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GVHD Prophylaxis 2020
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Graft-vs. host disease (GVHD), both acute and chronic are among the chief non-relapse

complications of allogeneic transplantation which still cause substantial morbidity and

mortality despite significant advances in supportive care over the last few decades.

The prevention of GVHD therefore remains critical to the success of allogeneic

transplantation. In this review we briefly discuss the pathophysiology and immunobiology

of GVHD and the current standards in the field which remain centered around

calcineurin inhibitors. We then discuss important translational advances in GVHD

prophylaxis, approaching these various platforms from a mechanistic standpoint

based on the pathophysiology of GVHD including in-vivo and ex-vivo T-cell depletion

alongwith methods of selective T-cell depletion, modulation of T-cell co-stimulatory

pathways (checkpoints), enhancing regulatory T-cells (Tregs), targeting T-cell trafficking

as well as cytokine pathways. Finally we highlight exciting novel pre-clinical research

that has the potential to translate to the clinic successfully. We approach these

methods from a pathophysiology based perspective as well and touch upon strategies

targeting the interaction between tissue damage induced antigens and T-cells, regimen

related endothelial toxicity, T-cell co-stimulatory pathways and other T-cell modulatory

approaches, T-cell trafficking, and cytokine pathways. We end this review with a critical

discussion of existing data and novel therapies that may be transformative in the field

in the near future as a comprehensive picture of GVHD prophylaxis in 2020. While

calcineurin inhibitors remain the standard, post-transplant eparinsphamide originally

developed to facilitate haploidentical transplantation is becoming an attractive alternative

to traditional calcinuerin inhibitor based prophylaxis due to its ability to reduce severe

forms of acute and chronic GVHD without compromising other outcomes, even in the

HLA-matched setting. In addition T-cell modulation, particularly targeting some important

T-cell co-stimulatory pathways have resulted in promising outcomes and may be a part

of GVHD prophylaxis in the future. Novel approaches including targeting early events in

GVHD pathogenesis such as interactions bvetween tissue damage associated antigens

and T-cells, endothelial toxicity, and T-cell trafficking are also promising and discussed in

this review. GVHD prophylaxis in 2020 continues to evolve with novel exicitng therapies

on the horizon based on a more sophisticated understanding of the immunobiology

of GVHD.
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INTRODUCTION

GVHD prophylaxis has come a long way since the initial
days of allogeneic transplantation. The improvement in GVHD
outcomes has been one of the primary reasons for the reduction
in non-relapse mortality over time (1) that has enhanced the
success of allogeneic transplantation and allowed us to perform
transplants in older patients as well as those with co-morbidities.
GVHD comprises two distinct entities-acute GVHD (aGVHD)
which typically presents in the first 3–6 months following
transplant and manifests as a characteristic rash, secretory
diarrhea, or cholestatic liver function abnormalities and chronic
GVHD (cGVHD) which presents usually after the first 3 months
and can affect virtually any organ system (ocular, oral, skin,
musculo-skeletal, gastro-intestinal, pulmonary etc.,). Overlap
syndromes are well-recognized, although relatively rare. These
two entities have distinct pathophysiologies as well, however,
prophylactic strategies generally try to prevent both acute and
chronic varieties albeit with varying success depending on
the strategy.

In HLA-matched transplantation, while the backbone of
most widely used prophylactic platforms remains calcineurin-
inhibitor (CNI)-based, a variety of new drugs have been added
to CNI’s in an attempt to improve efficacy and reduce toxicity.
In this review, we discuss current standards and their evolution
over time and highlight some of these translational advances.
Further we touch upon novel pre-clinical advances developed
on the foundation of a deeper understanding of transplant
immunology and promising for translation to the clinic. We
begin with a description of the immunobiology of GVHD, to
better understand potential targets which have been exploited
over the last few decades and currently to develop effective
prophylactic therapies for GVHD.

The Immunobiology of Graft-vs.-Host
Disease
Acute GVHD
One of the first models describing the biology of GVHD
was proposed by Antin and Ferrara where they described a
sequential cascade initiated by conditioning regimen mediated
host tissue injury with the production of inflammatory cytokines
(phase 1). This is followed by activation and proliferation
of effector T-lymphocytes (phase II) which eventually lead to
recruitment and activation of additional mononuclear effectors
and amplification of a “cytokine storm” (Phase III) (2). Further
extensive research has refined these concepts and identified
targets for development of novel prophylactic strategies to
prevent acute and chronic GVHD.

Phase 1
Both neutrophils and monocytes are involved in the initial
inflammatory response in the pathogenesis of GVHD.Monocytes
are activated by molecules called damage-associated molecular
patterns (DAMPs) such as uric acid, ATP, Heparan sulfate,
HMGB-1 or IL-33 which can initiate and perpetuate a non-
infectious inflammatory response involving the innate immune
system. In contrast pathogen-associated molecular patterns

(PAMPs) such as bacterial lipopolysaccharides cause infection-
associated inflammation. The DAMP and PAMP mediated
inflammatory responses result in activation of the innate immune
system (monocytes and neutrophils) which then cause local tissue
damage mediated by reactive oxygen species. This eventually
culminates in interaction of antigen-presenting cells (APCs) in
the innate and adaptive immune and activation of cytokine
cascades (IL-1, IL-6, TNF-α, etc.,) leading to the “cytokine
storm (3).” Prophylactic strategies targeting these events have
focused on arresting the cytokine storm through inhibition
of particular cytokines or interrupting the interaction between
APCs and PAMP.

Phase II
Primed by this cytokine storm, effector T-lymphocytes now
migrate to lymphoid organs and host tissues mediated by
L-selectin, CCR7. This culminates in APC mediated T-cell
activation and engagement of the T-cell receptor complex and
modulation by anti and co-stimulatory pathways. In particular,
T-lymphocytes trafficking to the gut express high levels of
integrin β7 (α4β7) which bind corresponding host tissue
ligands presenting a potential target for intervention. The T-cell
activation process and proliferation process is a crucial target for
GVHD prevention.

Phase III
These events lead to a self-potentiating T-lymphocyte activation
causing tissue damage via direct cellular cytotoxicity and
indirectly via release of soluble mediators (TNF-α, IFN-γ, IL-1,
and nitric oxide) (4).

A number of additional pathways have since been implicated
in GVHD pathogenesis including the canonical NOTCH
pathway (5). It has been shown via monoclonal antibodies that
Notch-deprived T-cells proliferate normally but produce less
inflammatory cytokines with a preferential increase in Tregs (6)
and all the effects were dependent on NOTCH1/2 receptors on T-
cells and Dll1/4 ligands in the recipient with dominant roles for
NOTCH1 and Dll4 (6).

While the pro-inflammatory signals described above
potentiate GVHD, there are also anti-inflammatory components
of the immune system that try to dampen these inflammatory
responses. Regulatory T-cells (Tregs) are important in
immunologic tolerance, partly via release of anti-inflammatory
cytokines such as IL-10 and TGF-β (7). Cytokine responses are
often classified as effector T helper (Th) type 1 (IL-2, INF-γ) and
type 2 (IL-4, IL-10) responses where type 2 cytokines can inhibit
potent proinflammatory type 1cytokines, and a Th1 to Th2 shift
could be beneficial in aGVHD (8). In addition a particular subset
of CD4+ cells called Th17 cells have been identified which are
characterized by the production characterized by production
of IL-17A and F, IL-21, and IL-22 and which in murine models
migrate to GVHD target organs causing severe pulmonary and
GI lesions and GVHD deaths (9). These are postulated to be
anatagonistic to Tregs (10) making them an interesting target.
Invariant natural killer T (iNKT) cells are another cellular
subset with putative immunoregulatory functions, in part via an
increase Treg numbers and IL-4 secretion, that may be important
in GVHD pathophysiology.
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Chronic GVHD
Chronic GVHD remains the most common late toxicity
of allogeneic transplantation with significant morbidity
and quality of life implications. cGVHD has its own
distinctive immunobiology. Briefly we can conceptualize the
pathophysiology of cGVHD in three phases: (1) Inflammation
leading to tissue damage (2) chronic inflammation, thymic
injury, dysregulated B- and T-cell immunity (3) tissue repair
with fibrosis (11, 12). Although a more detailed discussion of
these phases is beyond the scope of this review, we will focus
on some of the known interventions that can prevent or reduce
the incidence of cGVHD as well as some novel therapies being
tested, particularly those targeting the B-cell axis.

Potential targets for developing novel prophylactic
platforms have been identified based on our current and
more comprehensive understanding of the biology of GVHD.
In this review we discuss both current standards and important
translational advances as well as exciting new potential therapies
which may be translated to the clinic in the future.

