reactions they
need to be present during the priming of alloreactive T cells (48).
Polyclonal Treg cells were expanded ex vivo and added into the
skin explant model at either the priming or the effector stage.
The later addition of Treg, during the effector phase, impaired
their suppressive capacity. This suggests that Treg may be more
effective when given early, as prophylaxis, rather than as a treat-
ment. This study also demonstrated that in humans an effector
to Treg ratio of 4:1 was sufficient to modulate GvH reactions,
whereas previous studies in mice had suggested a 1:1 ratio was
necessary. This study has therefore provided preclinical evidence
to support the safety and feasibility of ex vivo expanded Treg
as a novel therapeutic and provides information on the optimal
timing and dose of Treg to prevent GvH reactions.

Further work using the skin explant model has been able
to elucidate some of the mechanisms by which Tregs are able
to prevent GVHR. The presence of Treg during the priming of
alloreactive T cells reduced their cytotoxic capacity (48). Further
investigations showed that Treg also impaired the ability of
alloreactive T cells to migrate into the target tissues (53). The
presence of Treg during priming resulted in a reduction in IFNy
production by CD8+ cytotoxic T cells, as well as a reducing
expression of skin homing molecules CXCR3 and CLA. This
paired with a reduction in levels of the chemokines CXCL10
and CXCL11 in the skin resulted in a significant reduction in the
number of cytotoxic T cells present in the skin and decreased the
GvH severity. We have since demonstrated that Tregs are able to
modulate GvH reactions through impairment of dendritic cells
at a transcriptional level, arresting them in a semi-mature status
and leaving them functionally impaired (54).

The skin explant model has also been used to investigate the
involvement of epithelial Fas in the pathophysiology of GVvHD
(55). Animal models have previously shown the critical role
for Fas/FasL in GvHD (56). Ruffin et al. showed that there was
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FIGURE 2 | Pathophysiology of acute graft versus host disease. Conditioning regimen cause profound damage to the host tissues leading to release of
inflammatory cytokines like tumor necrosis factor and interleukin-1. These cytokines activate host antigen-presenting cells (APCs) in phase I. In addition, loss of
microbial diversity and metabolites thereof leads to loss of epithelial and immune homeostasis. Host APCs activate mature donor T cells present in stem cell
inoculum in phase II. T cells subsequently proliferate and differentiate into Th1 and Th17 type, which are involved in activation of CD4 cytotoxic T lymphocyte
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a significant increase in Fas expressing cells in GVvHR positive
experiments and that Fas-mediated apoptosis was involved in the
induction of GvHR, as blocking Fas-mediated apoptosis reduced
the severity of GVHR. They also showed that levels of Fas in the
serum of patients who received myeloablative conditioning were
increased, possibly due to the higher toxicity. This supports the
potential use of Fas as a therapeutic target.

IDENTIFICATION OF BIOMARKERS

As well as investigating the safety of cellular therapies and
immunology of GvHD, the skin explant model has been used
in recent years to identify biomarkers. Within our group, we
used the skin explant model to validate a number of biomarkers,
which had been identified in the serum of HSCT patients (57).
BAFF and IL-33 levels were elevated pretransplant in patients

who then went on to develop aGvHD and therefore could have
the potential to act as predictive biomarkers. We also found that
CXCL10 and CXCL11 were suitable as diagnostic markers of
GvHD. Training and validation cohorts were used to highlight
the association of these potential biomarkers to GvHD. Then
the skin explant model was used to confirm their association
with GvH reactions. Immunohistochemistry was carried out on
sections from the skin explant, and increased staining for BAFF,
IL-33, CXCL10, and CXCL11 was seen in skin explants with
a higher grade GVHR. This was further confirmed in clinical
biopsies demonstrating increased levels of protein, measured
with immunohistochemistry and gene expression for BAFE
CXCL10, and CXCL11. In this study, the skin explant proved
to be a useful tool in validating a panel of biomarkers, which
had been identified in patient samples. The skin explant is not
exclusive to the human setting. Recently, Zindcker et al. have
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described the use of a rat skin explant model for investigating
the pathophysiology of GVvHD (58) as well as gene expression
profiling (59).

Harris et al. (60) have recently reviewed the use of biomarkers
in predicting acute GvHD, which include genomic factors as
well as plasma proteins. One of the first studies demonstrated
that a panel of tumor necrosis factor receptor type 1 (TNFR1)
interleukin-2 receptor alpha, IL-8, and hepatocyte growth factor
(HGF) had prognostic as well as diagnostic value in predicting
acute GvHD (61). Other markers in the skin such as elafin (61)
and plasma biomarkers of the lower GI tract and liver acute
GVHD have been validated in subsequent studies, and the most
significant of these was regenerating islet-derived 3 alpha (Reg3a)
(62, 63). These studies led to the use of the biomarkers TNFR1,
ILRa, IL-8, HGF, Reg3a, and elafin for measuring responsiveness
to GVHD therapy. The panel was able to predict 28-day post-
therapy non-response and 180-day mortality in a cohort of 112
patients (64).

In addition an algorithm using concentrations of three bio-
markers TNFR1, soluble IL-33 receptor (ST2), and Reg3a, Levine
and colleagues (65) were able to calculate the probability of non-
relapse mortality caused by non-responsive GVHD and divide
the patients into distinct groups to predict response to GvHD
therapy. The researchers subsequently developed the Mount

Sinai Acute GVHD International Consortium, which consists of

a group of 10 transplant centers in the United States and Europe
who collaborate on the use of this scoring system to test new
treatments for acute GvHD.

PATHOPHYSIOLOGY OF cGvHD

Although the pathophysiology of cGVHD is poorly understood,
it remains the major cause of late non-relapse death after

HSCT (66). cGvHD may manifest simultaneously from aGvHD,
develop after the treatment of aGvHD, or may occur de novo
(67). Classical cGVHD occurs 100 days after transplantation but
may also overlap with aGvHD (5, 68).

Acute GvHD is a major risk factor of cGvHD and strategies
aiming at T-cell depletion at the time of transplantation to prevent
c¢GvHD demonstrate that early events impact on the development
of cGvHD. As immune cells and immune organs, such as thymus,
bone marrow niche, and spleen, are the primary targets of acute
GvHD, thymus destruction and deficient selection of donor T
cells by the thymus are the major factors resulting in allo- and
autoimmunity associated with cGvHD (69). Due to early damage
of the B cell niche in the bone marrow, B cell development is
strongly disturbed resulting in elevated BAFF levels as a predictor
of cGvHD and insuflicient elimination in B cells producing auto-
and alloantibodies (70). A hallmark of cGvHD is development
of sclerotic lesions, which can occur in almost every organ (68).
While previous data favor a concept of defective wound healing
with increase production of sclerotic cytokines, such as TGFf and
PDGE recent evidence supports a role of specific TH17 subsets in
this sclerotic process (71).

TARGET ORGAN DAMAGE DURING GvHD

Skin is the principal target organ of GvHD, and the initial
manifestation in the skin is maculopapular rash, which has the
potential to spread throughout the body (13). The rash may
resemble folliculitis or may resemble sunburn. In extreme cases,
skin may blister and ulcerate (13, 72). Acute cutaneous GvHD
usually begins with erythematous, rashes on the ears, palms, and
soles. Martin and coworkers reported results of 740 allogenic
transplantations and 81% of patients with aGvHD had skin
involvement (4). Damage to the skin could be defined by vacuolar
degeneration of the basal cell layer, dyskeratotic keratinocytes,
and mononuclear cell infiltrates (73). Epithelial damage occurs
at the tips of rete ridges and hair follicles, regions where selective
targeted apoptotic rete cells are located (74). A recent study by
Paczesny et al. reported that elafin could be a potential biomarker
for diagnosis and prognosis of skin GvHD (75).

Liver is another target organ of GvHD. Hepatic GvHD
is manifested by abnormal liver function tests and a rise in
the serum level of bilirubin and alkaline phosphatase. Donor
lymphocytes attack the bile duct epithelial cells causing endothe-
lialitis, pericholangitis, and apoptotic bile duct destruction (76).
While liver GVHD affecting bile ducts and resulting in severe
hyperbilirubinemia occurs less frequently, there is an increasing
rate of hepatitis like cGVHD as another, but less harmful liver
lesion (77).

Gastrointestinal tract represents the most severely affected
organ after conditioning. GI GvHD is characterized by secretory
and voluminous diarrhea, severe abdominal pain, vomiting,
and anorexia (13). Snover and colleagues used immunohisto-
chemistry to explain histologic features of the GI tract during
GvHD (78). Single cell apoptosis was observed along with patchy
ulcerations and apoptotic bodies in the base of crypts with loss of
the surface epithelium (13, 78). The base of the intestinal crypts,
where epithelial stem cells are located, is the most sensitive
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target for GVHD as it is the site of epithelium regeneration and
Paneth cells. Recently, Levine and colleagues observed loss of
the Paneth cells at the onset of GI GvHD (79) suggesting these
cells as sensitive targets of GVHD. In addition, as stated earlier,
it was proposed that regenerating islet-derived 3-a (reg3a),
released from Paneth cells, was a potential plasma biomarker
for lower GI GvHD (63), Paneth cell damage contributes to loss
of antimicrobial peptides and accelerates the loss of microbial
diversity in GvHD, a major risk factor of treatment-related
mortality (80, 81).

FURTHER HSCT-RELATED
COMPLICATIONS

Overview

Although GvHD is the main complication of allogeneic SCT,
non-relapse-related mortality (NRM) can occur independently
from the occurrence of GVHD or in patients with minor GvHD.
Overall, NRM has decreased in the last 10 years as a result of
several improvements such as reduced intensity conditioning;
resulting in reduced organ toxicity, improved donor selection and
matching, and progress in supportive treatment (82).

Major complications include viral and fungal infections,
which can occur independently from GvHD due to the immu-
nodeficiencies induced by HSCT. GvHD and its treatment
aggravate and prolong the risk of infectious complications, and
many patients suffering from severe GvHD die from infectious
complications. Beyond the period of acute GvHD, cGvHD and
long-term complications are major causes of NRM and morbid-
ity. Long-term complications include organ toxicities, endocrine
deficiencies, and most important secondary cancers. HSCT
patients’ survivors therefore need a long-term follow-up in order
to allow early detection of complications, and several guidelines
summarize the current recommendations (83, 84).

A detailed presentation of infectious complications, organ
toxicities, and long-term complications is beyond the focus of
this review; we therefore focus on the most relevant targets of
complications: endothelial cells and pulmonary complications.

Endothelial Complications

Endothelial complications occur clinically throughout the dif-
ferent phases of HSCT. In the early weeks after transplantation,
sinusoidal obstruction syndrome (SOS) formally known as
veno-occlusive disease (VOD) can result in severe liver dam-
age and eventually multi-organ failure (85, 86). SOS results
from conditioning-related toxicity in the sinusoids of the liver
with subsequent occlusions by thrombosis and fibrosis. In the
period of engraftment, cytokine storm-mediated capillary leak-
age syndrome can occur. With the introduction of calcineurin
inhibitors (CNI) for prophylaxis of GvHD, which also give rise
to some endothelial toxicity, transplant associated microangi-
opathy (TAM) has been increasingly observed during acute
GvHD (87). Manifestations of intestinal TAM can mimic severe
GvHD and provoke intestinal bleeding but require a different
treatment regimen. Besides CNI-associated TAM, it can also
occur as atypical hemolytic uremic syndrome, which results

from a failure of cleaving von Willebrand Factor (88, 89). In
long-term patients, cerebro- and cardiovascular complications
are increased.

While clinical endothelial complications have been well
known for many years, more recently the pathophysiology of
endothelial cells in GvHD has been studied. In vitro models
of endothelial cell cultures reveal that conditioning can induce
endothelial apoptosis, which is aggravated by LPS-mediated
inflammation and followed allogeneic cytotoxic T-cell damage
(90). Murine models have demonstrated the role of endothelial
neovascularization induced by conditioning leading to GvHD
(91-93) and infiltrating donor T cells. Recently, Schmid et al.
showed for the first time in a murine system that not only
endothelial venules but also arterial vessels suffer direct endothe-
lial damage during GvHD (94). Detailed studies in patients have
shown an association of loss of dermal vessels, with CD8+ T cell
infiltrates, demonstrating allogeneic reactions against endothe-
lial cells (95, 96). More recently, endothelial damage has been
shown to contribute to steroid resistance and failure to recover
from GvHD. Loss of protective thrombomodulin was observed
in biopsies from GvHD patients (97) together with increased
serum thrombomodulin (98). In addition, genetic SNPs within
the thrombomodulin gene have been identified as risk factors
for GvHD (99). Finally, circulating endothelial factors such as
angiopoietin levels pretransplant and VEGF levels posttransplant
have been identified as risk factors of GvHD (100), which paves
the way for infiltrating donor T cells.

Pulmonary Complications

A further central target organ of HSCT-related complications
is the lung. Early after transplantation, bacterial and fungal
pneumonia are common, mainly due to Aspergillus predomi-
nation. In the posttransplant period of GvHD and immune
reconstitution, viral pneumonia caused by CMYV, respiratory
viruses (influenza, parainfluenza, RSV, and metapneumovirus),
and adenoviruses predominate as well as fungal pneumonia,
especially in patients with severe immunosuppression (101). In
addition, further infectious agents such as Toxoplasma gondii
and Pneumocystis jirovecii causing toxoplasma and pneumocystis
pneumonia, respectively, can cause pneumonia during the
period of B cell reconstitution while B cell numbers are absent
or low. Pneumonias caused by encapsulated bacteria such as
pneumococci are also observed (102, 103). Early after HSCT,
peri-engraftment respiratory distress syndrome causes rapid
deterioration of respiratory functions during leukocyte recovery
but responds rapidly to high dose corticosteroid treatment. In the
initial stages of aGvHD, idiopathic pneumonia syndrome (IPS)
is a serious complication resulting from conditioning-related
toxicity and LPS-triggered allogeneic reactions. IPS may or may
not be exacerbated by occult or unknown infections (89) and in
either case, TNF blocking agents have been shown to be effec-
tive in both experimental models and in patients (86-88). The
most frequent complication is bronchiolitis obliterans syndrome
(BOS) characterized by inflammation of the small bronchiole
with subsequent obstruction and lung destruction (104, 105).
Early monitoring and intervention with topical corticosteroids,
azithromycin and possibly systemic immunosuppression is
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needed to prevent progression to irreversible lung damage,
which may lead a requirement for lung transplantation (106,
107). Besides BOS, restrictive changes can be observed such as
pulmonary fibrosis, bronchiolitis obliterans organizing pneumo-
nia, and pulmonary VOD (108).

Cellular therapy is one approach increasingly used as a second-
line treatment. Tregs (109) and MSCs (110-112) are promising
cellular products, but phase 3 trials are yet to be conducted.

RECENT ADVANCES AND PERSPECTIVES
IN GvHD

For over 30 years, immunosuppressive drugs have served as
a central strategy to reduce GvHD. Drugs such as sirolimus,
tacrolimus, and methotrexate are the mainstay in the treatment
of GvHD (113). Complete ex vivo T-cell depletion is no longer
routinely used in HLA-matched transplantation as it also largely
abolishes GvL effects. A more recent report from Finke and
colleagues suggested ATG as an in vivo T-cell depletion may be
more efficacious in lowering the incidence of severe acute GVHD
in matched and mismatched HSCT from unrelated donors while
GvL effects seemed less affected (114). Hundred patients were
enrolled in the study. Comparable outcomes were obtained for
GvHD patients receiving bone marrow or peripheral blood
stem cells from matched or one antigen mismatched-unrelated
donors when ATG was added to the standard prophylaxis (cyclo-
sporine + methotrexate) (114). The use of ATG may therefore
contribute to balance GvH versus GvL effect and enable HLA
mismatch donors to be used as well as fully match-unrelated
donors, with no difference in outcome. As an alternative, elimina-
tion of alloreactive T cells by posttransplant cyclophosphamide
may become an option, which is already widely used for GvHD
prophylaxis following haploidentical transplantation (115).
Whether this approach can be integrated in the HLA-identical
setting as a potential alternative to calcineurin inhibitors is under
current investigation.

Pathogen recognition receptors like NLRs and TLRs are
known to control adaptive immune responses in inflammatory
disorders (37), and the research on the role of these receptors
has resulted in the description of the interaction of the micro-
biota and the immune system in the setting of GvHD. Loss of
microbiome diversity early after HSCT has been recognized as
a new risk factor for GvHD and HSCT-related complications
(116). This observation suggests that restoration of a diverse
microbiome could be a new approach to induce intestinal and
systemic tolerance, and pre-/pro- and post-biotic strategies, as
well as several approaches of fecal microbiota transplantation,
that are currently being tested in both experimental and clinical
settings of HSCT (41).

Regulatory T cells have been expanded in vitro and used for
prophylaxis and treatment of GvHD in experimental and small
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The success of hematopoietic stem cell transplantation (HSCT) lies with the ability of
the engrafting immune system to remove residual leukemia cells via a graft-versus-
leukemia effect (GvL), caused either spontaneously post-HSCT or via donor lymphocyte
infusion. GvL effects can also be initiated by allogenic mismatched natural killer cells,
antigen-specific T cells, and activated dendritic cells of leukemic origin. The history and
further application of this GvL effect and the main mechanisms will be discussed and
reviewed in this chapter.

Keywords: graft-versus-leukemia effect, animal models, donor lymphocyte infusion, allogenic natural killer cells,
leukaemia associated antigens (LAA), LAA specific T cells, leukaemia derived dendritic cells, invariant natural
killer T cells ()NKT, leukaemia specific antigens

INTRODUCTION

Allogeneic hematopoietic stem cell transplantation (HSCT) transplantation has a major role in the
treatment of leukemia and hematological disease, often the only treatment providing a chance of
cure in otherwise refractory diseases. The primary approaches involved total body irradiation (TBI)
(1) or cyclophosphamide (CY) (2). However, TBI alone was not immunosuppressive enough, and
only one patient survived as a chimera (3). CY was readily immunosuppressive, but did not affect
leukemic stem cells (2). Recovery from aplastic anemia was even observed after CY and graft failure,
indicating the weak effect of CY on hematopoietic stem cells (4). Sustained success was reported
with the combination of TBI and CY and other chemotherapy (5), as well as with the combination
of CY and busulfan (6). In the 1970s and 1980s, interest focused on the conditioning treatment and
the prevention of graft-versus-host disease (GvHD).

The first suggestion of a graft-versus-leukemia (GvL) effect was in 1956, using a mouse transplanta-
tion model, where rejected leukemia cells appeared to be eliminated by incoming bone marrow when
irradiation was delayed (7). This led to the concept that the donor marrow cells may be responsible
for the eradication of the leukemia.

This observation was applied to the clinic nearly 10 years later by Mathé and team in 1965. Mathé
coined the term “adoptive immunotherapy” for the treatment of leukemia with allogeneic bone
marrow transplantation (8) and showed that leukemia was eliminated by the GvL. In this paper,
they also describe the “secondary syndrome,” later to be described as GvHD. Interestingly, bone
marrow from six family donors were used for the transplant and in order to decide which donor
may be used posttransplant to enhance GvL, the patient received skin grafts from all six donors.
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Histocompatibility tests at that time (9, 10) showed that the only
skin graft, which was not rejected was the one which was closest
genetically to the donor. This donor was subsequently used to
give incremental doses of leukocyte treatment posttransplant and
gave rise to GvL, but also GvHD. The latter was controlled by
the use of hydrocortisone. The patient remained in remission for
1-year posttransplant but died from a viral infection with no sign
of relapsing disease.

A major step toward successful transplantation was identify-
ing HLA-identical siblings as best donors and syngeneic twins for
prevention of rejection and GvHD. These findings were derived
from dog experiments where the correct littermate was chosen
by first ensuring that the donor leukocytes were negative, both
against the donor in mixed lymphocyte reactions and with cyto-
toxic antisera (11, 12).

In 1990, over 2,000 transplants had been performed and
reported by the International Bone Marrow Transplant Registry
(IBMTR). An analysis of the transplants by Horowitz et al. showed
conclusively that a GvL effect was important to reduce relapse.
An increased relapse rate was observed when the graft was T cell
depleted to prevent GvHD. In addition, the data showed that
grafts with or without T cells had a high incidence of relapse,
indicating that the antileukemia effect could occur independent
of GvHD (13).

Relapse of residual disease is a common cause of reduced
survival following HSCT. This occurs in 20-70% of patients and
is dependent on several factors including pretransplant disease
status, cytogenetic subtypes [in acute myeloid leukemia (AML)
and in acute lymphoid leukemia (ALL)], stem cell source, age of
the patient and donor, and type of conditioning regimen (14, 15).
In addition, relapse contributes to 40-45% of deaths following
HLA-matched identical HSCT and 34% in unrelated donor
HSCT (16). The use of reduced intensity conditioning regimens
has also led to GvL effects, which have been most marked in
chronic myeloid leukemia (CML) and are also detectable in mye-
lodysplastic syndrome (MDS), AML, and ALL.

This review describes the history and advances made in
treating and or preventing relapse following HSCT using donor
lymphocyte infusion (DLI), allogenic mismatched natural killer
(NK) cells, antigen-specific T cells, and activated dendritic cells
(DCs) of leukemic origin.

CLINICAL RESULTS USING DLI FOR
RELAPSE AFTER HEMATOPOIETIC CELL
TRANSPLANTATION

Although adoptive transfer of lymphocytes immediately after
transplantation was attempted to induce remission, severe GYHD
ensued and was unsuccessful for reducing relapse in high risk
acute leukemia (17).

Careful studies in dogs given T cell-depleted marrow from
dog lymphocyte antigen-identical littermate donors had shown
that donor lymphocytes could be transfused after more than
2 months posttransplant without the risk of GvHD (18); this
effect was subsequently shown in both canine and murine trans-
plant models (18-21). Moreover, donor DLI converted mixed

chimerism into complete chimerism, transferred immunity, and
improved immune reactivity to leukemic antigens. Further work
demonstrated the potential role of tolerance in the lack of GYHD
development.

It took pioneering work in the 1990s (22, 23) to show that, for
CML transplant patients, subsequent separation of the transplant
by 2 months from the DLI enabled remissions and prevented
GvHD. These first studies in man for CML were carried out
by Kolb and colleagues with subsequent remission in all three
patients for over a decade (22). Two of the three patients, treated
in this first report of DLI, are still in complete remission (CR1)
of CML (22). One patient had a cytogenetic relapse 20 years after
DLI. She was retreated with DLI from her brother and responded
again. The GvL effect has been confirmed for CML in numerous
studies worldwide (24, 25) and are frequently durable offering
potential cure for the majority of CML patients (26-28). These
results have been collected by the European group for Blood and
Marrow Transplantation (EBMT) (29), the US (26), and Japanese
transplant centers (30). The best results with 70-80% cytogenetic
complete remissions were reported for CML in cytogenetic and
hematological relapse, other important factors being the presence
of chronic GvHD prior to DLI and the time of relapse post-HSCT
(31). Donor chimerism was also necessary for a successful GvL
in CML. For patients with AML or MDS, the response rate to
DLI is much lower (20-40%) and is lower still in ALL (10-13%)
with intermediate results (40-52%), compared with CML, being
obtained in multiple myeloma (MM) (32). In AML, DLI efficacy
is thought to be limited to a small sub group of patients, those
with favorable cytogenetics, with a low-tumor burden at relapse
or in hematological remission prior to DLI (33). In general, com-
plete remissions were durable in CML and only in a minority of
patients with acute leukemia and MM (34).

THE HISTORY OF THE ROLE OF T CELLS
AND NK CELLS IN THE GvL EFFECT

As stated previously, the role of T cells was further identified by
studies using data from the IBMTR (35). In addition, differences
in relapse rates with higher doses of TBI and fractionated TBI
versus single-dose TBI were only seen in patients given T-cell-
depleted marrow, while in patients given T-replete marrow, no
differences were observed (35). In 2004, Ballester et al. described a
graft versus myeloma effect after DLI and an autologous stem cell
transplant rescue (36). Daguindau et al. described an antitumor
effect of HSCT in 14 patients with either acute leukemia or MDS
who sustained a long-lasting CR1, despite only transient or absent
engraftment with donor cells (37). This effect, therefore, being
caused by transient exposure to allogenic T cells and autologous
reconstitution.

Natural killer cells were identified in the 1970s by Kiessling
and Wigzell (38) and were shown to kill tumor cell lines in
the absence of MHC class I molecules (39). This gave rise to
Ljunggren and Karre in 1990 introducing the “missing self”
hypothesis (40) where NK cells kill targets because they do
not express high levels of “self” MHC class I gene products.
They predicted the presence of receptors for self-MHC which,
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when engaged, would inhibit cytotoxicity. It was subsequently
shown that NK cells can distinguish between normal and
malignantly transformed cells by the presence of killer-cell
immunoglobulin-like receptors (KIRs); these are receptors
for MHC class I and are the main inhibitory receptors. The
KIR inhibitory receptor family recognizes HLA-A, B, and C
molecules (41, 42). Another inhibitory receptor C type lectin
NKG2A recognizes the MHC molecule HLA-E (43-45). The
inhibitory receptors give rise to a repertoire of NK cells with
overlapping specificities. The function of NK cells is regulated
by the balance of activatory and inhibitory signals transmitted
by different cell surface receptors, such as KIRs, NK Group 2
member D (NKG2D), NKG2A/CD94, NKp46, and others (46, 47)
(Figures 1 and 2). NK cells recognize both foreign and self-
antigens expressed by NK-susceptible targets. NK cells attack
cells lacking MHC class I molecules specific to the inhibitory
receptors KIRs on the NK cells (47).

The biological and clinical effects of NK cells in allogeneic
transplant have recently been reviewed by Benjamin et al. (50).

Thefirststudy utilizing NK cell alloreactivity was shown in 2002
by the group of Velardi (48). HLA haploidentical —mismatched
family donors were used to transplant 57 AML patients and
35 ALL patients. Donor versus recipient NK cell reactivity was

DONOR NK CELLS RECIPIENT AML CELLS

| ’\‘d
&)@

KIR activator mismatched HLA

o

KIR activator matched HLA
NK cell activation and cell lysis

.

KIR inhibitor matched HLA

KIR inhibitor mismatched HLA
NK cell activation and cell lysis

FIGURE 1 | Donor-versus-recipient natural killer (NK) alloreactivity.
NK cell function is regulated by KIR interactions with matched HLA class |
alleles. If HLA is mismatched in transplant recipient leukemic cells, NK cells
are relieved from inhibition and induce cell lysis. In the case for inhibitor KIRs,
binding with matching HLA prevents donor NK cell activation to self. For
activating KIRs, donor NK cells that bind the matched HLA are activated and
induce cell lysis of transplant recipient acute myeloid leukemia (AML) cells.
Image adapted from Ref. (48, 49).

analyzed in groups with and without KIR ligand incompatibility
in the graft-versus-host (GvH) direction. Protection from GvHD
and AML relapse was observed and showed that KIR ligand
incompatibility in the GvH direction predicted survival in AML
patients. In contrast, in the ALL patients, KIR ligand incompat-
ibility in the GvH direction had no effect on ALL survival rates.
In this study, the transplant regimen was myeloablative and
involved T cell-depleted grafts and very large doses of CD34
positive cells/kg, contributing to lack of GvHD and successful
engraftment.

In a later study using non-myeloablative conditioning (2 Gy
of TBI with or without fludarabine) and HLA-matched grafts, the
risk of relapse was less in patients with ligands for all donor KIR,
but this did not reach significance (51).

PROPHYLACTIC AND PREEMPTIVE DLI

Animal experiments were designed to demonstrate repletion
of T cells by DLI after T-cell-depleted transplantation. In dogs,
donor lymphocytes eliminated residual host hematopoiesis and
converted mixed chimerism into complete chimerism (52).
Following these results, prophylactic DLI became part of the
FLAMSA regimen (fludarabine, cytarabine, amsocrine) for high
risk AML (53). This regimen was designed for sequential therapy
of high risk AML with FLAMSA followed by reduced intensity
conditioning consisting of reduced TBI (4 Gy) or busulphan,
antithymocyte globulin, and CY. DLI after immunosuppressive
therapy was stopped for 30 days without development of GvHD.
A matched pair analysis of patients receiving or not receiving DLI
showed a significant advantage of patients given DLI; matching
criteria. were CR1 at day 120 from transplantation, absence
of GvHD, and infection (54). Prophylactic DLI produced 80%
long-term survival in several studies (55-58), involving around
340 AML and ALL patients. GVHD was seen in 28% of patients
given DLI, but it was fatal only in 9% of all patients treated (58).
However, in a small study of 12 patients in 2001, given DLI pro-
phylactically as early as days 30, 60, and 90 days posttransplant,
three patients developed GVHD (59). In a study of 15 patients
treated with alemtuzumab in the conditioning treatment, seven
patients developed GvHD and, in three patients, it was fatal (60).
In lymphoma patients, conditioned with a regimen containing
alemtuzumab for in vivo T-cell depletion followed by DLI for mixed
chimerism, non-fatal GVHD occurred in 4 out of 17 patients (61).
In our own unpublished evaluation, using landmark analysis on
day 180, remissions were sustained in patients transplanted in
CR. Relapse-free survival was improved in patients transplanted
in an active phase of the disease. The median time of DLI post-
transplantation was 160 days. Patients with active GvHD or
relapse prior to 180 days were excluded from the evaluation. Fatal
GvHD was observed in a patient treated for increasing mixed
chimerism following an infection with Noro virus and another
patient with upper respiratory tract infection. Viral infections can
induce HLA class II antigens on non-hematopoietic cells leading
to GVvHD (62). Prophylactic antibiotic and virostatic treatment
has been used to improve outcome.

Besides DLI for mixed chimerism, preemptive DLI can be
given to patients with minimal residual disease (MRD) after
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FIGURE 2 | Natural killer (NK) cell inhibitory and activatory receptors and their ligands. Major inhibitory and activating receptors on NK cells and their
cognate ligands on target cells. Image adapted from Ref. (46).

transplantation. In CML, cytogenetic or molecular relapses  durable remissions is low, but secondary treatment is efficacious
indicate presence of residual disease without clinical signs; DLI ~ and survival is excellent.

have been effective in these patients with responses of >80% The successful use of CML in DLI in the 1990s has been
(16, 19, 47). In AML, there are a few molecular markers with substantially reduced due to the reduced number of allo-HSCT
sufficient sensitivity for diagnosing MRD. Monitoring WT1 gene ~ for CML, to approximately 1% (70), by the success of tyrosine
transcripts has been found to predict relapse and the response  kinase inhibitors (TKIs) to treat CML. The family of TKTs is
to DLI (63) and RUNX1-RUNXI1T1 transcript levels in patients ~ capable of restoring complete molecular remission after relapse
with t(8;21) AML (64) pre DLI has been found to be predictive ~ (71-73). CML relapse, molecular cytogenetic, or hematological
of a higher relapse incidence. MRD in acute leukemia in children ~ has been reported as ranging from 16, 30, and 54%, respectively,
and adults has been well documented (65) using a combinationof ~ using data from the Chronic Malignancies Working Party for the
flow cytometry and polymerase chain reaction, the latter for the ~ EBMT and based on 500 HSCT transplants from 1968 to 2004.
detection of leukemia-specific fusion transcripts or clone-specific ~ The use of DLI in these cases was most successful if pre DLI fac-
immunoglobulin including T cell receptor genes. In relapsed  tors such as chronic GVHD, cell dose, patient and donor gender
acute leukemia, a combination of gene transcript levels and four =~ mismatch, as previously described was taken into account (31).
color flow cytometry, MRD monitoring has been found to predict In contrast, relapse after allo-HSCT for the other types of
a second relapse post-DLI (66). In myeloma, several groups have  leukemia is further dependent in AML, on the age of the patients,
studied prophylactic or preemptive DLI (67-69), the rate of  disease status pre allo-HSCT, the AML sub types (primary or
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secondary), cytogenetic and molecular markers, type of condi-
tioning and stem cell source (74-79). AML patients relapsing
after allo-HSCT rarely responded to DLI although remissions
have occurred in selected cases (26).

Use of DLI in a large cohort of 399 AML patients, collated from
the Acute Leukemia Working Party of the EBMT, was associated
with 21% overall patient survival at 2 years, compared with 9%
for patients not receiving DLI (33). Better outcome was associ-
ated with lower tumor burden at relapse, female gender, favorable
cytogenetics, and with patients in hematological remission before
DLI or at the time of DLIL. From these studies, an algorithm for
the clinical use of DLI was developed for use in the treatment
of relapsed AML, which included the sequence of cyto reductive
chemotherapy or indication of CR1 prior to DLI (80).

Relapse after ALL varies from 30 to 35% depending on whether
the patients have undergone a HLA-matched sibling transplant or
matched unrelated donor (MUD) transplant (81), and response
to DLI has been recorded at 50% with survival rates improved in
patients who developed acute GvHD after DLI (82).

COMPLICATIONS OF DLI

Graft-versus-Host Disease

Early experiments in canine, rat, and mice transplant models
demonstrated no GvHD following infusion of non-sensitized
donor lymphocytes into stable chimerisms (18-21).

This observation led to the concept that DLIs may be used to
improve engraftment and accelerate immune reactivity without
the occurrence of GVHD in a stable human chimera.

Contrary to the results in animal experiments with dogs and
mice, GVHD was seen in humans given DLI (83). There are a great
number of differences that may account for this. Unlike human
patients, animals used for experiments are of younger age and are
kept in protected environments, minimizing chronic infections
and immune cross reactivity. More importantly, differences exist
in the underlying malignant disease and its impact on alloim-
munity as well as prior chemotherapy, depleting lymphocytes and
ablating regulatory T cells (84).

Attempts at preventing GvHD included depleting cytotoxic
CD8-positive T cells from the transfusion (85), arming T cells
with suicide genes (86), and the administration of escalating
doses (87), which was widely adopted for the treatment of recur-
rent CML (88).

An important role in the generation of GvHD after DLI is
played by viral infections and/or reactivations of viruses (62, 89).
Antiviral and antimicrobial prophylaxis has, therefore, prevented
viral infections and improved the response to DLL

In addition, studies by the Chronic Malignancies Working
Party of the EBMT (29, 83, 90) have shown that up to 40% of
patients with secondary GvHD post-DLI had a twofold to three-
fold increased risk of death, compared to patients without GvHD.
The best results following DLI are obtained when patients obtain
remission without GvHD, thus separating GvL from GvHD in
these patients (90-92).

A recent study by Radujkovic et al. aimed to identify pre-DLI
factors, which may predictsurvivalinremission withoutsecondary

GvHD in patients with relapsing CML. The study identified that
the presence of chronic GVHD before DLI and less than 1 year
between the allo-HSCT and DLI were associated with inferior
survival. The likelihood of survival in remission without GYHD
was most prevalent, i.e., 50% at 5 years follow-up, when DLI was
given without prior chronic GVHD and greater than 1-year post
allo-HSCT for molecular and/or cytogenetic CML relapse.

For hematological relapse, a T cell dose of greater than
50 x 10%kg, the donor-recipient gender mismatch and prior
chronic GVHD were the worst prognostic factors.

Initial studies showed that starting the transfusion of donor
cells at low cell numbers followed by escalating doses until
response or induction of GVHD reduces the incidence and sever-
ity of GVHD but preserves a GvL effect (87, 93).

Guglielmi et al. subsequently analyzed 344 CML patients
treated by DLI and their study found that the initial cell dose
was given based on donor type (HLA-identical sibling or HLA
matched volunteer unrelated donor), T cell depletion, GYHD
prior to relapse, relapse type (cytogenetic, molecular, and
hematological), and year (90). The lower the initial cell dose, the
high number of subsequent transfusions were given to achieve a
response and the incidence and severity of GYHD and myelosup-
pression increased with the higher initial cell dose of greater than
0.2 X 10° MNC/kg. Factors such as donor type, gender of donor,
disease phase at transplantation, T cell depletion, interval from
transplantation to DLI, GVHD prior to relapse and relapse type,
all influence outcome post-DLI and potential incidence of GYHD
and prolonged survival.

Myelosuppression

Pancytopenia and marrow aplasia have been observed in
patients treated with DLI for hematological relapse of CML (92)
and transfusion of marrow from the original donors restored
hematopoiesis (94). Sometimes, myelosuppression and marrow
aplasia were sudden and related to acute GVHD (95). This type of
phenomenon can be explained by the incoming donor marrow
removing leukemic hematopoiesis prior to donor hematopoiesis
being fully established. Lack of recovery in some patients may
also be explained by too few stem cells in the donor graft to
sustain hematopoiesis.

IMPROVEMENT OF THE RESPONSE

Complete cytogenetic responses were achieved initially in
patients with CML who had been treated with massive doses
of donor lymphocytes (>10%kg) and interferon-a (IFN-a) but
had failed to respond to IFN-a alone. Responses were better
in patients treated with myeloablative conditioning and T cell-
depleted grafts than in patients with non-myeloablative condi-
tioning and peripheral blood (PB) stem cells containing high
proportions of T cells (29, 96). The better response of myeloid
forms of leukemia led to the hypothesis that direct antigen
presentation by leukemia-derived DC may play a major role in
the activation of donor T cells (91). IFN-a improves the GvL
effect of low doses of DLI and the combination of IFN-a and
granulocyte macrophage-colony stimulating factor (GM-CSF)
improved antigen presentation and generation of cytotoxic
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T cells in CML (97). Consequently, patients not responding to
IFN-a and DLI responded to the combination of DLI, IFN-«, and
GM-CSE Moreover, T cells of CML patients displayed reduced
zeta-chain expression and tended to go into apoptosis, which
could be reversed by IFN-a (98). Lymphodepletion prior to DLI
may enhance the anti tumor effect of the infused T cells, however,
this can cause more GvHD (84).

Future potential improvements may come from the treat-
ment with checkpoint inhibitors in order to increase T cell
activation by inhibiting downregulation (99). Preliminary
reports have shown feasibility of single doses of ipilimumab
with blockade of CTLA4, without producing GvHD (100). An
attractive way of treatment may be the use of central memory
T cells that maintain a memory immune reaction without
producing GvHD (101).

Antigen-Specific T Cells

In acute leukemia, the pace of the disease is too fast to allow
the development of immune reactions against the leukemia as
observed for CML. Therefore, the generation of specific tumor
immune T cells for the rapid elimination of leukemia cells have
been investigated, and there are several candidate antigens, which
have been used in assessing immune reactions to leukemia and
induction of remission.

Leukemia-Associated Antigens (LAAs)
Leukemia-associated antigens are often overexpressed in
leukemia blasts and absent in normal tissue such as Wilms
tumor 1 (WT-1), preferentially expressed antigen in melanoma
(PRAME), melanoma family antigen (MAGE), receptor for
hyaluron mediated motility (RHAMM), testis antigens like New
York esophageal squamous cell carcinoma-1 cancer-testis antigen
(NY3ESO), and granulocyte antigens such as PR1 (a 9 amino acid
HLA-A*0201-restricted peptide derived from proteinase3).

The most widely studied antigen is coded by WT-1, a gene
involved in Wilms tumor and present in about 77% of AML (102).
Cytotoxic T cells against WT-1 kill AML stem cells preventing
engraftment in NOD/SCID mice (103). Most immune reactivities
found after DLI against any of these antigens are weak. Moreover,
immune reactivity against autologous antigens is frequently sup-
pressed by mechanisms of tolerance mediated by, e.g., regulatory
T-cells (Tregs) or inhibitory cytokines (104). Peptides presented
by foreign HLA antigens can be immunogenic by different con-
figurations (105). It has been shown in a mouse model that T cell
receptors cloned from HLA-different T cells can be transduced
into autologous T cells to maintain immunity (106). Mispairing
of T cell receptor chains with endogenous TCR chains could be
avoided by lentiviral (LV) transfer and more recently by silenc-
ing endogenous TCR with endonucleases prior to transduction
(107). Our own results correlated stable remission after HSCT
with the presence of higher proportions of LAA-specific T-cells.
The simultaneous detection of two different LAA-specific (CD8-
positive T-cells) correlated with a higher chance of long-lasting
remission. Moreover, we detected clonally restricted (PRAME-)
specific T-cells and, in general, an enrichment of (effector)
memory T-cells in cases with stable remission (102).

Our studies focused on patients after HSCT and might,
therefore, be in accordance with the finding of PRAME reactive
cytotoxic T precursor cells in healthy donors and not in AML
patients (108). Encouraging results for PRAME as a target for
immunotherapy in leukemia were, however, reported by Rezvani
and colleagues (109). Immune response to RHAMM has also
been elicited by vaccination (110). At present, lasting success
using anti-LAA T cells have not been reported.

Leukemia-Specific Antigens

Leukemia-specific antigens are antigens coded for by a muta-
tional event in the leukemic clone. A unique translocation is the
cause of CML, and the peptides derived from this gene fusion are
presented by HLA antigens, the most immunogenic by HLA A3.
In addition, DC in CML patients have the BCR/ABL transloca-
tion and can stimulate allogeneic T cells, inducing a cytotoxic
T cell effect (97).

Single cases of enduring responses and immunity to the
fusion peptide have been reported with peptide vaccine and
interferon-a (104). In AML, many different mutations make the
production of a vaccine to leukemia-specific antigens difficult,
but cytotoxic T cells against nucleophosmin (NPM1) have been
reported (111). NPM1 may be a preferable target, because of its
presence on leukemia stem cells. New possibilities may arise from
the detection of immune inhibitors of T cell activity, which may
be reconstituted by check point inhibitors enabling T cells to react
to whatever antigen is recognized. In AML and myeloid malig-
nancies, other mechanisms (33) of T cell suppression may also be
important. For example, blockade of CD47 expression on tumor
cells, driving macrophage T cell and dendritic cell activation leads
to tumor cell killing (33).

Minor Histocompatibility Antigens (mHASs)

Minor histocompatibility antigens are responsible for graft rejec-
tion and GvHD in HLA-identical sibling transplants, they may be
effective in GvL, if these antigens are expressed on hematopoietic
cells. The reaction against hematopoietic cells of the patient is
irrelevant, because hematopoiesis is substituted by donor cells.
Both CD4-positive and CD8-positive T cells respond to leukemic
or minor histocompatibility antigens. In the latter case, cytotoxic
T cells have been generated against CML, which have induced
remission and shown to be correlated with the presence of cyto-
toxic T lymphocytes against minor histocompatibility antigens
HA1 and HA2 (112). In an EBMT study, responses of patients
with recurrent CML were only seen in those with an allogeneic
donor, syngeneic twin donors did not respond (29). There are
mHAs with a tissue distribution restricted to the hematopoietic
system (113) and mHA expressed in all tissues. The strongest
mHAs are those coded by the Y chromosome (114). Y chromo-
some antigens-directed T cell responses show strong antileuke-
mic effects (115), but they may also produce GvHD. mHA also
produce peptides presented by both HLA class I and HLA class II,
as well as eliciting antibodies against themselves (116). We have
investigated Y chromosome genes by comparing leukemic blasts
with normal monocytes, and we found four genes overexpressed
in AML (102). Peptides of the gene products were loaded onto
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T2 cells and cytotoxic T cells could be produced against two of
the four antigens. As demonstrated in a canine model, we could
demonstrate that female dog-effector-T-cells could be specifically
stimulated against male chromosomal (UTY—) gene products
(116).

The search for new mHA was expanded to study the reactivity
of T cells against antigens and overlapping peptides of genotyped
lymphoblastoid cell lines (HapMap-Project) (117). Several new
antigens were found, but the majority of reactions did not show
significance probably due to additional factors provided by the
microenvironment (118).

Production of DC of Leukemia

Origin (DCie.)

Effective antigen presentation is essential in GvL reactions.
GM-CSF has been effective in the production of DC of leukemia
origin (DCi.), which were able to induce cytotoxic T cells (119).
Inhibition of cytotoxicity was greater with antibody against HLA
class I than antibody against HLA class II. Production of DC from
AML leukemia blasts was extensively studied by Schmetzer and
colleagues (102, 120) (Figure 3). It could be shown that DCic,
could be successfully generated from blood samples in every
AML patient using methods of DC generation containing dif-
ferent mixtures of immune-modulatory factors, GM-CSE, IL-4,
TNF-a, FLT3-L, IL-1f, IL-6, PGE2, bacterial lysate of streptococ-
cus pyogenes (PICIBANIL), or calcium ionophore.

Moreover, Schmetzer’s group correlated a successful ex vivo
generation of DCi., from AML blasts before HSCT with a clinical
response to HSCT or DLI (102), which may suggest a central role
of DCi, in priming antileukemic T cells.

In vivo Schmetzer’s group has shown that rats heavily diseased
with promyelocyte-like leukemia and treated with DCi.,-inducing
Kits GM-CSF with Picibanil, prostaglandin 1 or 2 (PGE1 or
PGE2) (patent-number 10 2014 014 993) showed a highly

Mechanism of GVL in myeloid leukemia

Dendritic cells / hoV—\ T-cells / donor

CD4
MHC I TCR
activation §
C
o
B Jlicense to kill*
c CcDs8
S MHC |
e
b o |
Leukemia stem c/
D vHC|

“,

FIGURE 3 | Mechanisms of the graft-versus-leukemia (GvL) effect.
Host dendritic cells (DCs), activated by CD4-positive T cells, mature and can
then activate CD8-positive T cells via a “license to kill” and attack leukemia
cells. The leukemia cells themselves can also differentiate into self DC.

significant reduction of blasts, an increase of memory like T-cells,
and a decrease of Treg after two Kit-applications in only 9 days,
therefore, suggesting that as proof of principle, a DCi., induction
in vivo could lead to T-cell activation resulting in a specific blast
reduction. Our ongoing research focuses on the transfer of this
strategy to patients with AML (121) [Christoph Schmid and
Helga Schmetzer, personal communication; (102, 122)].

Some patients with AML relapsing after transplantation could
be induced into remission by treatment with low-dose cytarabine,
mobilized donor cells including PB stem cells and post-grafting
GM-CSF (123). GvHD occurred on the day after T cells were
administered. The remission rate was doubled compared to the
results of an EBMT study and some patients survived in long-
term remission without further treatment. Risk (33) factors for
failing treatment were early relapse (less than 180 days) and fail-
ure to respond to low-dose cytarabine. In the EBMT study, similar
risk factors were defined and long-term survival was only seen
in patients treated with DLI or second transplants after achiev-
ing CR1 (80). Several centers have shown efficacy of repeated
treatments with azacitidine and DLI also establishing long-term
remission in some patients (124). Azacitidine and cytarabine have
the potential to induce differentiation of blasts, new targeted drugs
like sorafenib (125) and midostaurin (126) may also be helpful
in Fms-related tyrosine kinase 3 (FLT-3)-positive leukemia or
panobinostat, an oral deacetylase inhibitor for MM (127, 128).

Both cytokines and targeted drugs enable leukemia blasts
to differentiate into DC which, by presenting antigen, provide
stimulating signals to donor naive T cells (129). Both reactive
CD8-positive and CD4-positive T cells have been found in
patients responding to DLI (130). In vitro generated T cell cytotox-
icity predominantly consisted of CD8-positive T cells, but CD4-
positive cytotoxic T cells were also present (119). Schmetzer et al.
have shown that T-cell clonality was more restricted after ex vivo
DCi., induction compared to blast stimulation, pointing to a role
of DCi to efficiently enrich selected T-cell-clones. Interestingly,
T cells with the same V[ chain of the T cell receptor that was
observed in vivo were also found in in vitro cultures (131).

The production of CD4-positive T cells against HLA-class II
restricted minor antigens have the advantage that HLA-class II
antigens are only expressed on cells of the hematopoietic system.
The GvH reaction of allogeneic T cells, therefore, spares non-
hematopoietic organs and is operationally leukemia specific (132).
However, there are limitations to this approach, since inflam-
mation of healthy tissue increases the expression of HLA-class
IT on non-hematopoietic cells and induces GvHD. Like normal
hematopoietic stem cells, leukemia stem cells are quiescent and
do not express HLA-class IT antigens (133). Therefore, HLA-class
I restricted CD8-positive T cells may be further required for
complete elimination of leukemia stem cells.

The hypothetical mechanism behind the GvL effect is that
DCs become activated by donor CD4-positive T cells and, once
mature, the DCs activate CD8 positive T cells by a mechanism
called “license to kill” (134). These also react against leukemia
stem cells until the pool of these cells is depleted. CD8 positive
naive T cells, therefore, become involved in the GvL reaction
with antigens involving HLA class II and class I peptides being
the optimal target (Figure 3). Presumably, repeat interactions of
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host/leukemia-derived DCs and donor CD4-positive T cells are
necessary for sustained GvL effects. Direct antigen presentation
by host/leukemia DCs may also be a further mechanism.

Another possible way the GvL reaction is maintained is by
central memory T cells that do not require CD4 help for sustained
GvL effects. Precursor cells recognizing LAA and mHA are found
in low frequencies in the bone marrow of healthy donors, and
these can be expanded by encountering some of these antigens
in the patient. Examples of the efficacy of memory T cells are
virus-specific T cells that can be selected from immune stem cell
donors and transferred to the patient (135). As these cells can
expand in vivo, the presence of central memory T cells recogniz-
ing antigens on leukemia cells in the graft is the most important
criteria for successful GvL effects. Ex vivo data of Schmetzer and
colleagues showing increased memory T cell proportions after
T cell stimulation with DCy.,, compared to blasts, and reduced
naive T cells support this view (102).

MECHANISMS OF A GvL
EFFECT—NK CELLS

T cells and NK cells in the donor graft eliminate residual leukemia
cells in the patient by T cell interaction with leukemia-specific
antigens or mHA, activated NK cells interact with allogeneic
targets lacking killer immune receptors (48, 136) (Figure 2).

Natural killer cells are the major players of innate immunity
with the fastest reconstitution in vivo. NK cells are the earliest
lymphocytes recovering after HSCT and due to delayed recon-
stitution of a functional T cells repertoire, NK cells are a vital
lymphocyte subset exerting antileukemic effects and have been
linked to reduction in relapse rates or improved disease-free
survival (137). Nevertheless, as recently reviewed by Zhao et al,,
the reconstitution of NK cells is influenced by many factors,
including the conditioning regimen, level of T cell depletion, and
the use of immune suppression after transplantation (138).

KIR-Ligand Interactions and
HSCT Outcome

Many clinical studies have linked NK cells to successful outcomes
following HSCT. For instance, the donor KIR genotype plays an
important role in the development of infections posttransplant.
Recipients of unrelated donor HSCT from donors with an
activating (KIR) (B/x) genotype have less infectious (bacterial)
complications than those with an A/A KIR genotype, because
of the enhanced NK cell function (139). It also has an effect on
survival post HSCT; in a small study of HLA-matched T cell-
replete sibling transplants, better overall survival was associated
with the presence of group B KIR haplotypes in the recipient
and the absence in the donor (140). Conversely, three donor B
haplotype KIR genes have been reported to be associated with
reduced relapse and improved overall survival in a study of
HLA-matched T cell-replete sibling transplants (141), and in a
cohort transplanted for AML, donor possession of group B KIR
haplotypes was associated with improved relapse-free survival
but a higher incidence of chronic GVvHD (142). The group B KIR

haplotype KIR3DS1 in the donor has been found to be associated
with decreased acute GvHD in MUD transplantation; however,
this effect appears to be unique to this specific B allele (142).

Moreover, in haploidentical HSCT, NK cells may express
inhibitory killer immunoglobulin-like receptors that are not
engaged by any of the HLA class I alleles present on recipient cells.
Such “alloreactive” NK cells greatly contribute both to eradication
of leukemia blasts escaping the preparative regimen and to clear-
ance of residual host DCs and T lymphocytes (thus preventing
GvHD and graft rejection, respectively) (143).

Furthermore, in umbilical cord blood (UCB) transplants for
acute leukemia in first CR1, patients with KIR ligand incompat-
ible donors had improved overall survival (57 versus 40%) and
decreased relapse (20 versus 37%) when compared with those
without these incompatibilities. Benefits of KIR ligand incom-
patibility were most striking among patients with AML although
UCB recipients with ALL also had a trend toward improved
leukemia-free survival (144).

IPH2101 is a human IgG4 monoclonal antibody directed
against inhibitory KIRs (KIR2DL-1, -2, and -3), which blocks
KIR-ligand interaction and augments NK cell-mediated lysis
of HLA-C-expressing tumor cells. A phase I trial of IPH2101
(NCT00552396) was conducted in 32 patients with relapsed/
refractory MM suggesting that IPH2101 is safe and tolerable at
doses that achieve full inhibitory KIR saturation (145).

In Vitro and In Vivo Induction
of a GvL Effect

Lentiviral vectors have been successfully used to transduce both
T and NK-cell lines. Chimeric antigen receptors (CARs) are
synthetic engineered receptors that target surface molecules in
their native conformation, independent of MHC and of antigen
processing by the target cells (146). For example, CS1 is a surface
protein highly expressed on MM cells and is amenable to tar-
geting with CS1-specific CARs. CS1-CAR-transduced NK cells
showed stronger cytotoxic activity against CS1-expressing MM
cells and showed increased IFN-y production compared with
mock-transduced NK cells. In an orthotopic MM xenograft
model, adoptively transferred CS1-CAR-NK-92 cells suppressed
the growth of human IM9 myeloma cells and significantly pro-
longed mouse survival (147). Moreover, CAR-NK cells may be
safer compared with that of CAR-T cells, because of lack of in vivo
clonal expansion and cytokine storm.

Novel research techniques use either all or part of an antibody
structure to deliver enhanced effector activity to the tumor
site. Bi-specific killer engagers (BiKEs) are constructed with a
single-chain Fv against CD16 and a single-chain Fv against a
tumor-associated antigen. The mechanisms by which BiKEs
potentiate NK effector functions include intracellular calcium
mobilization through direct CD16 signaling (148). Fully human-
ized CD16 x CD33 BiKEs have been shown to trigger NK-cell
activation in vitro against CD33+ AML cell lines and primary
refractory CD33+ AML targets (149). BiKEs enhance degranula-
tion and cytokine production by NK cells derived from patients
with MDS and cultured with CD33+ AML cell lines, irrespective
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of disease stage and age stratum (150). A potential drawback
of this approach is the relatively short half-life of the antibody
constructs, with limited trafficking to the tumor site.

Ex Vivo Expansion of NK Cells and

Induction of GvL Effects

There is no indication to suggest that human GvHD is linked
with NK cell infusions, thus increasing the NK cell dose is one
useful approach to improve the antileukemia activity. However,
for clinical therapy one significant limitation is that the numbers
of NK cells/kg recipient weight obtained by leukophoresisis are
relatively small (~2 X 107/kg).

Classically, GMP-compliant NK-cell products have been
generated from peripheral blood mononuclear cells collected by
apheresis (151). IL-15 was used to promote NK-cell proliferation
and survival and has been variably used in GMP-grade laboratory
protocols. Different expansion methods rely on human feeder
cells including artificial antigen-presenting cells that are modi-
fied with costimulatory molecules, such as CD137 ligand and
membrane-bound (mb) IL-15 or IL-21. However, expanded
NK cells may affect the replicative potential and long-term viabil-
ity of in vivo infusion. For instance, in NK cells, both FAS expres-
sion and susceptibility to apoptosis are increased after co-culture
with IL-2 or with feeder cells (152). In addition, some receptors
required for homing were reduced in expanded NK cells, such
as CCR7, a member of the G protein-coupled receptor family.
In line with this, NK cells expanded with genetically modified
K562 cells were shown to predominantly express a CD16*CD56*
phenotype, with no detectable CCR7 (153, 154). To obviate this,
NK cells have been co-cultured with genetically modified, IL-21/
CCR7-expressing K562 cells, in order to transfer CCR7 onto
NK cells via trogocytosis. CCR7 expression occurred in 80% of
expanded NK cells within 1 h (154).

Umbilical cord blood is an emerging source of NK cells for
clinical applications and also provides an in vitro system to ana-
lyze NK development (155). However, NK cells from PB and UCB
differentially express cytokine receptors, for instance, IL-15Ra
being preferentially detected on UCB NK cells and IL-12Rp1
and IL-18a receptors being primarily found on PB NK cells
(156, 157). This implies that, unlike PB NK cells that are fully
activated by IL-2 alone, UCB NK cells may require additional
cytokine stimuli (158). For instance, the addition of tacrolimus
and low-molecular-weight heparin significantly enhances NK-cell
expansion induced by IL-2, IL-15, and anti-CD3 mAbs (159).

Like UCB, human embryonic stem cells (ESCs) as well as
induced pluripotent stem cells (iPSCs) are also potential sources
of phenotypically mature and functional NK cells. ESCs and
iPSCs were first used to produce hematopoietic progenitors with
the “spin embryonic body (EB)” method, in which defined num-
bers of cells were spin-aggregated in serum-free medium. Spin
EB-derived cells were then tested in a feeder-free and serum-free
system containing NK-cell promoting cytokines, i.e., IL-3, IL-7,
IL-15, SCE and Flt3-L. Importantly, NK cells developed in similar
numbers, phenotype, and functional characteristics as those dif-
ferentiated with the use of murine stromal cells (160).

Several malignant NK cell lines were established and used
for clinical trials in some countries, as reviewed elsewhere

(161). The adoptive transfer of NK cell lines has theoretical
advantages related to lack of expression of inhibitory KIRs, lack
of immunogenicity, and ease of expansion. For instance, K562-
mb15-41BBL cells were used to expand NK cells transduced
with an anti-CD19-BB-{ CAR and showed enhanced reactivity
to CD19+ leukemia cells (162). Similar to K562-mb15-41BBL,
K562 genetically modified to express mbIL-21, or to co-express
the ligand for 41BB and the NKG2D ligand MICA (K562-4-
1BBL-mMICA), have been shown to promote large-scale expan-
sion of NK cells with enhanced antitumor in vitro reactivity
(163-165). Moreover, EBV-immortalized B-lymphoblastoid cells
(EBV-BLCL) are known to strongly support NK cells in vitro
expansion and antitumor activity (166-168). Escudier and col-
leagues used 35-Gy-irradiated LAZ 388 EBV-BLCL for the ex
vivo expansion of NK cells from patients with metastatic renal cell
adenocarcinoma. Based on their protocol, a phase I clinical trial
is currently investigating technical feasibility and clinical efficacy
of large-scale NK infusions (up to 1 X 10°/kg) in cancer patients
receiving bortezomib administered with the scope of increasing
susceptibility of tumor cells to NK-mediated lysis (169, 170).

In addition, Schmetzer and colleagues have shown recently
that invariant (i)natural killer T ((i)NKT) and cytokine-induced
killer (CIK) cells, where both cell types combine the characteristics
of T as well as NK cells, and their subsets are promising cells in
the induction of antileukemic reactions. Preliminary findings
show that proportions and compositions of these cells provide
prognostically relevant data for patients with AML, ALL, and CLL.
Moreover Kit-treated AML-blasts (resulting in DCi..) induce a shift
not only of T-cells but also of iNKT, NK, and CIK cells counts and
proportions, correlating in improved antileukemic activity against
AML blasts and implying cross talk between these cells (171).

TREG THERAPY AND ITS EFFECTS
IN GvL AND RELAPSE

The effects of Treg therapy for GvHD, GvL, and relapse post-
HSCT has been recently summarized by Romano et al. (172).
There have been several trials investigating the safety and efficacy
of Treg-based therapy, the first recorded trial was reported in
2009 where in vitro expanded CD4+ CD25+ CD27— cells were
used for the treatment of two patients with either acute GvHD or
chronic GvHD (173). The patient with chronic GvHD showed a
significant improvement of symptoms and the patient with acute
GvHD had a transient improvement, however, due to the very
low patient number no conclusions on the effect of Treg therapy
on relapse were drawn. Another trial in 2011 reported the use
of expanded Tregs from third party UCB in 23 patients with
acute GvHD (174), no toxicities were documented and GvHD
was reduced with no effect on relapse when compared with 108
historical controls.

Edinger and Hoffmann reported a small phase I safety trial
(175) where nine patients at high risk of relapse post-HSCT were
treated with freshly isolated donor Tregs, then 8 weeks later,
conventional T cells were given to promote GvL activity and,
as in the previous trial, there was no increased risk of relapse.
In 2014, a group reported a trial in 43 patients with high risk
leukemia, using freshly isolated donor Tregs pre-haploidentical
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TABLE 1 | Overview of the chapter and summary of main points.

Chapters Sub headings Reference Main points
Introduction (1-16) Introducing hematopoietic stem cell transplantation (HSCT), graft-versus-leukemia
(GvL), and residual disease
Clinical results using (17-34) First studies of donor lymphocyte infusion (DLI) for chronic myeloid leukemia
DLI for relapse after (CML) and results for acute myeloid leukemia (AML) and acute lymphoid
hematopoietic cell leukemia (ALL)
transplantation
The history of the role of (85-48, 50, 51) Early studies of the role of T cells and natural killer (NK) cells
T cells and NK cells in the
GvL effect
Prophylactic and (52-81) Studies in CML; AML and ALL
preemptive DLI
Complications of DLI Graft-versus-host disease (82-92) Factors affecting GvHD occurrence and DLI
Myelosuppression (91, 98, 94) Myelosuppression can be related to aGvHD

Improvement of the
response

Antigen-specific T cells (29, 90, 95-102)

Overview

Leukemia-associated antigens
(LAAS)

(101-109)

Overview of antigens expressed in leukemia blasts and absent on normal tissue

Leukemia-specific antigens (33, 96, 103, 110)

These are antigens coded for by the mutation event in the leukemic clone

Minor histocompatibility antigens
(mHASs)

(29, 111-117)

mHA, responsible for graft rejection and GvHD in HLA identical siblings

Production of DC of leukemia (80, 101, 118-133)

Cytokines and certain drugs cause leukemic blasts to differentiate into DC, which

origin (DCe.) can then stimulate GvL
Mechanisms of a GvL (48, 136-138) Activated donor NK cells induce GvL by interaction with allogeneic targets lacking
effect—NK cells killer immune receptors
KIR-ligand interactions and HSCT (139-145) Regulate the killing function of NK cells, most are inhibitory, they are pleomorphic
outcome and their genotype is important in GvL
In vitro and in vivo induction of a (146-150) Chimeric antigen receptors (CARs) T cells and CAR NK cells have shown promise
GvL effect and more recently Bi-specific killer engagers have been developed
Ex vivo expansion of NK cells and (1561-170) NK cells can be expanded from peripheral blood mononuclear cells, umbilical
induction of GvL effects cord blood, ECSs, and also malignant NK cells lines but all have their limitations
Treg therapy and its effect (172-177) Tregs shown to reduce GvHD and do not induce relapse, but patients may

in GvL and relapse

potentially develop non-hematological malignancies

HSCT, to avoid intensive ex vivo depletion of T cells in the graft.
This protocol showed for the first time that adoptive immuno-
therapy with Tregs protected against GVHD compared to patients
undergoing conventional haploidentical transplants. In addition,
the incidence of relapse was reduced, suggesting that Tregs do
not target GvL (176). More recently, a trial of the infusion of
expanded Tregs and IL-2 for chronic GVHD has been reported.
The study showed that the stability and functionality of the
Tregs in vivo was maintained due to the increase in the number
of T cells post-infusion. There was no toxicity nor exacerbation
of chronic GVHD or other adverse immune reactions, chronic
GVHD responded but the trial had only five patients and two of
these patients developed non-hematological malignancies sug-
gesting that Tregs may contribute to a tumor escape mechanism
via suppression of the immune response (177).

CONCLUSION

Many questions remain to be addressed in order to optimize the
GvL effect of DLI for treating and preventing relapse and Table 1

summarizes the main features of this review. In CML, long-term
remissions can readily be obtained by the treatment with low-
dose IFN-a and DLI, in AML, long-term remissions may be
obtained by a more aggressive approach involving mobilized
stem cells and GM-CSF following cytarabine or repeated treat-
ments with targeted drugs like azacytidine, sorfenib, midos-
taurin, immune-modulatory/blastmodulatory Kits, and DLI.
Better results may be achieved with prophylactic or preemptive
DLI and/or treatment with blast-modulating Kits combining
myeloid cell-differentiating factor GM-CSF with “danger”-
signaling and DC-maturation-inducing factors (e.g., PGE1,
PGE2, or Picibanil) addressing myeloid blasts and converting
them to DCi,—resulting in an in vivo stimulation of antileuke-
mic T-cells. In addition to measuring minimal residual disease
(MRD) or mixed chimerism, prophylaxis for viral infections
may be required to avoid triggering of GVHD.

In myeloma, antigen presentation may be a problem and
dendritic cell vaccines as well as low-dose lenalidomide may be
helpful for sustained remissions. Antibodies-engaging effector
cells are still to be studied in the allogeneic situation. Finally,
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the role of CD4-positive T cells and their interaction with CD8-
positive T cells remains to be demonstrated on leukemia stem
cells.

Clinical therapy with NK cells has been inspired by recogni-
tion of their potent antileukemia activity. The studies discussed
above provide a solid basis for development of NK cell trials
for leukemia therapy while minimizing risks (151). To advance
NK cell therapies, both further study of basic NK biology
(including iNKT and CIK cells) as well as a better understanding
of interactions with other immune cells will be required (171).
Unmanipulated bone marrow followed by CD6-depleted mobi-
lized blood cells produced long-term remissions in advanced
cases of acute leukemia; CD6-depleted PBSC provides NK cells,
stem cells, and a minority of suppressive CD8-positive cells
(178). Recently, excellent results have been reported in ALL and
lymphoma patients with HLA-haploidentical transplants and
high-dose cyclophosphamide after transplantation (179, 180).
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The timely reconstitution and regain of function of a donor-derived immune system is of
utmost importance for the recovery and long-term survival of patients after allogeneic
hematopoietic stem cell transplantation (HSCT). Of note, new developments such as
umbilical cord blood or haploidentical grafts were associated with prolonged immu-
nodeficiency due to delayed immune reconstitution, raising the need for better under-
standing and enhancing the process of immune reconstitution and finding strategies to
further optimize these transplant procedures. Immune reconstitution post-HSCT occurs
in several phases, innate immunity being the first to regain function. The slow T cell
reconstitution is regarded as primarily responsible for deleterious infections with latent
viruses or fungi, occurrence of graft-versus-host disease, and relapse. Here we aim to
summarize the major steps of the adaptive immune reconstitution and will discuss the
importance of immune balance in patients after HSCT.

Keywords: hematopoietic stem cell transplantation, immune reconstitution, infection, graft-versus-leukemia
effect, graft-versus-host disease

INTRODUCTION

The reconstitution of different immune cell subsets after allogeneic hematopoietic stem cell
transplantation (HSCT) (Figure 1) occurs at different time points summarized in Table 1. After
conditioning therapy, patients undergo an “aplastic phase” (severe neutropenia or pre-engraftment
phase) until neutrophils recover. The total nucleated cell (TNC) dose and CD34* cell dose within
the graft source are important factors contributing to the rate of engraftment and outcome after
HSCT. Umbilical cord blood (UCB) grafts contain lower TNC levels compared to bone marrow
transplant (BMT) and peripheral blood stem cell transplant (PBSCT), what increase the time of
neutrophil engraftment from ~14 days after PBSCT and 21 days after BMT to 30 days after UCB
transplantation (1, 2). Moreover, recent study showed that high TNC cell dose was associated with
improved overall survival (OS), decreased relapse, and increased incidence of chronic graft-versus-
host disease (GvHD) in patients receiving PBSCT (3). On the other hand, it has been presented that
patients with higher CD34* dose within PBSCT had faster platelet engraftment, but lower OS and
increased relapse (4).
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FIGURE 1 | Overview of immune cell differentiation. The figure shows the different types of immune cells and their development from different precursors. The
reconstitution of innate immunity occurs rapidly within 20-30 days after allogeneic HSCT while reconstitution of adaptive immunity is delayed following HSCT and
can require up to 1 year. Natural killer (NK) cells, monocytes, granulocytes, and dendritic cells are derived from myelomonocytic progenitor cells. B and T cells
differentiate from lymphoid progenitor cells and require specialized microenvironments in order to efficiently differentiate from primitive progenitors, and typically show
delayed and incomplete recovery. Reprinted by permission from Macmillan Publishers Ltd.: Bone Marrow Transplantation (5), copyright (2005).
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TABLE 1 | Inmune reconstitution after allogeneic HSCT.

Immune cells Duration after allogeneic HSCT

Neutrophils >0.5 x 10%L ~14 days for PBSC, ~21 days for BM, and

~30 days for CB
NK cells 30-100 days
T cells 100 days
CD19+ B cells 1-2 years

PBSC, peripheral blood stems cells; BM, bone marrow;, CB, cord blood; NK cells,
natural Killer cells.

The infections encountered during the pre-engraftment phase
consist primarily of bacterial and fungal infections that are rea-
sonably well controlled by medications given for prophylaxis and
treatment (6) (Figure 2). The first 100 days after HSCT (engraft-
ment phase) are characterized by cellular immunodeficiencies
due to a reduced number of natural killer (NK) cells of the innate
immune system and T cells of the adaptive immune system.
This renders patients especially susceptible to viral reactivations
including cytomegalovirus (CMV) and Epstein-Barr virus (EBV)
as well as viral diseases (7, 8).

The recovery of the T cell compartment relies on peripheral
expansion of memory T cells, driven by cytokines as well as

allogeneic antigens encountered in the host, and is followed by
the production of naive T cells in the thymus (5). CD4* T cells
reconstitute later than CD8* T cells and depend more on thymic
generation of CD4*CD45RA™ naive T cells after HSCT explain-
ing the reported inversion of the CD4/CD8 ratio (9). About
3 months after HSCT, CD4" T cell numbers of about 200/pL
have been observed (10). T cell receptor (TCR) rearrange-
ment excision DNA circles (TRECs) have been investigated as
surrogate parameters for reconstitution of thymus-derived
CD4*CD45RA* naive T cells (11). TREC levels remain low until
3-6 months after allogeneic HSCT (5). A special subgroup of
CD4* cells are regulatory T cells (Tregs), which may be important
for a better outcome after allogenic HSCT (12). Tregs suppress
the activity of effector T cells, thus reducing inflammation and
promoting immune homeostasis after allogenic HSCT (13).
Clinical, preclinical, and experimental models have shown that
Treg reconstitution plays a critical role in amelioration of GVHD
while preserving the graft-versus-leukemia (GvL) effect (14,
15). Increasing age is associated with thymic atrophy and loss of
function (16). Cycling of mature lymphocytes maintains num-
bers of mature T cells by homeostatic peripheral expansion (5).
Naive CD4" and CD8* T cells rely on interleukin-7 (IL-7) and
TCR engagement for survival and expansion (17). CD8*CD27*
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FIGURE 2 | Time line of complications after allogeneic HSCT. The figure shows the most prevalent complications after HSCT according to the three phases of
engraftment. Concomitant infectious complications consisting of bacterial, fungal, and viral infections are shown according to their occurrence as well as association
with acute and chronic GvHD during different phases of follow-up: (1) pre-engraftment, (2) engraftment, and (3) post-engraftment phase. Abbreviations: CMV,
cytomegalovirus; aGvHD, acute graft-versus-host disease; cGvHD, chronic graft-versus-host disease.
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memory T cells can be maintained and expanded by cytokine
signals alone involving IL-7 and interleukin-15 (IL-15) (18). In
older patients, the lack of CD4*CD45RA" naive T cells with a
broad TCR repertoire leads to an increased risk for opportunistic
infections and probably also to increased risk of leukemic relapse
(19, 20). The lack of CD4*CD45RA™ naive T cells is additionally
aggravated by GvHD (21, 22).

The B cell compartment representing the humoral immunity
is the slowest to reconstitute and may take up to 5 years after
allogeneic HSCT. Transitional CD19*CD21"°*CD38"#" B cells are
the first B cells emigrating from the bone marrow (BM) and are
elevated in the peripheral blood (PB) in the first months after
HSCT before their percentage progressively decreases, while the
proportion of more mature B cell subpopulations increases (23).
The lack of CD19*CD27* memory B cells, decreased levels of
circulating immunoglobulins, impaired immunoglobulin class
switching, and a loss of complexity in immunoglobulin gene
rearrangement patterns leave allogeneic HSCT patients vulner-
able to encapsulated bacteria such as Streptococcus pneumoniae
and Haemophilus influenzae (1, 24). In this review, we summarize
the reconstitution of the adaptive immunity and discuss the
importance of achieving immune balance after HSCT.

ADAPTIVE IMMUNITY

Immune Reconstitution of B Cells after
Allogeneic Hematopoietic Stem Cell

Transplantation

Patients undergoing HSCT often experience late recovery of
B cell numbers leading to a defect of B cell mediated immunity.
Generally, B cell numbers recover to normal counts within
12 months after HSCT (25), although complete recovery may
take up to 2 years. In the first few months, very few circulating
B cells have been observed (25, 26) and within 1-2 years follow-
ing HSCT, B cell numbers reach levels exceeding normal adult
individual ones followed by gradual decline, similarly to the
normal ontogeny in young children (26). First B cells emerging

into the periphery are CD19*CD21°*CD38"s" transitional
B cells, which subsequently decrease in percentages while mature
CD19*CD21"&"CD27- naive B cells are being replenished (1, 23).
Transitional B cells were first described as CD24"s"CD38"s" (23).
Later on, another marker of transitional B cells was identified,
distinguishing between T1 and T2 transitional cells. T1 cells
were reported as CD21"" and described as the first B cell popula-
tion emigrating from the BM, which subsequently differentiate
toward CD21%, T2 phenotype and serve as precursors of the
CD19*CD21"8"CD27~ naive B cell pool in PB and tissues (27).
Complete reconstitution of the B cell compartment includes the
recovery of both CD19*CD21"¢"CD27- naive and CD19*CD27*
memory B cells. Reconstitution of memory B cells occurs upon
environmental or vaccine-based antigen exposure and requires
CD4* T cell help (28). Complete CD19*CD27* memory B cell
development may take up to 5 years after HSCT (26). In the study
by Corre and colleagues, numbers of CD19*CD21"¢"CD27- naive
B cells normalized by 6 months and reached above normal values
around 24 months after myeloablative conditioning for allogeneic
HSCT (29). CD19*CD27* memory B cells remained persistently
low during the 2 years of follow-up (29). Other authors similarly
reported relatively fast naive B cell reconstitution followed
by delayed memory B cell recovery (30, 31). In addition, early
expansion of CD19*CD5* B cells has been reported (29, 32), a
subset described as pre-naive circulating B cells representing a
distinct intermediate phenotype between transitional and naive
B cells (33). These cells showed only partial responses to B cell
receptor (BCR) stimulation and CD40 ligation, but similarly
to CD19*CD21"¢"CD27- naive B cells, these were capable to
differentiate into plasma cells and had the ability to function as
antigen-presenting cells (APCs) (33).