Current Standards in GVHD Prophylaxis
The effective prevention of GVHD is critical to the success of
allogeneic transplantation. Based on the understanding that
aGVHD is primarily mediated by effector T-lymphocytes,
prophylactic strategies have focused on T-cell suppression
in the recipient. Calcineurin inhibitors (tacrolimus/Tac and
cyclosporine/CyA) inhibit the proliferation and activation of T-
cells and have been used in combination with either methotrexate
(MTX) or mycophenolate mofetil (MMF) as standard
prophylaxis in HLA-matched HSCT. In two randomized
controlled trials (RCT) in the 1990s, the combination of
Tac/MTX was found to be significantly superior to CyA/MTX
is the prevention of grade II-IV aGVHD and extensive chronic
GVHD in HLA-matched sibling and unrelated donors, although
a benefit in overall survival (OS) was not shown (13, 14).
Furthermore, a single-center phase II RCT compared Tac/MTX
with Tac/MMF and found that Tac/MTX was more effective in
preventing severe aGVHD, particularly in matched unrelated
donor (MUD) transplantation (15). CNI based prophylaxis
remains the standard inHLA-matched transplantation. However,
the recent advent of post-transplant cyclophosphamide (PTCy),
has been revolutionary, not only allowing related donor
haploidentical transplants to be performed but also making some
inroads in the field of HLA-matched transplantation.

Translational Advances in GVHD
Prophylaxis
In-vivo T-Cell Depletion/Modulation
T-cell depletion or modulation in-vivo has been the basis for the
development of a number of novel GVHD prophylaxis strategies.
These have typically been incorporated into regimens where
the backbone comprises CNIs. We summarize some of these
approaches below.

Post-transplant Cyclophosphamide
Transplantation across HLA barriers historically has been
difficult due to high rates of graft rejection and severe GVHD
secondary to strong bidirectional alloreactive responses between

donor and recipient. The introduction of post-transplant
cyclophosphamide (PTCy) in the context of haploidentical
transplantation has been a gamechanger and allowed us to
perform such mismatched transplants safely and effectively,
typically from related donors.

First pioneered at Johns Hopkins, cyclophosphamide is given
at doses of 50 mg/kg on days +3 and +4 following the infusion
of haploidentical stem-cells. In initial studies reported by the
Hopkins group, reduced intensity HSCT with PTCy along with
Tac and MMF as GVHD prophylaxis resulted in engraftment in
87% of patients with acceptable rates of grade II-IV (34%) and
III-IV aGVHD (6%). Further, rates of chronic severe GVHDwere
found to be particularly low. Relapse rates were in the 50% range
(16). Numerous subsequent studies have shown similar numbers
and more recently myeloablative haploidentical transplantation
with PTCy based prophylaxis has also been widely adopted
(17–19). It is interesting to note that the rates of grade II-IV
aGVHD are not in fact significantly lower with PTCy based
prophylaxis in haplotransplants compared with those seen in
HLA-matched transplant with CNI based prophylaxis and the
actual mechanistic implications of PTCy are being investigated.

The earlier more simplistic hypotheses postulated that PTCy
results in the deletion of alloreactive T-cells with some debate
regarding the effect it may have on the T-cell mediated graft-
vs. leukemia (GVL) effect. However, more recently it has been
shown in mice that Tregs are preserved and that T-effector cell
exhaustion may play an important role (20). A comprehensive
model has however not been defined yet.

The beneficial effect of PTCy on severe aGVHD and
cGVHD has led to its adoption into the HLA-matched setting
more recently. In a Phase II RCT (BMT CTN 1203) which
compared three different GVHD prophylaxis regimens in
RIC MUD HSCT (PTCy/Tac/MMF, Tac/MTX/bortezomib, and
Tac/MTX/maraviroc) with standard Tac/MTX prophylaxis, the
PTCy arm fared the best with comparable grade II-IV aGVHD
(27%) but lower rates of grade III-IV aGVHD (2%) and cGVHD
requiring immunosuppression (22%) outcomes. Relapse rates in
the PTCy arm were 28%. Overall GVHD and relapse free survival
(GRFS) was superior in the PTCy arm meeting the primary
end-point of the trial (21). Again in an RCT from Europe,
PTCy/Tac/MMF based prophylaxis fared better than CyA/MMF
in the prevention of acute and chronic GVHD in HLA_matched
RIC HSCT although the standard of care arm did not include
Tac or MTX and numbers were limited (22). Some centers have
been using low-dose ATG along with low-dose PTCy to try and
improve grade II-IV aGVHD rates (23), however, this is not an
universally accepted practice at this time due to limited data.

Bolstered by this data, PTCy/Tac/MMF is now being
compared to standard Tac/MTX prophylaxis in RIC HLA-
matched HSCT in a large phase III RCT (BMT CTN 1703). PTCy
does have the potential to eliminate the effect of donor mismatch
on GVHD outcomes, however, CNI based prophylaxis remains
the standard until phase III data is available.

Anti-thymocyte Globulin
The polyclonal immunoglobulin product obtained from the sera
of rabbits and horses immunized with human thymocytes or T-
cell lines is called anti-thymocyte globulin or ATG. ATG has
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been used as part of transplant conditioning to effect in-vivo
TCD with the aim to reduce both acute and chronic GVHD with
varying success.

Of the four RCTs that have evaluated ATG in combination
with standard CNI/MTX prophylaxis, the first used horse ATG
and showed a reduction in aGVHD; however, there were higher
rates of infection with resultant no difference in NRM or OS.
Importantly, there was a reduction in chronic severe GVHD
(24, 25). The second RCT used rabbit ATGwhile the third mainly
used PBSC grafts. In both of these trials, although there was no
effect on aGVHD, a reduction in chronic GVHD was seen once
again (26). Therefore, it seems that the use of ATG can reduce
severe chronic GVHD with no deleterious effect on OS, however,
aGVHD is not consistently reduced.

Rabbit ATG is generally considered to deplete T-cells more
effectively as well as allow greater expansion of regulatory T-
cells (Tregs) (27). The beneficial effect of ATG on extensive
chronic GVHD was suggested in an retrospective analysis which
compared ATG to no ATG containing GVHD prophylaxis
regimens in matched unrelated donor transplantation (28).
Subsequently, in a recent RCT which evaluated Tac/MTX ±

anti T-lymphocyte globulin (ATLG), a form of rabbit ATG,
in myeloablative unrelated donor transplantation, a significant
reduction in grade II-IV aGVHD and moderate/severe chronic
GVHD was seen. However, NRM and OS was impaired in
the ATLG arm (29). It was suggested that a higher dose of
ATLG in the trial may have contributed to increased infections
and mortality.

In this context, there is evidence that increased
doses or prolonged dosage schedules of ATG may have
immunosuppressive toxicity with increased NRM and relapse
(30). Individualized ATG dosing, based not just on weight but
on absolute lymphocyte count has been proposed as a way to
tailor doses of ATG for maximal benefit (31). Different doses of
ATG have also been explored in the context of haploidentical
transplantation (32).

In the realm of matched related donor transplantation, a
recent multi-center randomized study from China demonstrated
improved acute and chronic GVHD rates without compromising
relapse or treatment-related mortality (33) and merits
further study.

Sirolimus
Sirolimus is a mTOR inhibitor which inhibits effector T-
lymphocytes and in in-vitro studies appeared to spare regulatory
T-lymphocytes. A favorable ratio of Tregs:Teff has been shown to
be associated with better GVHD outcomes and hence sirolimus
has an immunologic profile that was thought to be potentially
beneficial for GVHD prevention. In addition, it has a distinct
toxicity profile compared to tacrolimus and is not nephrotoxic.
In a large RCT in myeloablative transplants with HLA-matched
donors, sirolimus in combination with tacrolimus was compared
with the standard Tac/MTX platform. There was no difference
in grades II-IV aGVHD and cGVHD, but better grade III-IV
aGVHD outcomes with sirolimus/Tac were seen. Non-relapse
mortality (NRM) and OS were similar as well (34). Hence
sirolimus appears to be an acceptable alternative to MTX when

used with CNIs. In subsequent studies, sirolimus has been
associated with higher rates of veno-occlusive disease (VOD)
particularly when ablative busulfan is used (35) or when there
are additional risk factors for VOD. In RIC transplantation, the
addition of sirolimus to Tac/MTX resulted in better grade II-IV
aGVHD outcomes without survival benefit in a phase II RCT
(36). More recently, a phase II RCT found that the combination
of sirolimus with CyA and MMF was superior to CyA/MMF;
however, the comparator arm is generally considered inferior to
Tac/MTX (37).