In the first 2 years following allogeneic HSCT, B cell function
remains compromised. Different B cell subpopulations often
reconstitute over a different period of time contributing to a
defective humoral response. Delayed T cell recovery and the
reversed CD4/CD8 ratio may also contribute to low circulating
B cell numbers following HSCT (26). Furthermore, CD19*CD27*
memory B cells can be influenced by low T helper cells as they
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require their help for isotype switching (26). In addition, somatic
hypermutation seems to be diminished even in the presence of
normal donor CD4* T cell numbers, implying an environmental
defect (26, 34). Normal levels of serum IgM are usually measur-
able 3-6 months after HSCT (35, 36), followed by normaliza-
tion of serum IgG1/IgG3, 1gG2/1gG4, and IgA similar to that
observed during normal development in the first years of life (37).
However, in some patients, long-term antibody class deficiencies
have been reported (38). The immunoglobuline heavy chain
(IgH) repertoire is often characterized by delayed class switch-
ing and oligoclonal dominance with specific rearrangements
dominating at different time points in these patients (36, 39).
Measurement of B lymphocyte repertoire diversity by analysis
of IgH complementarity determining region 3 (CDR3) revealed
limited variation of IgH CDR3 repertoire in CD19*CD27*
memory B lymphocytes compared to CD19*CD21"¢"CD27~
naive B cells at 3 and 6 months after allogeneic HSCT. Decrease
in CD19*CD27* memory B cell IgH CDR3 repertoire, but not
CD19+*CD21"$CD27 naive B cell one, was also observed when
compared to healthy controls suggesting a role of CD19*CD27*
memory B cellsin oligoclonal restriction (35). Both CD19*CD27*
memory B cells and CD19*CD21""CD27~ naive B cells reach
normal diversity, comparable to healthy individuals, 12 months
after HSCT (35).

Different settings of HSCT may also influence B cell recovery.
Patients receiving antithymocyte globulin-fresenius (ATG-F)
presented delayed CD19* B cell recovery up to 5 months after
HSCT compared to non-ATG-F patients (40). ATG is a potent
immunosuppressant administrated before HSCT to prevent
graft rejection and to reduce incidence of acute and chronic
GvHD in patients receiving grafts from unrelated donors (40,
41). Absolute CD19* B cells normalized 1 year after HSCT in
both groups. ATG-treated patients had significantly worse
CD19+*CD21"¢CD27" naive B cell and CD19*CD27+ memory
B cell regeneration within the first month after HSCT indicating
a negative impact of ATG on B cell immune reconstitution (40).
Depending on the brand, ATG may also have immunomodu-
latory effects on B cells (42). Slow B cell recovery has been
observed in patients receiving non-myeloablative conditioning
compared to those given myeloablative therapy, with reduced
B cell numbers observed in most patients up to 12 months after
non-myeloablative therapy for HSCT (43). However, these find-
ings may in part be explained by older patient age and higher
incidence of acute GVHD in this patient cohort (43). Both acute
and chronic GvHD have been associated with delayed B cell
reconstitution, and reduction or lack of B cell precursors in the
BM has been observed in these patients compared to patients
without GVHD (44). In a study on 93 allograft recipients, the
number of BM B cell precursors on day 30 after HSCT was signifi-
cantly lower in patients later developing grades 2—-4 acute GVHD
compared to patients with grades 0-1 disease (44). Moreover,
patients developing extensive chronic GvHD within 1 year after
transplantation had lower percentages of B cell precursors on
day 365 compared with patients without chronic GvHD or with
limited chronic GvHD (44). However, the effect of acute and
chronic GvHD could not be separated from the possible influ-
ence of glucocorticoid treatment in this study due to low patient

numbers suggesting B cell deficiency after transplantation may
in part be a result of inhibition of B lymphopoiesis by GvHD
and/or its treatment (44). In addition, a decrease of absolute
CD19* B cells in patients at first diagnosis of chronic GvHD
and a disturbance of B cell homeostasis in patients with active
chronic GvHD have been observed (45, 46). Stem cell source
may also influence numbers of circulating B cells with higher
counts detected in recipients of peripheral blood stem cells
(PBSC); however, this observation may be attributed to the
higher amount of mature B cells in PBSC grafts compared with
BM (44, 47, 48).

Even patients who show recovery of overall CD19* B cell num-
bers are not considered fully immunocompetent and as a result
of decreased B cell function, impaired vaccine responses to infec-
tious antigens have been observed (26). Lack of CD19*CD27*
memory B cells, decrease of circulating immunoglobulins, and
impaired immunoglobulin gene rearrangement render these
patients susceptible to encapsulated bacteria and viruses (1, 24).

Immune Reconstitution of T Cells and

Their Role after HSCT

CD4* and CD8* T cells reconstitute within the first year after
HSCT and enable defense against viral or fungal infections, as
well as maintaining the GvL effect. A subset of CD4* T cells are
so called regulatory T cells (Tregs). In the next paragraph, we aim
to summarize their development and function in patients after
allogeneic HSCT.

Regulatory T Cells in Immune
Reconstitution and Their Impact after

HSCT
Regulatory T Cells
Tregs are a subset of CD4* T cells whose function is to sup-
press immune responses and maintain self-tolerance (49).
A transcription factor called FoxP3, a member of the fork head
family of transcription factors, is critical for the development
and function of Tregs and is used as a definite marker to identify
Tregs (49, 50). Tregs are a functionally mature subpopulation
of T cells and can also be induced from CD4*CD45RA* naive
T cells in the periphery (51). Natural Tregs (nTregs) are derived
from the thymus and are characterized by the co-expression
of CD4, high expression of CD25 and FoxP3 (52). Induced or
adaptive Tregs (iTregs) are generated in peripheral lymphoid
organs in the presence of transforming growth factor beta
(TGF-p) (53) (Figure 3).

Some recent studies have shown that nTregs are more stable
than iTregs in relation to their differential DNA methylation
profiles and other epigenetic regulations of FoxP3 (54, 55).

Tregs in Immune Balance

Tregs can downregulate immune responses by (a) production
of inhibitory cytokines and (b) a contact-mediated effect on
APCs. Tregs produce the anti-inflammatory cytokine inter-
leukin-10 (IL-10) that inhibits production of interleukin-12
(IL-12) by activated dendritic cells (DCs) and macrophages
(56,57).IL-10 also inhibits the expression of co-stimulators and
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FIGURE 3 | Development of natural and induced regulatory T cells. Natural regulatory T cells (nTregs) are derived from the thymus and are characterized by
the co-expression of CD4, high expression of CD25 and FoxP3, and are collectively represented as CD4+*CD25*FoxP3* Tregs. Induced or adaptive regulatory T cells
(iTregs) are generated in the peripheral lymphoid organs in the presence of transforming growth factor beta (TGF-p) and interleukin-2 (IL-2).

major histocompatibility complex (MHC) class II molecules on
DCs and macrophages and thus inducing tolerance within the
immune system (56-58). Another anti-inflammatory cytokine
produced by Tregs, TGF-p, inhibits the proliferation and effec-
tor functions of T cells and the activation of macrophages (59,
60). TGE-B also regulates the differentiation of functionally
distinct subsets of T cells, stimulates production of immuno-
globulin A (IgA) antibodies, promotes tissue repair after local
immune and inflammatory reactions subside, and confers
Treg-mediated immune reconstitution (56-58, 61). Tregs play
a major role in regulation of epithelial inflammation and are
strongly influenced by the interaction with the epithelial micro-
bial environment (62, 63).

Tregs in Animal Models of Hematopoietic

Stem Cell and Solid Organ Transplantation
Tregs play an indispensable role in both solid organ transplant
tolerance and in allograft tolerance after HSCT. In rodents and
humans, a subpopulation of thymus-derived naive CD4* T cells
that co-express the IL-2R alpha chain, CD25, have potent sup-
pressive activity (64). Tregs mediate transplantation tolerance

in experimental models of skin and/or solid organ transplanta-
tion (65) as well as tolerance to BM allografts (66). By allogeneic
HSCT, malignant and non-malignant hematological disorders
can be cured, but at the same time, treatment efficacy is lim-
ited due to occurrence of GvHD (67). Regulatory T cells have
received considerable attention in recent years due to their
ability to suppress the proliferation of conventional T cells
when added to donor grafts and prevention of GvHD in animal
models (68). Using a mouse model, Edinger and colleagues
have shown that CD4*CD25" Tregs suppress GVHD after BMT
without abrogating the GvL or graft-versus-tumor (GvT) effect
(14) supporting the importance of Tregs in allogenic HSCT.
Furthermore, Nguyen and colleagues demonstrated that the
adoptive transfer of Tregs preserved thymic and lymphoid
architecture of the host and hence accelerated posttransplant
T cell immune reconstitution in a murine GvHD model (69).

Taylor and colleagues demonstrated that in vivo depletion
of CD25% T cells and depletion of CD25* T cells in the trans-
plant inoculum, worsened GvHD whereas adoptive transfer of
CD4* CD25" nTregs together with the BM graft ameliorated
GvHD (70).
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While an increasing number of publications have focused
on the biology of CD4*CD25*Foxp3+*CD45R0O" naive Tregs in
GVHD, less attention has been given to iTregs, probably due to
the lack of proven cell surface marker that differentiate nTregs
from iTregs. Fantini and colleagues demonstrated that iTregs can
be generated from CD4* T cells in the presence of TGF-p and
can be expanded in culture (71). On the other hand, Koenecke
and colleagues showed that administration of in vitro generated
iTregs along with BM grafts containing alloreactive donor T cells
did not provide any significant protection from lethal GvHD,
due to limited in vivo survival of these cells (72). They also
demonstrated that iTregs lost their Foxp3 expression, along with
a loss of suppressive function early after transplantation, thus
making iTregs unsuitable for use in a therapeutic approach (72)
if administered as an external cellular product. Not only iTregs
but also nTregs have been shown to loose Foxp3 expression in
a STAT3-dependent manner and can revert to a proinflamma-
tory phenotype under inflammatory conditions (73). Therefore,
inflammation seems to affect Foxp3 expression in both natural
and induced Tregs.

Although Tregs have long been assumed to be solely a subset of
the CD4* T cell compartment, a CD8* Treg population has been
recently described and shown to be capable of suppressing T cell
responses (74). In terms of GvHD, Robb and colleagues reported
that CD8Foxp3*™ Tregs suppressed GvHD and attenuated
GvHD mortality after BMT in a mouse model (75). Interestingly,
CD8*Foxp3* cells were more suppressive than CD4*Foxp3™ cells
(75). Using a rat model, Xystrakis and colleagues provided a first
report on CD8" Tregs conferring their regulatory properties via
a cell to cell contact dependent mechanism to prevent GvHD
and thus confirming CD8*Foxp3* Tregs in a second species (76).
Clinical studies on CD8* Tregs at a functional level are scarce to
date. However, Zheng and colleagues reported that human CD8*
Tregs potentially inhibit GYHD without compromising general
immunity and GvL activity in humanized mouse models (77).
Taken together, these findings provide an insight into the efficacy
of both CD4* and CD8" Tregs as potential novel therapeutic
approaches in clinic.

Tregs in Clinical Hematopoietic

Stem Cell Transplantation

Many researchers have focused on evaluating Treg cell numbers
after HSCT, since they play an important role in the amelioration
of GvHD. Using PB of patients after transplantation, Li and col-
leagues demonstrated that the frequency of CD4*CD25* Tregs
was significantly downregulated in patients with severe acute or
chronic GVHD (78). They also showed that a decreased level of
CD4*CD25" Tregs correlated with increased severity of GvHD
(78). While the majority of studies focused on blood derived
Tregs, there is little information on Tregs isolated from intesti-
nal tissues due to the lack of availability of repeated gut biopsies.
Using immunoenzymatic labeling, Rieger and colleagues were
the first to demonstrate that infiltrating Tregs decreased the
signs of acute and chronic GvHD in intestinal mucosa (79).
They showed that patients with acute and chronic GvHD had
a complete lack of counter regulation indicated by a Foxp3*/
CD8* T cell ratio identical to that of healthy individuals, while

this ratio was increased in patients without GvHD (79). These
results have been discussed controversially in the literature
since Lord and colleagues demonstrated that Foxp3*™ T cells
were not decreased in PB or gastrointestinal tissues and that the
frequency of Tregs did not correspond to disease incidence or
severity (80). On the contrary, these investigators reported that
Foxp3* T cells were significantly upregulated in GvHD-afflicted
intestinal mucosa when compared tonon-GvHD mucosal tissues
(80). This finding was further supported by Ratajczak and col-
leagues who observed an increased proportion of CD4*Foxp3*
T cells in patients with grades 2-4 compared to grades 0-1 acute
GvHD (81). One possible explanation for these conflicting
results may be the difficulty to discriminate natural and induced
Tregs. It is possible that nTregs are decreased in GvHD while
iTregs may be increased in order to compensate for the exag-
gerated inflammation during GvHD. Imanguli and colleagues
observed an upregulation of functional markers such as CD3*,
CD4*, CD27+,ICOS*, and CD39* in Tregs that traffic into tissue
including skin and oral mucosa exerting a suppressive func-
tion in patients with chronic GvHD (82). Interestingly, normal
numbers of activated CD45 Foxp3" Tregs were observed in
tissue and PB of patients with chronic GvHD whereas naive or
resting CD45RA*Foxp3* Tregs that presumably control chronic
GvHD effector cells were reduced compared to patients without
chronic GvHD.

Tregs in GvHD: First-in-Man Clinical Trial

Studies in mouse models of GVHD have provided informa-
tion on the suppressive nature of Tregs and their potential to
suppress and ameliorate GvHD without impairing the GvL
effect. The first clinical trial using Tregs to suppress acute/
chronic GvHD in patients were completed recently. This
“first-in-man-study” reported the adoptive transfer of ex vivo
expanded CD4*CD25*CD127- Tregs in one patient with
chronic GVHD and another with acute GVHD after HSCT with
an HLA-identical sibling donor (83). Transfer of Tregs resulted
in a reduction of the steroid dose administered, increased
levels of circulating Tregs, and a decrease in inflammatory
cytokine levels in the PB (83). Another “first-in-man-study”
was reported after double UCBT in 23 patients, who received
in vitro expanded 0.1-30 X 10° UCB CD4+*CD25*CD127 Tregs
per kilogram derived from partially HLA-matched third-party
UCB units (15). There was a significant reduction in the inci-
dence of acute GvHD grades II-IV (43 versus 61%, P = 0.05)
when compared to 108 historical controls without transfusion
of Tregs. No toxicities, infections, relapse, or early mortality
were observed suggesting that UCB Tregs could be beneficial
for preventing acute GvHD (15). Furthermore, Di Ianni and
colleagues reported a clinical trial in 28 patients receiving
adoptively transferred CD4*CD25*CD127~ Tregs after T-cell-
depleted haploidentical HSCT without further immunosup-
pression (13). Only 2 out of 28 patients developed grades II-1V
acute GvHD and no chronic GvHD was observed. They showed
that adoptive transfer of freshly isolated donor-derived Tregs
4 days before inoculating the CD34* stem cells prevented acute
and chronic GvHD in the absence of further immunosuppres-
sion. Tregs promoted lymphoid reconstitution, improvement of
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immunity to opportunistic pathogens (no CMV-related death
of patients) without abrogating the GvL effect (13). In addi-
tion, Hoffmann reported in vitro expansion of highly purified
polyclonal human CD4+*CD25"¢" Tregs through the use of
artificial APCs for repeated stimulation via CD3 and CD28
in the presence of high-dose IL-2 (84). These cells not only
maintained their phenotype and expressed suppressive activity
but also maintained the expression of the lymph node homing
receptors L-selectin and CCR7 (84). Furthermore, the same
group reported results of a small phase I safety and feasibility
trial where freshly isolated donor-derived CD4*CD25"¢" Tregs
were infused into nine patients with high risk for leukemic
relapse after cessation of systemic GvHD prophylaxis (12).
After 8 weeks, additional CD4" T cells were administered to
promote GvL activity. Patients showed no signs of GVHD nor
opportunistic infections or early disease relapse supporting the
safety and efficacy of Treg transfusion (12). This has led to a
phase II clinical trial for the treatment of patients with steroid-
refractory acute GvHD using freshly isolated CD4*CD25hsh
Tregs that is currently ongoing. Taken together, these early tri-
als suggest that Tregs could be a novel approach for prophylaxis
and treatment of patients with acute GvHD in larger clinical
trials. The impact of Treg transfusion on the immune reconsti-
tution has to be further investigated.

Induction of Regulatory T Cells after HSCT

Tregs induce tolerance and maintain immune homeostasis (51).
A major challenge of Treg cell therapy is their relative scarcity in
PB (0.5-1% of CD4*CD25"e" T cells) (85). In 2011, Hippen and
colleagues presented two individual reports regarding the genera-
tion of induced Tregs on a large scale (86) and ex vivo expansion
of natural Tregs (86). Both methods focus on the development
of expansion protocols for either type of Tregs to obtain higher
yields for clinical trials on treatment or prevention of GvHD
(86). In patients with chronic GvHD, Matsuoka and co-workers
reported that daily administration of low-dose IL-2 induced
selective expansion of functional CD4*CD25*CD127- Tregs,
improved chronic GVHD, restored CD4" T cell homeostasis, and
promoted the reestablishment of immune tolerance (87). Koreth
et al. reported the case of 29 chronic GvHD patients that the
administration of subcutaneous low dose IL-2 rapidly induced
preferential and sustained Tregs expansion without any immune
impairment (88). This suggests that low-dose IL-2 could be a
potential therapy to restore immune balance after HSCT. Another
approach to manipulate Tregs in vivo was reported by Furusawa
and colleagues (89). Clostridial products, like short chain fatty
acids (SCFA) or mainly butyrate, can induce the differentiation
of colonic Tregs in vitro and in vivo in mouse models (89). This
points toward the necessity of host-microbiome interaction to
establish immunological tolerance and homeostasis in the gut.
Moreover, Mathewson and colleagues reported that restoring
clostridial metabolites or the strain itself modulated intestinal
epithelial cell integrity and mitigated GvHD in mice (63). Taken
together, these findings strongly suggest that the right balance
of gut microbiome may be crucial to induce Tregs for intestinal
tolerance.

CD4+ and CD8* T Cell Reconstitution

Memory T cells [central memory (Tcwm) and effector memory
(Tgm)], tissue resident memory cells (Tru), and effector cells (Tger)
cells are essential to control viral reactivations after allogeneic
HSCT. Upon encountering antigens, memory cells differentiate
to Terr and lyse the infected cells and secret proinflammatory
cytokines [e.g., IFN-y and tumor necrosis factor-a (TNF-a)]
(90). Immune surveillance of Tew occurs trafficking through sec-
ondary lymphoid organs, Tey and Ter, through non-lymphoid
organs (91). In contrary, Try cells reside at various sites (e.g., liver,
lungs, gut, and skin) and provide immediate antiviral response
(cytotoxicity and secretion of IFN-y) without trafficking (92).
The reconstitution of CD4*CD45RA* naive T cells, providing
the broad range of TCR repertoire needed to control infections
and to avoid the reappearance of leukemic cells, is essential after
allogeneic HSCT (11, 93). The conditioning regimens applied,
increasing patient age and occurrence of acute and chronic
GVHD, have devastating effects on thymic function after HSCT
(28, 93-95). Reconstitution of CD4*CD45RA™" naive T cells can
be demonstrated by measuring TRECs. Immune reconstitution
of CD4* and CD8" T cells is also essential for maintaining a GvL
effect (1). Reconstitution of CD8* T cells is faster than that of
CD4* T cells, which usually occurs around day +100 or later and
is indicated by the inversion of the CD4*/CD8" T cell ratio (1)
early after HSCT (Table 1). The time period until complete recon-
stitution of CD4* T cells can take up to 2 years after allogenic
HSCT (96).

Major Factors Influencing T Cell Immune
Reconstitution: GvHD and Immunosuppressive
Treatment

Acute GvHD is one of the severe complications occurring early
after HSCT contributing substantially to non-relapse mortality
(NRM). Development of acute GVHD is influenced by human
leukocyte antigen (HLA) disparities or gender mismatches
between donor and recipient, the intensity of the conditioning
regimen applied, CMV reactivation, and the stem cell source
(97, 98). Acute GvHD can also occur in the HLA-identical
transplant setting (siblings or matched unrelated donors)
due to minor histocompatibility antigen differences between
donor and recipient (98). Acute GvHD is an immune response
directed against the host immune system, tissues, and organs
(99,100). GVHD by itself can inhibit T cell functions by limiting
TCR diversity, T cell development, and dysfunction in cytokine
production, most likely through damage of the BM and/or thy-
mus, apoptosis, and release of cytokines in a so-called “cytokine
storm” (101).

Bone marrow gives rise to all hematopoietic lineages and
is the homing site for memory cells of the adaptive immunity
(102). Recently, BM has been established as an additional target
of alloreactivity observed during GvHD leading to the deple-
tion of both hematopoietic progenitors and niche-forming cells
(103), resulting in disrupted hematopoiesis and delayed immune
reconstitution (104). Along with the BM, the thymus plays an
important role in the maturation of hematopoietic precursors
and T cell development (93). Acute GVHD substantially decreases
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thymic output and thus recovery of CD4* T cells and diversified
T cell repertoires (93). Acute GVHD leads to a further skewing
of the TCR repertoires of both CD4* and CD8* T cells as well as
antigen-specific T cells (99). Both T lymphopenia and inadequate
repertoire of CD4* and CD8* T cells for at least 1 year after trans-
plant foster recurrent infections with latent viruses.

In addition, treatment of patients with acute GvHD with
corticosteroids or other immunosuppressive drugs increases the
risk of viral reactivations (98, 105). It has been reported that the
risk of CMV infections is directly related to the dose and duration
of steroid administration (106). Administration of high doses of
steroids was shown to be an independent risk factor for impaired
functional recovery of CMV-specific CD4* and CD8* T cells
(106). Moreover, Ozdemir and colleagues reported that steroids
induced a significant impairment of CD8* T cells for producing
TNF-a (107).

T Cell Depletion of the Stem Cell Graft

Although T cell depletion (TCD) of the stem cell graft reduces
GvHD, it is associated with delayed immune reconstitution,
infectious complications, and an increased risk of relapse (108).
Thus, ex vivo T-cell depletion by either CD34" cell selection or
CD3%/CD19* cell depletion has not been routinely performed
and repletion protocols have been widely studied [e.g., HSV-Tk-
transduced T cell transfer, other donorlymphocyte infusion-based
protocols (109, 110)]. In vivo T cell reducing or impairing agents
include ATG [e.g., ATG-Fresenius; Germany, or thymoglobulin
(thymo); Genzyme; USA] or anti-CD52 antibody (alemtuzumab
or campath), a particularly powerful reagent for immunosuppres-
sion (108, 111). ATG administration leads to prolonged immuno-
suppression of both CD4* T cells and CD4*CD25*CD127" Treg
cells (111) and appears to have less severe effect on immune
reconstitution when compared to campath (112).

Stem Cell Source

The source of stem cells can impact on both complications as
well as time to immune reconstitution after allogeneic HSCT
(Table 2). Investigators reported that the source of stem cells
is a predictive factor for recovery of CMV-specific cytotoxic
T lymphocytes (CTL) (10). Recipients of PBSCs had improved
functional CMV-CTL recovery and earlier CMV-specific CD4*
T cell reconstitution than patients given BM grafts (106, 113).
These findings can be explained by the fact that PBSC grafts

TABLE 2 | Stem cell source influences immune reconstitution and
complications after HSCT.

Complication PBSCs BM CB
aGvHD ++ + +/—
Infections + + ++
Viral reactivations ++ ++ +/—
Relapse +/— ++ ++

The table summarizes the influence of different stem cell sources on the immune
reconstitution and selected complications after HSCT. The degree of association is
indicated by plus (+).

aGVvHD, acute graft-versus-host disease; PBSCs, peripheral blood stem cells; BM,
bone marrow; CB, cord blood, ++, high; +, moderate; and +/—, low.

compared to BM contain more lymphocytes and higher numbers
of CD4*CD45RO* memory T cells (114).

Influence of CD4+ and CD8* T Cells
on GvL

Graft-versus-leukemia is defined as an immune response directed
against leukemia/tumor cells of the recipient after allogeneic
HSCT. Over the years, several studies have shown that CD4* and
CD8* T cells play an important role in establishing a GvL effect
through various mechanisms such as cytotoxic T cells releas-
ing granzyme B and apoptosis mediated by FAS ligands (115).
GvL is often associated with GVvHD, but GvL responses against,
e.g., minor histocompatibility antigens solely expressed on
hematopoietic cells (mHA1) may be specifically directed against
leukemic cells or the recipients’ hematopoietic cells. The precise
role of CD4* and CD8* T cells for achievement of a GvL effect is
not clearly understood today (115, 116). Complete depletion of
T cells by CD34* cell selection leads to a high incidence of relapse,
resulting in death in about 20-50% of patients (117). T cell reple-
tion or donor lymphocyte infusions (DLI) can prevent relapse,
but can lead to a higher probability of acute and chronic GvHD
(118, 119). Several protocols tried to circumvent the problem
of increased acute and chronic GvHD by delayed add-back of
genetically modified T cells (109) or other manipulations of the
donor’s lymphocytes such as selection of either CD4* or CD8*
T cells prior to transfusion (120, 121).

Virus-Specific Immune Reconstitution
(Antigen-Specific Cytotoxic T Cells)
after HSCT

T cells are the most important effector cells in the control of viral
infections. Thus, T cell reconstitution after allogeneic HSCT
has a significant impact on the control of infectious complica-
tions. The first phase of virus-specific T cell reconstitution and
expansion early after HSCT depends on the transfer of mature
(effector, memory, or naive) virus-specific T cells within the
donor graft and the resident antigen-specific cells (10, 122).
Viral infections occur mostly between engraftment and day +90
posttransplant (123). However, also late (after day +90) and
recurrent CMV reactivations have been observed, which have
been associated with impaired reconstitution or function of
antiviral immunity (106). CMV is a latent virus, which belongs
to the family of herpesviruses and is one among the common
viral pathogens that can reactivate after HSCT. It reactivates in
about 60-70% of CMV-seropositive patients, and the primary
infection affects 20-30% of CMV seronegative recipients trans-
planted from CMV-seropositive donors (124). Uncontrolled
CMYV reactivations can lead to a life-threatening, multi-organ
CMV disease such as retinitis, gastroenteritis, or pneumonia
(125-127). Advances in CMV monitoring, preemptive antiviral
therapy, and quantification of CMV-CTLs are crucial in the
prevention of CMV disease (128). The most important risk fac-
tors for CMV infection include recipient CMV-seropositivity,
TCD of the graft, and acute GvHD (123). Early reconstitution
of antiviral immunity remains an essential issue for the control
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of CMV reactivations after HSCT. The recovery of both CD8*
and CD4" CMV-specific T cells may be a marker for protection
against CMV reactivations (129).

Epstein-Barr virus infection is also a frequent viral complica-
tion after allogeneic HSCT, which may progress to EBV-associated
posttransplant lymphoproliferative disease (PTLD) that causes
unspecific symptoms such as fever and lymphadenopathy with a
high viral load in the PB (130). These complications are mediated
by several risk factors including TCD combined with reduced
intensity conditioning (RIC) leading to impaired anti-EBV
T cell-mediated immunity and persistence of residual recipient
B cells (131). In addition, HLA disparity and acute GvHD have
also been known to increase the risk of PTLD due to the delayed
or impaired specific immune reconstitution (132).

However, other viral pathogens such as adenovirus (ADV),
human herpes virus 6 (HHV6), BK-polyoma virus (BKV), and
respiratory viruses occur less frequently in adult patients in
comparison to CMV and EBV after allogeneic HSCT (133). The
control of these viruses again depends upon the reconstitution of
antiviral immunity.

Antigen-Specific T Cell Reconstitution
and Immunity Against CMV

Among the viruses mentioned above, T cell immune reconstitu-
tion against CMV has been studied most intensively and will
be described in more detail below, as an example for virus (or
any antigen)-specific T cell reconstitution and expansion. Apart
from the above mentioned factors influencing T cell reconstitu-
tion (TCD of the graft; stem cell source, occurrence of acute or
chronic GvHD), CMV serostatus of patient and donor is one of
the most important variables influencing CMV-specific T cell
immune reconstitution. CMV-seropositive recipients and donors
(R+D+) have much faster reconstitution of CMV-CTLs (prior
to day +50) and a subclinical CMV reactivation can even boost

this development (106). On the other hand, CMV-seropositive
recipients transplanted from CMV-seronegative donors (R+D—)
lack the protective donor-derived immunity and hence have
delayed recovery of antiviral immunity (between days 4120
and +150) and a higher risk for recurrent CMV reactivations
(134). In Figure 4, examples of patients with typical CMV-CTL
immune reconstitution for R+D+ and R+D— groups are shown
to demonstrate the impact of CMV serostatus on CMV-CTL
immune reconstitution. Additionally, it has been shown, that
CMV-CTLs of recipient origin can survive the conditioning
regimen and can add to the protection against CMV, especially
in R+D— patients (135).

Does the Quantity or Quality of CMV-Specific

T Cells Matter?

Recent technological developments in cellular immunology have
aided in the understanding of antigen-specific T cell responses
and the antiviral immunity after HSCT. With the instiga-
tion of multimer (e.g., tetramer and streptamer) technology,
antigen-specific T cells are readily detected and isolated without
stimulation (137-139). In order to study those cell functions,
we can choose from a broad variety of assays including cytokine
secretion assays, ELISPOT, intracellular staining, which require
stimulation of cells with viral lysates, viral proteins, or peptides
(137). As for CMV, immunity toward CMV immunodominant
epitopes, which include pp65 and IE-1 antigens have been most
intensively studied (140, 141).

Initiation of multimer technology allowed the investigation of
CMV-CTLs in patients after allogeneic HSCT in order to search
for a protective threshold (113, 137, 142). A chronological over-
view of selected publications on monitoring of CMV-specific T
cell responses after HSCT, with the focus on the protective num-
bers of CMV-CTLs is provided in Table 3. It has been shown
that the inability to control CMV reactivation following HSCT
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TABLE 3 | Selected publications on monitoring of CMV-specific T cell responses after HSCT.

Reference

Key information

Altman et al. (146)
Cwynarski et al. (113)
Gratama et al. (142)

Aubert et al. (147)
Chen et al. (148)
Ozdemir et al. (107)

Lacey et al. (149)
Akiyama et al. (150)
Bunde et al. (151)
Lilleri et al. (152)
Gratama et al. (153)

Koehl et al. (154)
Giest et al. (155)

Gratama, et al. (156)
Borchers et al. (134)

Lilleri et al. (157)
Borchers et al. (136)

First use of MHC tetramers to enumerate and characterize antigen-specific T cells
Protection from CMV reactivation with >10 CMV-CTL cells/pL blood

(1) Failure to recover HLA-A*02-NLV-CMV-CTLs is associated with the development of CMV disease
(2) Number of HLA-A*02-NLV-CMV-CTLs in the grafts administered to CMV-seropositive HSCT recipients is inversely correlated with the
number of recurrent CMV infections

Less than 20 cells/uL of HLA-A*02 CMV-CTLs predicted episodes of viral replication
More than 10-20 cells/uL CMV-CTLs conferred protection against CMV reactivation

Inability to control CMV reactivation is caused by impaired function of CMV-CTLs rather than an inability to recover sufficient numbers of
CMV-specific T cells

CMV-specific cellular immune responses restricted by HLA-B*07 dominated those restricted by HLA-A*02

Frequency of HLA-A*24 CMVpp65 tetramer-positive staining correlated with cytotoxicity and IFN-y production

High frequencies of IFN-y producing IE-1, but not pp65-specific CD8* T cells, correlated with protection from CMV disease
Levels of CD4+ T cells below 1 cell/uL and of CD8* T cells less than 3 cells/pL did not protect against recurrent CMV infection

1) CMV-CTLs provided protection against recurrent CMV reactivations

M
(2) CMV disease appeared to be prevented by the |E-1-specific subset rather than the pp65-specific CD8*+ T cell subset
(1) Numbers of CMV-CTLs differ significantly depending on the HLA type

(2) Number of CMV-CTLs below 10 cells/pL does not correlate with susceptibility for CMV reactivation

HLA-A*24/pp65- and HLA-B*35/pp65-CTLs correlated with protection from CMV reactivation at significantly lower cell levels than
HLA-A*01/pp50- and HLA-A*02/pp65-CTLs

Less than 7 cells/uL. of CMV-CTLs during the first 65 days after transplantation was a significant risk factor for CMV-related complications

(1) Presence of CMV—CTLs before day +50 and their expansion after reactivation protected against recurrent CMV reactivations
(2) CMV-CTL reconstitution was delayed in the CMV R+D- group

Combination of CMV-CTL monitoring and viral monitoring can be used to direct preemptive treatment with antiviral drugs

(1) 1 cell/pL of CMV-CTLs between days +50 and +75 marked the beginning of immune response against CMV in the CMV R+D+ group

(2) Expansion of CMV
(8) Sequential monitoring of CMV

Reused from Ref. (137) by permission from Elsevier, License Number 3922460449459.

MHC, major histocompatibility complex; CMV-CTL, cytomegalovirus cytotoxic T lymphocytes; HLA, human leukocyte antigen; IFNy, interferon gamma; IE-1, immediate early-1.

is due to the impaired function of antigen-specific CD8* T cells
rather than an inability to recover sufficient numbers of CMV-
specific T cells (143). Although CMV-CD8* CTLs have been
considered as the main antiviral effector cells, CMV-specific
CD4* T cells have been shown to play a crucial role in expan-
sion and activation of CMV-CTLs, maintaining a long-term and
efficient immunity against CMV (129). It has been reported that
CD4* and CD8+ CMV-specific T cells follow similar patterns
of reconstitution (144), and their functional reconstitution
is correlated with the absolute CD4* or CD8* T cell numbers
(106, 145). So far, there is no threshold for protective levels
of CMV-specific T cells applicable for all patients. Sequential
monitoring of individual patients for the kinetics of CMV-CTL
recovers, their ability to produce cytokines and expansion upon
reactivation, are currently being used to detect recurrent CMV
reactivations (136) (Figure 4). In summary, both the quantity
and quality of immune reconstitution are important for prevent-
ing viral infection after allogeneic HSCT.

CONCLUSION AND FUTURE OUTLOOK

Reconstitution of the donor-derived immune system is essential
for control of infectious complications, modulation of GvHD,

and relapse control, thus contributing to long-term survival.
In this review, we have described the major events in immune cell
reconstitution, considering the most important cell types, their
approximate time of reconstitution, and their interaction after
HSCT. The recovery of the innate immunity is vital, especially
in the absence of CD4*CD45RO* memory and CD4*CD45RA*
naive T cells.

Today, the understanding of CD4*CD25*CD127" regula-
tory T cells has advanced significantly in both preclinical
and clinical models for GvHD. The remaining challenge is
to generate large amounts of CD4*CD25*CD127~ Tregs with
high purity and stable Foxp3-expression in a cost effective
way. A further clinical problem is the optimal time point of
Treg application. If Tregs are administered to treat patients
with steroid-refractory GvHD, there may be a substantial
delay between production and application and, thus, lack of
feasibility and treatment success. Furthermore, the impact of
ongoing systemic immunosuppression on Treg cell function
has to be considered in clinical trials. A further aspect to be
solved in the future is to optimize tissue conditions for survival
and expansion of T regs, as these cells are under the strong
control of local microbiota especially in the main target tissues
of GvHD.
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Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is the main curative
therapy for hematological malignancy such as leukemias, lymphomas, or multiple myelo-
mas and some other hematological disorders. In this therapy, cure of hematological
diseases relies on graft-versus-malignancy effects by allogenic immune cells. However,
severe posttransplant treatment-associated complications such as acute graft-versus-
host disease (aGvHD) and chronic graft-versus-host disease (cGvHD) limit this approach.
Most research into GvHD has concentrated on the aGvHD, while the more complex and
multifaceted chronic form has been largely poorly investigated. cGvHD is a multi-organ
autoimmune disorder and is the major cause of non-relapse morbidity and mortality
following allo-HSCT, occurring in about 50% of patients, or 13,000-15,000 patients
per year worldwide. Therefore, there is a high medical need for an early prediction of
these therapy-associated toxicities. Biomarkers have gained importance over the last
decade in diagnosis, in prognosis, and in prediction of pending diseases or side effects.
Biomarkers can be cells, factors isolated from target tissues, or soluble factors that can
be detected in body fluids. In this review, we aim to summarize some of the recent devel-
opments of biomarkers in the field of allo-HSCT. We will focus on cell-based biomarkers
(B-cell subsets) for cGvHD and soluble factors including microRNA (miRNA), which are
excreted into serum/plasma and urine. We also discuss the potential role of cytosolic and
extracellular 70 kDa heat shock proteins (HSP70) as potential biomarkers for aGvHD and
their role in preclinical models. Proteomic biomarkers in the blood have been used as
predictors of treatment responses in patients with aGvHD for many years. More recently,
miRNAs have been found to serve as a biomarker to diagnose aGvHD in the plasma.
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Biomarkers for Predicting GvHD

Another development relates to urine-based biomarkers that are usually detected by
capillary electrophoresis and mass spectrometry. These biomarkers have the potential
to predict the development of severe aGvHD (grades llI-IV), overall mortality, and the
pending development of cGvHD in patients posttransplant.