Sirolimus has been found to be particularly helpful
in situations where nephrotoxicity is a concern such as in
transplantation for sickle-cell disease. It is also being used with
PTCy in patients with borderline renal function, with rates of
engraftment and GVHD comparable to PTCy based regimens
with CNI and may be a way to safely perform HSCT in patients
with renal dysfunction (38).

Given its Treg sparing effects, novel combinations such as
that with OX40L blockade are being investigated (39). This is
discussed in greater detail in the section on OX40L blockade later
in this review.

Ex-vivo T-Cell Depletion/Modulation
Ex-vivo TCD has been used for decades in allogeneic
transplantation as a prophylactic strategy to prevent GVHD.
Methods of T-cell depletion have included (1) negative selection
(removal of T-lymphocytes) through the use of monoclonal
antibodies with or without complement (40, 41), counter flow
elutriation (42), and immunotoxins (43) or (2) positive selection
of CD34+ hematopoietic stem cells from the graft which
(currently the preferred method) usually via immunomagnetic
beads with the CliniMACS CD34 Reagent System (Miltenyi
Biotech, Gladbach, Germany) (44). The two methods do differ in
efficacy with greater TCD being achieved by positive selection.

Pan T-Cell Depletion
An early concern with TCD was that it could affect the powerful
GVL effect in HSCT which is also believed to be T-cell mediated.
In a RCT in patients transplanted with marrow grafts, TCD was
compared to conventional prophylaxis with CyA/MTX; the 3-
year disease free survival (DFS) was similar in both groups with
lower rates of grade III-IV aGVHDwith TCD. Relapse rates were
however, higher with TCD, particularly in patients with chronic
myelogenous leukemia (CML) (45). A large registry analysis
also showed higher relapse rates with TCD (46). Subsequently,
in a phase II trial with peripheral blood stem-cell (PBSC)
transplantation (BMT CTN 0303), immunomagnetic beads were
used for CD34 selection of the graft and TCD and relapse rates
appeared to be comparable to historic controls while rates of
acute and extensive chronic GVHD were favorable (47). Another
trial comparing CD34 selected HLA-matched sibling HSCT with
conventional prophylaxis showed comparable rates of GVHD,
relapse and overall survival (48). Whether these results will hold
up in the setting of an RCT has been tested in the recently
completed multi-center RCT (NCT02345850) comparing ex-vivo
CD34 selection to PTCy + MMF and conventional Tac/MTX
prophylaxis, the results of which are eagerly awaited.
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The other notable issue with pan-TCD has been a higher
incidence of graft failure and slower immune reconstitution (IR)
leading to higher rates of infectious complications, particularly
viral infections (CMV, EBV) (49). The use of additional in-vivo
TCD in the form of anti-thymocyte globulin (ATG), particularly
in the haploidentical setting can potentially be helpful in
achieving better engraftment rates (50). Other strategies to
improve IR have incorporated direct T-cell add back strategies
post stem-cell infusion (51) or the use of megadoses of CD34
selected cells (Perugia group) which seem to have a tolerizing
effect (52).

Given these issues with pan-TCD, more selective methods of
T-cell depletion aimed at preventing GVHD while preserving
GVL are being explored with the availability of sophisticated
clinical grade cell separation techniques.

Selective T-Cell Depletion Strategies
While a number of strategies have been attempted for selective
TCD, they did not meet with lasting success. Depletion of CD5+
T-cells and CD8+ T-cells were tried in the 1990s; while rates of
GVHD were encouraging, rates of relapse were high leading to
the abandonment of these strategies. CD6 depletion is separately
discussed in the section on T-cell modulation.

More recently Bleakley et al. have looked at CD45RA (naïve)
TCD with the understanding that it is primarily the naïve T-
cells in an allograft that are alloreactive. Unfortunately, this
strategy has not produced encouraging results thus far. Bleakley
et al. reported a first in human trial where they performed
CD45RA (naïve) TCD via a two-step immunomagnetic bead-
based procedure in 35 adult patients. Although 34/35 patients
engrafted, rates of aGVHD were high in the 66% range. This
was not improved when naïve TCD was combined with a/b TCD
(described below) either and this approach is not widely used at
this time.

α/β TCD
While a majority of T-cells express α/β receptors T-cell receptors
(TCR), 2–10% of T-cells express γ/δ TCR. These γ/δ T-cells are
believed to have important innate immune effects characterized
by rapid cytokine release and killing of viral infected and tumor
cells (53). This makes them an attractive candidate to potentially
mediate GVL without inducing GVHD by the selective depletion
of α/β T-cells. In a prospective single-arm pediatric trial in
patients with acute leukemia, an encouraging GRFS of 70% was
seen (54). The median follow-up for surviving patients in this
study was 46 months. This approach is being tested in a number
of other trials in pediatric and adult patients; in one of these a
CNI-free GVHD prophylaxis strategy for acute leukemia patients
undergoing 1–2 locus MMUD MAC HSCT (NCT03717480) is
being looked at.

Modulating T-Cell Co-stimulatory/Co-inhibitory

Pathways
During T-cell activation, following initial engagement of antigen
by the TCR, a number of co-stimulatory and co-inhibitory signals
come into play mediated by receptors on T-cells and APCs. This
is true in acute GVHD as well. Hence the modulation of these

co-stimulatory and co-inhibitory interactions is one of the new
frontiers in the prophylaxis of GVHD.

CD28/CTLA-4 Blockade: Abatacept
The most promising of these has been blockade of the
CD28/CTLA-4 axis. CD28 and CTLA-4 are both receptors on
the T-cell which bind to B7-1/CD80 and B7-2/CD86 ligands on
the APC; however, while CD28 is co-stimulatory, CTLA-4 is co-
inhibitory. Abatacept (CTLA4-Ig) is the soluble extra-cellular
portion of CTLA-4 complexed with immunoglobulin heavy chain
which blocks CD28 and CTLA-4, with more of an effect on
CD28 leading ultimately to an inhibitory signal. Murine models
from Blazar et al. showed that CD28/CTLA-4 blockade could
reduce aGVHD lethality (55). Kean et al. performed a promising
feasibility study in humans and reported results from a phase II
RCT comparing standard of care (SOC)+abatacept to abatacept
only in pediatric and adult patients. Grades III-IV aGVHD were
significantly decreased and OS was improved in the abatacept
arm (56). These impressive results have led to FDA breakthrough
designation for this drug.

Since this approach blocks both stimulatory and inhibitory
pathways, the concern for unwanted T-cell activation has been
raised; hence more selective approaches to blocking CD28 are
also being investigated. As an example, FR104 (CD28-specific
pegylated-Fab’) with and without sirolimus are being investigated
in non-human primate models (57).

Enhancing Regulatory T-Cells
Tregs (CD4+CD25+Foxp3+) comprise a unique subset of T-
lymphocytes that can be derived from the thymus or converted
from CD4+CD25- cells (inducible or iTregs). Tregs play an
important role in immune homeostasis and a favorable balance
between Tregs and effector T-cells may be important to prevent
GVHD. While ex-vivo expansion of Tregs is possible (58), there
are concerns about their stability ex-vivo. Some preliminary data
in alternative donor transplantation has shown that infusion of
such expanded Tregs can be beneficial (59).

Hence, rather than the direct infusion of Tregs, other
approaches have been attempted which can upregulate Tregs
or enhance their functionality in the post-transplant immune
milieu. One such approach involves invariant natural killer T
(iNKT) cells.

Invariant Natural Killer T Cells
iNKT cells are unique in that they co-express both T and NK
cell markers and therefore straddle both the innate and adaptive
immune system with a semi-invariant TCR that recognizes
glycolipid antigens presented by the major histocompatibility
complex (MHC) class I-like molecule CD1d. They modulate the
immune system via IL-4 and IL-10. In murine models, iNKT cells
reduced GVHD both by a switch to a Th2 cytokine profile and/or
IL-4-dependent Treg expansion. These mice were conditioned
with a regimen incorporating total lymphoid irradiation plus
ATG (TLI-ATG) (60, 61). This was then translated in a proof of
concept study in humans with promising GVHD outcomes (62).
An analysis of post-transplant immune reconstitution showed
that low iNKT/T cell ratios were independently associated with
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rates of acute GVHD (63) while another provocative study
suggested that the larger numbers of iNKT cells in the donor graft
correlated with improved GVHD free relapse free survival (64).
Direct infusion of ex-vivo expanded iNKT cells is also an area
of investigation.

In this contect, REGiMMUNE is a compound in which
KRN7000, a synthetic alpha-galactosylceramide derivative and a
CD1d ligand, is embedded in a lipid bilayer. REGiMMUNE has
been shown to reduce aGVHD mortality by expanding Tregs
via iNKT cells in murine models (65). In a Phase IIa trial
REGiMMUNE in combination with sirolimus did reduce overall
and acute GVHD although more mature data is awaited (66).

Targeting T-Cell Trafficking

Vedolizumab
Alloreactive CD8+ T-cells bound for the intestines express high
levels of integrin β7 (α4β7) that binds to its ligand mucosal
addressin cell adhesion molecule 1 (MAdCAM 1) in Peyer’s
patches and gut-associated lymphoid tissue (GALT) in the
intestinal mucosa. Vedolizumab is a humanized moAb which
prevents T-cell trafficking to the gut by targeting α4β7integrins
on the T-cells. Early proof-of-concept and restrospective analyses
have shown promising efficacy with vedolizumab in steroid
refractory aGVHD (67). Given its effect on T-cell trafficking, an
early critical event in GVHD pathogenesis, it was then tested
in the context of prophylaxis in a phase 1b study where it was
moderately safe with low rates of acute and chronic GVHD (68).
A phase III RCT comparing vedolizumab + SOC prophylaxis to
SOC is currently underway (NCT03657160).

Maraviroc
Maraviroc is an antagonist of CCR5, a chemokine receptor
that has been implicated in T-cell trafficking during GVHD
pathogenesis. Maraviroc appears to block lymphocyte
chemotaxis without actually affecting T-cell function which
made it an attractive candidate as a prophylactic agent. However,
in a prospective non-randomized study from the BMT CTN,
maraviroc in combination with standard Tac/MTX was not
superior to standard of care and in this trial the PTCy/Tac/MMF
arm fared the best (21).

Targeting Cytokine Pathways

Tocilizumab
Interleukin-6 (IL-6), an inflammatory cytokine has been shown
to be one of the chief mediators of aGVHD in murine models
(69). Therefore, IL-6 blocking agents could prevent aGVHD. In
a phase II trial, tocilizumab, a humanized monoclonal antibody
against the IL-6 receptor (IL-6R) was found to be promising
(70); however, in a placebo-controlled phase III study from
Australia, there was no significant difference in grades II-
IV or III-IV aGVHD (71). This is a salient reminder that
given the complex pathophysiology of aGVHD, with crosstalk
between myriad cytokines and immune effector cells, targeting
multiple cytokine pathways will be required for efficacy. These
translational advances are summarized in Table 1.

Novel GVHD Prophylactic Strategies on the
Horizon
There are novel therapies which have not yet been successfully
translated to clinical practice but hold great promise. These
therapies are based on innovative targets based on a more
intricate understanding of the pathophysiology of GVHD.

Targeting Tissue Damage/Endothelial Injury

Siglecs/CD24 Fc
As mentioned above in the section on the immunobiology
of GVHD, conditioning regimen associated tissue damage
exposes antigens which comprise pathogens or Pathogen-
Associated Molecular Patterns (PAMPs) and components
of damaged cells (Danger-Associated Molecular Patterns
or DAMPs) which trigger activation of the innate immune
system. Conversely Sialic-acid-binding-immunoglobulin-like
lectins (Siglecs) are a particular class of pattern recognition
receptors that downregulate innate immune responses (72).
A number of Siglec homologs have been identified in mice
and humans and are all characterized by immunoreceptor
tyrosine-based inhibitory motifs (ITIMs) or ITIM-like regions in
their intracellular domains.

A role for Siglecs in modulating adaptive T-cell mediated
immune responses has also been proposed. Reddy et al. have
shown that Siglec-G interacts with CD24c in murine models
and this interaction CD24 suppresses TNF-α, IL-1β, and IL-6
via NFkB and therefore is promising in the domain of GVHD
prophylaxis (73).

Defibrotide
Defibrotide is a polydisperse mixture of predominantly
single-stranded polydeoxyribonucleotides which in pre-
clinical and human studies has demonstrated profibrinolytic,
antithrombotic, anti-inflammatory and angio-protective
effects ultimately resulting in stabilization of endothelial cells
(74). Defibrotide is used in the treatment of veno-occlusive
disease/sinusoidal obstruction syndrome (VOD/SOS), another
morbid complication of allogeneic transplantation. Endothelial
activation is also associated with transplant conditioning
regimens and prime the host for GVHD. In a randomized phase
II pediatric trial of defibrotide in VOD/SOS, the incidence and
severity of aGVHD at days +30 and +100 were significantly
better in the defibrotide-treated arm in patients who underwent
HSCT (75). This signal is being further explored in a phase II
randomized, open-label study comparing defibrotide + SOC vs.
SOC alone in pediatric and adult patients for the prevention of
aGVHD (NCT03339297).

T-Cell Modulation

Notch Pathway
The canonical NOTCH pathway has been shown to play a
critical role in T-cell activation, differentiation, and function
in aGVHD pathogenesis (5). Using humanized monoclonal
antibodies, it has now been shown that Notch-deprived T-cells
produce less inflammatory cytokines but proliferate normally,
with a preferential increase in Tregs, without compromising
GVL, mediated chiefly by NOTCH1, and Dll-4 (6). Selective
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TABLE 1 | Translational advances and experimental strategies in GVHD prophylaxis.

Translational advances in GVHD

Prophylaxis

Experimental GVHD prophylaxis

strategies

1. In vivo T-cell depletion/modulation Targeting tissue damage/endothelial

damage

A. Post-transplant cyclophosphamide Phase II/III Siglecs/CD24 Fc Murine models

B. Anti-thymocyte Globulin Phase III Defibrotide Ongoing Phase II

C. Sirolimus Phase III

2. Ex-vivo T-cell depletion/modulation T-cell modulation

A. Pan T-cell depletion Phase II/III Notch pathway Pre-clinical

B. Selective T-cell depletion Mesenchymal stem-cells Exploratory

a/b T-cell depletion Phase I/II

CD45RA (naïve) T-cell depletion Phase I/II

3. Modulating T-cell

co-stimulatory/inhibitory pathways

Modulating T-cell

co-stimulatory/inhibitory pathways

A. CD28/CTLA-4 blockade/Abatacept Phase III OX40L blockade Murine/non-human primate models

ALPN101 Murine models, Phase I/II ongoing

CD6 blockade: Itolizumab Xenograft models, Phase I/II ongoing

4. Enhancing Tregs (regulatory T-cells) Targeting T-cell trafficking

iNKT-cells Murine models, proof of concept in

humans

PSGL-1 Murine models

REGimmune Phase IIa

5. Targeting T-cell trafficking Subset T-cell depletion

Vedolizumab Phase 1b, Phase III ongoing Xenikos/T-guard Exploratory

Maraviroc Phase III (negative study)

6. Targeting cytokine pathways Targeting cytokine pathways

Tocilizumab Phase III (negative study) AAT (Alpha-1 antitrypsin) Phase II/III ongoing

JAK-STAT Phase I ongoing

NOTCH blockade is an exciting new frontier and offers potential
for clinical translation.

Mesenchymal Stem-Cells
Attempts have been made to utilize the immunomodulatory
properties of MSCs for GVHD prophylaxis based on
murine models of HLA-mismatched transplantation with
co-transplantation of hematopoietic stem-cells and MSCs (76).
Ning et al. showed in a small randomized trial, the incidence
of grade II-IV aGVHD was 11.1% in the MSC group compared
to 53.3% in the control group (77). However, the sample size in
this trial was very small (n = 25) and larger studies are needed
to further study the effect of MSCs on preventing GVHD. A
randomized phase II trial has also shown some beneficial effect
on cGVHD and need to be further studied (78).

Targeting T-Cell Co-stimulatory Pathways (CD24 Fc)

OX40L Blockade
OX40 (CD134) is a co-stimulatory receptor found on T-cells
while its ligand OX40L is expressed on dendritic cells, B-cells,
and endothelial cells. In 2003 Blazar et al. investigated the
OX40 regulation of GVHD in murine models and found that
antagonistic anti OX40L moAb or the use of OX40−/−donor
or recipient mice resulted in similar reduction in GVHD (79).
Further, although OX40 was expressed on CD4 and CD8 cells,
the effect of OX40 appeared to bemediated chiefly by CD4+ cells.