Keywords: biomarkers, graft-versus-host disease, proteomics, genomics, cellular, heat shock protein, B-cell

subsets

COMPLICATIONS OF HEMATOPOIETIC
STEM CELL TRANSPLANTATION (HSCT)

Acute and chronic graft-versus-host disease (a/cGvHD) are seri-
ous and frequent complications after allogeneic hematopoietic
stem cell transplantation (allo-HSCT) that negatively impact
on survival and quality of life of patients (1, 2). GVHD develops
in approximately 40-60% of recipients after allo-HSCT. Donor-
derived T-cells targeting alloantigens of the recipient play akey role
in the induction of GvHD. Donor T-cells generally destroy host
tissues by secreting pro-inflammatory cytokines such as interleu-
kin-1 (IL-1), tumor necrosis factor alpha (TNF-a), and interferon
gamma (IFN-y) or by direct cytolytic activities of immune effector
cells (1, 2). So far, GVHD is diagnosed based on unique diagnostic
clinical signs and symptoms, as recommended by the National
Institutes of Health (NIH) consensus development conferences
(3,4).1In 2014, the NIH Consensus Conference updated require-
ments for the integration of assessment of potential biomarkers in
prospective clinical studies of GVHD (4). Biomarkers that could
be obtained by minimal invasive methods would be beneficial to
predict GVHD and thus would increase safety and quality of life
of patients. Biomarkers should fulfill certain requirements such
as the confirmation of an aGvHD or cGvHD, objectively measure
disease activity, allow a distinction of organ damage, should pro-
vide prognostic risk assessment, and predict responses to therapy
(5). Detailed documentations on collection of specimens includ-
ing excellent clinical data on patient characteristics and HSCT
course, and standardized data analyses are crucial for further data
processing (5). cGVHD is a multi-organ autoimmune disorder
and is the major cause of non-relapse morbidity and mortality
following allo-HSCT, occurring in about 50% of patients, or
13,000-15,000 patients per year worldwide that causes a plethora
of comorbidities including cardiovascular, gastrointestinal (GI),
liver, pulmonary, endocrine (diabetes, hyperlipidemia, thyroid
and adrenal insufficiency, hypogonadism), neuropsychiatric (e.g.,
depression, chronic neurologic diseases), bone and joint (osteo-
arthritis, osteoporosis) disorders, infections (bacterial, viral, and
fungal), and other more specific comorbidities (solid malignancy,
obesity, and infertility) (1-5). Herein, we discuss B-cell-based,
stress protein-, and microRNA (miRNA)-based biomarkers as
predictors for a/cGvHD.

CELLULAR BIOMARKERS

The Role of T/B-Cells As Cellular

Biomarkers in cGvHD
For a long time it has been known that cross-reactive allo-T cells
that were immunized by environmental antigens derived from

the donor are key players in the induction of GvHD. Therefore,
the determination of these cells and the measurement of their
cytolytic activities against host tissues have been used to deter-
mine GvHD (6). The outcome of haploidentical HSCT can
be improved by the depletion of T cells from the donor graft.
However, this procedure is often accompanied by graft failure
and an increased incidence of GvHD, which could be overcome
by megadose HSCT, injecting of pathogen-specific T cells to
rebuild immunity or engineered T cells to induce suicide in
case of allo-reactivity (7). The sequential infusion of regulatory
T cells (Tregs) (CD4*/CD25% and CD4*/CD25") after HSCT,
the selective ex vivo (photo) depletion of certain autoreactive T
cell clones, the preservation of y/8 T cells in the stem cell graft,
and the selection of the best stem cells provide other options to
improve GVL effects while GVHD is not increased (7). All these
procedures contribute to fewer infection and toxicity rates and
leukemia-related death cases.

Recent research has demonstrated that apart from T cells,
B-cellsalso play keyrolesin the pathogenesis of cGVHD. Therefore,
the presence of auto- and alloantibodies, elevated plasma levels of
B-cell activation factor (BAFF), a cytokine of the tumor necrosis
family, and an accumulation of CD19*CD21"" B-cells serve
as biomarkers for GvHD. Apart from the depletion of T-cells
by antibodies, the depletion of certain B-cell subpopulations
might also provide a promising strategy to avoid GvHD (8-10).
A delayed B-cell reconstitution with relative B-cell lymphopenia
can result in downregulated B-cell counts in patients after HSCT
(9-12). Low B-cell counts in the circulation may be explained
in part by the insufficient production of B-cells in the bone
marrow, as previously reported in patients with both, aGvHD
and cGvHD (13). In contrast, a dysregulated B-cell homeostasis
with persistent high BAFF levels can induce an upregulation of
certain subpopulations of B-cells. In patients who do not develop
c¢GvHD, elevated BAFF levels normalize after 6 months, whereas
these remain highly elevated in patients developing cGvHD at
later time points (11, 12). The observed high BAFF/B-cell ratio
in patients with cGvHD suggests that during B-cell deficiency,
autoreactive B-cell clones that would otherwise undergo nega-
tive selection could potentially survive due to an excess of BAFF,
which in turn could possibly contribute to the pathophysiology of
c¢GvHD (14-16). Furthermore, increased B-cell activation, aber-
rant B-cell signaling, and prolonged survival of activated B-cells
have been found to be associated with cGvHD (17).

Perturbation of B-cell homeostasis can be associated with
elevated or decreased numbers of different B-cell subpopulations
during ¢cGvHD (8, 11, 12, 16, 18, 19). Greinix and colleagues
reported on elevated relative numbers of CD19*CD21"" B-cells in
patients with active cGvHD compared to those without cGvHD in

Frontiers in Immunology | www.frontiersin.org

86

January 2017 | Volume 7 | Article 660


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Juric et al.

Biomarkers for Predicting GvHD

aretrospective study on 70 patients (8). Inaddition, CD19+*CD21%"
B-cell counts higher than 15% in patients with active cGvHD were
found to be significantly associated with the presence of severe
opportunistic infections (8). Furthermore, the memory B-cell
compartment showed significantly lower relative and absolute
numbers of both, non-class-switched CD19*CD27*IgD* and
class-switched CD19*CD27+IgD~ memory B-cells. This observed
perturbation of circulating B-cell subpopulations could be useful
for assessing cGVHD activity and for identifying cGvHD patients
at risk for severe infectious complications (8).

Kuzmina and colleagues investigated whether the number
of CD19*CD21"" B-cells could predict the outcome of extra-
corporeal photopheresis (ECP), which is used as one option
for an immunomodulatory treatment of cGvHD (19). ECP
non-responders had significantly higher (p = 0.02) relative num-
bers of CD19*CD21"" B-cells (mean = 22%) in the peripheral
blood prior to the start of ECP compared to patients achieving
a complete response (CR) (mean = 8%) and partial response
(mean = 16%) after 6 months of ECP therapy. These data suggest
that CD19*CD21"" B-cell counts could serve as a predictive cel-
lular biomarker. Moreover, CR patients had significantly lower
relative numbers of CD19*CD21"" B-cells 6, 12, and 21 months
after start of ECP compared to non-responders, confirming that
CD19*CD21"" B-cells could be potential cellular biomarkers for
objective response assessment in cGvHD (19).

CD19*CD21"" B-cells were further investigated in cGvHD
patient cohorts in the context of impaired humoral immunity
defined by increased or decreased serum immunoglobulin G
(IgG) levels (11). cGvHD patients with hypogammaglobulinemia
had significantly decreased absolute numbers of CD19* B-cells
with elevated percentages of CD19*CD21" B-cells and tran-
sitional CD19*CD21"hisnCD38Me"gMMieh B-cells compared to
c¢GVHD cohorts with normogammaglobulinemia or hypergam-
maglobulinemia, respectively. Furthermore, cGvHD patients
with hypogammaglobulinemia also had a significant reduction
of non-class-switched CD19*CD27*IgD* and class-switched
CD19*CD27%IgD~ memory B-cells compared to the other two
cohorts. Of note, cGVHD patients with hypergammaglobu-
linemia presented with significantly higher BAFF/B-cell ratios
and frequently had significantly more autoantibodies present
compared to the hypogammaglobulinemia cohort (11). Taken
together, these data suggested that B-cell subpopulations could
indicate different pathogenic mechanisms involved in cGvHD
and might allow a distinction between immunodeficiency and
autoimmunity (11, 16).

Investigation of B-cell subpopulations in the context of specific
organ involvement by cGvHD revealed significantly decreased
absolute and relative numbers of CD19* B-cells in patients with
newly diagnosed lung involvement seen as bronchiolitis oblit-
erans syndrome (BOS) (4, 16). The prognosis of BOS is poor,
and therefore, the identification of patients at an early disease
stage when they may have an improved response to immuno-
suppressive therapy is a major clinical challenge. Kuzmina and
colleagues observed that patients with newly diagnosed BOS
had significantly increased relative numbers of CD19*CD21"
B-cells (25.5 versus 6.6%, p < 0.0001) and BAFF/CD19" ratio
(0.18 versus 0.02 ng/10° CD19* B-cells, p = 0.007) compared

with patients without cGvHD (16). Asymptomatic patients with
a drop in pulmonary function tests and NIH-defined changes in
high-resolution CT scan could be distinguished from patients
without ¢cGvHD due to significantly higher CD19+*CD21%™"
B-cells and ratio of BAFF/CD19* B-cells. Interestingly, relative
numbers of CD19*CD21"" B-cells were significantly elevated
both at onset of BOS as well as in patients with long-lasting BOS
not responding to immunosuppressive treatment confirming a
role of CD19+*CD21"" B-cells as cellular biomarkers for objective
diagnosis of lung involvement as well as continued cGvHD activ-
ity during the course of therapy.

In a large prospective study with 227 patients, Greinix and
colleagues performed serial analyses starting on day 100 after
HSCT to investigate CD19*CD21"" B-cells as diagnostic and
predictive cellular biomarkers in patients with newly diagnosed
c¢GvHD (18). Higher relative numbers of CD19*CD21'" B-cells,
analyzed on day 100 after HSCT and compared to time-matched
controls without cGvHD, were significantly associated with later
development of cGvHD independently of clinical parameters
(23.5 versus 15.2%, p = 0.004). Furthermore, significantly higher
percentages of CD19*CD21"" B-cells were also associated with
first diagnosis of cGvHD (18.3 versus 9.9%, p = 0.001) (18).
Although their exact biological functions still need to be elu-
cidated, it is known that CD19*CD21" B-cells express inflam-
matory tissue-homing receptors, such as CXCR3 reflecting an
increased capacity to home to inflammatory sites (20). Suryani
and colleagues reported the production of significantly higher
amounts of anti-nuclear autoantibodies by CD19+*CD21%"
B-cells compared to other B-cell subpopulations such as naive
CD19+*CD10-CD21""CD27- and memory CD19*CD27*IgD~
B-cells, respectively (21). However, recent findings suggest that
CD19*CD21"" B-cells share the phenotype of anergic B-cells
and do not proliferate in response to normal B-cell stimulation
factors (22, 23).

Recently, regulatory B-cells (Bregs) have been shown to be
involved in the pathogenesis of cGvHD (22, 24). Khoder and
colleagues reported an enrichment of interleukin-10 (IL-10)-
producing Bregs within memory CDI19*IgM*CD27* and
transitional CD19*CD24"CD38" B-cells in healthy individu-
als (25). In patients with cGvHD, Breg cells were found to be
decreased and thus less likely to produce IL-10 compared to
healthy donors and patients without cGvHD (25). Another
study reported a decrease of CD24"CD27* B-cells and IL-10-
producing CD24%CD27* B-cells in patients with active cGVHD
(26). Moreover, de Masson and colleagues observed increased
CD24-CD38" plasmablast frequencies, but decreased IL-10-
producing plasmablasts in patients with active cGvHD com-
pared to ones without cGvHD (22). Since CD24"CD27* B-cells
and plasmablasts are among the most elevated cellular subsets
within the Breg cell compartment, these observations could
further support a possible role of Breg cells in the pathogenesis
of cGvHD (22). Whether these novel cellular subpopulations
could serve as biomarkers of active cGvHD, however, has to
await further studies on well-defined patient cohorts including
time-matched controls without cGvHD.

CD4*CD25*Foxp3* Tregs have an indispensable role in the
maintenance of tolerance after allo-HSCT. Poor reconstitution
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of Tregs after HSCT correlated with subsequent development of
c¢GvHD (27-29). Furthermore, patients with long-lasting cGvHD
are known to have a deficiency of Tregs in the circulation (26,
27). These findings led to therapeutic interventions aiming at
enhancing Treg cell numbers by administration of low-dose
interleukin-2 and thus, suppressing clinical manifestations of
c¢GvHD (26). Based on these results, Tregs can be considered to
be diagnostic and predictive cellular biomarkers of cGvHD.

Regarding other T-cell subpopulations, an increase in
CCR7-CD45RA*CD8 T-cells that are effector memory T-cells
and a decrease of CCR7*CD45RA™ naive T-cells as well as
CCR7*CD45RA~ central memory T-cells has been reported
in patients with cGvHD (30). The authors speculated whether
their findings were the consequence of prolonged alloantigen
exposure or interleukin-15 (IL-15) stimulation since patients
with ¢cGvHD reportedly have elevated IL-15 levels and effector
memory T-cells can be generated by IL-15 stimulation. Yamashita
and colleagues also observed a significantly higher percentage of
CCR7-CD62L""CD4* effector memory T-cells in patients with
c¢GvHD compared to ones without cGVHD or healthy donors
(31). Furthermore, a preponderance of effector memory CD4*
T-cells relative to CCR7*CD45RA~ central memory T-cells was
observed in severe cGVHD by these investigators. In view of the
small patient numbers in these single-center studies, confirma-
tion and validation of these findings is required prior to using
these T-cell subpopulations as diagnostic cellular biomarkers of
cGvHD.

Greinix and colleagues recently reported that CD4*CD45RA™*
naive T-cells and CD4"CD45RA*CD31* T-cells were significantly
increased in patients with newly diagnosed cGvHD compared toa
time-matched patient cohort without cGvHD (18). Furthermore,
this T-cell subset when measured prospectively on day +100 after
HSCT was also significantly elevated in patients subsequently
developing ¢cGvHD compared to patients never experiencing
c¢GVvHD. Besides these T-cell subpopulations, CD3*CD56* NKT
cells were significantly increased on day +100 after HSCT in
patients subsequently developing cGvHD and thus, could also
serve as a predictive cellular biomarker.

SOLUBLE BIOMARKERS

70-kDa Heat Shock Protein Family (HSP70)

As a Biomarker for Tumors and GvHD

Members of the HSP70 family are known to play an important
role in transport, folding, and unfolding of proteins and also in
the induction of immune responses (32-38). The major stress-
inducible Hsp70 has been found to be upregulated in many
different diseases including inflammation, autoimmunity, and
tumors (32, 39). Hsp70 is also found on the cell surface of many
tumor types including leukemic cells via a tumor-specific lipid
anchorage (40). Furthermore, it was shown that membrane Hsp70
positive, viable tumor cells are able to secrete Hsp70 into the
circulation in lipid vesicles, termed exosomes (33, 41). Therefore,
exosomal Hsp70 serves as a tumor-specific biomarker for viable
tumor mass (42). Functionally, extracellular HSPs, either alone
or in combination with antigenic peptides, play important roles

in the induction of inflammatory immune responses (34, 35, 43,
44). Apart from lipid-bound Hsp70, Hsp70 can be released by
necrotic and inflamed tissues as a free molecule. This means that
the major stress-inducible Hsp70 is secreted into the circulation
either by living tumor cells in lipid vesicles, presumably tumor
exosomes (41), or as a free molecule by dying necrotic and/or
inflamed tissues. In cGvHD, inflammatory responses can occur
in skin (77%), lung (50%), mouth (63%), liver (58%), eye (54%),
joints (32%), GI (20%), and genital tract (16%). Therefore, free
Hsp70, antibodies directed against Hsp70, mRNA levels might
provide potential novel molecular biomarkers to diagnose and
predict the onset of inflammation in cGvHD. Apart from mem-
bers of the HSP70 family other stress proteins are discussed as
potential markers for GvHD.

In a rat skin explant model, Novota et al could demonstrate
that the two major stress-inducible genes Hsp70-1 and Hsp70-2
were upregulated. Therefore, elevated mRNA levels were associ-
ated with the grade of graft-versus-host reactions (GvHR) (45).
Moreover, in the study by Kim et al., it was shown that a polymor-
phism in Hsp70-hom plays an important role in the prognosis
of patients who received a sibling HLA-matched allo-HSCT
(46). Thus, Hsp70-hom gene polymorphism might also serve
as a prognostic marker for GvHD (47). A subsequent study by
Bogunia-Kubik et al showed that patients who were homozygous
for the A allele of the Hsp70-hom +2,663 SNP presented more
frequently with grade II and IV toxic lesions and aGvHD com-
pared to patients with different genotypes (48).

Other studies clearly demonstrated an involvement of the
Hsp70 protein levels in the pathogenesis of GvHD. In a rat
GvHD model that was induced by the injection of DA parental
lymphoid cells into irradiated (LEW X DA)F1 rats, it was shown
that the expression levels of Hsp70 were significantly increased
in spleen and lymph nodes 7 and 14 days after induction of the
disease (49). At later time points of the disease, the Hsp70 levels
dropped to levels that were comparable to that of untreated
control animals.

Different results exist with respect to HSP70-specific anti-
bodies in the circulation in a rat model and human patients. In a
rat model, elevated levels of antibodies (IgM, IgG2a, and IgG2b)
directed against HSP70 have been found to be associated with the
onset of symptoms that were associated with the development
of GvHD (50), whereas in pediatric patients, this association
was not detected after allo-HSCT (51). In subsequent human
studies however, elevated anti-HSP70 and anti-HSP90 antibody
levels were found to be associated with the development of a/
cGVHD (52).

An association of the severity of GVHD disease and the expres-
sion of Hsp70 might be explained by the immunomodulatory
activity of Hsp70. To date, several studies reported an involve-
ment of Hsp70 in the production of pro-inflammatory cytokines
such as TNF-a, IL-1, IL-6, and IL-12 and the secretion of nitric
oxide (NO) and C-C chemokines by dendritic cells, monocytes,
and macrophages (53, 54). Moreover, Hsp70 can activate
intracellular signaling cascades that influence immunoregula-
tory functions of immune cells through binding of either free
or lipid-bound Hsp70 to specific cell surface receptors such as
Toll-like receptors 2 and 4 (TLR2/4), scavenger receptor CD36,
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low-density lipoprotein receptor-related protein CD91, C-type
lectin receptor LOX-1, scavenger receptor SR-A, and CD40 (35).
Through the induction of pro-inflammatory cytokines, Hsp70
contributes to the pathogenesis of autoimmune and various
chronic inflammatory diseases (55-58). Thus, Hsp70 can serve
as a damage-associated molecular pattern that activates the host’s
adaptive and innate immune system by initiating alloimmunity
(59). Another mechanism of the immunoregulatory activity
of Hsp70 is based on its peptide-binding capacity. Exogenous
Hsp70 can chaperone and cross-present antigens and cargo them
to the antigen-presenting cells and thus elicit adaptive immune
responses (44, 60). Therefore, it is not too surprising that Hsp70
is frequently upregulated in allografts, which in turn results in the
progression of disease and allograft rejection (61-63).

Presumably, the modulation of Hsp70 levels might provide
a therapeutic option for improving the outcome of GvHD.
Previously, Oh et al showed, in a skin graft model, in which
Hsp70 (Hsp70.1 gene) knock-out (KO) mice were used either as
a donor or recipient, the importance of Hsp70 in acute allograft
rejection (64). Allogeneic cells derived from Hsp70 KO mice
were shown to induce lower rejection rates in recipients than
those of Hsp70 wild-type animals. Therefore, the application of
reagents that are able to silence Hsp70 expression may provide a
promising strategy to reduce the risk for GvHD. The reduction
of HSP70 levels by the administration of 15-deoxyspergualin
(DSG), an immunosuppressive agent that binds to a consti-
tutively expressed member of the 70-kDa heat shock protein
family, has been shown to significantly reduce GvHD-associated
mortality (65). DSG treatment reduced HSP70 levels in spleen
and lymph nodes, inhibited the anti-HSP70 antibody produc-
tion, and reduced the serum levels of IL-2, IFN-y, TNF-a, and
IL-10 (64).

In conclusion, monitoring levels of HSP70 protein and/or
anti-HSP70 antibody levels in the serum after HSCT might serve
as a diagnostic tool to predict the onset of GvHD. In addition,
genetic or pharmacological modulation of the HSP70 expression
may have a therapeutic potential in the treatment of GVHD.

Protein Markers in Body Fluids for
Diagnosis of aGvHD

Serum, plasma (66-68), and saliva have been analyzed for pre-
diction or diagnosis of aGvHD and cGvHD (69-71). A surface-
enhanced laser desorption/ionization (SELDI) mass spectrometer
was used to analyze plasma/serum in patients with and without
GVHD post-HSCT by the group of Barrett in 2006 at the National
Heart, Lung, and Blood Institute, National Institute of Health
(NIH). They used SELDI to identify proteins/peptides differen-
tially excreted into plasma (69-71). Another group from the NIH
analyzed salvia samples using SELDI, no further data have been
reported for either study. Therefore, plasma proteomics may be a
more promising approach. The group of Ferrara and colleagues
have intensively studied the serum/plasma proteomic approach
using enzyme-linked immunosorbent assays to detect the pres-
ence of several proteins in the serum/plasma of patients post
allo-HSCT (66-68). Among other markers, they have described
plasma markers for GI aGvHD (68), regenerating islet-derived
protein 3a (Reg-3a) and suppression of tumorigenicity (ST2) as

diagnostic markers for aGvHD and survival after HSCT. Reg-3a
was tested in samples from 1,014 HSCT patients from three
transplantation centers and Reg3a concentrations were threefold
higher in patients at onset of GI GvHD than in all other patients
and correlated with lower GI GvHD. Reg3a concentrations at
time of GVHD onset predicted response to therapy at 4 weeks,
1-year NRM, and 1-year survival (p < 0.001). In a multivariate
analysis, advanced clinical stage, severe histologic damage, and
high Reg3a concentrations at GvHD diagnosis independently
predicted 1-year NRM. The combination of Reg3a with clinical
stage and histologic grade of GvHD can be used to improve risk
stratification of patients.

The described biomarkers have been tested in two different
centers (67, 68). To fulfill the criteria of a reliable biomarker,
the biomarkers have to be defined in a test set, confirmed in a
first validation set and then validated in a multicenter validation
trial (5), as biomarkers need to be robust under different clinical
conditions and prophylaxis strategies.

The group of Levine and Ferrara has recently achieved this
goal for the so-called Ann Arbor Score of aGvHD, which relies
on three biomarkers (Reg3 alpha, ST2, and sSTNFR1). If this score
is high at the time of onset of GVHD, it strongly predicts day 28
treatment response and 6-month NRM irrespective of center-
specific strategies (72).

An international Mount Sinai Acute GvHD International
Consortium (MAGIC consortium) has been recently founded,
which prospectively monitors clinical data and samples from
more than 1,000 pts receiving allogeneic SCT/year and now
allows to develop biomarker score-based treatment stratification
at the time of onset of GVHD (73).

None of the serum/plasma markers described to date can pre-
dict aGvHD development, but they can help to diagnose aGvHD,
especially GI aGvHD and to define prognosis at a very early time
point where clinical presentation fails to allow exact prediction.
Earlier biomarker scores (e.g., at day 7) after HSCT are currently
developed and hopefully will allow stratification of preemptive
treatment in the future. Taken together, the proteomic monitor-
ing of patients holds promise for early diagnosis as well as risk
stratification of patients.

Serum/plasma biomarker development for cGvHD is yet not
at the state of prospective multicenter monitoring. Chemokine
(C-X-C motif) ligand 9 (CXCL9), suppression of tumorigenicity
2 (ST2), osteopontin, and soluble BAFF levels are candidates
among others (74-77). In particular, recent work by Yu et al has
described a biomarker panel for ¢cGvHD using quantitative
proteomic profiling by high-resolution tandem mass spectrom-
etry. Pooled plasma from patients with and without cGvHD at
matched time points posttransplant were tested in a discovery set
and two independent validation cohorts.

The matrix metalloproteinase 3 (MMP3) in the plasma cor-
relates with BOS, a serious complication after allo-HSCT. An
area under the receiver-operating characteristic (ROC) curve for
MMP3 indicated a value of 0.77 (78).

Another biomarker that may be linked to ¢cGvHD or to the
maintenance of remission is the presence of H-Y specific anti-
bodies that relate to a minor antigen mismatch. These antibodies
appear approximately 4-12 months after HSCT predominantly
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in male patients who were transplanted with female donor grafts.
In the presence of alloantibodies, the cumulative incidence of
c¢GVHD reached 89% at 5 years after HSCT compared with only
31% in the absence of H-Y antibodies. However, the cumulative
incidence of relapse reached 48% at 5 years in the absence of H-Y
antibodies compared with 0% in the presence of H-Y alloanti-
bodies. Therefore, the authors concluded that antibody responses
to H-Y antigens were associated with maintenance of disease
remission in gender-mismatched HSCT. In a follow-up research
project, the same group demonstrated that H-Y antigen-binding
B-cells developed in male recipients of female hematopoietic cells
that were associated with cGvHD (79). Of note, B-cells specific for
the dominant H-Y epitope, DEAD box protein (DBY-2) appeared
in significantly higher frequency in the circulation 6 months
after HSCT in individuals who developed cGvHD later and thus,
may predict cGVHD (79, 80). However, this single center study
requires validation in larger prospective clinical studies to allow
firm conclusions.

Biofluid miRNAs As Biomarkers for

Graft-versus-Host Disease

Within the last decade, circulating short single-stranded miRNA
has been identified in human plasma, serum, and also in urine
(81, 82). Interestingly, these miRNAs were found to be resistant to
RNase, boiling, changes in pH, extended storage, and freeze-thaw
cycles (83). Functionally, miRNA molecules are considered as one
of the major groups of translational regulators with the ability to
regulate differentiation of blood cells and immune functions (84,
85). The stability of miRNA in the circulation can be attributed
to three major RNase protection mechanisms: miRNAs can be
bound to protective proteins, such as nucleophosmin 1 (NPM1)
and/or Agonaute 2 (Ago2) (86-88), miRNA can form complexes
with lipid or lipoproteins including high-density lipoprotein
and low-density lipoprotein, and miRNA can be encapsulated
in extracellular lipid vesicles, such as exosomes (89, 90). The
complex of miRNA and these proteins and/or vesicles allows
the selective export of miRNAs into the circulation and the
protection of them within the extracellular environment (86).
Circulating miRNAs have been shown to act as robust biomarkers
for a various diseases, including autoimmune conditions, such
as rheumatoid arthritis and systemic lupus erythematosus and
tumors (91). A number of studies have also assessed the associa-
tion between circulating miRNAs and the development of GVHD,
with promising results (92-96).

Circulating miRNAs are robust and can be detected in
biofluids by minimal invasive methods using relatively simple
and accurate technologies. Furthermore, circulating miRNAs
may offer advantages over protein-based biomarkers as they are
lower in complexity, conserved among clinically relevant species,
expressed specifically in different tissues or biological stages and
easily measured using common laboratory techniques (97).

Although miRNA studies in relation to GVHD are still in their
infancy, miRNA-155 was the first miRNA to be associated with
aGvHD (98). miRNA-155 expression is upregulated in T cells
of mice with severe aGvHD after allo-HSCT and a reduction
of miRNA-155 results in a decreased severity of aGvHD and a
prolonged survival of mice (99). miRNA-155 is encoded within

the B cell integration cluster and is important for the regulation
of acute inflammation and innate immunity (98). Expression of
miRNA-155 can be activated by inflammatory mediators, such
as IFN-a/y and TNF-a (100), and Ceppi et al proposed that it
functions as part of the negative feedback loop controlling
the secretion of inflammatory cytokines by LPS-induced DC
activation (101). Thus, miRNA-155 is pivotal in fine-tuning of
the immune response (Figure 1). Physiologically, miRNA-155 is
upregulated during T cell differentiation, plays a role in CD4*
and CD8* T cell-mediated immunity and promotes the develop-
ment of T cells, including Th17 and Treg subsets. Mice with a
germ-line depletion of miRNA-155 have a normal lymphocyte
development but defective T and B cell immunity (102, 103).
Within Tregs, miRNA-155 targets forkhead box P3 (FoxP3),
which regulates in vivo Treg survival (104). miRNA-155 also
directly targets the IL-2 signaling protein suppressor of cytokine
signaling 1 (SOCS1), whereby miRNA-155 deficiency in Tregs
results in increased SOCSI1 expression (96). This, in turn, leads
to impaired activation of signal transducer and activator of
transcription factor 5 (STAT5) phosphorylation and IL-2 recep-
tor signaling (105). miRNA-155 is also a key regulator of CD8*
T cell responses via SOCS1, where a deficiency of miRNA-155
results in defective STAT5-mediated cytokine signaling (106).
In CD4" T cells, miRNA-155 targets phosphatidylinositol
3,4,5-triphosphate 5-phosphatase 1 (SHIP1) for downregulation,
which normally functions to suppress Th1 responses and T cells
by modulating IFN-y production (102, 107).

In a seminal study in 2012, Ranganathan et al showed that
miRNA-155 is upregulated in T-cells from mice developing
GvHD following HSCT (98). Moreover, the use of miRNA-155
inhibitors decreased disease severity and prolonging survival (98).
In addition, the group found increased miRNA-155 expression in
small and large bowel biopsies compared to normal bowel tissue
in patients with GI aGvHD (98). However, these studies focused
on miRNA expression within tissue biopsies, and more recently,
several groups have sought to exploit the biomarker potential of
circulating miRNAs in the context of GvHD. Although the pres-
ence of miRNAs has been established in a number of biological
fluids (103), studies to date have concentrated on serum and
plasma fractions of the blood.

A comprehensive report published by Xiao et al (92) in 2013
used a high-throughput qRT-PCR-based array to profile the
expression of 345 miRNAs in the plasma of patients with aGvHD
compared to those with no GvHD. They employed a discovery
and training cohort to identify a final signature of four miRNAs
(miRNA-423, miRNA-199-3p, miRNA-93*, and miRNA-377).
These four miRNAs were able to predict aGvHD 6 weeks post-
HSCT, prior to the onset of symptoms. The model was significant
in ROC analysis (AUC = 0.76, p < 0.001) and was also associ-
ated with disease severity and poor overall survival (92). The
miRNAs were shown to be specific for aGvHD, as they were not
detected in the plasma of lung transplant or non-transplant sepsis
patients. This study highlighted the potential of biofluid miRNAs
as independent markers for prediction, prognosis, and diagnosis
of GvHD.

Although miRNA-155 has been previously associated with the
development of GvHD, it was not included in the final model
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FIGURE 1 | An upregulated expression of microRNA (miRNA)-155 in T-cells is indicative for lethal acute graft-versus-host disease (aGvHD) in mice.

miR-155 plays a central role in fine-tuning the immune response, and expression can be triggered by T cell receptor (TCR) signaling. miRNA-155 regulates FOXP3,
which is important for the survival of T regulatory cells and influences the targets signal transducer and activator of transcription factor 5 (STAT5) and suppressor of
cytokine signaling 1 (SOCSH1). Targeting of 3,4,5-triphosphate 5-phosphatase 1 (SHIP1) by miRNA-155 results in an increased T-cell survival by an upregulated

production of IFN-y (93, 104-108).
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proposed by Xiao et al. While expression was significantly
upregulated in the plasma of aGvHD patients, levels were the
lowest among the miRNA candidates identified (92). However,
a recent study by Xie et al focusing on serum showed that
miRNA-155 was significantly upregulated in aGvHD patients
(p = 0.003) and also correlated with disease severity (p < 0.001)
(93). Furthermore, expression was elevated in cGvHD patients
compared to those who did not develop the disease (p = 0.005);
however, levels were not sufficient to distinguish between aGvHD
and cGvHD (p = 0.96) (93). Although this study showed promise
for the inclusion of miRNA-155 as a GvHD biofluid biomarker,
the study was restricted to one cohort of Han Chinese population
(n = 64). Thus, the results need to be validated in independent
prospective cohorts.

A small study by Sang et al confirmed elevated miRNA-155
plasma levels in patients with aGvHD, and additionally reported
upregulation of miRNA-92b, while miRNA-150 and miRNA-181
were significantly downregulated (95). Interestingly, levels of the
miRNAs were also altered prior to disease onset, highlighting
their biomarker potential for predicting incidence (95). However,
the difference in miRNA-181 was most pronounced, with no vari-
ation observed in control patients compared to reduced levels of
expression in 19/22 (86%) patients prior to disease development
(95). The group also demonstrated miRNA-181 to act as an
effective predictor of aGvHD in a murine allo-HSCT model (95);
however, larger cohorts are required in order to validate these
findings.

More recently, Wang et al performed a study focusing on
miRNA-586 expression in the plasma of HSCT patients (96).

miRNA-586 was significantly upregulated in patients who
developed aGvHD compared to no aGvHD as early as 7 days
post-HSCT; however, expression was influenced by infection
that reduced the significance of the association (96). As infections
are common in early post-HSCT and can make distinguishing a
diagnosis of aGvHD more challenging, it is important to validate
the findings in larger studies as well as to elucidate the biological
role of miRNA-586 in infections. Thus, although these results
shown promise, miRNA-586 may play a greater role as a clinical
biomarker to differentiate aGvHD from infectious complications.

In a separate study, Gimondi et al focused on lymphoma
patients receiving MUD allo-transplants to profile the plasma
using qRT-PCR for global miRNA expression (94). Assessing
samples collected 28 days post-HSCT, 113 miRNAs were
detected in all samples and of these, 27 could collectively dis-
criminate between aGvHD versus no aGvHD and miRNA-194
and miRNA-518f were significantly upregulated in the patients
who later developed the disease (94). The authors did not detect
differential expression of miRNAs identified by Xiao et al (92),
and there was no validation cohort included in the investigation.
Thus, although results showed potential for the identification of
aGvHD biomarkers, additional confirmatory studies are required.

Although circulating miRNAs as biomarkers for GYHD show
great promise, these studies are still in their infancy and few over-
lapping targets between reports have been identified. A summary
of presently known miRNAs for a/cGvHD have been presented
in Table 1. Much work is needed to validate the findings in
independent cohorts that reflect the heterogeneity in condition-
ing and prophylaxis regimens employed by different clinical
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TABLE 1 | Role of different microRNAs (miRNAs) in acute and chronic
graft-versus-host disease (a/cGvHD).

MicroRNA Findings Reference
miR-155 1 in bowel tissue in aGvHD (98)
miR-155 1 in plasma in aGvHD and cGvHD (93)
miR-155 1 in plasma in aGvHD (95)
miR-423 1 in plasma in aGvHD (92)
miR-199-3p 1 in plasma in aGvHD (92)
miR-93* 1 in plasma in aGvHD (92)
miR-377 1 in plasma in aGvHD (92)
miR-92b 1 in plasma in aGvHD (95)
miR-150 | in plasma in aGvHD (95)
miR-181 | in plasma in aGvHD (95)
miR-586 1 in plasma in aGvHD (96)
miR-194 1 in plasma in aGvHD (94)
miR-518f 1 in plasma in aGvHD (94)

centers. Moreover, collaboration between groups will allow for
the standardization of protocols and technologies, which may
greatly influence the reproducibility of findings and is a likely
explanation for the lack of concordance in results to date. For
blood studies, the choice of serum or plasma needs to be consid-
ered, with slightly more biomarker studies currently focusing on
serum over plasma, while few whole blood or PBMC studies have
been performed (108). Indeed, it has been proposed that profiles
from isolated PBMC may yield information on the immune sta-
tus of the disease, while the serum and plasma levels reflect the
disease-dependent secretion and expression of miRNAs (108).
The effect of hemolysis and platelet contamination as well as the
choice of anti-coagulant should also be considered (109-111).
Selection of the miRNA detection platform and normalization
as well as the RNA isolation methodology employed has also
been shown to affect results. Indeed, analytical variables have a
huge potential to bias results, and this is particularly dependent
on the normalization methods used (112). Some level of cor-
rection may be achieved by spiking in synthetic miRNAs (113);
however, this approach can correct for technical variation such
as the efficiency of RNA isolation and reverse transcription, but
it will not account for intrinsic biological variation (114). Thus,
the choice of normalization controls and/or global normalization
becomes integral to the data analysis strategy. With regard to
the miRNA detection platform, although qRT-PCR is a com-
monly used approach, variations on the fluorescent molecules
including TagMan and Sybr-Green, as well as the development
of newer techniques including NanoString and Next-generation
sequencing, have increased heterogeneity. This is important, as
variation in results have been observed depending on the analysis
platform, partly attributed to the difficulty in distinguishing small
molecules at low abundance with high sequence homology (115).