OX40 is also a strong negative regulator of Foxp3(+) Tregs (80)
and therefore blockage could enhance Treg reconstitution which
could be beneficial in GVHD. Tkachev et al. (39) then have shown
that in non-human primate models, the combination of KY1005
(OX40L blocking antibody) and sirolimus has synergistic activity
in reduction of GVHD mortality associated with control of both
Th/Tc1 and Th/Tc17 activity. In addition, there was a Treg
sparing effect with the combination. This exciting approach is
now being translated to the clinic.

ALPN101
Inducible Costimulator (ICOS) is a member of the CD28/CTLA-
4 family expressed on activated T-cells while the ICOS ligand
(ICOSL), a B7 family member is constitutively expressed on B-
cells, macrophages and dendritic cells and upregulated on APCs
via TNF-alpha and lipopolysaccharides (LPS). In murine models
of GVHD, blockade of the ICOS:ICOSL interactions via moAb
or ICOS−/− mice resulted in significant decrease in GVHD and
GVHD related mortality both mediated by CD4+ and CD8+
cells (81).

ALPN101 is a novel Fc fusion protein of a human
ICOSL variant immunoglobulin domain (single domain vIgDTM)
binding both ICOS and CD28 at higher affinity than wild-type
molecules, designed to inhibit both the CD28 and ICOS pathways
to dampen co-stimulatory responses during alloreactive T-cell
activation. In a murine dose-ranging study, ALPN101 inhibited
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GVHD responses at all doses and more significantly than the
comparator belatacept, an approved CTLA-4-Fc protein CD28
pathway inhibitor (82).

A phase 1/2 dose finding study (BALANCE) is ongoing
in patients with steroid sensitive and steroid refractory
aGVHD (NCT04227938) investigating this potentially
transformative effect and this is another promising target
for GVHD prophylaxis.

CD6 Blockade: Itolizumab
CD6 is a co-stimulatory receptor on T-cells that binds to activated
leukocyte cell adhesion molecule (ALCAM), a ligand on APCs
and is involved in T-cell activation and trafficking. Historically
CD6 T-cell depletion using a monoclonal antibody (moAb) was
evaluated in a single-arm trial (n = 112) with aGVHD rates in
the 18% range using bone marrow grafts (41). More recently,
itolizumab, a humanized anti-CD6 moAb was tested in xenograft
models with some evidence that it could modulate T-cell activity
(83). This molecule has also been fast-tracked by the FDA and
is being tested in a phase I/II study for first-line treatment (with
steroids) of severe aGVHD (NCT03763318) and may have a role
in prophylaxis.

Targeting T-Cell Trafficking

PSGL-1
P-selectin is one of a family of three glycosylated lectins (E, L,
and P-selectin) which is constitutively expressed on the vascular
endothelium of skin and bone marrow and inducibly expressed
on other cells during inflammation. P-selectin is a receptor
for PSGL-1, a glycoprotein strongly expressed on all leukocytes
(84). PSGL-1 mRNA has been shown to be upregulated during
GVHD in experimental models (85). P-selectin deficient mice
were shown to have less GVHD morbidity and mortality; in
addition T-cells were redirected from Peyer’s patches and GALT
to spleen and lymph nodes indicating that disruption of P-
selectin interactions during GVHD pathogenesis can affect T-
cell trafficking to target organs (84). Although it is likely that
disruption of this pathway alone may not fully abrogate selectin
interactions in GVHD, it is a promising new target.

Targeting Cytokine Pathways

Alpha-1 Antitrypsin
AAT is a liver derived serine protease inhibitor which can
inhibit proinflammatory plasma cytokines and induce
anti-inflammatory IL10 among other somewhat protean
immunologic functions. It has also been shown to be involved
in the in-vivo induction of Treg. In preclinical aGVHD models,
AAT reduced inflammatory cytokines, altered the ratio of
effector and regulatory T-cells and reduced levels of DAMPs
(86). AAT has shown promise in early phase trials for SR
aGVHD (87) and is being tested in phase III trials. This drug
is also being tested in the prophylactic setting in a phase
II/III randomized, multi-center, placebo-controlled study for
prevention of aGVHD (NCT03805789).

JAK-STAT
The Janus kinase family comprises intra-cellular signaling
proteins (JAK-1, 2, 3, and tyrosine kinase 2) involved in
downstream transduction of various cytokine pathways (88).
They are fundamentally involved in all three phases of GVHD
pathogenesis by regulating the activity of APCs, T- and B-
lymphocytes (89). Pre-clinical studies showed that JAK-1/JAK-2
could reduce GVHD without affecting GVL (90, 91) including
an effect on T-cell trafficking and enhancement of Tregs. JAK-
1/JAK-3 inhibition also appears to reduce GVHD in murine
models (92). Following on encouraging early phase studies
with JAK-1/JAK-2 inhibitor ruxolitinib (Rux) in SR aGVHD,
phase III data has now been reported (Rux vs. investigator’s
choice for SR aGVHD, REACH-2) which shows better overall
response rates with Rux although a benefit in NRM could not
be shown. JAK inhibition could be an exciting new frontier
for GVHD prophylaxis as well. Choi et al. (93) showed
that baricitinib (JAK1/JAK2 inhibitor) completely prevented
GVHD in murine models without hampering GVL by multiple
mechanisms including expansion of Tregs by preserving JAK3-
STAT5 signaling; downregulation of CXCR3 and helper T cells 1
and 2.

So far clinical data is limited to a pilot study in myelofibrosis
patients where a combination of ATG, ruxolitinib, and PTCy
was used as GVHD prophylaxis with acceptable engraftment
rates (94) and a single-arm study where Rux was used to
replace CNIs in patients with CNI intolerance (95). Itacitinib,
a selective JAK-1 inhibitor is being investigated in combination
with CNI for primary prophylaxis of GVHD (GRAVITAS-119
trial, NCT03320642).

Subset TCD

Xenikos/T-Guard
Monoclonal antibodies conjugated with immunotoxins is a
method of selective TCD that has been attempted in the past
with CD5 as a target among others as described above. T-
guard is a immunotoxin combination comprised of a mixture
of anti-CD3 and anti-CD7 antibodies separately conjugated to
recombinant ricin A (CD3/CD7-IT), which induces in vivo
depletion of T cells and natural killer (NK) cells and suppresses T
cell receptor activation.

This was first evaluated in a phase I/II trial in humans
in SR aGVHD with a 50% response rate and manageable
toxicities albeit with evidence of capillary leak and thrombotic
microangiopathy (96). This may be a potential target for
prophylaxis in the future. These experimental methods are
summarized in Table 1.

Prevention of cGVHD
Although cGVHD is a distinct clinical and immunologic entity
from aGVHD, there are limited interventions that specifically
target the prevention of cGVHD. In general we know that
patients who have less aGVHD will likely get less cGVHD and
so the prevention of aGVHD is important in the prevention of
cGVHD. In terms of donor and transplant related interventions,
younger same-sex donors and the use of bone marrow product
rather than PBSC has been shown to reduce rates of cGVHD (97).
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T-cell directed approaches that have been quite successful
include ATG and more recently PTCy as outlined above. B-cell
directed approaches are an area of interest given our current
understanding of the important role that B-cells play in the
pathophysiology of cGVHD. Rituximab, a monoclonal antibody
targeting CD20 was evaluated in a phase II trial with cGVHD
rates in the 48% range cGVHD requiring immunosuppression
in the 31% range (98). This was promising at the time and led
to an ongoing randomized trial where obinutuzumab, another
monoclonal B-cell directed antibody is being tested for cGVHD
prevention (NCT02867384). It will be interesting to see how it
will fare in comparison to PTCy.

Another area of interest is the augmentation of tolerance
by the use of low-dose IL-2 (aldeskeukin) to enhance Treg
reconstitution creating a favorable immunologic milieu for the
prevention of cGVHD. This strategy has had success in the
therapy of steroid-refractory cGVHD (99) and may have a role in
prevention as well although remains investigational at this time.

DISCUSSION

GVHD prophylaxis has evolved over the last few decades
from direct in-vivo and ex-vivo pan T-cell depletion strategies
to more directed immunomodulatory strategies based on a
more comprehensive understanding of GVHD immunobiology.
Nevertheless, the basic backbone of CNI based prophylaxis
has survived the test of time. We have touched upon this
current standard in this review and further discussed important
translational advances and exciting pre-clinical strategies which
may be a part of future prophylactic regimens.