Despite these considerations, it is expected that over the next
few years, as the number of circulating miRNA biomarker studies
increases, specific miRNA patterns for GvHD will be proposed
and validated in the clinic. Although studies to date have focused
on fractions of the blood, the potential for discovery of miRNA
signatures in other fluids, including urine, is attractive. Indeed,
initial data promise that miRNA signatures may be identified
to predict the incidence of GvHD prior to onset, the severity of

disease, to distinguish GvHD from other complications, and even
to differentiate between aGvHD and cGvHD, particularly in rela-
tion to late onset aGvHD. Given the heterogeneity of transplan-
tation protocols employed throughout different clinics, miRNA
models appropriate to different transplant protocols may also be
possible. Further investigation of validated miRNA signatures will
allow the impact of miRNA dysregulation on the pathogenesis of
GvHD to be studied, and conclusively, prospective investigations
assessing the outcome of treatments selected by miRNA status
will confirm their prognostic strength. Ultimately, the aim will be
to diagnose GvHD and outcome before clinical symptoms mani-
fest, allowing earlier introduction of therapy, tailored treatments,
and reduced mortality and morbidity outcomes.

URINE PROTEOMICS BASED ON
CAPILLARY ELECTROPHORESIS AND
MASS SPECTROMETRY (CE-MS)

Proteomics for Prediction of aGvHD after
HSCT

Proteomics of tissues or body fluids has gained significant impor-
tance over the last 10 years.

For example, urinary proteome-based classifiers, developed
for aGvHD prediction, were first described in 2004 (116) and
adapted in 2007 (117) and additional prospective evaluation
was provided in 2014 (118). The urinary proteome profiling for
aGvHD is done on prospectively collected urine samples from
patients undergoing HSCT. The urine is collected prior to HSCT
and conditioning, weekly after HSCT until day 435 and afterward
biweekly until day +100. Urine can be frozen at —20°C until
preparation of the sample for analyses using CE-MS (119-122).
An extension to include patients with cGvHD was carried out in
2008; thus, samples were collected bimonthly after day +100 or
at diagnosis of cGVHD (119, 123).

Acute and chronic GVHD are currently diagnosed on clinical
parameters defined in NIH Consensus (2, 124, 125) and German
Consensus Conferences (126-128). Prediction of aGvHD using
the investigator-independent, unbiased proteomic classifier
aGvHD_MS17 was done on more than 500 patients in at least 4
centers in Germany and UK and resulted in stable prediction of
aGvHD about 7-10 days prior to clinical diagnosis or biopsy posi-
tivity (118, 119, 123, 129). The classifier aGvHD_MS17 consists of
17 peptides, 10 of which have been sequenced to date (117-119).
The identified peptides are various fragments of collagen (indi-
cating disturbances in metabolism of collagen and/or early organ
damage) and fragments of fibronectin, beta-2-microglobulin
(B2M), and CD99, an activation marker of T-cells. Multivariate
regression analysis showed that aGvHD_MS17 positivity was
the highest predictive parameter for aGvHD development
(p < 0.0001, Figure 2).

FUTURE PERSPECTIVES

Numerous candidates for biomarkers are currently available,
which include plasma and serum markers, cell-based markers
such as B-cell subpopulations, and T follicular helper cells
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FIGURE 2 | Incidence of developing an acute graft-versus-host
disease (aGvHD) grades II-IV. Incidence of aGvHD grades II-IV is
predicted by aGvHD_MS17 positivity (o = 0.0001) when compared to
patients without aGvHD_MS17 pattern positivity. Shown is the percentage
(%) of patients with aGvHD II-IV with (black line) or without aGvHD_MS17
positivity over time [days after allogeneic hematopoietic stem cell
transplantation (allo-HSCT)] (gray line).

as regulators of B-cell immunity in determining ¢cGvHD in
patients (130), miRNAs, different stress proteins, or proteomic
approaches using plasma, serum, or urine. Proteomic mass
spectrometry analysis coupled with computational biology
approaches will further lead to the identification of novel bio-
markers for GVHD such as BOS in the lung (131). Recently, the
diversity of the intestinal microbiome as analyzed by 16 s rRNA
sequencing of stool microbiota (131-134) and the assessment
of bacterial metabolites (135) very early after transplantation
has identified patients at high risk of lethal complications. On
the other hand, biomarkers can also be used to tailor immuno-
suppressive therapies in transplanted patients and thus might
predict the severity of GVHD.

The main challenge remains to integrate all these candidates
and to validate them as biomarkers that are valid in multiple
centers independent of the center’s strategy of prophylaxis, and
consortia on prospective testing of these markers together with
clinical data collection as shown for the MAGIC consortium are
urgently needed. The expectations have to be defined clearly, do
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The outcome of hematopoietic stem cell transplantation (HSCT) is controlled by genetic
factors among which the leukocyte antigen human leukocyte antigen (HLA) matching
is most important. In addition, minor histocompatibility antigens and non-HLA gene
polymorphisms in genes controlling immune responses are known to contribute to the
risks associated with HSCT. Besides single-nucleotide polymorphisms (SNPs) in protein
coding genes, SNPs in regulatory elements such as microRNAs (miRNAs) contribute
to these genetic risks. However, genetic risks require for their realization the expression
of the respective gene or miRNA. Thus, gene and miRNA expression studies may help
to identify genes and SNPs that indeed affect the outcome of HSCT. In this review, we
summarize gene expression profiling studies that were performed in recent years in both
patients and animal models to identify genes regulated during HSCT. We discuss SNP-
MRNA-mIRNA regulatory networks and their contribution to the risks associated with
HSCT in specific examples, including forkheadbox protein 3 and regulatory T cells, the
role of the miR-155 and miR-146a regulatory network for graft-versus-host disease, and
the function of MICA and its receptor NKG2D for the outcome of HSCT. These examples
demonstrate how SNPs affect expression or function of proteins that modulate the allo-
immune response and influence the outcome of HSCT. Specific miRNAs targeting these
genes and directly affecting expression of mRNAs are identified. It might be valuable in
the future to determine SNPs and to analyze miRNA and mRNA expression in parallel in
cohorts of HSCT patients to further elucidate genetic risks of HSCT.

Keywords: gene expression profiling, regulatory networks, non-human leukocyte antigen single-nucleotide
polymorphisms, microRNAs, forkheadbox protein 3, miR-155, miR-146a, MICA

INTRODUCTION

A considerable proportion of the risk of adverse outcome after hematopoietic stem cell transplantation
(HSCT) is genetically determined and can be attributed to various factors including human leukocyte
antigen (HLA) matching, killer-immunoglobulin-like receptor matching, minor histocompatibility
antigens (miHAg), and non-HLA gene polymorphisms. Outcomes such as acute and chronic graft-
versus-host disease (aGvHD and cGvHD), relapse, and survival have been shown to be modified by
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functionally relevant polymorphisms in non-HLA genes that are
involved in immune responses (1, 2). Such functional polymor-
phisms are complicated to pinpoint among other polymorphisms
localized near these genes that have no direct effects on gene
function. Reliable identification of polymorphisms that result in
differences in gene expression or protein function and affect the
outcome of HSCT is challenging in view of the complexity of the
human genome (3).

The most frequent genetic variations of the human genome are
single-nucleotide polymorphisms (SNPs), which occur on average
in 1 out of 300 bp throughout the genome (4-6). The majority of the
SNPs arise in non-coding regions including intronic, intergenic,
and untranslated regions (UTRs) (7). Those which are within genes,
including genes affecting the immune response, may alter the
expression of the gene or the structure of the encoded proteins (8).
In microRNAs (miRNAs), SNPs can alter regulatory properties,
but elucidation of the functions of these SNPs is not straight
forward (9). Understanding the biogenesis of miRNAs is key to
comprehending the impact of SNPs on these molecules (Figure 1).
The miRNAs are a class of small endogenous non-coding RNAs of
21-25 nucleotides in length that originate as primary transcripts
(pri-miRNAs) from miRNA genes. After transcription of pri-
miRNAs by RNA polymerase II, they are processed by DROSHA,
a RNA specific ribonuclease enzyme complex, producing short
precursor-miRNAs (pre-miRNAs) of approximately 70 nucleo-
tides length (10). The pre-miRNAs are then transported from the
nucleus to the cytoplasm by exportin 5 (10). In the cytoplasm, they
undergo further cleavage by an endonuclease enzyme (DICER),
resulting in the generation of mature miRNA (11, 12). Accordingly,
functionally relevant SNPs can be present in miRNA biogenesis-
related genes, in specific miRNA-encoding genomic loci or in the
seed match sequence of target mRNA 3" UTRs. SNPs may lead
to either an alteration in miRNA expression level, a decreased
or increased miRNA-target interaction, or a new miRNA-target
interaction (13). Atarod and Dickinson (14) described the driving
gears of GvHD as miRNAS regulating gene expression, chemokine
and cytokine secretion, while their expression in turn is affected by
SNPs in mRNA genes (Figure 2).

Inthisreview, wewill pinpoint SNP-mRNA-miRNA regulatory
network alterations and their contribution to the risks associated
with HSCT in specific examples, elucidating the consequences of
the interaction between these three genetic elements. Moreover,
we will summarize mRNA and miRNA profiling studies aiming
to decipher genetic risks of HSCT.

EXAMPLES OF SNP-mRNA-miRNA
REGULATORY NETWORKS
CONTROLLING OUTCOME OF HSCT

Forkheadbox Protein 3 (FOXP3)
Polymorphisms, mRNA Expression, and
FOXP3-Regulating miRNAs

Regulatory T cells (Tr) have been the focus of several HSCT
studies due to their ability to suppress alloreactivity during GVHD
(16). Tregs, defined as CD4*CD25* FOXP3* T cells, are involved
in the maintenance of immunological tolerance (17). They reduce

the invasion of CD8* effector T cells (T.s) in target tissue and
ameliorate GvH tissue damage (18). Cuzzola and colleagues
found an increased expression of FOXP3 mRNA in patients who
were responsive to anti-GvHD therapies (19). These results are in
concordance with previous data reporting an inverse correlation
between the amount of Twg and progression of aGvHD (20).
Other studies showed correlation between a lower incidence
of aGvHD and improved survival in HSCT recipients with an
increased number of donor Ti (21, 22). Low numbers of Treg
have also been associated with higher ¢cGvHD incidence (23).
Similarly, the severity of aGvHD and extent of cGvHD in patients
were found to be associated with T, numbers (24). Furthermore,
inducing selective expansion of Trg by the daily administration
of low doses of interleukin (IL)-2 showed an improvement in
clinical cGvHD symptoms in patients (25). Notably, not only
CD4* Tieg can mitigate GVHD but also CD8*FOXP3* T, become
induced during GvHD and can suppress the disease in mouse
models (26, 27). CD8* T might have even advantageous over
CD4" T since they have been reported not to abrogate graft-
versus-leukemia (GvL) effects (28). The potency of CD8" Treg
cells is further emphasized by their ability to prevent the rejection
of heart allografts in rats (29).

Currently, 90 SNPs have been identified in the FOXP3 gene
region, and several have been identified as risk factors for a
number of malignant and autoimmune diseases (30). An SNP
(rs3761548) in the promoter region of FOXP3 (Figure 3)
resulting in an A/C base exchange causes loss of binding to the
E47 and c-Myb factors and leads to defective transcription of
the FOXP3 gene (31). In patients undergoing HSCT, this SNP
has been associated with a higher incidence of hepatic veno-
occlusive disease and cytomegalovirus (CMYV) infection but
a lower treatment-related mortality, resulting in a difference
in the overall survival of patients with the CC genotype (32).
However, the authors found no difference in the incidence of
GvHD, relapse, or blood stream infection to be associated with
this polymorphism (32).

Posttransplant chimerism analysis in clinical HSCT largely
uses polymorphisms of short tandem repeats of <10 nucleotides,
or microsatellites (Msat). They have a higher degree of allelic
polymorphism compared to SNPs, and therefore, a larger degree
of information (33). An Msat studied in FOXP3 is the (GT)n
polymorphism in the promoter/enhancer region of the FOXP3
gene (34). This polymorphism was shown to be associated with
the development of auto- or alloimmune conditions, including
type I diabetes, and graft rejection in renal transplant recipients
(35). Moreover, this polymorphism has been associated with a
lower incidence of grade III-IV GvHD in patients transplanted
from donors carrying short alleles [<(GT)15] (35). However,
this polymorphism did not affect relapse, event free survival or
overall survival in patients with aGvHD and cGvHD (35).

Recently, several miRNAs including miR-155 and miR-10a
have been identified that impact T cell differentiation and func-
tion (36, 37). MiR-155 is required for Ty, development (38) and
for maintaining T.,; homeostasis and survival by targeting SOCSI
(39). MiR-155 is an important positive regulator of natural T
(nTx) development and miR-155 gene transcription is driven
by FOXP3 (Figure 3) (38). In mice, miR-155 is upregulated in
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FIGURE 1 | Regulation of microRNAs (miRNAs). Expression of miRNAs can be altered at various stages of its biogenesis by genomic [single-nucleotide
polymorphisms (SNPs) and mutations] and epigenetic alterations. Changes in the expression and function of Drosha and Dicer, part of the miRNA processing
machinery, lead to the deregulation of mature miRNAs. The figure has been adapted from Ref. (14, 15).
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FIGURE 2 | Genetic regulation of transplant outcome. Genetic variants
in protein encoding genes and microRNAs (miRNAs) alter gene expression as
well as protein and cellular functions which in turn contribute to the regulating
the outcome of transplantation. The color code introduced here is used for

genes, miRNAs, mRNAs, and proteins in Figures 3-5.

mature T (CD4*CD25*FOXP3") relative to conventional T cells
(CD4*CD25"FOXP3~) as well as in FOXP3* double positive and
single positive thymocytes (37, 40). MiR-155 knockout mice have
reduced T.; numbers in both the thymus and periphery, and

miR-155-deficient T, have a reduced proliferative potential and
impaired IL-2 signaling (39). In this context, miR-155 promotes
T survival and proliferation in the thymus and periphery by
enhancing their sensitivity to IL-2 (39). As shown in Figure 3,
miR-155 achieves this by targeting and downregulating SOCS1,
an inhibitor of IL-2 signaling, thus increasing levels of activated
STATS5 and enhancing IL-2 signaling (40). MiR-10a is function-
ally linked to stabilization of FOXP3 in T (41) (Figure 3) and
interestingly, although miR-10a has not been specifically investi-
gated in relation to HSCT, an inverse correlation between miR-
10a and susceptibility to autoimmune disease has been identified
(41). With regard to miR-10a, it is uniquely expressed in T, but
not other T cells, where it is crucial for long-term maintenance of
their stability and function (41). FOXP3 itself can be regulated by
other miRNAs, including miR-21 and miR-31, which positively
and negatively regulate FOXP3, respectively, thus having oppos-
ing effects on its expression (36) (Figure 3). MiR-31 can directly
target FOXP3 by binding to a specific recognition site in the 3’
UTR region, while miR-21 regulation is believed to be indirect as
no potential target sequence in FOXP3 was identified (36). The
specific function of miR-21 and miR-31 in T in the setting of
HSCT is still to be explored.

The miR-155 and miR-146a Regulatory

Network
Notably, miR-155 is involved in a larger regulatory network that
affects the outcome of HSCT (Figure 4). Although miR-155
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FIGURE 3 | Interaction between microRNAs and forkheadbox protein
3 (FOXP3) in regulatory T cells (Tregs). IN Tregs, MR-10a stabilizes FOXP3,
and FOXP3 can positively regulate expression of miR-155. This leads to a
downregulation of the target SOCST (T), which in turn results indirectly in
increased expression of STAT5. FOXP3 can also be regulated by miR-21,
which indirectly positively regulates FOXP3 in a process that is not yet
completely understood. Moreover, FOXP3 is downregulated by miR-31 by
direct targeting of the 3’ untranslated region. To further complicate this
regulatory network, single-nucleotide polymorphisms (SNPs) in FOXP3 also
affect its expression in Tregs, such as the SNP rs3761548 or a GT(n)
microsatellites (Msat).

promotes the development of T, as explained above, it may
also have pro-inflammatory functions. MiR-155 and miR-146a
were found to be upregulated in the skin of rats suffering from
aGVHD (42). Atarod and colleagues showed that low expression
levels of both miR-155 and miR-146a were associated with higher
incidence of aGVHD at day 28 post-allo-HSCT in patients and
that both regulate expression of the transcription factor SPI1 (43).
Pontoppidan and colleagues showed that miR-155 was increased
in patient plasma at the time of maximal toxicity of precondition-
ing at day 7 posttransplantation and remained increased until day
21. This was inversely mirrored by miR-146a, which was signifi-
cantly reduced from day 7 to day 21 after transplantation (44).
Together, this suggests that miR-155 and miR-146a play opposite
roles having pro-inflammatory and anti-inflammatory proper-
ties, respectively, and thus play a role in regulating the systemic
inflammatory response during maximum toxicity of precondi-
tioning in HSCT patients (44). Relevantly, miR-155 expression
was upregulated in donor T cells in mice during aGvHD and
mice receiving miR-155-deficient splenocytes developed less
severe aGvHD and had increased survival rates compared to mice
receiving wild type splenocytes (45). Specific targeting of miR-
155 using antagomirs effectively mitigated aGvHD in mice and
increased survival rates (45). MiR-155-deficiency in the dendritic
cell (DC) compartment also protected mice from aGvHD since
miR-155 appears to promote the migration of DC toward sites of
tissue damage (46). MiR-155 expression was increased in mouse
T cells as well as in intestinal patient biopsies during aGvHD
(45). Expression of miR-155 can be stimulated by tumor necrosis
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FIGURE 4 | Interaction between miR-146 and miR-155, their effects on
the nuclear factor (NF)-kB pathway, and the expression of IRAK1 and
tumor necrosis factor (TNF)-a. Activation of the NF-kB pathway
represents a hallmark of the pathophysiology of GvHD. NF-kB activation
induces expression of miR-146a and in turn, miR-146a inhibits these
pathways through targeting key adapter proteins, IRAK1(L) and TRAF6 (L).
The presence of single-nucleotide polymorphisms in coding regions of these
genes, such as rs3027898 in IRAKT, further influences expression within the
network. MiR-146a expression can also be stimulated by lipopolysaccharide
(LPS) release during GvHD conditioning. The miR-146a and miR-155
mediate an increase in TNF-a, which in turn can positively regulate miR-155
in a feedback loop.

factor (TNF) o (47), and similarly, miR-155 can promote TNF-a
production in a positive feedback loop (48), thus exacerbating the
inflammatory cascade (Figure 4). Altogether, these data indicate
a role for miR-155 in the modulation of aGvHD.

MiR-146a is distinctly increased in response to lipopolysac-
charide (LPS), a component of the cell wall of gram-negative
bacteria. LPS is released in response to GvHD conditioning
regimens (Figure 4) and acts as a potent enhancer of cytokine
secretion (49). Using a genetically engineered mouse model,
it was demonstrated that a deletion of miR-146a results in
several immune pathologies (50). Specifically, lack of miR-146a
expression increased responsiveness of macrophages to LPS and
exacerbated the inflammatory response in LPS-challenged mice.
TNF receptor-associated factor 6 (Traf6) and IL-1 receptor-
associated kinase 1 (Irakl) genes have also been identified as
targets of miR-146a (Figure 4), contributing to the phenotype
of miR-146a-deficient mice (50). Both TRAF6 and IRAK1 act
as adapter proteins in the nuclear factor (NF)-xB activation
pathway and in addition to innate immune cells, miR-146a has
also been shown to target these genes in T cells resulting in their
downregulation (Figure 4). T cells that are lacking miR-146a
are hyperactive in both acute antigenic responses and chronic
inflammatory autoimmune responses (51). However, the pres-
ence of SNPs in these genes that may affect miR-146a binding,
such as rs3027898 in the IRAKI 3'UTR may further complicate
this already complex network of interactions. Furthermore,
activation of NF-kB has been described to upregulate miR-146a
expression, which in turn downregulated NF-«xB via TRAF6 and
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IRAKI1 repression in a negative feedback loop (52, 53) (Figure 4).
More recently, miR-146a regulation of TRAF6 and IRAKI was
specifically associated with aGvHD, since upregulation of miR-
146a expression was observed in T cells of mice developing
aGvHD compared to untreated mice (52). When transplanted
with miR-146a-deficient T cells, recipient mice developed GvHD
of increased severity resulting in reduced survival, and they
also had elevated TNF-a serum levels (52). The protein levels of
TRAF6 were upregulated in miR-146a-deficient T cells following
alloantigen stimulation, and this translated into increased NF-kB
activity. Conversely, miR-146a overexpression reduced aGvHD
severity. In an autoimmune setting, miR-146a expression can be
induced by TNF-a (47), which in turn is stimulated by NF-«B,
thus further confounding this complex regulatory network
(Figure 4). Interestingly, another member of the miR-146 fam-
ily, i.e., miR-146b, is highly expressed in CD4*CD25*FOXP3*
thymic-derived T and has been reported to promote survival,
proliferation, and suppressor function of these cells by targeting
TRAF6 and subsequently increasing NF-kB activity (54).

Single-nucleotide polymorphisms within miRNA coding
regions as well as those within their target mRNA seed regions
can directly influence miRNA-mRNA interactions. Indeed, with
regard to miR-146a, two SNPs rs2431697 and rs2910164 have
been reported that cause single base changes and altered expres-
sion of the mature microRNA (Figure 4). The SNP rs2910164
specifically results in a change from a G:U pair to a C:U mismatch
in the stem structure of the miR-146a precursor. This results in
processing variation and lower expression of the mature miRNA,
which has been associated with the development of a range of
cancers (55). Stickel and colleagues reported that the minor
CC genotype caused a decrease in miR-146a production (52).
The same team also provided evidence that miR-146a acts as
an important negative regulator in murine and human GVHD,
consistent with an anti-inflammatory role for miR-146a, and sug-
gested the exogenous increase of miR-146a as a potential novel
strategy for therapeutic intervention in this disease (52). Further
interactions that have been described between miRNAs and the
induction of GvHD have been recently reviewed by Atarod and
Dickinson (14).

MICA Polymorphisms, mRNA Expression,

and MICA-Regulating miRNAs

The major histocompatibility complex (MHC) class I chain-
related molecule A (MICA) is a highly polymorphic ligand for the
activating natural killer (NK) cell receptor NKG2D (Figure 5).
An SNP within this gene, rs1051792, which leads to an amino
acid exchange from valine to methionine at position 129 (56),
was investigated for its association with the outcome of HSCT.
We found that the MICA-129Met variant was associated with an
increased overall survival and a reduced risk to die from aGvHD,
despite homozygous carriers of the MICA-129Val allele having an
increased risk of developing aGvHD (57). The NKG2D pathway
was expected to be directly related to the outcome of HSCT, since
it is an activating receptor on NK cells (58) and a costimulatory
receptor on CD8* T cells (59). On the functional level, we found
the MICA-129Met isoform triggered more cytotoxicity and
interferon (IFN)-vy release by NK cells and it activated alloreactive

cytotoxic T cells faster. This variant also induced more rapid and
severe downregulation of NKG2D on NK and cytotoxic T cells
(57). Normally, most cell types do not express MICA, but it
becomes induced by cellular and genotoxic stress, including
virus infection and malignant transformation. Therefore, it
renders stressed cells susceptible to killing by NK cells and allows
them, despite being non-professional antigen presenting cells
(APCs), to directly activate cytotoxic T cells specific for antigens
presented by these cells. Notably, MICA expression was found
to be increased in GvHD-affected tissue samples from patients
(60). The MICA-129Met variant can therefore initially confer a
higher risk of aGvHD due to a faster activation of alloreactive
cytotoxic T cells (57). However, in the longer perspective, the
strong-counter regulation of NKG2D by this variant appears to
be associated with a decreased risk of cGvHD and an increased
risk of relapse due to lesser GvL effects by cytotoxic T cells and
NK cells (61).

Interestingly, the biological effects of the MICA-129 variants
were strongly influenced by MICA expression intensity (57). The
MICA-129Met variant triggered increased NKG2D signals at low
expression intensities, whereas the MICA-129Val variant elicited
more NKG2D-mediated effects at high expression intensities. At
high expression intensity, the functional effects of the MICA-
129Met variant were impaired due to a rapid downregulation of
NKG2D (57). Thus, MICA expression intensity could change the
biological effect of this SNP, giving an interesting example of the
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FIGURE 5 | Regulation of MICA expression and interaction with
NKG2D. The single-nucleotide polymorphism (SNP) rs1051792 results in a
valine to a methionine exchange at position 129 of MICA and distinguishes
MICA variants into those binding the receptor NKG2D with high (MICA-
129Met) or low (MICA-129Val) avidity. This polymorphism also affects the cell
surface expression of MICA protein. The SNP rs2596542 in the promoter of
MICA affects mMRNA expression. Moreover, several microRNAs target MICA
and downregulate its expression. Moreover, cellular and genotoxic stress
induces the expression of MICA. The MICA receptor NKG2D is encoded by
the KLRK1 gene and can be targeted by miR-1245.
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complex functional interactions between SNPs and gene expres-
sion (Figure 5). Moreover, the SNP might interact with other
SNPs in the NKG2D signaling pathway (62) including KLRK1,
encoding NKG2D. Polymorphisms in the KLRKI locus have been
described also to affect the outcome of HSCT (63).

Notably, MICA expression intensities can vary for certain
MICA alleles (64). The SNP at —1878 (rs2596542) in the
promoter region of the MICA gene was described to affect the
transcriptional activity (65). A polymorphic microsatellite in
exon 5 encoding the transmembrane region of MICA modifies
its plasma membrane expression (66). We have recently shown
that the MICA-129Met/Val dimorphism also affects plasma
membrane expression. Increased levels of the MICA-129Met
variant were retained intracellularly and if expressed at the cell
surface, the MICA-129Met variant was more prone to shedding
than the MICA-129Val isoform (67).

Matching of donor and recipient for MICA alleles (68-71)
and specifically for the MICA-129, polymorphism (72) has
been found to be beneficial in HSCT, although not in all
studies (73, 74). The effect of MICA matching appears hardly
explainable solely by the avoidance of potential miHAg and
further points toward an important biological function of
MICA after HSCT.

Several stress pathways regulate the transcription of the
MICA gene (75), and several miRNAs have been implicated in
controlling MICA expression via posttranscriptional mecha-
nisms (Figure 5). Stern-Ginossar and colleagues described that
the expression of MICA was decreased by miR-17, miR-20a,
miR-93, miR-106b, miR-372, miR-373, and miR-520d (76).
Effects of miR-17 (77), miR-20a (77-80), miR-93 (77, 80-82),
and miR-106b (80, 81) on MICA expression have also been

confirmed in subsequent studies. Moreover, the IFN-y-induced
miR-520b can lead to a reduction in MICA plasma membrane
expression intensity (83). Interestingly, miR-520d acts on both
the MICA 3’-UTR and the promoter region to decrease MICA
transcript levels (83). MiR-302¢ and miR-520c are two further
miRNAs that can target MICA (84). Human CMV can also target
MICA by US18 and US20, which promote the degradation of
MICA in lysosomes (85). The regulation of NKG2D ligands by
miRNAs has been recently reviewed in more detail (86, 87).
Notably, also the expression of NKG2D has been found to be
attenuated by miRNAs, specifically, miR-1245 (88).

miRNA AND mRNA EXPRESSION
PROFILING IN HSCT

A number of large-scale gene expression profiling studies have
been performed in both patients and animal models to identify
genes regulated during HSCT. In animals, both acute and chronic
GvHD models were investigated. Studies performed on human
samples mostly used blood orin cases of cGvHD, conjunctiva from
patients. The advantage of using animal models for gene expres-
sion is the broad availability of specific target tissues of GvHD,
such as liver and skin (89). A selection of the most relevant gene
expression profiling studies is listed in Table 1. MiRNAs have also
been studied in relation to HSCT, and there is increasing evidence
to show that miRNAs are present in plasma, serum, saliva, urine,
and other body fluids in a remarkably stable form that is protected
from endogenous RNase activity (90). Circulating miRNAs have
the potential to serve as novel and non-invasive biomarkers for
various diseases such as cancer, cardiovascular disease, and organ
transplant rejection and infection (91).

TABLE 1 | Summary of large-scale mRNA expression profiling studies during GvHD.

Species Tissue Disease Upregulated Downregulated Technique Reference
Human Peripheral blood Acute graft-versus- CXCL8, GOS2, ANXA3, NR4A2 CDKN1C qRT-PCR 92)
mononuclear cells host disease (aGvHD)
(PBMCs)
Human PBMC aGvHD PCDHBS5, IL22RA2, PDCDILG2, IL2, PKD1 PCDHB16, IL27, IGHD,  Microarray 93)
CCL1, CF1
Human CD4+ and CD8* T cells  Chronic graft-versus- ~ EP300, FURIN, FNBP3, SMAD3, TGFBI, TGIF PRF1 qRT-PCR 94)
host disease (cGvHD)
Human PBMC aGvHD TNFSF10/TRAIL, IL1RN, IFI27, GZMB, CCR5 CLK1, TNFAIP3, and Microarray (95)
BTG1
Human PBMC cGvHD IL21RIL18, CD28, IL17A, IL6R, PI3K IFNG, CCI1, IRAK3, Microarray (96)
IL12B, SOC2
Human Conjunctiva cGvHD-DE CXCL9, CXCL10, CXCL11, CXCR3 qRT-PCR 97)
Human Conjunctiva GvHD-DE IL6, IL9, IL10, CCL24, CCL28, CCL2 EGFR qRT-PCR (98)
Mouse Ear skin day 7 aGvHD Saa3, Cxcl9, Cxcl10, Ccl5, Ubd Trp1, Collat Microarray (99)
Ear skin day 40 Ccl5, Saa3, ll1beta, Cxcl9 Ces3
Mouse Liver day 7 aGvHD Vcam1, Cxcl9, Gbp2, Tgtp, Tap1 Lck, Ltf Microarray (100)
Liver day 35 Ccl5, lcam1 Lck, Ltf
Mouse Liver versus kidney aGvHD Cxcl9, Cxcl10, Vecam1, Stat1, lcam1 Microarray (101)
Mouse Scl? skin GvHD CXCL5, CXCL11, CXCL9, CXCL10, IL6, TGF-BR1  Cdh5, Cdh13 Microarray (102)
Rat Skin explant model aGvHD RT1-CE10 Lst1, Ubd, Aif1, RT-DMb Ly6g6e, Bat5 Microarray (103)

The listed mRNA profiling studies were carried out with human or rodent tissues obtained during both aGvHD and cGvHD. The genes regulated during GvHD with the highest fold
changes and significant P-values are indicated.
aScl—sclerodermatous skin model of GvHD.
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miRNAs Targeting Immune-Related Genes
and Their Application on Prediction of
HSCT Outcome

In a recent clinical study, a micro-RNA-based model was devel-
oped to predict the probability of aGvHD comprising miR-423,
miR-199a-3p, miR-93 and miR-377. Elevated levels of these miR-
NAs were detected in plasma before the onset of aGvHD (average
16 days before diagnosis), and their expression was associated
with the severity of aGvHD as well as with a lower overall survival
(91). In another profiling study of 48 miRNAs in the plasma of
aGvHD patients, miR-586 expression was decreased upon the
occurrence of aGvHD (104).

Interestingly, a recent publication by Wu and colleagues (105),
which has been reviewed by Serody (106), has been shown that
the miR-17-92 cluster, which is conserved among vertebrates, is
important for the development of aGvHD. The miR-17-92 cluster
is critical for the proliferation, survival and function of Th; and
Thy; effector T cells and inhibits Th, and T, differentiation (107).
It has now also been shown that this cluster of miRNAs promotes
the migration of CD8" T cells to GvHD target organs and confers
GvL effects (105). Donor T cells lacking the miR-17-92 complex
gave rise to diminished GvHD in a mouse model of aGvHD.
Blocking of miR-17 and miR-19b, which are included in the
miR-17-92 complex, by systemic administration of antagomiRs
(locked nucleic acid-modified oligonucleotides) significantly
reduced aGvHD severity (105).

To better understand the regulation of neovascularization
during GvHD, Leonhardt and colleagues focused on the role
of miR-100 and showed that in intestinal tissue biopsies from
patients undergoing allo-HSCT, miR-100 was downregulated
when aGvHD evolved suggesting that this miRNA has a role as a
negative regulator of aGvHD (108). MiR-100 was also downregu-
lated in the inflamed intestinal tissue of mice developing aGvHD.
In the mouse model, functional inactivation of miR-100 with
antagomiRs enhanced aGvHD severity, indicating a protective
role for miR-100 by blocking inflammatory neovascularization
during aGvHD (108).

Other studies focusing on miR-34 showed that the miR-34
family mimics p53 effects by inducing cell cycle arrest and
apoptosis in response to DNA damage (109). In the case of
Fanconi anemia (FA), an inherited disorder characterized by
developmental defects, genomic instability and progressive bone
marrow failure (110), miR-34a expression in patient gut biopsies
after HSCT was significantly higher in aGvHD grades II-IV
compared to grade 0-I or with non-transplanted FA patient gut
biopsies (111).

Association between Polymorphisms and
Gene Expression Levels in Cytokine and
Chemokine-Coding Genes with the
Outcome of HSCT

Cytokine Gene Expression Variation and Its Impact
on the Outcome of HSCT

Cytokines, such as INF-v, IL-2, and TNF-a produced by Th; cells,
contribute to the induction phase of aGvHD (112). A number of
polymorphisms in genes encoding IL-10, TNF-a, and IL-6 have

been linked to an increased risk of GvHD. IL-2 has a role as a
T cell growth factor and treatment, and prophylaxis of aGvHD
involves frequently inhibition of IL-2 production by cyclosporine
A (113). Moreover, in both animal and human studies, adminis-
tration of monoclonal antibodies against the IL-2 receptor after
HSCT have prevented aGvHD occurrence (114, 115). On the
other hand, emerging data show that IL-2 is also necessary for
the generation and the maintenance of CD4*CD25*Foxp3™ Tieg,
so that inhibiting IL-2 may have a negative effect on the develop-
ment of long-term tolerance after allo-HSCT (116, 117). Another
cytokine of critical importance during aGvHD is IFN-y, a pro-
inflammatory cytokine, produced by several cell types such as
activated T cells, NK, and NKT cells. IFN-y and IL-2 both play a
role in T cell proliferation, stimulation of cytotoxic T lymphocyte
(CTL) and NK cell responses and production of IL-1 and TNF-a
(118). A number of studies have reported a correlation between
the expression of IFN-y and severity of aGvHD (119-121). IFN-y
production occurs early in the cytokine cascade of GVHD. Acute
GvHD is augmented by IFN-vy, which leads to the maturation of
DC and stimulation of macrophages to generate cytokines and
NO (118).

IFNG (IFN-y) mRNA expression in the conjunctiva of patients
was associated with dry-eye cGvHD (98) and in CD8* T cells
with cGvHD (122). Ichiba and colleagues studied the regulation
of 7,329 genes in the hepatic tissue of mice on days 7 and 35,
after allogeneic and syngeneic bone marrow transplantation
(100). On day 7, 456 genes and on day 35, 554 genes were regu-
lated. Interestingly, Ifng mRNA expression was not upregulated
during hepatic GVHD on day 7 and no expression of Ifng was
observed in the liver on day 35. However, the expression of many
genes that are inducible by IFN-y, such as interferon regulatory
factor-1 (IrfI) and Irf7 were increased (100). Both IFNG and IL2
mRNA were increased in the peripheral blood mononuclear cells
(PBMCs) of GVHD patients that received a donor lymphocyte
infusion for the treatment of relapsed leukemia after allogeneic
HSCT and IL2 mRNA expression correlated with the progression
of GvHD (121). In another study, genes that contribute to control
of inflammation, such as the IL-1 decoy receptor IL1R2, as well as
pro-fibrotic genes have been found to be overexpressed in PBMCs
of patients with cGvHD (123).

Gene expression of TNF, encoding TNF-a, a critical pro-
inflammatory cytokine, was also elevated during aGvHD in
PBMC:s of patients (93). TNF-« is one of the most important
factors involved in the pathogenesis of aGvHD, and it is impor-
tant at various stages during the progression of the disease. The
importance of this molecule in aGvHD was firstly described in a
mouse model (124). Since then, several studies have shown that
the neutralization of TNF-a can reduce symptoms of aGvHD
(125). Tumor necrosis factor superfamily, member 10 (TNFSF10)
mRNA expression was also elevated during aGvHD in human
PBMC:s (95).