Of these translational advances, PTCy is arguably the most
exciting and a potential replacement for standard CNI/MTX
based prophylaxis in multiple transplant settings. Sometimes
considered to be an elegant method of in vivo T-cell depletion,
mechanistic studies have indicated that PTCy has a far
more complex impact on the post-transplant immune system
including a Treg sparing role which is of great interest in
the community (20). In haploidentical transplants, PTCy based
GVHD prophylaxis is the standard, typically incorporating a
CNI and MMF in the most widely used regimens. Although
rates of grades II-IV aGVHD are comparable in haploidentical
transplants with PTCy based prophylaxis compared to CNI/MTX
prophylaxis in MUD transplants, the rates of severe acute and
chronic GVHD are far lower without significantly compromising
relapse rates which makes it a very attractive strategy (100). In
fact, the results in the haploidentical setting with PTCy based
prophylaxis have been so impressive that this platform is now
being tested in the HLA_matched setting where it is being
compared to standard CNI/MTX based prophylaxis. Data from
a small RCT (22) as well as a larger prospective trial (BMT
CTN 1203) (21) in the reduced intensity setting have already
generated encouraging signals where the PTCy arm performed
better than the standard CNI arm as well as other potential novel
strategies. Based on this data, some centers have already migrated
to using PTCy based prophylaxis for matched unrelated donor
and in some cases even inmatched related donor transplantation.

However, from a purist’s viewpoint, data from a well-powered
RCT is still not sufficient to change practice standards and the
results of BMT CTN 1703 comparing PTCy based prophylaxis to
CNI/MTX are eagerly awaited. In the myeloablative setting, the
standard remains CNI/MTX although PTCy based prophylaxis
will likely be tested in this setting as well. Other in-vivo TCD
strategies such as ATG are still widely used, although the most
profound effect of ATG appears to be on severe chronic GVHD
and comes at the cost of poorer T-cell immune reconstitution and
therefore more infectious complications. Sirolimus is another
drug that has had promising results in reducing severe acute
GVHD without much impact on chronic GVHD and is a
reasonable alternative to CNI/MTX (34).

In the domain of ex-vivo TCD, pan TCD is still performed
routinely in certain centers; once again with gains in the
realm of severe chronic GVHD at the cost of more infectious
complications. There have been some concerns about higher
rates of relapse with ex-vivo TCD as well. These three important
methods of T-cell depletion for GVHD prophylaxis, namely
CNI/MTX, PTCy and ex-vivo pan-TCD have been compared
in a multi-center RCT (BMT CTN 1301), the results of which
are eagerly awaited as well. In the last decade the spotlight has
shifted to methods of selective ex-vivo TCD with limited success
in the clinical setting. a/b TCD which attempts to reduce GVHD
without affecting GVL and can be performed without the use of
post-transplant immunosuppression is promising and may be an
important modality in the future.

Separate from direct TCD (in-vivo or ex-vivo), a new
frontier in GVHD prophylaxis is targeting immune checkpoints
which regulate T-cell activation. Given the dramatic success of
checkpoint inhibitors in the world of solid tumor oncology, there
has been tremendous interest and amuch better understanding of
these checkpoints in recent years. In the case of GVHD of course,
researchers have tried to downregulate rather than upregulate
T-cell activation following initial antigen engagement by the T-
cell receptor complex. Although there are a number of molecules
being tested at the bench and detailed in this review, the most
promising of these has been blockade of the CD28/CTLA-4 axis
with Abatacept (CTLA-Ig) with an eventual inhibitory signal
downstream to the T-cell. Results from a RCT with pediatric
and adult patients has shown a dramatic reduction in severe
acute and chronic GVHD including in mismatched unrelated
donors (56). With FDA breakthrough status, this molecule has
the potential to be an integral part of GVHD prophylaxis in the
future although it is unclear if it is more effective than PTCy based
prophylaxis. Certainly cyclophosphamide, a drug that has been
used for decades, is far more affordable and therefore a platform
easily generalizable in more resource poor settings.

Targeting T-cell trafficking, an early event in GVHD
prophylaxis, is being tried with integrin blockers such as
vedolizumab. It is logical that inhibiting the very movement of
effector T-lymphocytes to target organs should better prevent
GVHD rather than trying to arrest the widespread inflammation
and cytokine cascades which characterize the final common
pathway in GVHD pathogenesis. As a testimony to that, when
tocilizumab an IL-6 blocker was evaluated, despite promising
phase II single-arm data, was not more effective than standard
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prophylaxis in a phase III RCT (71). This has in fact been the case
with numerous promising prophylactic therapies which perform
well in single-arm studies but have not been a home run in
well-designed phase III studies.

Within the limitations of this review, we have highlighted
some of the exciting pre-clinical science that has the potential
to translate into effective prophylactic therapies which target
GVHD pathogenesis beyond direct T-cell depletion. Targeting
the interaction between DAMPs/ PAMPs on APCs and Siglecs
with a downstream inhibitory effect on cytokine cascades
as well as investigating a role for Siglecs in modulating
adaptive T-cell mediated immunity are areas of interest (73).
Endothelial damage, another inciting pro-inflammatory event in
GVHD pathogenesis is being targeted by drugs like defibrotide
which have enjoyed tremendous success in the therapy of
VOD. Targeting selectin interactions such as PSGL-1 (84) is
another developing area in the field of GVHD therapeutics
and prophylaxis.

Pathways critical in T-cell modulation during activation and
proliferation such as the Notch pathway has been an area of

great interest although not ready for translation at this time (6).
Bolstered by the success of Abatacept, other molecules targeting
checkpoints such as OX40L blockade (including combination
with sirolimus) (39), blockade of the ICOS: ICOSL interaction
with ALPN101 (81) and CD6 blockade (Itolizumab) (83) are
extremely exciting. The role of AAT in prophylaxis both as
an immunomodulator as well as in opposing inflammatory
cytokines is being looked at.

In conclusion, while GVHD prophylaxis in 2020 still
incorporates the traditional paradigms of CNI based
prophylaxis, PTCy is knocking on the door and a number
of exciting new translational therapies and pre-clinical
advances are on the horizon which promise to challenge the
established paradigms.

AUTHOR CONTRIBUTIONS

JHA supervised and edited manuscript along with MG.
All authors contributed to the article and approved the
submitted version.

REFERENCES

1. Khoury HJ, Wang T, Hemmer MT, Couriel D, Alousi A,

Cutler C, et al. Improved survival after acute graft-versus-host

disease diagnosis in the modern era. Haematologica. (2017)

102:958–66. doi: 10.3324/haematol.2016.156356

2. Antin JH, Ferrara JL. Cytokine dysregulation and acute graft-versus-host

disease. Blood. (1992) 80:2964–8. doi: 10.1182/blood.V80.12.2964.2964

3. Zeiser R, Blazar BR. Acute graft-versus-host disease — biologic

process, prevention, and therapy. N Engl J Med. (2017)

377:2167–79. doi: 10.1056/NEJMra1609337

4. Ferrara JLM, Levine JE, Reddy P, Holler E. Graft-versus-host disease. Lancet.

(2009) 373:1550–61. doi: 10.1016/S0140-6736(09)60237-3

5. Zhang Y, Sandy AR, Wang J, Radojcic V, Shan GT, Tran IT, et al.

Notch signaling is a critical regulator of allogeneic CD4+ T-cell

responses mediating graft-versus-host disease. Blood. (2011) 117:299–

308. doi: 10.1182/blood-2010-03-271940

6. Tran IT, Sandy AR, Carulli AJ, Ebens C, Chung J, Shan GT, et al. Blockade of

individual Notch ligands and receptors controls graft-versus-host disease. J

Clin Invest. (2013) 123:1590–604. doi: 10.1172/JCI65477

7. Sakaguchi S, Yamaguchi T, Nomura T, Ono M. Regulatory T cells and

immune tolerance. Cell. (2008) 133:775–87. doi: 10.1016/j.cell.2008.05.009

8. Krenger W, Ferrara JLM. Graft-versus-host disease and the Th1/Th2

paradigm. Immunol Res. (1996) 15:50–73. doi: 10.1007/BF02918284

9. Carlson MJ, West ML, Coghill JM, Panoskaltsis-Mortari A, Blazar BR,

Serody JS. In vitro–differentiated TH17 cells mediate lethal acute graft-

versus-host disease with severe cutaneous and pulmonary pathologic

manifestations. Blood. (2009) 113:1365–74. doi: 10.1182/blood-2008-06-

162420

10. Yu Y, Wang D, Liu C, Kaosaard K, Semple K, Anasetti C, et al.

Prevention of GVHD while sparing GVL effect by targeting Th1 and Th17

transcription factor T-bet and RORγt in mice. Blood. (2011) 118:5011–

20. doi: 10.1182/blood-2011-03-340315

11. Zeiser R, Blazar BR. Pathophysiology of chronic graft-versus-

host disease and therapeutic targets. N Engl J Med. (2017)

377:2565–79. doi: 10.1056/NEJMra1703472

12. Cooke KR, Luznik L, Sarantopoulos S, Hakim FT, JagasiaM, Fowler DH, et al.

The biology of chronic graft-versus-host disease: a task force report from

the national institutes of health consensus development project on criteria

for clinical trials in chronic graft-versus-host disease. Biol Blood Marrow

Transplant. (2017) 23:211–34. doi: 10.1016/j.bbmt.2016.09.023

13. Nash RA, Antin JH, Karanes C, Fay JW, Avalos BR, Yeager AM, et al. Phase

3 study comparing methotrexate and tacrolimus with methotrexate and

cyclosporine for prophylaxis of acute graft-versus-host disease after marrow

transplantation from unrelated donors. Blood. (2000) 96:2062–8.