Other cytokines regulated in GvHD include IL-15. In a
murine aGvHD model, donor IL-15 was crucial for the devel-
opment for aGvHD (126). Investigations on the role of IL-15
suggested that IL-15 could induce aGVHD by activating T cells
and NK cells (127). In conjunctiva of patients with GvHD,
IL15 mRNA was significantly increased (98). IL27 mRNA
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was strongly downregulated during aGvHD in PBMCs from
patients (93). Previous reports indicate that IL-27 exhibits a
pro-inflammatory response, is involved in activating Th; cells,
and enhances the immunological response to tumor cells (128).
IL-35 is an inhibitory cytokine secreted by Treg. The exact role of
IL-35in aGvHD is not known, although overexpression of IL-35
during murine aGvHD reduced its severity by suppressing acti-
vation of effector CD4* T cells and expansion of CD4*Foxp3*
Tegs in target organs of aGvHD, while preserving a GvL effect
(129). IL-35 could be a potential therapeutic target for preven-
tion of aGvHD (129, 130).

SNPs in Cytokine Coding Genes and Association
with HSCT Outcome
Given the dysregulation of many cytokines during acute and
chronic GvHD, it is not surprising that SNPs in these genes have
been associated with the outcome of HSCT. SNP association
studies in HSCT have been recently reviewed by Dickinson and
Norden (8). Since the original work by Middleton and colleagues
(131), large cohort candidate gene association studies have been
reported on SNPs in more than 20 genes that code for cytokines
and other molecules involved in the biology of HSCT (132-135).
Moreover, SNPs originally identified in NOD?2 for their associa-
tion with Crohn’s disease have since been associated with HSCT
outcomes (136, 137). Individuals carrying just one variant of
1rs2066844 (SNP8), rs2066845 (SNP12), or rs41450053 (SNP13)
have a twofold to fourfold increased risk of developing Crohn’s
disease, which increases to approximately 20-fold in individuals
who are homozygotes or compound heterozygotes (138, 139).
NOD2 is mainly involved in defense against infection; it recognizes
pathogen-associated patterns and induces a cytokine response,
and is itself regulated by pro-inflammatory cytokines (140).
Goussetis and colleagues retrospectively analyzed specific
polymorphisms in genes for IL-10, IL-6, TNF-a, and IFN-y in
a pediatric cohort of 57 HLA-identical sibling myeloablative
transplants and found a significant association between the IL10
promoter haplotype polymorphisms at positions —1082, —819,
and —592 with the occurrence of severe aGVHD (grades III-1V).
Recipients with the haplotype GCC had a decreased risk of severe
aGVHD in comparison with patients with other IL10 haplotypes
(141). Chien and colleagues identified two SNPs in IL10, such
as rs1800871 and rs1800872, which were associated with a 30%
decrease of the risk for grade III-IV aGVHD (139). Moreover,
the donor allele C for rs1800795 in IL6 was associated with a
20-50% increase in the risk for grade II-IV aGVHD, and the IL2
polymorphism rs2069762 in the donor genotype was associated
with a 1.3-fold increase in risk of grade ITII-IV aGVHD (139).

Chemokine Gene Expression Variation and Its Impact
on the Outcome of HSCT

Many genes encoding chemokines are regulated during GvHD.
CXCR3 is an important chemokine receptor involved in lympho-
cyte recruitment and is expressed on T cells. CXCL9, CXCL10,
and CXCLI11, the ligands for CXCR3, are induced by the Th,
cytokines IFN-y and TNF-a (142). CXCL9 is expressed by effector
CD4" Th; cells and CD8* CTL and has been shown to affect the
migration of T to inflamed tissue during progression of GVHD

(142). CXCL10and CXCL11 mRNA expression were increased in
patient skin biopsies with aGvHD (grades II-I1I) when compared
to patients without or grade I GVHD (143). The mRNA expression
of CXCL9 and CXCLI0, along with their receptor CXCR3, was
increased in cGvHD in conjunctival biopsies of 10 patients when
compared to 10 healthy controls (97). Elevated mRNA expres-
sion of the CXCR3 ligands, CXCL9 and CXCLI0 in target organs
of GvHD, shows that CXCR3 could have a role in GvHD (144).
CXCLS, encoding IL-8, was upregulated in PBMC from patients
who developed aGVHD (92). Moreover, Cxcl9 (101) and Cxcl10
were also elevated during murine aGvHD (100). Interestingly, the
use of CXCR3-transfected T, as a novel therapeutic strategy,
resulted in decreased severity of GVHD due to attraction of Treg
to the target tissues of GVHD (145).

Other chemokines involved in the stimulation and activation
of T cells in lymphoid tissue (Cxcll, Cxcl2, Cxcl9, and Cxcl20,
Ccl2, Ccl5, Ccl6, Ccl7, Ccl8, Ccl9, Ccll 1, and Ccl29) and chemokine
receptors (Ccrl and Ccr5) were elevated in the skin of mice dur-
ing acute GvHD (99). The chemokines CCL2, CCL3, CCL4, and
CCLS5 are involved in the migration of donor cells to the target
organs during GvHD (146). CCR5 mRNA was also increased
during in aGvHD human PBMCs (95) and in murine skin during
GvHD (102). In addition, Ccl2, Ccl5, Ccl17, Cxcl9 (Mig), Cxcl10
(IP-10), and Cxcl11 (1-TAC) mRNAs were also significantly regu-
lated in mouse skin during GvHD (102). In conjunctival biopsies
of patients with GvHD, the gene expression of CCL24, CCLIS,
and CCL2 was highly increased (98). Another chemokine mRNA,
Ccl5 (RANTES), was elevated in the skin of mice during aGvHD
(99) and profoundly upregulated during hepatic aGvHD (100).

Differential Expression of Genes Involved
in Antigen Processing and Presentation
during GvHD

The role of MHC molecules is of critical importance to the devel-
opment of GVvHD. Both class I (HLA-A, B, and C in human) and
class II (HLA-DR, DQ, and DP in human) determine not only
the histocompatibility but are also responsible for controlling
T cell recognition (147). Expression of class II HLA molecules
by professional APCs, mainly in the gastrointestinal tract epithe-
lium and skin, allows CD4" T cells to recognize foreign antigens,
possibly contributing to the specific organ sites of aGvHD (1438).
During the afferent phase of the pathogenesis of aGvHD, the
release of cytokines such as IFN-y leads to an increased expres-
sion of MHC molecules. On day 7 of hepatic aGvHD in mice,
MHC class II genes, including I-Aa, I-Ap, I-Ea, and I-Ef, were
overexpressed and remained upregulated at day 35 of aGvHD. On
the other hand, the expression of the MHC class I genes was not
regulated in this study. However, the genes that encode alterna-
tive proteasome subunits and that alternate peptide production
associated with MHC class I molecules proteasome subunit
beta 9 (Psbm9) and Psbm8 (also known as lower molecular
mass peptides LMP2 and LMP7) were increased in mouse liver
during aGvHD (100). Moreover, Tapl and Tap2 mRNAs were
increased in mouse skin (99) as well as in liver during aGvHD
(100). TAP1 and TAP2 are transporters associated with antigen
processing 1 and 2, responsible for translocating peptides into the
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endoplasmic reticulum before loading on MHC class I molecules.
In a rat skin explant model, an increase in expression of TapI as
well as Psbm8 and Ubd mRNA during graft-versus-host reaction
was observed (103). UBD, also known as FAT10, is involved in
the proteasomal degradation of cytosolic proteins by providing a
ubiquitin-independent signal (149). The differential expression of
the MHC I and II genes in addition to genes involved in antigen
processing that have been observed during GvHD is in agreement
with the important role of MHC genes for HSCT outcomes.

Involvement of the miHAg in Immune
Responses during HSCT

Mismatches of polymorphic peptides between donor and recipi-
ents cause miHag that can also elicit an alloimmune response
(150). The extent of the desired GvL versus the unwanted GvHD
responses is dependent on the expression profiles of these genes.
In humans, miHag are mostly restricted by HLA class I molecules.
Previously, mismatches for HA-1, HA-2, and HA-5 between
donor and recipient have been described to be associated with
an increased risk of GVHD (151). In a gene expression profiling
study to identify the risk of GVHD and relapse posttransplant, the
mRNA expression of miHag was assessed in 311 HLA-matched
siblings from a single center (152). The HA-8 gene was expressed
in almost all tissues, whereas ACC-1 gene had a restricted profile.
Nonetheless, both HA-8 and ACC-1 miHag mismatches were
found to be associated with occurrence of cGVHD (152).

Notably, whole exome sequencing studies have been performed
recently to estimate the alloreactive potential between donors and
recipients in HSCT. It has been found that non-synonymous and
non-conservative SNPs were twice as frequent in HLA-matched
unrelated compared to related donor-recipient pairs (153).
The information on SNPs between donor and recipient can be
used to predict candidate miHags by algorithms taking peptide
binding to HLA class I molecules and the tissue distribution of
the respective proteins into account (154). Modeling of T cell
responses to these miHags potentially can help to identify more
favorable donors or to adapt the immunosuppressive treatment
after HSCT (155, 156).

Gene Expression Patterns in T Cells
Associated with the Outcome of HSCT

Baron and colleagues compared the gene expression profiles
of 50 allo-HSCT donors in CD4* and CD8* T cells to identify
donors that are stronger allo-responders and could elicit a
stronger GVHD response than others could. They suggested
genes that regulate the transforming growth factor-f signaling
and cell proliferation, in donor T cells, as the dangerous donor
trait responsible for the occurrence of cGvHD in the correspond-
ing recipients (94). Low levels of SMAD3 mRNA, which encodes
a transcription factor that is activated in response to TFG-f in
CD4" T cells, was associated with the absence of GvHD, while
high levels of SMAD3 were necessary but not sufficient for GYHD
occurrence (94).

CD8* T cells are important effectors in aGvHD (157), and
perforin is a cytotoxic effector protease produced by CTL and
NK cells. High expression of perforin 1 (PRFI1) mRNA in CD8*
T cells was found to be associated with the incidence of GVHD

in patients (94). In the skin of mice during aGvHD, granzyme B
(Gzmb) was significantly elevated, in addition to the downstream
effector caspase 7 (Casp?7) (99). Other genes upregulated included
the pro-apoptotic members of the BCL2 family, BCL2-antagonist/
killer 1 (Bakl), BLC2-like 11 (Bcl2l11), and BCL2-associated X
protein (Bax) (99). Thus, expression profiling can indicate ongo-
ing pathophysiological processes contributing to GvHD, such as
cellular cytotoxicity.

Notably, Sadeghi and colleagues observed an increase in gene
expression of the adhesion molecules intracellular adhesion mol-
ecule 1 (Icam1) and vascular cell adhesion molecule 1 (Veaml)
during murine hepatic aGvHD. Increased expression of Vcaml
mRNA was also observed in the liver and kidney compared to
the muscle during murine aGvHD, whereas Icaml mRNA was
upregulated only in the liver (101). Both adhesion molecules are
expressed on endothelial cells and are critical for the migration
of leukocytes to tissues during inflammation (158). Furthermore,
Icaml and Veaml genes were also upregulated in mouse skin
during aGvHD, along with other adhesion molecules Cd18 or
integrin subunit beta 2 (Itgh2), Ly69 or integrin beta 7 (Itgh?7),
and PsglI or selectin platelet ligand (Selplg) (99).

The expression of costimulatory molecules that have a role
in regulating T cell activation, differentiation, and proliferation
has been studied to determine their role in GvHD. CD28 and
CD28/cytotoxic T lymphocyte antigen 4 (CTLA4) are the most
well characterized costimulatory and inhibitory molecules,
respectively (159). Both are present on T cells, while their ligands
CD80 (B7-1) and CD86 (B7-2) are expressed primarily on APCs
(160). CD28 mRNA was increased during cGvHD in PBMCs of
patients (96). Interestingly, SNPs in CTLA4 could have an impact
on its function. In patients, the presence of the A allele in both
rs231775 and rs3087243 was associated with a reduced risk of
aGvHD after HSCT (161). Another study showed that recipients
with the +49A/G allele had a significantly lower disease-free
survival and overall survival in comparison to recipients with
the A/A genotype (162). In addition to the +49A/G polymor-
phism, —1722, —1661, —318 polymorphisms in CTLA4 were
also evaluated after allo-HSCT, and a significant association
between GA genotype (CTLA4 —1661) and GvHD was shown
in males with GvHD compared to males without GVHD (163). In
addition, inducible T cell costimulator (ICOS), a member of the
CTLA4 family that is expressed on activated T cells, was shown
to be associated with the occurrence of aGvHD (19). The exact
role of ICOS in GvHD is not clear; however, ICOS mRNA was
downregulated in aGvHD patients. In contrast, [COS mRNA
was elevated during ¢cGvHD in activated T cells in canines
(164). Furthermore, blockade of ICOS in vitro during mixed
lymphocyte reaction (MLR) resulted in immunosuppression,
suggesting that ICOS plays a role in graft rejection and blockade
of ICOS could be a potential therapeutic strategy (164). Cuzzola
and colleagues also observed an increase in mRNA expression of
ICOS in patients responding to anti-GvHD therapies as well as
other genes that are regulated by ICOS, including Th2 cytokines
(IL4, STAT6, and IL18) (19).

In addition to gene and miRNA expression studies in T cells,
the characterization of the T cell receptor (TCR) repertoire in
patients who underwent HSCT might be informative to assess
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risks of GVHD or relapse. It has been reported recently that these
complications were associated with a lower TCR repertoire and
the expansion of certain T cell clones (165).

Gene Expression Profiles in B Cells
Associated with Outcome of HSCT

B cells have been found to be important in contributing to
c¢GvHD; however, the mechanisms involved in maintaining their
activation are not known (166). Depletion of B cells reduced the
incidence of ¢cGvHD in mice (167). Elevated B cell-activating
factor (BAFF), also known as tumor necrosis factor superfam-
ily member 13b (TNFSF13B), mRNA levels were observed in
patients with cGvHD and correlated to B cell activation (168).
BAFF mRNA expression was also significantly upregulated in
clinical GvHD patient biopsies in comparison to those with no
GVHD (143). A differential pattern for gene expression for several
genes was observed in the purified B cells from ¢cGvHD patients
on comparison with the B cells from healthy counterparts. Four
of the genes, IL124, interferon regulatory factor 4 (IRF4), CD40,
and interferon gamma receptor 2 (IFNGR2), were downregulated
whereas B cell linker (BLNK) mRNA was upregulated in B cells in
patients with cGvHD (168). BLNK has been found to be impor-
tant in proliferation and survival of B lymphocytes (169).

GENOME-WIDE ASSOCIATION STUDIES
(GWAS) FOR HSCT OUTCOME

As aresult of the Human Genome and the International HapMap
Projects in the early 2000s (4, 5), GWAS became possible,
expanding dramatically our capacity to understand genetic vari-
ability. A GWAS study of non-HLA SNPs in allogeneic HSCT was
reported, which identified a number of SNP genotypes associated
with severe aGvHD using a cohort of 1,298 patient donor pairs
(139). The IL6 donor genotype for rs1800795 was confirmed to
be associated an increased risk of severe aGvHD. In addition
other genes associated with aGvHD, IL2, methylene tetrahydro-
folate reductase (MTHFR), Heparanase (HPSE), and cytotoxic
T-lymphocyte-associated protein 4 (CTLA4) were identified in
this GWAS cohort and illustrate (Figure 6) the fact that genomic
control of immunoregulatory cytokines could alter the function
of cells which in turn aid or reduce successful transplant outcome
(170).

The Ogawa group has performed GWAS study in large cohort
involving 1,589 patients and donors to identify miHAg associated
with aGvHD (171). They identified three new loci that were sig-
nificantly associated with severe (grade II-IV) aGvHD including
the SNP rs17473423 within the KRAS locus. In a further GWAS
study on a smaller identification cohort of 68 patients and a
validation cohort of 100 patients, two GVHD susceptibility loci
(rs17114803 and rs17114808) within the “suppressor of fused
homolog” (SUFU) gene have been found (172). The incidence of
aGvHD was significantly higher in patients that were homozy-
gous for CC at SUFU rs17114808, than in heterozygous patients.
Functional studies showed that ectopic expression of SUFU in
DCs reduced expression of HLA-DR and suppression of MLR,
whereas an increased HLA-DR expression and enhanced MLR
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FIGURE 6 | Alterations in cytokine levels, such as interleukin (IL)-10,
IL-6, and IL-2, via immunoregulatory single-nucleotide
polymorphisms (SNPs) can lead to altered immunoregulatory function
of regulatory T cells (T.¢s) and effector T cells (Tex). Binding of cytotoxic
T lymphocyte antigen 4 (CTLA4) with its receptor (possibly also via functional
single-nucleotide polymorphisms) with CD80/CD86 proteins on dendritic
cells (DCs) can lead to induction of indoleamine 2,3 dioxygenase (IDO) and
the catabolism of tryptophan into proapoptotic metabolites causing
immunosuppression of Tex. Altered binding of CTLA4 may also lead to
reduced immunosuppression via T4 and GvHD. High IL-6 levels induced in
DCs by T interaction can also cause alteration of Tregs to Thi7 cells and may
lead to exacerbation of GvHD. The figure has been taken from Ref. (170).
Professional illustration by Alice Y. Chen.

was observed on silencing of SUFU (172). In the future, GWAS
studies in HSCT will require larger multicenter cohorts but are
expected to reveal new genetic associations for HSCT outcomes
(8, 147).

PROBLEMS WITH GENE ASSOCIATION
STUDIES IN HSCT

Genetic association studies have inherent difficulties when it
comes to validation of results. Only robust genetic markers are
able to be validated across HSCT cohorts. This is due to het-
erogeneity of transplants with regards to diagnosis, conditioning
regimens, type of stem cells (e.g., peripheral blood, cord blood,
or bone marrow), sibling or matched unrelated transplants and
risk factors for outcome (CMV positivity; female to male donors,
age of the transplant cohort) all of which alter the biology of the
transplant itself. Problems associated with non-HLA genomics in
HSCT have also been recently reviewed (8).

One example of this is within our own studies on SNP
polymorphisms as risk factors for survival in chronic myeloid
leukemia (CML). In the first study, presence of interleukin
1 receptor antagonist (ILIRN) allele 2 genotype in the donor
(indicating downregulation of IL-1), absence of donor IL10
ATA/ACC genotype (indicating more downregulation of IL-10)
and absence of tumor necrosis factor superfamily member 1B
(TNESF1B) 196R in the patient (indicating increased levels
of soluble TNF-RII and decreased levels of TNF-a), all were
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associated with decreased survival and increased transplant
relate mortality (173). In a validation cohort of matched unre-
lated transplants, none of the SNPs could be validated, and a
comparison of the cohorts demonstrated differences in survival
and clinical characteristics (174).

In addition, in a larger heterogeneous cohort, including CML
and lymphoma (2), we developed a clinical and genetic score,
which included the European Bone Marrow Transplantation
(EBMT) Group score. This score incorporates clinical risk fac-
tors such as age of the patient and donor; time to transplant and
type of transplant (175-178). Using a statistical analysis that
included a bootstrap estimate of prediction error (179, 180), three
further SNPs were associated with survival. A protective effect
for the IL10 genotype ACC/ACC in the donors was observed,
while estrogen receptor 1 (ESRI) rs9340799 in the patient, IL6
rs18000795 in the donors, and TIRAP (or MAL) rs177374 in the
patient were associated with poorer survival (2). The subsequent
clinical and genetic score assigned to each patient was shown to
have a better predictive value than the EBMT score alone. In a
more recent cohort studying acute leukemia transplant patients
(181), three polymorphisms, presence of toll-interleukin 1 recep-
tor domain containing adaptor protein (TIRAP) (alternatively
named MAL) allele T (rs8177374) in the patient, absence of the
glucocorticoid receptor (GCR) haplotype (consisting of rs6198,
rs33389, and rs33388) ACT in the patient and absence of HSPAIL
(or HSP70-hom) +2437 (rs2227956) allele C in the patient were
associated with decreased survival. The subsequent clinical and
genetic score assigned to each patient was shown to have a better
predictive value than the EBMT score alone.

Interestingly, in all cohorts, the SNPs associated with reduced
survival were all involved in downregulating the immune
response, suggesting that this downregulation may be linked to
reduced GvL responses and therefore lower overall survival.

These studies indicate that although replication of the exact
genomic profiles may be difficult to achieve, the overall influence
of genomics on the biology of the transplant is comparable and
leads to a similar outcome, demonstrating that genomic stud-
ies are important for understanding the overall biology of the
transplant.
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Allogeneic hematopoietic stem cell transplantation is associated with serious compli-
cations, and improvement of the overall clinical outcome of patients with hematological
malignancies is necessary. During the last decades, posttransplant donor-derived
adoptive cellular immunotherapeutic strategies have been progressively developed for
the treatment of graft-versus-host disease (GvHD), infectious complications, and tumor
relapses. To date, the common challenge of all these cell-based approaches is their
implementation for clinical application. Establishing an appropriate manufacturing pro-
cess, to guarantee safe and effective therapeutics with simultaneous consideration of
economic requirements is one of the most critical hurdles. In this review, we will discuss
the recent scientific findings, clinical experiences, and technological advances for cell
processing toward the application of mesenchymal stromal cells as a therapy for treat-
ment of severe GvHD, virus-specific T cells for targeting life-threating infections, and of
chimeric antigen receptors-engineered T cells to treat relapsed leukemia.

Keywords: mesenchymal stromal cells, immunomodulation, extracellular vesicles, infection, adoptive transfer,
chimeric antigen receptor, T cells, cell manufacture

INTRODUCTION

The medical need for improved therapeutic options to successfully treat patients with hematologic
malignancies is high. Allogeneic hematopoietic stem cell transplantation (HSCT) is the only
curative treatment for patients with hematologic malignancies, but the success of the therapy
is limited by several severe side effects. One major obstacle with the highest transplant-related
mortality rate is the recurrence of the underlying disease, due to failure in effective eradication
of malignant cells by the reconstituted allogeneic immune system, mediated largely by T cells.
The leading cause of non-relapse mortality is graft-versus-host disease (GvHD), an inflammatory
immune reaction against healthy tissue of the patient, induced by donor-derived T cells and
triggered by major and minor histocompatibility antigen differences between HSCT recipient and
donor. Due to immunosuppressive treatment of the patient for prophylaxis and posttransplant
therapy of GVHD, the appearance of life-threatening opportunistic infections is responsible for a
substantial rate of non-relapse mortality. Thus, one of the biggest challenges for an effective treat-
ment with allogeneic HSCT is maintaining the balance between tolerance of the host, elimination
of the malignancy, and protection against infections.
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Engineering of the allograft itself is one possible strategy to
reduce the risk for development of GvHD and concomitantly
remain the favorable immune reaction toward the tumor and
infectious pathogens. The incidence and severity of GvHD
can be reduced by ex vivo T cell removal either achieved via
CD34* hematopoietic stem cell enrichment or active depletion
of T cells, but these approaches have been associated with the
risk for occurrence of graft rejection, relapse, and infections
due to the missing T cells. However, for matched sibling donor
transplantation in acute myeloid leukemia, it has been shown
recently that ex vivo T cell depletion can reduce the incidence
of chronic GvHD significantly without affecting the relapse rate
(1, 2). The most novel procedures in graft manipulation aim for
the elimination of potential alloreactive T cells only, allowing
antiviral and antitumor T cells to remain in the transplant
supporting tumor elimination and providing protection against
infections (3-8).

Another strategy to control allogeneic HSCT-related
complications is the adaptive transfer of ex vivo selected
donor-derived immune cell populations after transplantation.
At first, donor lymphocyte infusions (DLI) were established
to prevent and treat relapses, but, subsequently, controlling
infections became an important matter for concern (9, 10).
DLI contain allogeneic T cells and are therefore associated
with an increased risk for the onset of GvHD. These observa-
tions initiated the development of several adoptive therapies
with selected immune cell populations depleted of alloreactive
cells. Strategies that are followed include the adoptive therapy
of regulatory T cells (Tregs) and mesenchymal stromal cells
(MSCs) for treatment of GvHD, dendritic cell (DC) vaccina-
tion and natural killer (NK) cell transfer to support antitumor
responses, as well as application of T cells to control infections
or to induce antitumor responses (11-13).

Despite the differences in cell type and the underlying
medical problem, which require specific considerations dur-
ing the translational phase, various hurdles are common for
all cellular immunotherapies. At present, a variety of clinical
protocols, including cell manufacturing processes, have been
generated for each of the three therapeutic approaches and
reached a stage of evaluation within clinical trials. However,
the obstacles, prior to clinical application which remain,
include the establishment of standardized clinical protocols
and understanding the therapeutic mechanisms. Nevertheless,
the promising and beneficial clinical outcomes of early-phase
clinical studies, the enormous achievements in scientific
understanding of immune interventions, and the innovative
technical advances in cell manipulation and processing has
led to a huge growth in interest in cellular immunotherapy,
especially in the area of hematological diseases. To offer these
new therapeutic options as standard-of-care treatments for all
patients, various aspects have to be considered for the imple-
mentation into clinical practice, in particular with regard to the
cell manufacturing. Cell-processing protocols, often developed
in research laboratories using tools and technologies available
or suitable for research application only, need to be process
engineered to good manufacturing practice (GMP) prior to
clinical application.

This review will discuss the challenges and recent progresses
made toward clinical application of MSCs for the management of
GvHD, antiviral T cells for the treatment of opportunistic viral
infections, and chimeric antigen receptors (CAR)-engineered
T cells as an adoptive therapy for leukemia relapses. These
three examples allow us to not only to highlight technological
and clinical advances of the individual therapy but also discuss
general aspects of translation, especially with regard to cell
processing.

CLINICAL APPLICATION WITH
MESENCHYMAL STROMAL CELLS FOR
THE MANAGEMENT OF GvHD

Mesenchymal stromal cells are multipotent progenitor cells,
which can be acquired from various adult tissues, primarily
bone marrow (BM) (14). Their immunomodulatory property has
empowered them to play an important role as a cellular therapy for
GVvHD (15). GVvHD is a frequent and potentially life-threatening
complication after allogeneic HSCT, affecting 40-60% of patients,
and a leading cause of non-relapse mortality (16, 17). Despite
significant advances in the understanding of GVHD pathogenesis
and the development of transplantation medicine, corticosteroids
remain the first-line treatment of GvHD, but with only an approx-
imately 50% response rate. Patients who fail the standard steroid
treatment have an overall survival rate of only 5-30% (18-20).
Apart from the low response rate, steroid treatment also bears the
risk of increased leukemia relapse and opportunistic infections.
To improve the efficacy of GYHD management, several cellular
immunotherapies have been developed using MSCs as well as
DCs and Tregs (17, 21, 22).

Lessons Learned from Recent

Clinical Trials

Since the first case report in which infusion of haploidentical
MSCs showed a beneficial outcome in the treatment of severe
treatment-refractory acute GVHD (aGvHD) (23), an increasing
number of clinical trials have been conducted to evaluate the
effect of MSC infusion on GvHD for over a decade (17, 24, 25).
The outcome of early clinical trials has been well reviewed. This
article mainly collates recent clinical studies, reported between
2010 and 2015, on the prophylactic and therapeutic use of MSCs
for aGvHD. The relevant information is summarized in Table 1
(26-29) and Table 2 (15, 30-38), respectively.

These reports have shown encouraging results indicative of
positive steps taken toward the development of a more refined
MSC therapy, although significant improvements are still
needed. First, recent clinical studies have shown a clear trend
toward replacing fetal calf serum (FCS) with human platelet
lysate (hPL) to generate MSCs. Until the first clinical trial uti-
lizing hPL-expanded MSCs to treat aGvHD being reported in
2009 (25), all clinical trials in the HSCT setting were performed
using MSCs expanded in FCS-containing medium, a condition
no longer accepted under current regulatory GMP require-
ments. As illustrated in Table 2, 40% (4/10) of clinical studies
published between 2010 and 2015 have used MSCs expanded
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TABLE 1 | Prophylactic use of MSCs to prevent GvHD.

MSCs HSCs MSC group Ctrl group Observation on GvHD incidence/severity Reference
ucB BM, PBSC 21 None 9 of 21 patients developed aGvHD (II-IV) 27)
0.5 x 10%kg Haploidentical

Single dose Without TCD

ucB BM, PBSC 50 None 12 of 50 patients developed aGvHD (II-IV) (26)
0.5 x 10%kg Haploidentical

Single dose

BM-PL of HSC donor BM 19 18 1 of 19 patients had aGvHD in MSC group (28)
0.9-1.3 x 10%kg Donor type NR Randomized 6 of 18 patients had aGvHD (II-IV) in Ctrl group

Single dose

BM, third party PBSC 20 16 9 of 20 patients had aGvHD (II-IV) in MSC group (29)
0.9-1.3 x 10%kg MMR or MMU Historic 9 of 16 patients had aGvHD (II-IV) in Ctrl group

Single dose

BM, bone marrow; PBSC, peripheral blood stem cells; UCB, umbilical cord blood; HSCs, hematopoietic stem cells; NR, not reported; BM-PL, platelet lysate expanded MSC; MMR,
HLA-mismatch related donors; MMU, HLA-mismatched unrelated donors; TCD, T cell depletion.

TABLE 2 | Therapeutic use of MSC infusion for steroid-resistant/refractory aGvHD.

MSCs HSCs No. Pts Clinical outcome Reference
BM, third party BM, PBSC, CUB 28 CR: 61% (15)
1 x 10%kg HLA identical OR: 75%
2-8 infusions Haploidentical

HLA-mismatched
BM-PL, third party BM, PBSC, UCB 40 CR: 27.5% (30)
1.5 x 10%kg HLA identical OR: 67.5%
1-5 infusions Haploidentical

HLA-mismatched
BM-PL, third party NR 25 CR: 46% (31)
1.1 x 10%kg OR: 71%
2-4 infusions
BM, third party BM, PBSC, UCB, DLI 75 CR: NR (35)
2 x 10%/kg HLA-matched OR: 61.3%
8-12 infusions HLA-mismatched
BM, third party n = 34 BM, PBSC, UCB, DLI 37 CR: 65% (36)
1-2 x 10%kg HLA identical, MUD OR: 86%
1-13 infusions Haploidentical
BM, third party BM, PBSC, UCB 50 CR: 34% 37)
1.1 x 10%kg HLA identical, MUD IR: 66%
1-4 infusions Haploidentical, UCB
BM, third party PBSC 12 CR: 58.3% (38)
1.7-2.3 x 10%kg MUD OR: 91.7%
2-8 infusion
BM-AS/AS + PL BM, PBSC 10 CR: 10% (32)
haplo- & RD HLA-matched OR: 70%
1-2 x 10%kg HLA-mismatched
1-4 infusions
BM, third party BM, PBSC, UCB 12 CR: 58% (34)
8x 10%kgn =2 HLA-matched OR: 75%
2 x10%kgn =10 HLA-mismatched
8-12 infusions
BM-PL, third party BM, PBSC, UCB ihl CR: 23.8% (33)
1.2 x 10%kg HLA-matched OR: 71.4%
1-5 infusions HLA-mismatched

No. Pts, number of patients; BM, bone marrow; PBSC, peripheral blood stem cells; UCB, umbilical cord blood; DLI, donor lymphocyte infusions; MUD, HLA-matched unrelated
donor; RD, related donors; HSC, hematopoietic stem cells; NR, not reported; BM-PL, platelet lysate expanded MSC; BM-AS, human serum expanded MSC; CR, complete
response; OR, overall response; IR, initial response.

in hPL or human serum (30-33), which provides evidence and from third-party donors (Table 2), and some patients received
confidence for a xeno-free era of MSC production. Second, in  different batches of MSCs derived from two or more donors (15,
90% (9/10) of recent clinical trials, MSCs have been generated 34, 35). This has further strengthened the concept response rates
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are independent on HLA-matching and reinforced the feasibility
of using pre-manufactured “off-the-shelf” MSCs as a therapeutic
agent (34, 35). On the other hand, recent clinical studies have
also exposed significant limitations in the field. Although the
reported response rates indicate some effect of MSCs on GvHD,
their therapeutic efficacy remains ambiguous with complete and
overall response rates varying from 10 to 65% and 61 to 91%,
respectively, across the studies (Table 2). This can be attributed to
multifactorial factors such as small patient cohort, lack of uniform
efficacy measure and appropriate control groups in the analysis,
heterogeneity in patient/MSC populations, and varying HSCT
regimens. The lack of standardized protocols for MSC produc-
tion and differences in dose/timing of MSC delivery could also
contribute to the inconsistent results. These limitations highlight
the need to interpret reported therapeutic efficacy with caution
and preclude a definitive conclusion for the efficacy of MSCs in
the treatment of GvHD.

Collectively, although the therapeutic efficacy of MSCs
remains controversial, clinical studies consistently suggest that
MSCs are safe to infuse in humans with no acute toxicity and
no ectopic tissue formation, irrespective of their origin, culture
conditions, and doses (17, 34, 39, 40). No association has been
observed between MSC therapy and organ complications, death,
or malignancy (41). This safety record allows future trials to be
conducted using improved trial design and optimized practical
procedures. Due to their immunosuppressive nature, whether
MSC infusion could increase the risk of leukemia relapse and/
or infectious diseases has been an area of concern. Results
from clinical studies are highly controversial (40, 42, 43). This
subject has been extensively discussed in a recent review (44).
To date, MSC therapy in HSCT settings remains exploratory
and experimental.

Manufacturing of GMP-Compliant
MSC Products

Among a spectrum of challenges, GMP-compliant cell produc-
tion is one of the most critical steps. Translation of pre-clinical
MSC amplification into clinical-grade large-scale expansion
presents a big challenge for the development of a successful
therapy. As with any cell therapy, the manufacturing process of
MSCs for human use must follow GMP conditions and appropri-
ate regulations to ensure product efficacy and safety. To achieve
this, specialized GMP facilities, equipments, and trained staff
are required. In addition, the unique characteristics of MSCs
regarding cell source and cell culturing, including cell seeding,
expansion, and culture medium, have to be considered. MSCs
are mainly generated from BM, but umbilical cord and adipose
tissue are also considered as well as a reliable source. Due to
the low frequency of MSCs in BM (0.001-0.01%), large-scale
ex vivo expansion is a pre-requisite to achieve the required cell
dose of about 1-2 x 10°/kg, in total around 100-200 million
cells/patient prior to clinical application (45). A very important
factor to allow for a good expansion of MSCs is the density of
plating the cells. As MSC are adherent cells, their growth is
inhibited by reaching confluence. As a consequence, successive
passaging of the cells has to be performed, and, typically after
3 weeks of culture, the proliferation rate and the differentiation

potential declines. Furthermore, the increasing age of the donor
is reported to be linked with a reduced expansion and multi-
potency (46). Details on standardization of the production of
clinically applied products and further requirements have been
summarized in several reviews (47, 48).

Development of Xeno-Free Expansion Medium

For the purpose of human applications, The International
Society of Cellular Therapy (ISCT) recommends that reagents
used for cell processing be free of xenogeneic products, due
to the potential for infections, and that expansion be limited
to early passages, due to the theoretical risk of cell senescence
and malignant transformation. Conventionally, FCS is used for
MSCs expansion for research applications and most clinical
trials so far. FCS is a complex mixture of mitogenic factors
which contribute to the maintenance and proliferation of
MSCs in vitro (49). It is by nature ill-defined and exhibits
batch-to-batch variability (50). It could be associated with the
transmission of prions and undefined zoonosis as well as an
increased risk of triggering adverse immune reactions resulting
in the elimination of infused MSC, especially when multiple
infusions are required (51). Therefore, the use of FCS is being
criticized and strongly discouraged by the regulatory agencies,
which urge for the development of GMP-compliant media,
either serum- or animal-free, that can be standardized and
used in both, research and clinical trials.

Over the last decade, numerous laboratories have been
focused on the development of medium formulations that are
either serum-free or use human blood-derived products, such as
human autologous or pooled allogeneic serum, cord blood, and
platelet derivatives (49, 51-55). Despite promising results with
these culture supplements, the use of platelet derivatives, more
specifically hPL has illustrated the best results. hPLs are manu-
factured by platelet disruption, using freeze/thaw protocols.
Relatively standardized batches of hPL are produced by pooling
platelet concentrates of several healthy donors (56). Repeated
freezing/thawing of platelet concentrates allows the release of
growth factors at a higher level that those in most FCS batches,
such as basic fibroblast growth factor (bFGF), insulin growth
factor 1 (IGF1), platelet-derived growth factor (PDGF), and
transforming growth factor beta (TGF-B) (57). Several studies
have demonstrated the use of hPL for MSC expansion provides
increased proliferative capacity, while maintaining differentia-
tion and immunomodulatory properties (57-59). These promis-
ing results have prompted the use of hPL-generated MSCs in
clinical applications. Currently, 11 registered clinical studies
are ongoing utilizing hPL-expanded MSCs for the treatment
of GvHD, Crohn’s disease, and diabetes (www.clinicaltrials.
gov; as for 10/2016). Meanwhile, GMP-grade complete media
specially developed for MSC expansion are commercially
available, which also achieve higher expansion rate and thereby
shorten the production time and the associated risk of product
contamination (48).

Culture Systems and Product Release
Classically, MSC expansion is performed in open culture systems
using numerous plastic culture flasks or cell stacks. Manual
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handling steps for sequential cell passaging are labor intensive
and time consuming, as well as bearing the risk for contamination.
In this respect, automated and closed devices would simplify the
manufacturing and increase product safety. Suitable bioreactors
for MSC expansion on the market are the Quantum® (Terumo)
and Scinus Cell Expansion™ (Xpand Biotechnology). In addition,
the CliniMACS Prodigy® (Miltenyi Biotec) allows automated cell
processing starting from sample preparation to cell culture and
magnetic cell separation until the final formulation of the cellular
product in a closed system by using single-use tubing sets (60).
The instrument has the capability for preparation of mononuclear
cells from BM samples using high-density gradient centrifugation
prior to cell expansion. Additionally, magnetic enrichment steps
for MSCs could be integrated into the manufacturing process,
either before or after the expansion phase to further increase the
purity of the cellular product.

Regarding the quality control for product release, the ISCT
recommendation is to test for three characteristics of MSCs: (1)
adherence to plastic; (2) expression of defined MSC cell surface
markers, including positivity for CD73, CD90, and CD105 but
negative for hematopoietic cell markers CD14, CD19, CD34,
CD45; and (3) differentiation ability toward osteoblastic,
chondrogenic, and adipocytic linages (61). Further tests, such
as immunopotency assays and cytogenetic analysis remain at
the discretion of the regulatory authorities (62). Ultimately, the
most pressing issue relating to therapeutic efficacy is the fact
that currently no standardized immune potency assay exists
for quality control. This is partly complicated by their complex
mechanism of action and the lack of understanding regarding
MSC distribution and overall fate after infusion. However,
a recent publication has described three tests defined in an
ISCT workshop as potential release criteria: quantitative RNA
analysis of selected gene products related to the cell’s immu-
nomodulatory function, flow cytometry analysis of functionally
relevant surface markers, and a protein-based assay of the MSC
secretome (63). Together, these could provide appropriate

guidance for releasing products, however not enough evidence
currently exists to support their definitive use. Furthermore,
a comprehensive understanding in the mechanisms of action
of MSCs holds the key to successful development of future
MSC therapies.

MSC-Derived Extracellular Vesicles
Extracellular vesicles (EVs) are nanovesicles secreted by various
cell types and are composed of a phospholipid bilayer, including
transmembrane proteins and cell-specific receptors, enclosing
cytoplasmic components. EVs are responsible for the horizontal
transfer of bioactive proteins and genetic material, by inter-
nalization into endocytic compartments, fusion with plasma
membranes, and/or by recognition of specific receptors (64).
EVs can be easily isolated from cell culture medium and have
been detected in a wide variety of bodily fluids (65-75). There are
three major types of EVs: exosomes, microvesicles, and apoptotic
bodies (76). A general description of these types and their cor-
responding characteristics can be found in Table 3. The two main
types of EVs are microvesicles and exosomes, of which the latter
are the most abundant.

General Features of MSC-EVs

Mesenchymal stromal cells-extracellular vesicles are constitu-
tively secreted by MSCs and can be identified by transmission
electron microscopy as cup-shaped nanovesicles with sizes
ranging from 20-150 nm in diameter (Figure 1). They are rich
in adhesion molecules, such as intercellular adhesion molecule
1 (ICAM-1), lysosomal-associated membrane 2 (LAMP-2),
tetraspanins (e.g., CD9, CD63, CD81), integrins (e.g., CD49C,
CD49D), heat-shock proteins, cytoskeletal proteins, and mem-
brane trafficking proteins, such as “Ras-related in brain” (67) and
annexins (77, 78). Moreover, they express cell-specific molecules,
including CD29, CD73, CD44, and CD105, and enclose proteins
involved in MSC self-renewal and differentiation (GE, Wnt, TGF-
B, MAPK, BMP, etc) (77). MSC-EVs also carry a variety of genetic

TABLE 3 | Nomenclature and classification of the different types of vesicles.

Characteristics Exosomes Microvesicles Apoptotic bodies

Size 20-100 nm 50-1000 nm 500-5000 nm

Shape Cup shaped Irregular Heterogeneous

Sedimentation 100,000 x g Size dependent at 100,000 x g, 10,000 x g, and Size dependent at 100,000 x g,
2000 x g 10,000 x g, and 2000 x g

Sucrose gradient 1.13-1.19 g/ml 1.04-1.07 g/ml 1.16 and 1.28 g/ml

Markers Tetraspanins (CD63/CD9), Alix, TSG1, ESCRT
components, flotilin

Lipids Cholesterol, sphingomyelin, ceramide, lipid rafts,
phosphatidylserine

Origin Endolysosomal pathway; intraluminal budding into
multivesicular bodies and released by fusion of the
multivesicular bodies with the cell membrane

Contents mRNA, microRNA, and other non-coding

RNAs; cytoplasmic and membrane proteins
(including HSP and cell-specific receptors)

Integrins, tetraspanins, selectins, and CD40 ligand

Phosphatidylserine

Cell surface; outward budding of cell membrane

mRNA, microRNA (miRNA), and other non-coding

RNAs; cytoplasmic proteins and membrane proteins,
including cell-specific receptors

Histones

High amounts of
phosphatidylserine

Cell surface; outward blebbing
of apoptotic cell membrane

Nuclear fractions and cell
organelles

ESCRT, endosomal sorting complexes required for transport; MVB, multivesicular bodies; HSF, heat-shock protein; mRNA, messenger RNA.

Table has been adapted from published literatures (90, 259, 260).
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FIGURE 1 | Transmission electron microscopy micrograph of
whole-mounted extracellular vesicles-purified human MSCs.
MSC-EVs exhibit a spheroid, cup-shaped morphology. Scale bar shows
100 nm. Photography courtesy of Monica Reis.

material, including mRNA and non-coding RNA [pre-micro-
RNA (miRNA), miRNA, tRNA, piRNA] (79-81). Significant
importance has been given to MSC-EV shuttled miRNA, which
has been shown to be functionally active and involved in the
regulation of genes related to organ development, cell survival,
and differentiation (82-85). The lipid composition of MSC-EV
is still unknown; however, very recently, Lai and colleagues have
reported an enrichment of phosphatidylserine (86). This lipid has
been identified on the surface of various types of EVs, derived
from various types of cells, and has been described as an evo-
lutionary conserved immunosuppressive signal which promotes
tolerance and prevents the activation of the immune system (87).
Recently, Wei et al. have demonstrated that phosphatidylserine
on the surface of MSC-derived microvesicles is essential for their
uptake by human umbilical vein endothelial cells (HUVECs),
however, the role of this lipid in MSC-EV-derived immunosup-
pression is still unexplored (88).

Common Procedures for EV Purification

Currently, differential ultracentrifugation represents the gold
standard and most commonly used protocol for EV purification.
This protocol involves several centrifugation steps at different
speeds to eliminate cell debris and protein contaminants (89).
EV sedimentation is usually accomplished by ultracentrifuga-
tion of the pre-cleared biofluid at speeds of 100,000 x g. This
protocol varies across users which may lead to inconsistences
in EV yields. In some protocols, EV sedimentation is accom-
plished at higher-speed ultracentrifugation (e.g., 140,000 X g)
and longer centrifugations (e.g., 4-7 h). Alternatively, the last
ultracentrifugation step can be replaced by microfiltration or
followed by an extra purification step, e.g., sucrose-gradient
centrifugation, which yields a cleaner EV population without
co-precipitation or protein contaminants (89). Other EV puri-
fication methodology includes the use of commercially available

kits based on polymer-precipitation and immune-capture using
antibody-coated magnetic beads (90). The commercially avail-
able kits precipitate a wide range of vesicles, however, it may
display concomitant precipitation of protein contaminants, while
the immunolabeled beads only precipitates a restricted fraction of
EVs and neglects others (90). Laboratories worldwide have been
focused on the refinement of protocols to allow for a more robust
purification and yield a purer EV population.

Therapeutic Potential of MSC-Derived EVs
Since the initial identification of EVs in the conditioning
medium of MSCs, increasing studies have demonstrated that
MSC-EVs harness therapeutic effects. MSC-derived EVs have
been shown to recapitulate the therapeutic effect of the parent
cells in animal models of cardiac, kidney, and brain injuries
and the observation MSCs have restricted migration and sur-
vival potential argues for the clinical use of EVs (91-94). The
importance of MSC-EVs has also been identified as one of the
mechanisms of MSC immunomodulation. MSC-EV's have been
reported to modulate proliferation and differentiation of T cells,
B cells, and monocytes (Table 4). Budoni et al. demonstrated
that the effect of MSCs on B cell proliferation and differentia-
tion could be fully reproduced by MSC-EVs and that this was
inhibited in the presence of MSC-EVs in a CpG-stimulated
peripheral blood mononuclear cell coculture system, in a dose-
dependent manner (95). The effect of MSC-EVs on T cells was
initially investigated by Mokarizadeh et al. in 2012. MSC-EVs
were shown to express regulatory receptors, such as programed
death ligand 1 (PD-L1), galectin-1, and membrane-bound
TGF-p1, and were able to inhibit auto-reactive lymphocyte
proliferation, promote the production of IL-10 and TGF-p, and
increase apoptosis of recipient T cells (96). MSC-EVs seemed
to induce tolerogenic signaling by prompting the generation
of CD4*CD25%FoxP3* Tregs (96). These findings were further
corroborated by different independent studies which showed
that MSC-EV's were capable of reducing proliferation and IFN-y
release of in vitro stimulated T cells in a dose-dependent manner
and that one of the main mechanisms of MSC-EV to regulate
T-cell proliferation and activation was the generation of de novo
Tregs (97-99). Zhang et al. demonstrated that this effect was
indirect and that MSC-EVs were preferentially taken up by
splenocytes, which in turn polarized activated CD4* T cells to
that of a CD4*CD25*FoxP3* Treg phenotype. In this study, the
authors proposed that MSC-EVs are responsible for the activa-
tion of TLR-dependent signaling in macrophages, which leads
to the induction of an IL-12°IL-10% M2 phenotype. These M2
macrophages are then responsible for the generation of Tregs
(100). Additionally, infusion of MSC-EVs led to enhanced
survival of allogeneic skin grafts in mice (100). Recently, Favaro
etal. demonstrated that MSC-EVs internalized by DCs impaired
their in vitro maturation, with reduced expression of matura-
tion markers CD86, CD80, and CD83, and an increase in IL-10
production by the EV-conditioned DCs (101).

Mesenchymal stromal cells-extracellular vesicles have also
been tested in the context of HSCT and GvHD. A recent study has
provided initial evidence that MSC-EV treatment combined with
HSCs contributes to faster reconstitution of the hematopoietic
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TABLE 4 | Summary of the immunomodulatory potential of MSC-EVs.

Target cells Experimental approach Source of EVs and isolation Results Reference
method
PBMC In vitro coculture Human umbilical cord MSC | Proliferation of CD8* and CD4* (99)
UC (Sed.: 10,000 x g) and t Percentage of CD4*CD25*FoxP3* Tregs
Exoquick t TGF-p1 and IL-10; } IFN-y, IL-6, TNF-«
Colon cells TNBS-induced colitis model Human BM-MSCs } Pro-inflammatory cytokine levels in injured colons (261)
UC (Sed.: 100,000 x g) Suppression of apoptosis
Inhibition of NF-kBp65 signal transduction pathways
T lymphocytes In vitro coculture Human ASCs Decreased T-cell activation and proliferation 97)
UC (Sed.: 100,000 x g)
Auto-reactive EAE mice Murine BM-MSCs EVs express PD-L1, galectin-1, and TGF-p1 (96)
lymphocytes UC (Sed.: 100,000 x g) Inhibition auto-reactive T-cell responses
t Apoptosis
t CD4+*CD25*FoxP3+* Tregs
PBMC from type | In vitro coculture Human BM-MSC } IFN-y production and t TGF-8, IL-10, IL-6, and PGE2 (98)
diabetes patients UC (Sed.: 100,000 x g) } Level of Th17 cells and t FoxP3* Tregs
B lymphocytes In vitro coculture Human BM-MSC Inhibition of B-cell proliferation and differentiation (95)
UC (Sed.: 100,000 x g) and UF
THP-1 M® In vitro coculture and in vivo Human ESC-MSC t Anti-inflammatory cytokines (100)
injection of EVs in a mouse HPLC } Pro-inflammatory cytokines
model of allogeneic skin TLR-dependent induction of M2-like phenotype
grafting Treg cell expansion
In vitro coculture LPS treated UC-MSC M® polarization via delivery of Let-7b by EVs and (84)
UC (Sed.: 100,000 x g) inhibition of TLR4 signaling pathway
moDCs from type | In vitro coculture Human BM-MSC EV-conditioned DCs exhibited immature phenotype (101)

diabetic patients UC (Sed.: 100,000 x g)

tIL-10, IL-6, and TGFp
{IL-17 and Th17 cells
Treg expansion

Sed., sedimentation rate; UC, ultracentrifugation; UF, ultrafiltration; Tregs, regulatory T cells; EAE, experimental autoimmune encephalomyelitis; TNBS, 2,4,6 trinitrobenzene sulfonic
acid; HPLC, high performance liquid chromatography; BM-MSC, bone marrow-derived MSC; ASC, adipocyte-derived stem cells; NF-kBp65, nuclear Factor kappa B p65; TGF-p1,
transforming growth factor beta 1, IL-10, interleukin 10; IFN-y, interferon gamma; IL-6, interleukin 6, TNF-a, tumor necrosis factor alpha; PD-L1, programed death ligand 1, PGE2,
prostaglandin E2; TLR, toll-like receptor; IL-17, interleukin 17; Th, T-helper cell; M®, macrophage; moDCs, monocyte-derived dendritic cells; LPS, lipopolysaccharide; FoxP3,

forkhead box P3.

microenvironment. In this study, MSC-EVs were shown to be
enriched in miRNAs that promote UCB-CD34* migration and
engraftment in the BM niche (83). Amarnath et al. detected
CD73-expressing EVs in MSC recipients in a mouse model of
GvHD. These EVs were found to metabolize extracellular ATP
into adenosine and, as a consequence, to inhibit Th1 cell effector
function (102). In 2014, Kordelas et al. were the first to admin-
ister MSC-EVs in a steroid-refractory GvHD patient. MSC-EV
preparations were shown to contain high concentrations of anti-
inflammatory molecules IL-10, TGF-f, and HLA-G and were
administered to the patient at intervals of 2 or 3 days for a period
of 2 weeks. MSC-EV administration was well tolerated and no
side effects were reported. The patient exhibited a 50% decrease in
the production of the pro-inflammatory cytokines IL-1f, TNF-a,
and IFN-y and concomitant a reduction of diarrhea and cutane-
ous and mucosal GvHD, which remained stable for more than
4 months post MSC-EV treatment (103).

Future Perspectives of MSC Therapy

Donor Source and the Use of Freeze-Thawed

MSC Products

A long standing debate is the donor source of MSCs, particularly
autologous versus allogeneic, and single-donor versus pooled
donor batches (also called “master cell stocks”). Largely, the pros

and cons of each relate to development costs and product safety.
Autologous MSCs are innately safe from an immunological/infec-
tive perspective and obviate the search for a third-party donor.
However, allogeneic MSCs would allow for product preparation
in advance for infusion as an “off the shelf” treatment, without
delays for the recipient. The advantages of master cell stocks
are seemingly obvious, as they would allow mass production of
MSC:s for clinical use in multiple patients; as opposed to the need
to isolate, expand, and quality check a batch of MSCs for every
single recipient. However, not only would MSC production at an
industrial scale prove costly, the potential for the contamination
of multiple individuals with a single batch would require even
more rigorous product analysis to ensure safety, which would
only increase development costs further.

Another area of controversy is the clinical response and
efficacy of using fresh (from culture) versus thawed MSCs.
In earlier clinical trials, MSCs were infused into patients as
thawed products, due to the benefit of cryopreservation allowing
for long-term storage and use at a later date. However, recently
the clinical effectiveness and safety of these products have been
questioned (104). In vitro, it has been shown that post-thaw MSCs
display a weaker immunomodulatory profile compared to their
pre-freeze counterparts due to a heat-shock response, particularly
in relation to weak IDO secretion (105). This seems to correlate
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with clinical outcomes, with reports of double the response rates
in fresh compared to thawed MSCs for the treatment of HSCT
complications (106). Despite aforementioned evidence, a recent
study has examined the effect of cryopreservation on human
MSC viability, immunomodulatory potency, and performance in
an ischemia/reperfusion injury model. This study has observed
that with modifications to standard cryopreservation methods
over 95% MSC viability could be achieved upon thawing. These
thawed high viability MSCs maintained their function in sup-
pressing human mononuclear cell activation. Furthermore, the
study has demonstrated that when viability is maintained, MSCs
retained their therapeutic potency in an in vivo ischemia/reperfu-
sion injury mode (107). This controversial evidence highlights
potential risks as well as achievable hopes for an off-the-shelf
therapy. Further studies are warranted to provide the field with a
more definitive view.

From a safety perspective, concerns have also been raised
regarding the possibility that post-thaw MSCs are associated with
an increased rate of the so-called instant blood-mediated inflam-
matory reaction (IBMIR) (106). As seen with islets of Langerhans
cells, this physiological process involves activation of a number of
components, mainly the coagulation and complement cascades,
leading to leukocyte and platelet activation, and subsequent tissue
damage (108, 109). The extent of this, however, remains unclear,
and more importantly, this has not been shown to have a negative
impact on the safety profile of MSCs.

Mechanisms of Action of MSCs

Despite their potential therapeutic benefits in GVHD treatment,
the exact mechanisms of action of MSCs are yet to be fully eluci-
dated. Increasing evidence has led to a common consensus that
the efficacy of MSC therapy could be predominantly attributable
to the release of soluble factors rather than long-term engraftment
(110, 111). The MSC secretome includes an array of bioactive pro-
teins, such as cytokines, growth factors, and chemokines. Their
functions and interactions, together with relevant literatures,
have been summarized in Figure 2. Ultimately, establishing a
comprehensive understanding of how MSCs work holds the key
to the development of successful MSC therapies.

Considerations in Using MSC-EVs for Therapies

Current research suggests MSC-EV-based therapy could
potentially have significant clinical relevance. In comparison
with MSCs, MSC-EVs are non-self-replicating hence no risk of
aneuploidy, less likely to be modified by inflammatory environ-
ment and have a lower possibility of immune rejection owing
to their small size and lower expression of membrane-bound
molecules, including membrane histocompatibility molecules.
MSC-EVs are also more stable than the parent cells, by virtue of
their encapsulated cargo, EVs provide added protection to their
contents from in vivo degradation, thus preventing problems
associated with rapid breakdown of soluble molecules, such as
cytokines, growth factors, and RNAs. In contrast to cell-based
therapy, MSC-EV therapy can be easier to manufacture and safer,
as they are devoid of cells and hence impose no danger of ectopic
tissue formation. Additionally, they can be stored in non-toxic
cryopreservatives at —20°C for 6 months with maintenance of

biological activity (112). Despite these advantages, for clinical
translation to be considered, it is essential to elucidate on the
biological properties and the constituents of these vesicles, in
terms of proteins and RNAs. MSC-EVs, as cellular products,
are influenced by the secreting cells; therefore, it is inevitable
that MSC heterogeneity will impact on EV cargo and biologi-
cal effects. Distinct MSCs have been shown to display different
abilities to produce cytokines and to respond to inflammatory
licensing (113). Moreover, donor age and gender also affect the
functional characteristics of MSCs (114). Current studies have
not clarified the effect of inter-individual variability of MSC-EVs,
and only a few studies have shown the effect of MSC licensing
with inflammatory cytokines on the immunomodulatory poten-
tial to the EV's (84, 96). Furthermore, considerations regarding
the immunomodulatory potency of the vesicles in relation to
their cellular counterparts need to be taken into account. A
recent report on the immunosuppressive effect of BM-MSCs
and their derived EVs has shown the latter were considerably
less potent in suppressing T cell proliferation and preventing B
cell differentiation (115). EVs were also seen to be not as effec-
tive in modulating DC maturation as their parent cells (101). In
the future, it will be important to investigate the effect of MSC
variability and licensing on the molecular signature of their
derived vesicles. This notwithstanding, data indicate MSC-EV's
are capable, at least in part, of mediating immunomodulatory
responses; however, further research is needed to unravel their
mode of action, the development of standardized EV purifica-
tion, characterization, and potency assays.

IMMUNOTHERAPY WITH ANTIVIRAL
T CELLS TO TREAT INFECTIOUS
COMPLICATIONS

Opportunistic infections are serious complications affecting the
morbidity and mortality of transplant patients (116). The most
common infections in immunocompromised transplant recipi-
ents are caused by viral, bacterial, parasitic, and fungal pathogens
(117). In immunocompetent individuals, the majority of these
pathogens are controlled by the immune system, but in immu-
nocompromised patients they can lead to prolonged recovery or
hospitalization due to recurrent reactivations and can even influ-
ence the overall survival (116). The most important risk factors
for post-HSCT infections are immunodeficiency and mucosal
injury caused by conditioning regimen pre-transplantation (118),
allogeneic transplantation with T cell depletion (119), delayed
immune reconstitution due to immunosuppressive therapy for
GvHD, and the pathogen serostatus of donor/recipients pairs
(120). Taking the risk factors into account, preventive and pre-
emptive treatments against these pathogens are important to
promote engraftment, avoid relapse, and improve the overall
survival. Bacterial, fungal, and parasitic infections can be treated
with antibiotics, antifungals, or antiparasitic medications, but
reconstitution of specific immunity is important. Latent virus
reactivations or de novo infections can be treated with antiviral
medications, but reactivation is only treated successfully or
prevented by the recovery of anti-virus-specific T cells. The
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FIGURE 2 | Overview of the bioactive molecules secreted by MSCs and their impact on cells of the innate and adaptive immune response. Some
bioactive molecules are constitutively expressed by MSCs, while others are “licensed” by exposure to an inflammatory environment or upon TLR stimulation (24 1).
Depending upon the bioactive secretion profile, MSCs can skew the differentiation of CD4+ T-helper cells into various T-cell subsets, each with distinct cytokine and
gene expression profiles, can promote the generation of regulatory T cells (Tregs) and inhibit the proliferation of cytotoxic T cells (242-244). MSCs can modulate the
development of conventional and plasmacytoid DC (245-247) while DCs generated in the presence of MSCs have functional properties typical of tolerogenic DCs
(248-250). Similarly, MSCs can polarize macrophages of the classical M1 pro-inflammatory phenotype to that of an alternative anti-inflammatory M2 phenotype
(215), or directly induce this alternative phenotype by coculture (251). In contrast to other cell types, MSC modulation of B-cell function is poorly understood and the
findings are contentious. Results from in vitro experiments show that while MSCs impair the proliferation and terminal differentiation of B cells (252) they have also
been shown to stimulate antibody secretion (253). More recently, data have emerged which suggests that MSCs can promote the induction of regulatory B cells
(Breg) (254). Neutrophils are an important mediator of the innate response and MSCs have been shown to enhance their survival through an IL-6-mediated
mechanism, concomitant with the downregulation of reactive oxygen species, thereby conserving the pool of neutrophils primed to respond rapidly to infection
(255). MSCs inhibit the proliferation and differentiation of monocytes to immature dendritic cells (DCs) (245). Natural Killer (NK) cells and MSCs have a reciprocal
relationship; MSCs can inhibit the proliferation and cytotoxicity of resting NK cells and their cytokine production in vitro, while activated NK cells can be cytotoxic to
MSCs (256). MSCs constitutively secrete Factor H which inhibits complement activation (257), conversely the complement activation products C3a and C5a
released upon tissue damage are chemotactic factors for MSCs (258), recruiting them to sites of injury. Abbreviations: CCR, C-C chemokine; CD, cluster of
differentiation; cDC, conventional dendritic cell; CTL, cytotoxic T-lymphocyte; GM-CSF, granulocyte-macrophage colony-stimulating factor; HGF, hepatocyte growth
factor; HLA, human leukocyte antigen; IDO, indoleamine 2,3-dioxygenase; IFNy, interferon-y; Ig, immunoglobulin; IL, interleukin; M®, macrophage; MHC, major
histocompatibility complex; Mono, monocyte; Neutro, neutrophil; NF-kB, nuclear factor kappa B; PD-1, programed cell death protein-1; pDC, plasmacytoid
dendritic cell; PGE,, prostaglandin Ez; TGFp, transforming growth factor §; Th, T-helper cell; TNFa, tumor necrosis factor «; tolDC, tolerogenic dendritic cell; TSG,
TNF-a-stimulated protein.
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prophylaxis and the treatment of transplanted patients with
traditional drugs might be effective by killing the pathogens or
control replication; however, virus infections or invasive fungal
infections (121) are often refractory to these treatments due to
limited activity, drug resistance, or short-term drug protection
(122, 123). Furthermore, antiviral and antifungal drugs have
demonstrated significant toxicity, which raises a real concern for
HSCT patients undergoing intensive drug treatments (124, 125).

Cytomegalovirus (CMV) is a latent herpes virus, which may
lead to mild diseases at first contact or remains silent during
most of the life of immune competent individuals. CMV is
latently expressed in 30-60% of the population (126). CMV
persists life-long in infected individuals in endothelial and
epithelial cells, but is usually controlled by T cells specific for
CMV (127). Thus, in immunocompetent individuals, the infec-
tion with CMV is not problematic, in immunocompromised
individuals, like HSCT patients, it can trigger severe diseases.
The most common manifestations of CMV disease are gastro-
intestinal complications, pneumonia and interstitial pneumo-
nitis, hepatitis, retinitis, and encephalitis (128). Furthermore,
several studies have reported a correlation between CMV infec-
tion and reactivation with the onset or aggravation of GvHD,
which makes the treatment of these patients even more difficult
considering that the immunosuppression required for GvHD
will increase CMV reactivation (129).

Epstein-Barr virus (EBV) is a herpes virus spread in more
than 90% of the adult population with a life-long latency in B
lymphocytes (130). EBV de novo infection or reactivation affects
about 11 and 46%, respectively, of patients undergoing HSCT
(131). The most life-threatening condition related to EBV infec-
tion in immunocompromised patients is the posttransplant
lymphoproliferative disease (PTLD) (132).

Adenovirus (AdV) is a common latent virus, which presents
atleast 51 serotypes having various clinical manifestations, which
make the decision for a therapeutic strategy more complicated
than for other viruses. The infection occurs frequently during
the childhood, but the most susceptible individuals are pediatric
patients after HSCT (120). In these patients, AdV infection can
cause hepatitis, pneumonia, encephalitis, myocarditis, gastro-
enteritis, or nephritis and when disseminated is associated with
more than 50% of mortality risk (120, 133).

Cytomegalovirus, EBV, and AdV are the major viral pathogens
involved in infection complications after HSCT. Other critical
non-viral infections occurring in HSCT patients are invasive
fungal infections mainly caused by fungal pathogens, such as
Aspergillus and Candida. The mortality among posttransplant
patients with IFI is between 1 and 13% and occurs in the majority
of the cases within the first year after HSCT (134).

Toward Adaptive T Cell Transfer

for Treatment of Viral Infections

Viral reactivation is the result of impaired function of the
immune system, thus adoptive transfer of virus-specific T cells
can help to restore virus-specific immunity after HSCT. Over the
last 20 years, adoptive T cell therapy has become a potential alter-
native to pharmacologic treatments for patients with refractory

posttransplant infections (135-138). Donor lymphocyte transfu-
sion has been largely used in HSCT patients to prevent relapse
by providing graft-versus-leukemia effect (GvL) although the
development of GVHD has unfortunately been a concomitant risk
(139, 140). In the early 1990s, it became evident that the practice
of DLI was at the same time advantageous for the treatment of
virus infections due to the presence of anti-virus reactive memory
T cells among the lymphocytes from seropositive donors (141).
Despite considerable benefits, the treatment of virus infections
with DLI has demonstrated limitations concerning both safety
and efficacy issues, due to the high presence of alloreactive T cells
and to the low frequency of antigen-specific T cells (142, 143).
These findings contributed to strategies increasing the number
of antigen-specific T cells by selecting the donor target cytotoxic
T cells and depleting the alloreactive T cells as an alternative
immunotherapy for the reconstitution of the anti-pathogen
immunity with a reduced risk of triggering GvHD (Figure 3). One
of the pioneering studies published by Riddell et al. demonstrated
the successful reconstitution of antiviral-specific T cell immunity
in HSCT patients at high risk of developing CMV disease by
the prophylactic transfusion of in vitro expanded CMV-specific
CD8* T cell clones (143). Although they could show the reconsti-
tution of CMV-specific immunity, the expansion of virus-specific
T cell clones had several drawbacks for integration into clinical
practice. Since that time, innovative technological developments
as well as novel basic immunological findings to improve and
to disseminate the treatment of infectious diseases by adaptive
anti-pathogen T cell transfer were developed.

In Vitro GMP Manufacturing of Antiviral
T Cell Products

Basically two different strategies for depletion of potential
alloreactive T cells and concomitant enrichment of relevant
virus-specific T cells are established for the generation of GMP-
grade antiviral T cell products (Figure 4). One strategy relies on

[©)
°® o
(@)
(o) (@)
O (@)
Allogeneic Blood cells Manufacture Patient
stem cell of a virus-
donor specific T cell
product

FIGURE 3 | Principle approach of adoptive T cell therapy for treatment
of viral infections. Out of peripheral blood of the HSCT donor the
virus-specific T cells are selected. The generated T cell product is infused into
the patient suffering of viral complications after allogenic HSCT.
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FIGURE 4 | Continued

can be achieved by different methods. (A) Activation and expansion:
peripheral blood cells are incubated with viral antigen. Antigen-presenting
cells (APC) phagocytose, process, and present the antigen as peptides on
MHC molecules. Virus-specific T cells recognize their cognate viral antigenic
peptide via the TCR, get activated, and later on start proliferating for several
days. In many applications, additional repetitive antigen restimulations are
performed to further increase the expansion and thereby the number and
the purity of the virus-specific T cell population. Dependent on the viral
antigen and APC used for the process, either CD4+ and/or CD8* T cells are
contained in the product. (B) MHC class I/peptide multimer technology:
virus-specific T cells within peripheral blood become labeled by a MHC
class I/peptide multimer reagent, which binds to the TCR of the viral
peptide-specific T cells. After an additional labeling step with magnetic
beads the CD8* virus-specific T cells are magnetically enriched.

(C) Cytokine-capture assay: peripheral blood cells are incubated with viral
antigen, e.g., a peptide pool, for 4 h. APC present the peptides on MHC
molecules to virus-specific T cells, which start producing IFN-y. Cells are
labeled with a catch matrix consisting of a CD45 antibody conjugated to an
Anti-IFN-y antibody. In this way, secreted IFN-y is specifically captured on
the cell surface of the activated virus-specific T cells. Subsequently, the
cell-bound IFN-y is detected with Anti-IFN-y magnetic particles and the
virus-specific T cells are magnetically enriched. Both CD4* and CD8* T cells

are obtained by this method.

conventional in vitro stimulation of blood cells with viral antigen
and in vitro propagated antigen-presenting cells (APC), like
EBV-transformed B cells, and repetitive restimulation and long-
term culture to gain T cell clones or lines (143, 144) (Figure 4A).
Despite successful optimization and simplification of multiple
steps within this manufacturing over the last year to yield clini-
cally practical protocols resulting in effective and safe T cell lines,
a main disadvantage of these cell products is the long and labori-
ous preparation time of at least 10 days (145). The development of
new magnetic selection methods to obtain the rare virus-specific
T cells out of peripheral blood, based on either IFN-y secretion
[CliniMACS® Cytokine Capture System (CCS) (IFN-gamma)]
enables or peptide/MHC multimer labeling, allowed significant
reduction of the preparation time of the cellular product under
GMP conditions from one to two working days.

The peptide/MHC multimer technology allows selection of
peptide-specific CD8* T cells out of a blood sample according to
the magneticlabeling of the antigen-specific T cell receptor (TCR),
without the need of prior in vitro stimulation step (Figure 4B).
The CliniMACS® CCS (IFN-gamma) requires stimulation of
peripheral blood samples with antigen like peptides or proteins
for about 4-16 h to induce IFN-y production by the virus-specific
T cells (Figure 4C). The secreted IFN-y is specifically caught
onto the cell surface of antigen-activated T cells using a capture
matrix. The subsequent recognition of IFN-y-secreting cells with
magnetic beads conjugated to anti-IFN-y antibodies enables its
enrichment.

Both methods yield rapid and effective production of
antigen-specific T cells. The advantage of the CCS over peptide/
MHC multimer technology is a parallel stimulation and selec-
tion of antigen-reactive CD4* as well as CD8* T cells. Although
CD8* cytotoxic T lymphocytes (CTLs) are responsible for the
fast antiviral response, it has been shown that the presence and
help of antigen-specific CD4* T cells is essential to activate the
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CTL and maintain long-term immunity (146). Moreover, the
CCS enables generation of a cell product consisting of multiple
viral epitopes of either one or more antigenic viral proteins.
Whereas the number of available peptide/MHC multimer
reagents is limited to the most common HLA/epitope spe-
cificities, the cytokine-capture assay is suitable for isolation of
specific T cells independent of HLA allotypes. A disadvantage
of the IFN-vy secretion assay technology compared to peptide/
MHC multimer technology is the need for a short-term (4 h)
incubation phase for antigenic stimulation. However, exactly
this technological feature makes it possible to generate tailored
T cell products for patients by choosing on the required viral
antigen, either peptides, pools of peptides, proteins, and even
use of multiple antigens. Meanwhile a whole panel of viral
protein antigens is available as pre-pooled GMP-grade peptide
cocktails, covering CD4* as well as CD8* T cell epitopes without
HLA restriction.

Despite the possibilities of adaptive virus-specific T cell
therapy the number of clinical sites, which have GMP manu-
facturing unit and processes and thus offering such a treatment
option to patients, is limited. One of the general obstacles of cell
therapy is the complexity of the clinical manufacturing. Beside
the demands on the infrastructure with clean rooms and various
instruments, the generation of antigen-specific T cell products
requires several different handling and intervention steps during
the production process and skilled and well-trained operators
are needed. To guarantee robust and reliable processes as well
as safe and effective clinical products, a standardization of the
cell manufacturing is essential, which can be accomplished
by automation. A newly developed cell processing device, the
CliniMACS Prodigy®, enables to run the complete CCS in an
automated and closed system (60, 147). The cells are processed
from the first until the last step within a closed and single-use
tubing set. All process steps, i.e., cell preparation, cell stimula-
tion, labeling and washing steps, magnetic enrichment, and final
formulation are performed automatically. Only a minimum of
operator action is necessary to set-up sterile connections of all
starting materials (blood sample, antigen, buffers, cell culture
media, labeling, and separation reagents) to the tubing set, for
programing the desired time of the process end, and for cell
sampling to allow their quality control.

Quality of the Cellular Products

Determines Clinical Outcome

Clinical Benefits Are Detected upon Transfer

of Low Numbers of T Cells

The cell numbers obtained with either system for rapid mag-
netic ex vivo selection of virus-specific T cells is limited due
to the low frequency of virus-specific T cells within peripheral
blood. In vitro expansion of the specific T cells was considered
to be essential for a successful adoptive therapy as in early
clinical studies the number of transferred T cells were as high as
several million cell/m? body surface area (148, 149). However,
various investigators treated patients with CMV-, EBV-, or
AdV-specific T cells directly obtained after ex vivo isolation
using the CCS and reported clinical efficacy (138, 150-153).
Thus, this low number of transferred cells most probably are

compensated by their high in vivo proliferating capacity in the
lymphodepleted host, thus leading to sufficient antigen-specific
T cell immunity and successful treatment of viral infections.
It has been shown for tumor-infiltrating T cell products that
longer periods of in vitro expansion reduce the clinical efficacy
in vivo, hypothesized to be the result of enhanced terminal dif-
ferentiation of cells (154). The number of virus-specific T cells
that can be isolated ex vivo using either method depends mainly
on the frequency of specific T cells in donors’ peripheral blood.
Usually the number of enriched T cells allows the transfer of
less than 1 X 10°/kg body weight of the patient, i.e., the number
of transfused T cells is below the number of unselected T cells
regarded as critical for GvHD induction (MUD/MRD: 1 X 10/
kg body weight). Thus, methods for rapid generation of cellular
antiviral T cell products are of advantage compared to long-
term cell culturing processes.