14. Ratanatharathorn V, Nash RA, Przepiorka D, Devine SM, Klein JL, Weisdorf

D, et al. Phase III study comparing methotrexate and tacrolimus (prograf,

FK506) with methotrexate and cyclosporine for graft-versus-host disease

prophylaxis after HLA-identical sibling bone marrow transplantation. Blood.

(1998) 92:2303–14.

15. Perkins J, Field T, Kim J, Kharfan-Dabaja MA, Fernandez H, Ayala

E, et al. A randomized phase II trial comparing tacrolimus and

mycophenolate mofetil to tacrolimus and methotrexate for acute graft-

versus-host disease prophylaxis. Biol Blood Marrow Transplant. (2010)

16:937–47. doi: 10.1016/j.bbmt.2010.01.010

16. Luznik L, O’Donnell PV, Symons HJ, Chen AR, Leffell MS, Zahurak M,

et al. HLA-haploidentical bone marrow transplantation for hematologic

malignancies using non-myeloablative conditioning and high-dose,

posttransplantation cyclophosphamide. Biol Blood Marrow Transplant.

(2008) 14:641–50. doi: 10.1016/j.bbmt.2008.03.005

17. Solomon SR, Sizemore C, Zhang X, Brown S, Connor K, Morris

LE, et al. TBI-based myeloablative haploidentical stem cell

transplantation is a safe and effective alternative to unrelated donor

transplantation in patients without matched sibling donors. Blood. (2014)

124:426. doi: 10.1182/blood.V124.21.426.426

18. Raiola AM, Dominietto A, Grazia C di, Lamparelli T, Gualandi F, Ibatici

A, et al. Unmanipulated haploidentical transplants compared with other

alternative donors andmatched sibling grafts. Biol BloodMarrow Transplant.

(2014) 20:1573–9. doi: 10.1016/j.bbmt.2014.05.029

19. Symons HJ, Chen AR, Luznik L, Kasamon YL, Meade JB, Jones RJ, et al.

Myeloablative haploidentical bone marrow transplantation with T cell

replete grafts and post-transplant cyclophosphamide: results of a phase II

clinical trial. Blood. (2011) 118:4151. doi: 10.1182/blood.V118.21.4151.4151

20. Wachsmuth LP, Patterson MT, Eckhaus MA, Venzon DJ, Gress RE,

Kanakry CG. Posttransplantation cyclophosphamide prevents graft-versus-

host disease by inducing alloreactive T cell dysfunction and suppression. J

Clin Invest. (2019) 129:2357–73. doi: 10.1172/JCI124218

21. Bolaños-Meade J, Reshef R, Fraser R, Fei M, Abhyankar S, Al-Kadhimi

Z, et al. Three prophylaxis regimens (tacrolimus, mycophenolate

mofetil, and cyclophosphamide; tacrolimus, methotrexate, and

bortezomib; or tacrolimus, methotrexate, and maraviroc) versus

tacrolimus and methotrexate for prevention of graft-versus-host

Frontiers in Immunology | www.frontiersin.org 10 April 2021 | Volume 12 | Article 605726

https://doi.org/10.3324/haematol.2016.156356
https://doi.org/10.1182/blood.V80.12.2964.2964
https://doi.org/10.1056/NEJMra1609337
https://doi.org/10.1016/S0140-6736(09)60237-3
https://doi.org/10.1182/blood-2010-03-271940
https://doi.org/10.1172/JCI65477
https://doi.org/10.1016/j.cell.2008.05.009
https://doi.org/10.1007/BF02918284
https://doi.org/10.1182/blood-2008-06-162420
https://doi.org/10.1182/blood-2011-03-340315
https://doi.org/10.1056/NEJMra1703472
https://doi.org/10.1016/j.bbmt.2016.09.023
https://doi.org/10.1016/j.bbmt.2010.01.010
https://doi.org/10.1016/j.bbmt.2008.03.005
https://doi.org/10.1182/blood.V124.21.426.426
https://doi.org/10.1016/j.bbmt.2014.05.029
https://doi.org/10.1182/blood.V118.21.4151.4151
https://doi.org/10.1172/JCI124218
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Gooptu and Antin Advances in GVHD Prophylaxis 2020

disease with haemopoietic cell transplantation with reduced-intensity

conditioning: a randomised phase 2 trial with a non-randomised

contemporaneous control group (BMT CTN 1203). Lancet Haematol.

(2019) 6:e132–43. doi: 10.1016/S2352-3026(18)30221-7

22. De Jong CN, Meijer E, Bakunina K, Nur E, van Marwijk Kooij

M, de Groot MR, et al. Post-transplantation cyclophosphamide after

allogeneic hematopoietic stem cell transplantation: results of the prospective

randomized HOVON-96 trial in recipients of matched related and unrelated

donors. Blood. (2019) 134:1. doi: 10.1182/blood-2019-124659

23. Wang Y,WuD-P, Liu Q-F, Xu L-P, Liu K-Y, Zhang X-H, et al. Low-dose post-

transplant cyclophosphamide and anti-thymocyte globulin as an effective

strategy for GVHD prevention in haploidentical patients. J Hematol Oncol.

(2019) 12:88. doi: 10.1186/s13045-019-0781-y

24. Bacigalupo A, Lamparelli T, Bruzzi P, Guidi S, Alessandrino PE, di

Bartolomeo P, et al. Antithymocyte globulin for graft-versus-host disease

prophylaxis in transplants from unrelated donors: 2 randomized studies

from Gruppo Italiano Trapianti Midollo Osseo (GITMO). Blood. (2001)

98:2942–7. doi: 10.1182/blood.V98.10.2942

25. Bacigalupo A, Lamparelli T, Barisione G, Bruzzi P, Guidi S, Alessandrino

PE, et al. Thymoglobulin prevents chronic graft-versus-host disease,

chronic lung dysfunction, and late transplant-related mortality: long-

term follow-up of a randomized trial in patients undergoing unrelated

donor transplantation. Biol Blood Marrow Transplant. (2006) 12:560–

5. doi: 10.1016/j.bbmt.2005.12.034

26. Finke J, Bethge WA, Schmoor C, Ottinger HD, Stelljes M, Zander AR,

et al. Standard graft-versus-host disease prophylaxis with or without anti-T-

cell globulin in haematopoietic cell transplantation from matched unrelated

donors: a randomised, open-label, multicentre phase 3 trial. Lancet Oncol.

(2009) 10:855–64. doi: 10.1016/S1470-2045(09)70225-6

27. Feng X, Kajigaya S, Solomou EE, Keyvanfar K, Xu X, Raghavachari

N, et al. Rabbit ATG but not horse ATG promotes expansion of

functional CD4+CD25highFOXP3+ regulatory T cells in vitro. Blood.