Cotransfer of CD4+ T Cells Support In Vivo

Effector Function of CD8* T Cells

Controversial data on the protective role of CD4* and CD8*
T cells, the benefit of transferring both, antigen-specific
CD4" and CD8" T cell subsets, or CD8" T-cells alone still
exist and need to be discussed. The prophylactic infusion of
CMV-specific CD4* T cells in patients without CMV-specific
T helper response has been shown to increase the frequency
of CMV-specific T cells in both CD4* and CD8* T cell sub-
populations and to eradicate the virus successfully (149). On the
other hand, the transfusion of CMV-specific CD8" T cells has
been likewise efficient in clearing the viremia and increasing
the frequency of donor CMV-specific CD8" T cells as well as
recruiting CD4* T cells in the recipients (155). Riddell et al.
and Walter et al. have transfused CMV-specific T cell clones
and reported a progressive decrease of transferred CMV CD8*
T cell clones in patients who lacked CD4* T cells (143, 148).
Since then, several other studies have demonstrated the critical
role of CD4* T cells in both maintaining the functionality of
cytotoxic CD8* T cells (156, 157) and directly fighting the viral
infection (158). Furthermore, in a multicentre study, Leen et al.
observed that transfusion of either CD4* or CD8* T cells were
equally protective against viral infections (159). The CD4* T cell
population remains, however, a controversial issue for adoptive
immunotherapy, since several studies have reported a higher
alloreactive potential of this T cell subset (160, 161).

Reduced Alloreactivity in In Vitro-Generated

T Cell Products

The allogeneic reactivity of pathogen-specific T cells has been
largely investigated and their potential to elicit GvHD needs
still to be clarified, particularly with HLA-mismatched donors.
Several in vitro studies have reported the cross-reactive poten-
tial of expanded virus-specific T cells toward allogeneic-HLA
antigens (162-166). Single-viral antigen CD4* and CD8* T cell
lines or clones, specific for CMV, EBV, VZV, and influenza virus,
have shown in vitro to recognize and lyse allo-HLA class I and
class II molecules also expressed on normal cell subsets (164).
Long-time culture and the generation of clones under repeated
immune stimulation may contribute to the in vitro alloreactivity
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of T cell clones, reported. In the clinical setting, this alloreactiv-
ity has not been reported, not even in HLA-mismatched clinical
conditions (163).

In vitro data clearly showed a high degree reduction of
alloreactivity by selection and expansion of CMV- and AdV-
specific T cells using the CliniMACS® CCS (IFN-gamma) is
achieved (167-169). One limitation of the data above is that
the tests were not performed versus the recipients’ material.
In practice, alloreactivity testing of the donor material versus
the recipient material is not feasible due to the time it takes
and the necessary collection of the relevant tissue since GVHD
can affect the skin, the gut, and the liver. Moreover, there was
no alloactivation reported in AdV-specific T cells stimulated
with third-party HLA-matched unrelated donor cells in a
mixed lymphocyte reaction (MLR) setting when compared
with autologous stimulation, but a residual 28% of alloreactivity
was shown in the HLA-mismatched MLR setting (150). Very
recently, our team has demonstrated that CMV-CTL isolated
by IFN-y secretion assay and further in vitro expansion did not
induce relevant cutaneous GvH tissue damage in the in vitro skin
explant model while maintaining high level of antiviral activity
(170). Atlow cell doses (5 X 10°) none of CMV-CTLs led to GvH
reactions in the HLA-mismatched recipient’s skin, whereas at
the high cell dose (1 x 10°) two of nine CMV-CTLs induced a
mild GvH skin damage (Figure 5). Our observations contribute
to further elucidate the knowledge on the immunogenicity of
antiviral T cells supporting simultaneously their safety use in
the clinical practice.

Furthermore, it is important to correlate the phenotype and
functionality of the infused cells with the clinical outcome.

Clinical Trials Using Ex Vivo Magnetically
Enriched Virus-Specific T Cells

Clinical trials to date have confirmed safety and efficacy of the
adoptive transfer of virus-specific T cells. The Tables 5-7 sum-
marize the data of clinical studies performed with donor-derived
CMV-, EBV-, and AdV-specific T cell products, either using
T cell lines or directly ex vivo isolated T cells, administered for
therapeutic or pre-emptive treatment after HSCT. We are going
to discuss in more detail below the virus clearance and kinetics
of virus-specific immune recovery after application of cellular
therapies based on the two methods for ex vivo isolation of virus-
specific T cells, namely the IFN-y secretion assay and the peptide/
MHC multimer selection technologies.

Clinical Trials Using CliniMACS® Cytokine

Capture System (IFN-Gamma)

Several studies used the IFN-y secretion assay to select antigen-
specific T cells (Tables 5-7). Feuchtinger and colleagues pub-
lished the clinical experience on 13 patients treated with the
infusion of pp65-specific IFN-y-secreting CD4* and CD8* cells
for refractory CMV infections or CMV disease after HSCT (171).
It was observed that in vivo expansion of transferred cells was
correlated with clearance or significant reduction of viremia.
Furthermore, expansion was seen in CD4* and CD8" T cells and
cells could be detected in vivo within an average of 3-6 weeks.
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FIGURE 5 | In vitro human skin explant assay as a model to investigate the potential of third-party CMV-specific T cells to elicit GvHR in an
HLA-mismatched system. (A) CMV-specific T cells were isolated from blood of seropositive donors by IFN-y secretion assay and expanded in vitro between 2
and 4 weeks with IL-2 and irradiated feeder cells. (B) CMV-specific T cell lines and unselected PBMCs from the same donor where exposed to HLA-mismatched
PBMCs (recipient’s cells) in a mixed lymphocyte reaction for 7 days followed by incubation with recipient’s skin for further 3 days. Then skin biopsies were collected,
fixed in formalin, and stained with hematoxylin and eosin. (C) The histopathological damage in the skin biopsies displays a readout of the allogeneic-HLA reactions
caused by T cell activation. The images show that CMV-specific T cells do not cause GvHR (Grade |) as opposed to Unselected PBMCs (Grade Il and Ill) from the
same donor.
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TABLE 5 | Clinical trials with therapeutic treatment of CMV-specific T cells.

Reference Method No. pts Results Dose

Einsele et al. (149) In vitro stimulation and expansion of CMV-specific 8 5/7 evaluable pts eliminated infection 107 cells/m?
polyclonal CD4* and CD8* T cells

Peggs et al. (262) In vitro stimulation and expansion of CMV-specific 16 Pre-emptive therapy: 8/16 did not require 0.2-1 x 10° T cells/kg
polyclonal CD4+ and CD8* T cells antiviral treatment

Bao et al. (263) In vitro stimulation and expansion of CMV-specific 7 3/7 pts cleared infection 2.5-5 x 10° CMV-specific
polyclonal CD4* and CD8* T cells 1/7 pts reduced viral load CD3* cells/kg

Blyth et al. (264) In vitro stimulation and expansion of CMV-specific 21 Pre-emptive therapy: 13/21 did not require 2 x 10" CMV CTLs/m?
polyclonal CD4* and CD8* T cells antiviral treatment

Koehne et al. (265) In vitro stimulation and expansion of CMV-specific 16 14/16 pts eliminated infection 5 x 10°-3 doses with
polyclonal CD4* and/or CD8* T cells 1x 10°T cells/kg

Total In vitro stimulation and expansion 68 23/30 responders (w/o pre-emptive therapy)

Feuchtinger et al. Direct isolation of CMV-specific CD8* and CD4* 18 15/18 responders 1.2-166 x 10° cells/kg

(171) T cells using the CCS

Peggs et al. (137) Direct isolation of CMV-specific CD8* and CD4* 1 Pre-emptive therapy: 2/11 did not require 10* CD3* T cells/kg
T cells using the CCS antiviral treatment

Meij et al. (266) Direct isolation of CMV-specific CD8* and CD4* 6 6/6 patients eliminated infection 0.9 x 10%-3.1 x 10° cells/kg
T cells using the CCS

Total Direct isolation using the CCS 35 21/24 responders (w/o pre-emptive therapy)

Cobbold et al. (267) Direct isolation of CMV-specific CD8* T cells 9 8/9 patients eliminated infection 1.2-33 x 10° cells/kg
using MHC-I-tetramers

Schmitt et al. (155) Direct isolation of CMV-specific CD8* T cells 2 Control of CMV-viremia in both patients 0.37 and 2.2 x 10° cells/kg
using MHC-I-streptamers

Uhlin et al. (268) Direct isolation of CMV-specific CD8* T-cells 5 4/5 responders 0.8-24.6 x 10* cells/kg
using MHC-I-pentamers

Total Direct isolation using MHC-I-multimers 16 14/16 responders

TABLE 6 | Clinical trials with therapeutic treatment of EBV-specific T cells.

Reference Method No. pts Results Dose
Rooney et al. (144) In vitro stimulation and expansion of EBV-specific CD8* T cells 10 Therapy: 3/3 responders 0.2-1.2 x 108 cells/m?
Prophylaxis: 7/7 virus free
Haque et al. (269) In vitro stimulation and expansion of EBV-specific CD8* and CD4* 8 4/8 Remission 10° cells/kg
T cells
Haque et al. (270) In vitro stimulation and expansion of EBV-specific CD8* and CD4+* 33 14/33 complete remission 2 x 10° cells/kg
T cells 3/383 partial response
Heslop et al. (271) In vitro stimulation and expansion of EBV-specific CD8* T cells 114 Therapy: 11/13 complete 1-5 x 107 cells/m?
response
Prophylaxis: All PTLD free
Doubrovina et al. (272)  DLI or in vitro stimulation and expansion of EBV-specific CD8* T cells 19 13/19 complete response 10° cells/kg
Gallot et al. (273) In vitro stimulation and expansion of EBV-specific CD8* and CD4* 11 4/10 responders 5 x 106 cells/kg
T cells
Total In vitro stimulation and expansion 52/86 responders
(w/o prophylaxis)
Moosman et al. (152) Direct isolation of EBV-specific CD8* and CD4* T cells using the CCS 6 3/6 responders 0.4-9.7 x 10* cells’kg
Icheva et al. (151) Direct isolation of EBV-specific CD8* and CD4* T cells using the CCS 10 7/10 responders 0.15-53.8 x 10° cells/kg
Total Direct isolation using the CCS 16 10/16 responders
Uhlin et al. (268) Direct isolation of EBV-specific CD8* T cells using MHC-I-pentamers 1 1/1 complete response 1.8 x 10* cells/kg
Total Direct isolation using MHC-I-multimers 1 1/1 responder

The transferred pp65-specific T cell immunity could be detected
for more than 6 months after infusion in single patients (171).
Moosmann and colleagues used the IFN-y capture assay and
stimulation with peptides derived from EBV antigens to generate

EBV-specific T cells to treat PTLD induced by EBV (152). Three
out of six patients had complete and stable remission after fail-
ing treatment with rituximab, an anti-CD20 antibody together
with low numbers of CD4" and CD8" EBV-specific T cells.
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TABLE 7 | Clinical trials with therapeutic treatment of AdV-specific T cells.

Reference Method No. pts Results Dose
Geyeregger et al. (274) In vitro stimulation and expansion of AdV-specific CD8* and CD4+ T cells 2 1/2 complete response 10* CD3* cells/kg
1/2 partial response
Total In vitro stimulation and expansion 2 2/2 responders
Feuchtinger et al. (150) Direct isolation of AdV-specific CD8* and CD4* T cells using the CCS 9 4/9 responders 1.2-50 x 108 cells/kg
Qasim et al. (153) Direct isolation of AdV-specific CD8* and CD4* T cells using the CCS 5 3/5 responders 10* cells’kg
(cleared adenoviremia)
Feucht et al. (138) Direct isolation of AdV-specific CD8* and CD4* T cells using the CCS 30 21/30 responders 0.3-24 x 10° CD3*
cells’kg
Total Direct isolation using the CCS 44 28/44 responders
Uhlin et al. (268) Direct isolation of AdV-specific CD8* T cells using MHC-I-pentamers 1 No response 3.1 x 10* and
1.7 x 10* cells/kg
Total Direct isolation using MHC-I-multimers 1 0/1 responder

Non-responders suffered from the late-stage disease with multio-
rgan dysfunction at the time of T cell transfer. In two responders,
long-term follow up was possible, showing that EBV-specific
T cells rapidly expanded upon transfer, high levels were main-
tained for approximately 6 months then the numbers declined,
according to the characteristic expansion and contraction of
antigen-specific T cells, and stabilized at levels characteristic
for healthy individuals, providing protection for at least 2 years
after transfer. Detailed analyses of cell differentiation markers
early after transfer showed that EBV-specific CD8* T cells had
an effector memory phenotype (CCR7~ CD45RA~), which after
contraction evolved into central memory (CCR7* CD45RA ") and
terminally differentiated effector cells (CCR7- CD45RA"). It has
also been shown that infusion of AdV-specific IFN-y* T cells was
successful and their expansion in vivo correlated with decreased
viral load (138, 150). The analysis of four AdV-specific T cell
products before treatment revealed that the majority of cells were
of effector memory phenotype, identified based on the expres-
sion profiles CCR7~ CD45RA™ and CD62L~ CD45RO", and a
minority of central memory phenotype, characterized as CCR7*
CD45RA™ and CD62L* CD45RO™* (138). Further investigation
on tracking of the infused cells and correlating the phenotype and
functionality of the infused cells with the clinical outcome will in
addition help to define the optimal conditions for a successful and
long-lasting effect of the adoptive transfer.

Clinical Trials Using the Peptide/MHC
Multimer-Based Selection

Nowadays, this technique is used for adoptive transfer, since it has
been shown that antigen-specific CD8* T-cells selected with pep-
tide/MHC multimers induced long-lasting immune responses
without increasing the risk for GvHD (Tables 5-7). The devel-
opment of “reversible” TCR staining with streptamers allowed
selection of the phenotypically and functionally unchanged cells
(172, 173). Schmitt and colleagues reported results from the
study on two patients treated with CMVpp65-specific T cells for
recurrent CMV antigenaemia after HSCT (155). For one of the
donors the phenotype and function of cells after transfusion was
analyzed. Donor-derived CMV-specific T cells from the cellular
product rapidly expanded in vivo, showed early after transfusion

an effector memory phenotype (CCR7~ CD45RA~), acquired
effector phenotype (CCR7~ CD45RA") at later timepoints, and
were capable of secreting IFN-y upon in vitro stimulation. In both
patients, clearance of the CMV reactivation without any signs of
GvHD was observed. Additionally, Odendahl and colleagues
showed in a pre-clinical study the potential of clinical-scale CMV
streptamer-selected T cells. In this study, 22 cell products dis-
played excellent viability, cytotoxicty, and purity with effectively
removed selection reagents (174). Recently, a GMP-compliant
protocol using the streptamer technology was implemented to
enrich EBV- and AdV-specific T cells. Because of the very low
frequencies of EBV- and AdV-specific T cells in the starting mate-
rial, the purity (among CD3* cells) of the large-scale cell product
was poor, up to 44 and 6.7%, respectively. However, an increase
in purity was achieved by small-scale selection or simultaneous
application of EBV- and AdV-streptamers. An IFN-y response
was seen in most of the products and cells were predominantly
of the effector memory (CD62L~ CD45RA") or central memory
phenotype (CD62L* CD45RA"), thus those cells are suitable for
clinical use (175).

Future Perspectives

Generation of Multipathogen-Specific T Cells
Adoptive transfer of multi-antigen-specific T cells is a promising
approach in restoring antigen-specific immunity and preventing
or treating infectious complications after HSCT. Several strategies
have been developed to simultaneously select T cells specific for
viral and/or fungal pathogens. Initial studies focused on CMYV,
EBV, and AdV, using a clinical-grade AdV vector Ad5f35 with
expression of the CMV antigen pp65 transgene, which permit-
ted transduction of APC like DCs or EBV-transformed B cells
to successfully stimulate and expand virus-specific T cells (164,
176-178). A new enrichment strategy based on the activation-
dependent CD154 (CD40L)-expression (transient expression on
activated CD4" and to lesser extent on activated CD8* T cells)
and subsequent expansion of T cell has been introduced to
production of multi-pathogen-specific T cells without the need
to genetically modify APC. This technique allowed generation of
alloantigen-depleted CD4* and CD8* T cell lines within 14 days
with high specificity for the most common posttransplantation
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pathogens. These T cell lines showed extensive proliferative
capacity and confirmed functionality in vitro (179). Recently, the
use of either DNA plasmids or peptide pools to pulse APC has
been validated to avoid safety and regulatory issues associated
with transduction of APC using viral vectors. The combination
of the peptide mixture approach or transfection of DC with
plasmids with expansion in gas permeable rapid expansion
(G-Rex) bioreactors provided further advances, increasing
both feasibility and applicability of T cell therapy (180). These
rapidly (10-12 days) expanded multi-virus-specific T cells
provided effective antiviral protection in clinical trials (121,
159). Certainly, the short-term activation concomitantly with
peptide pools from multiple viral antigens in combination with
the CliniMACS® CCS (IFN-gamma) provides the most simplest
and fastest way for simultaneous GMP-grade selection of CMV-,
EBV-, and AdV-specific CD4* and CD8* T cells.

Broadening the Clinical Use of Adoptive

T Cell Therapy

Several barriers prevent the broader use of virus-specific T cell
therapies after HSCT. One of the main hurdles is associated
with the complexity of GMP-grade cell manufacturing. More
details and suitable solutions are described for generation of
virus-specific T cells in Section “In Vitro GMP Manufacturing
of antiviral T Cell Products” and of gene-modified T cells
in Section “Complexity of the Cell Manufacturing Process”
of this article. A second main problem is connected with
pathogen-naive donors and umbilical cord blood transplants.
For immunotherapy with cells derived from pathogen-naive
donors or cord blood, in vitro priming of the donor T cells
with APC pulsed with antigen or genetically modified APC
can be introduced (177). Another option is the transfer of
virus-specific TCR genes into donor primary T cells by viral
vectors (181). The antigen-specific responses in recipient can
be boosted also by the vaccination with peptide-loaded donor-
derived DC (182). Apart from above mentioned strategies, the
selection of the virus-specific T cells from healthy seropositive
third-party donors is an attractive alternative. Haque and col-
leagues showed for the first time that partially matched third-
party EBV-CTL led to the control of PTLD after solid organ
transplantation (183). Also post-HSCT successful treatments of
refractory viral infections (CMV, EBV, AdV) with third-party
virus-specific T cells were reported (177, 184). A detailed sum-
mary on clinical results of third-party-derived virus-specific
T cell administration is found in a recent review written by
O'Reilly and colleagues (185). The first promising results using
virus-specific T cells from third-party donors initiated the
idea of donor registries and biobanks with the cryopreserved
antigen-specific T cells, which could provide “oft the shelf”
immunotherapy product (185).

The introduction of rapid manufacturing technologies such
as magnetic enrichment processes for selection of pathogen-
specific T cells out of heterogeneous hematological populations
offered new possibilities leading to successful application of
adoptive T cell transfer in HSCT patients with refractory virus
(CMYV, EBV, ADV) infections (152, 171, 186) (Tables 5-7). More
recently adoptive cell transfer has been developed for other

virus infections, like Varicella Zoster virus, BK virus, or human
herpesvirus 6 (121, 187) as well as for invasive fungal infections
with aspergillus or candida (135).

IMMUNOTHERAPY WITH CAR
GENE-MODIFIED T CELLS FOR
TREATMENT OF LEUKEMIAS

Despite the success of allogeneic HSCT in the quest for a cure
of leukemic patients, the demand for alternative and new treat-
ment options is high, as relapse and refractory leukemia remain
a major challenge for patients having with very poor prognosis
(188-190). How to improve the antitumor immunity, especially
in patients who are not eligible for HSCT, need of a bridge therapy
prior to transplant, or even after failure of HSCT. In the future,
will there be a way even to replace SCT and thereby avoiding
transplantation-associated complications?

Elimination of the malignant cells and sustained remis-
sions can be achieved by induction of GvL effects after HSCT,
which are based on a donor T cell-mediated immune response.
Enhancement of the GvL effects is observed with DLI (191, 192).
However, a treatment with the complete repertoire of allogeneic
T cells is always accompanied by the substantial risk for the life-
threatening GvHD. One way to increase anti-leukemic effects
while avoiding GvHD in allogenic transplantation settings is
the transfusion of in vitro selected T cells, specifically targeting
tumor-associated antigens. But the majority of described tumor-
associated antigens are not exclusively found in tumor cells, but
represents self-antigens, either expressed in other adult healthy
tissue or during embryonic development. In general, it is assumed
the endogenous T cell repertoire against self-antigens show lim-
ited potency to eradicate tumor cells due to low affinity TCR. The
most powerful T cells would target either neo-antigens derived
from mutated genes within tumor cells or allogenic antigens like
minor histocompatibility antigens with restricted expression in
hematological cells, e.g., HA-1. These antigens are recognized as
foreign proteins by the immune system (i.e., the T cell repertoire
for these antigens is not shaped due to negative thymic selection
of T cells expressing high-affinity TCRs). Another approach to
break self-tolerance is the introduction of a new, high-affinity
antigen specificity into the T cells, i.e., by genetic modification
with an artificial TCR or with a CAR (12, 193).

Clinical Outcome of CD19
CAR-Transduced T Cell Therapy

Recent success stories of therapy with CAR-modified T cells
targeting CD19 in patients with high-risk B cell malignancies,
such as chronic lymphocytic leukemia (CLL) or childhood acute
lymphoblastic leukemia (ALL), have raised enormous scientific
and public expectations. For example, in a clinical trial including
30 children and adults with relapsed or refractory ALL treated
with CD19 CAR-transduced T cells 90% of the patients achieved
complete remission (194). The development of CAR T cell therapy
and a summary of clinical studies and data generated within the
past years have been described in several reviews and therefore
will not further discussed in this article (195, 196).
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Workflow of Adoptive Therapy with
CAR-Engineered T Cells

To prepare CAR-modified T cells for the treatment of a leukemic
patient, first peripheral blood is drawn from the patient. The
T cells are then isolated from the blood and engineered in vitro
with a CAR targeting a pre-defined antigen on tumor cells.
Subsequently, the cells are amplified to obtain a sufficient number
of CAR T cells for transfusion into the patient (Figure 6). Before
administration of CAR T cells, the patient undergoes a non-
myeloablative lymphodepletion, which supports the therapy, e.g.,
by promoting the in vivo proliferation and thus the persistence of
CAR T cells.

Engineering Potent and Safe
CAR-Modified T Cells

Chimeric antigen receptors are artificially constructed recep-
tors introduced into somatic cells, mainly in T cells, by genetic
engineering and redirect immune responses toward the tumor.
A CAR consists of an extracellular antigen recognition motif,
resembling a single-chain fragment of the variable region
of an antibody (scFv), directed against a cell surface antigen

Adoptive CART cell therapy

Non-myeloablative
lymphodepletion

Patient
O T cell

Adoptive

* cell
t f.

2 T cell engineered ransfer
with a CAR
(1}

(]
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6:9:6-
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o
) 1
= 3 S
Amplified
CART cells

In vitro manufacture
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FIGURE 6 | General workflow for adoptive therapy with CAR-modified
T cells. Figure courtesy of Prof. Hinrich Abken.

expressed on a tumor cell (Figure 7). The scFv part is linked
via a transmembrane domain to intracellular signaling struc-
tures derived from the TCR and costimulatory receptor(s). If
CAR-engineered T cells encounter tumor-associated antigens,
the intracellular signaling cascades of the TCR/costimulatory
moieties are triggered. Ultimately, this activation results in T
cell effector function, i.e., cell proliferation, cytokine secretion,
and cytolytic activity (197). Over the last years, the functional
properties of CARs have been improved. First-generation CARs
lacked the intracellular signaling motifs for costimulation.
Effective T cell activation requires at least two types of signals: (i)
engagement of the TCR with antigen presented by MHC and (ii)
engagement of costimulatory molecules, such as CD28, OX40,
and 4-1BB. However, tumors often do not express appropriate
ligands for costimulatory molecules. To overcome these restric-
tions second-generation CARs were developed incorporating
the intracellular domains of one costimulatory receptor, either
CD28 or 4-1BB. T cells expressing such CARs had a higher
capacity to expand, mediate increased tumor killing, and persist
in vivo for a longer period of time compared to first-generation
CARs (198-201). With the aim to further improve the func-
tionality of CAR-modified T cells, so-called “third-generation”
CARs, which deliver more than one type of costimulatory signal,
are now prepared for clinical trials.

Further efforts concentrate on strategies for design of T cells
with the goal to overcome inhibitory T cell signaling, the sup-
pression by the tumor microenvironment, or tumor antigen loss,
which is now regularly detected in a subset of patients suffering
from relapses after CD19 CAR T cell therapy (202-208).

Other strategies for CAR T cell design aim toward increasing
the safety of CAR T cells. One major concern of the therapy is the
attack of normal tissues (“on-target, off-tumor” toxicity), which
could dependent on the chosen target antigen result in very
severe and life-threating toxicity (208). However, the elimination
of normal B cells with, e.g., CD19 CAR T cells and the resulting B
cell aplasia is regarded as an expected and acceptable “on-target,
off-tumor” effect, which is successfully treated with infusion
of gamma immunoglobulins. Another toxicity first observed
with CD19 CAR T cells is the cytokine release syndrome (202,
209, 210). It is a side-effect of the desired antitumor response
induced by CAR T cells leading to mild, but in some cases to
severe clinical syndromes, which requires intensive care and
therapeutic management of the patients. Severe events are now
effectively treated with blocking Anti-IL-6 receptor antibody
without influencing the tumor rejection by the CAR T cells
(211-213). Nevertheless, the need to prevent or substantially
limit the toxicity of the therapy is high and potential solutions
are under investigations (208, 214-216).

Advantages of CAR-Engineered T Cells

Chimeric antigen receptors-modified T cells have some crucial
advantages over natural T cells and in part also over TCR-
engineered T cells, as they can function independently of MHC
molecules. First, the affinity of an antibody-antigen binding is in
general much higher compared to a TCR-peptide/MHC binding.
This provides at least the option to target antigens that are usually
not detected by T cells, e.g., carbohydrates and glycolipids, which
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are frequently altered in tumor cells (217-219). Second, loading
of antigenic peptide onto MHC requires antigen processing and
presentation, and both processes are targets of tumor escape
mechanisms resulting in the loss of antigen/MHC expression on
malignant cells. Third, a CAR recognizes its antigen independent
of individual MHC allotypes, resulting in the universal applica-
tion in all patients that express this antigen on the cell surface. In
contrast a TCR is specific only for the combination of an antigenic
peptide in the context with an MHC allele. Due to the MHC
polymorphism in the human population, patient-specific or at
least a panel of MHC allele/peptide-specific TCRs are needed
to cover the human population comprehensively. Last, not only
CD8" T cells, but also CD4" T cells can be engineered, which
allows for T cell help independent of MHC class II expression.
A clear disadvantage of CARs is that only cell surface antigens can
be targeted, while intracellular tumor antigens remain invisible.
However, the recognition of MHC/peptide complexes by CARs is
not excluded (220), which might also facilitates access to intracel-
lular tumor antigens.

As learned from the outcome of the clinical application of ex
vivo expanded melanoma-infiltrating T cells over the last years,
the key factors for a successful adoptive T cell therapy to target
cancers are the selection of the best possible tumor antigen, the
in vivo persistence of transferred T cells and their accessibility to
the tumor. Beyond that, a reliable and reproducible manufactur-
ing procedure leading to high-quality cellular productsis a crucial
element of the therapy (193). We will focus our discussion in the
next sections on the demands and challenges connected to the
manufacturing process and will disclose recent progress toward
the implementation of therapy with CAR-engineered T cells into
clinical practice.

Complexity of the Cell Manufacturing

Process

Currently, therapies with CAR-modified T cells are mainly applied
in the context of clinical trails by investigators, according to their
own manufacturing process utilizing existing infrastructure with

clean rooms, instruments etc. The in vitro preparation of CAR
T cells is a quite complex process and lasts for several days to
weeks. So far, most concepts for CAR T cell therapies are based
on autologous cells, which means that each cellular product is
manufactured in a single batch in small scale for a single patient.
It starts with isolation of peripheral blood cells, e.g., by an initial
leukapheresis step. Blood is drawn either from the patient directly
(autologous therapy) or - in the case of a patient who received
stem cell transplantation - from the stem cell donor (allogeneic
therapy). Then T cells are enriched from the blood, activated,
and subsequently gene-modified with viral or non-viral vectors
encoding the CAR. The CAR-modified T cells are amplified to
obtain larger numbers of cells and finally formulated and/or cryo-
preserved prior to infusion into the patient. Several in-process
and quality control analyses of the cell product are required to
guarantee the safety and quality of the final cellular end product
(Figure 8). This multi-step workflow poses high demands on the
infrastructure, is labor intensive, and requires various different
techniques, devices, reagents, handling steps, and skilled and
extensively trained operators. Within a small-scale clinical trial
the entire process can be executed in a semi-automated manner
with the use of several devices for single process steps according
to GMP guidelines. To date only a restricted number of GMP
facilities worldwide are able to carry out this manufacturing
process. But in the light of the encouraging clinical outcomes,
the need for a broadly applicable therapy is high. However, the
transformation of such a manufacturing process into a routine
and large-scale setting has some pitfalls. An optimization and an
upscaling of the manufacturing process is one of the key factors
for the dissemination of this therapy.

Manufacture of High-Quality Cell Products
Requires Robust and Reproducible Cell
Processing

A favorable outcome of cell therapy depends on a robust and
reproducible manufacturing processes resulting in safe and
clinically effective cell products. Currently, many investigators
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and companies are developing solutions, including instruments,
reagents, and consumables, for GMP-grade cell manufacture
(221). Robustness of the cell manufacturing process, which will
eliminate failure risks and allow standardization, can be improved
by several means.

(1)

)

Operation in a “closed” system in contrast to “open” pro-
cessing minimizes the risk of contamination and therefore
failure of production. Maintaining the sterility of the cell
product is essential. All interventions during cell process-
ing, like addition or exchange of reagents and buffer/media
during washing, feeding, activation, transduction, and sam-
pling steps bear the risk for product contamination. Closed
systems are set-up with equipment that allows processing of
cell without its exposure to the room environment, but keep-
ing sterile conditions. Suitable closed systems are, e.g., bags
with closed tubing pathways and connections. Introduction
of material into closed systems is possible, e.g., via sterile
filters. A suitable simplified and semi-closed cell culture
system for CD19 CAR T cell production has been described
(222). Closed systems might enable operators to work under
less advanced GMP clean room conditions, which is more
cost effective and easier to establish.

The use of enriched T cells as starting material for the
activation process helps to achieve higher reproducibility
in the manufacturing process. Patient’s blood samples are
highly variable in their cellular composition and one of the
most critical parameter for reproducible cell processing.
Instead of using the entire blood cell fraction for gene
modification, isolation of T cells or even T cell subsets
prior to modification is favorable for various reasons. Most
patients are heavily pre-treated, which often give rise to
abnormal or immunosuppressive blood cell populations or
even low-responding T cells (223-225). Moreover, it has
been shown that activation and expansion of the T cells
is substantially enhanced when T cells were isolated from
the blood product to eliminate suppressive influences
(222,226, 227). Currently, particular T cell subpopulations

are under investigation with the aim to improve in vivo
persistence and effector function of adoptively transferred
CAR-modified T cells. One strategy is based on the modi-
fication of patient’s endogenous CMV- or EBV-specific
T cell pools, which contain long-living memory cells
(228). In addition, persistence of these CAR-modified
T cells might be promoted by triggering the natural TCR
in vivo upon reactivation of those latent viruses. A further
advantage of CAR-modified virus-specific T cells is that
they provide protection in the case of viral reactivation
after lymphodepletion (228-230). A disadvantage of this
concept is the need to implement the generation of virus-
specific T cells into the manufacturing process, which adds
more complexity to the whole process, is time consuming,
and might affect functionality of the cells, especially if long-
term culturing is required to obtain virus-specific T cell
populations. Alternatively, the naive, central memory, or
stem memory T cell subset, which have been described to
have essential functional advantages, are regarded as an
appropriate starting population (231-235).

A straightforward and closed system for GMP-grade
and large-scale T cell processing is the combination of
Dynabeads® CD3/CD28 CTS™, a large magnet (both
offered by Thermo Fisher Scientific), and bags to enrich and
concomitantly activate T cells from whole blood products
(236). A versatile, reliable platform for closed, clinical-scale
magnetic enrichment of either all T cell types or naive and
central memory T cell subsets is the CliniMACS® System,
encompassing separation reagents and the CliniMACS
Plus Instrument developed by Miltenyi Biotec, Bergisch
Gladbach, Germany (237, 238). For T cell activation a
reagent (MACS® GMP TransAct™ CD3/CD28 Reagent)
consisting of a biodegradable polymeric nanomatrix coated
with agonists for CD3 and CD28 is available, which allows
for efficient viral transduction (237). This reagent is in
compliance with relevant GMP guidelines. It can be sterile
filtered, which makes it a highly valuable tool for aseptic cell
manufacturing.
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(3) Simplification of the cell processing by automation improves
reproducibility and reduces resources for operators and
thus increases productivity. The CAR T cell manufacturing
involves various process steps, like cell enrichment, cell
culturing, final formulation of the product and in between
cell washing, concentration, feeding, and rebuffering. In
addition, in-process and quality controls samplings are per-
formed. Several commercially available devices allow the
run of single or few steps of the process (221). Nevertheless,
multiple instruments and systems need to be implemented
for execution of the whole process, which challenge the
manufacturer in many ways. The different devices and the
procedures need to be adjusted to each other to achieve a
feasible and safe process. Substantial manual handling steps
and user interactions are required. Additionally, each device
demands installations, services, qualifications, and training
of operators. A new device, the CliniMACS Prodigy® instru-
ment (Miltenyi Biotec), is designed as an all-in-one solution
for automated cell processing in a closed GMP-compliant
system (60). A process specifically developed and optimized
for the manufacture of CAR T cells on this instrument is
now available. With this process, the entire workflow for
the manufacture of CAR T cells, starting with T cell enrich-
ment through to final formulation, can be performed in a
single-use tubing set with minimal operator interaction.
The complex CAR T cell production process includes many
different reagents, i.e., T cell separation reagents, activation
and expansion reagents, viral vectors, cell culture media,
cytokines, and buffers. Importantly, for the use of the
CliniMACS Prodigy® all these reagents are developed to
efficiently and stably work together as an integrated reagent
system. This CliniMACS Prodigy® approach significantly
simplifies the manufacturing process. In addition, due
to the integrated solution it allows easy implementation
in GMP facilities and can boost CAR T cell therapy to a
standard-of-care.

Future Perspectives: Commercialized
Manufacture of Personalized Engineered

Cellular Products
Today, most CAR T cell products are manufactured for phase
I/IT trials in a limited number either within clinical centers or
facilities of commercial providers. At least with entering into
phase II/III clinical trials new considerations have to be taken
into account as the number of patients to be treated increases to
hundreds or thousands per year. Production, infrastructure, and
logistics for shipment of cellular materials have to be set up to
guarantee the manufacturing of these high quantities in a high-
quality and cost-effective manner and with compliance of all the
regulatory requirements. To achieve these goals the process needs
standardization and scale-up. In the end, a therapy must fulfill
economical requirements to be available as a standard-of-care for
patients.

Chimeric antigen receptors T cell therapy applied in the
moment is cost-intensive as individualized products have
to be generated starting with patient-derived cells. Several

investigators are currently evaluating options to reduce the
costs of cell production by depersonalizing T cell therapy, e.g.,
using off-the-shelf third-party T cells modified for knock-out
of the endogenous HLA class I, TCR and/or CD52 expres-
sion for subsequent gene engineering with artificial antigen
receptors (239, 240).

In principal, two different models for clinical cell manufac-
turing are discussed (221). A production line, as established
for automated industries, where the manufacturing process
for one patient product is structured in sequential operations,
which are performed with specialized and dedicated personnel
in physically separated spaces of the facility. In line with this
concept is, e.g., the Xvivo modular laminar flow system from
BioSpherix (Lacona, NY, USA), which enables the transport
of cells through a whole series of areas. Due to the high
investment for establishing a production line including the
efforts required for organization of the infrastructure for cell
shipments, a centralized manufacturing in highly specialized
large facilities rather than a decentralized, local production at
patients’ point-of-care is of favorite. The second model relies
on devices such as the CliniMACS Prodigy®, to handle one
cell sample in one instrument at a time in an automated way
and with only a minimum of user interactions. Within one
facility numerous devices can be run in parallel and completely
independently from each other. The device-based system is in
accordance with a centralized as well as a decentralized organ-
ized cell manufacturing and therefore an attractive solution
for commercial providers having large or smaller facilities,
including hospital located sites.

CONCLUSION

Within the last years, the cellular immunotherapy field, especially
in the context of hematological malignancies, gained tremendous
attention by scientific researchers, clinicians, as well as commer-
cial entities, thanks to the substantial progress made in multiple.
The better scientific understanding of immunological mechanism
and the novel advanced ideas and technologies for cell engineer-
ing and manufacturing have enabled the design of improved
clinical approaches, which are currently being evaluated within
clinical trials. The next step has to be the translation and broad
implementation of these treatments into clinical routine. This
requires on the one hand the selection of the best therapeutic
options with maximal clinical benefit for the patients and on the
other hand that the economical needs are met for all: the pharma-
ceutical companies and clinical entities involved in bringing the
therapy to the patient, and the payers, who reimburse the therapy,
i.e., health insurances.
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