(2008) 111:3675–83. doi: 10.1182/blood-2008-01-130146

28. Mohty M, Labopin M, Balère ML, Socié G, Milpied N, Tabrizi

R, et al. Antithymocyte globulins and chronic graft-vs.-host disease

after myeloablative allogeneic stem cell transplantation from HLA-

matched unrelated donors: a report from the Sociéte Française de

Greffe de Moelle et de Thérapie Cellulaire. Leukemia. (2010) 24:1867–

74. doi: 10.1038/leu.2010.200

29. Soiffer RJ, Kim HT, McGuirk J, Horwitz ME, Johnston L, Patnaik MM,

et al. Prospective, randomized, double-blind, phase III clinical trial of

anti–T-lymphocyte globulin to assess impact on chronic graft-versus-

host disease–free survival in patients undergoing HLA-matched unrelated

myeloablative hematopoietic cell transplantation. J Clin Oncol. (2017)

35:4003–4011. doi: 10.1200/JCO.2017.75.8177

30. Podgorny PJ, Ugarte-Torres A, Liu Y, Williamson TS, Russell JA, Storek J.

High rabbit-antihuman thymocyte globulin levels are associated with low

likelihood of graft-vs.-host disease and high likelihood of posttransplant

lymphoproliferative disorder. Biol Blood Marrow Transplant. (2010) 16:915–

26. doi: 10.1016/j.bbmt.2010.02.027

31. Admiraal R, Nierkens S, de Witte MA, Petersen EJ, Fleurke G-J, Verrest L,

et al. Association between anti-thymocyte globulin exposure and survival

outcomes in adult unrelated haemopoietic cell transplantation: amulticentre,

retrospective, pharmacodynamic cohort analysis. Lancet Haematol. (2017)

4:e183–91. doi: 10.1016/S2352-3026(17)30029-7

32. Chang Y-J, Wang Y, Mo X-D, Zhang X-H, Xu L-P, Yan C-H, et al.

Optimal dose of rabbit thymoglobulin in conditioning regimens for

unmanipulated, haploidentical, hematopoietic stem cell transplantation:

Long-term outcomes of a prospective randomized trial. Cancer. (2017)

123:2881–92. doi: 10.1002/cncr.30540

33. Chang Y-J, Wu D-P, Lai Y-R, Liu Q-F, Sun Y-Q, Hu J, et al. Antithymocyte

globulin for matched sibling donor transplantation in patients with

hematologic malignancies: a multicenter, open-label, randomized controlled

study. J Clin Oncol. (2020) 38:3367–76. doi: 10.1200/JCO.20.00150

34. Cutler C, Logan B, Nakamura R, Johnston L, Choi S, Porter D, et al.

Tacrolimus/sirolimus vs. tacrolimus/methotrexate as GVHD prophylaxis

after matched, related donor allogeneic HCT. Blood. (2014) 124:1372–

7. doi: 10.1182/blood-2014-04-567164

35. Cutler C, Stevenson K, Kim HT, Richardson P, Ho VT, Linden E, et al.

Sirolimus is associated with veno-occlusive disease of the liver after

myeloablative allogeneic stem cell transplantation. Blood. (2008) 112:4425–

31. doi: 10.1182/blood-2008-07-169342

36. Armand P, Kim HT, Sainvil M-M, Lange PB, Giardino AA, Bachanova V,

et al. The addition of sirolimus to the graft-versus-host disease prophylaxis

regimen in reduced intensity allogeneic stem cell transplantation for

lymphoma: a multicentre randomized trial. Br J Haematol. (2016) 173:96–

104. doi: 10.1111/bjh.13931

37. Sandmaier BM, Kornblit B, Storer BE, Olesen G, Maris MB, Langston AA,

et al. Addition of sirolimus to standard cyclosporine plus mycophenolate

mofetil-based graft-versus-host disease prophylaxis for patients after

unrelated non-myeloablative haemopoietic stem cell transplantation: a

multicentre, randomised, phase 3 trial. Lancet Haematol. (2019) 6:e409–

18. doi: 10.1016/S2352-3026(19)30088-2

38. Solomon SR, Sanacore M, Zhang X, Brown S, Holland K, Morris LE, et al.

Calcineurin inhibitor–free graft-versus-host disease prophylaxis with post-

transplantation cyclophosphamide and brief-course sirolimus following

reduced-intensity peripheral blood stem cell transplantation. Biol Blood

Marrow Transplant. (2014) 20:1828–34. doi: 10.1016/j.bbmt.2014.07.020

39. Tkachev V, Furlan SN,Watkins B, Hunt DJ, Zheng HB, Panoskaltsis-Mortari

A, et al. Combined OX40L and mTOR blockade controls effector T cell

activation while preserving Treg reconstitution after transplant. Sci Transl

Med. (2017) 9:eaan3085 doi: 10.1126/scitranslmed.aan3085

40. Reinherz EL, Geha R, Rappeport JM, Wilson M, Penta AC, Hussey

RE, et al. Reconstitution after transplantation with T-lymphocyte-

depleted HLA haplotype-mismatched bone marrow for severe

combined immunodeficiency. Proc Natl Acad Sci USA. (1982)

79:6047–51. doi: 10.1073/pnas.79.19.6047

41. Soiffer RJ, Murray C, Mauch P, Anderson KC, Freedman AS, Rabinowe

SN, et al. Prevention of graft-versus-host disease by selective depletion of

CD6-positive T lymphocytes from donor bone marrow. J Clin Oncol. (1992)

10:1191–200. doi: 10.1200/JCO.1992.10.7.1191

42. Wagner JE, Donnenberg AD, Noga SJ, Cremo CA, Gao IK, Yin HJ, et al.

Lymphocyte depletion of donor bone marrow by counterflow centrifugal

elutriation: results of a phase I clinical trial. Blood. (1988) 72:1168–

76. doi: 10.1182/blood.V72.4.1168.1168

43. Antin JH, Bierer BE, Smith BR, Ferrara J, Guinan EC, Sieff C,

et al. Selective depletion of bone marrow T lymphocytes with anti-

CD5 monoclonal antibodies: effective prophylaxis for graft-versus-host

disease in patients with hematologic malignancies. Blood. (1991) 78:2139–

49. doi: 10.1182/blood.V78.8.2139.bloodjournal7882139

44. Hobbs GS, Perales M-A. Effects of T-cell depletion on allogeneic

hematopoietic stem cell transplantation outcomes in AML patients. J Clin

Med. (2015) 4:488–503. doi: 10.3390/jcm4030488

45. Wagner JE, Thompson JS, Carter SL, Kernan NA, Unrelated donor marrow

transplantation trial. Effect of graft-versus-host disease prophylaxis on 3-year

disease-free survival in recipients of unrelated donor bone marrow (T-cell

Depletion Trial): a multi-centre, randomised phase II-III trial. Lancet. (2005)

366:733–41. doi: 10.1016/S0140-6736(05)66996-6

46. Horowitz MM, Gale RP, Sondel PM, Goldman JM, Kersey J, Kolb HJ, et al.

Graft-versus-leukemia reactions after bone marrow transplantation. Blood.

(1990) 75:555–62. doi: 10.1182/blood.V75.3.555.555

47. Devine SM, Carter S, Soiffer RJ, Pasquini MC, Hari PN, Stein A, et al.

Low risk of chronic graft versus host disease and relapse associated

with T-cell depleted peripheral blood stem cell transplantation for

acute myeloid leukemia in first remission: results of the blood and

marrow transplant clinical trials network (BMT CTN) Protocol 0303. Biol

Blood Marrow Transplant. (2011) 17:1343–51. doi: 10.1016/j.bbmt.2011.

02.002

48. Pasquini MC, Devine S, Mendizabal A, Baden LR, Wingard JR, Lazarus HM,

et al. Comparative outcomes of donor graft CD34+ selection and immune

suppressive therapy as graft-versus-host disease prophylaxis for patients with

acute myeloid leukemia in complete remission undergoing HLA-matched

sibling allogeneic hematopoietic cell transplantation. J Clin Oncol. (2012)

30:3194–201. doi: 10.1200/JCO.2012.41.7071

49. Small TN, Avigan D, Dupont B, Smith K, Black P, Heller G, et al. Immune

reconstitution following T-cell depleted bone marrow transplantation: effect

Frontiers in Immunology | www.frontiersin.org 11 April 2021 | Volume 12 | Article 605726

https://doi.org/10.1016/S2352-3026(18)30221-7
https://doi.org/10.1182/blood-2019-124659
https://doi.org/10.1186/s13045-019-0781-y
https://doi.org/10.1182/blood.V98.10.2942
https://doi.org/10.1016/j.bbmt.2005.12.034
https://doi.org/10.1016/S1470-2045(09)70225-6
https://doi.org/10.1182/blood-2008-01-130146
https://doi.org/10.1038/leu.2010.200
https://doi.org/10.1200/JCO.2017.75.8177
https://doi.org/10.1016/j.bbmt.2010.02.027
https://doi.org/10.1016/S2352-3026(17)30029-7
https://doi.org/10.1002/cncr.30540
https://doi.org/10.1200/JCO.20.00150
https://doi.org/10.1182/blood-2014-04-567164
https://doi.org/10.1182/blood-2008-07-169342
https://doi.org/10.1111/bjh.13931
https://doi.org/10.1016/S2352-3026(19)30088-2
https://doi.org/10.1016/j.bbmt.2014.07.020
https://doi.org/10.1126/scitranslmed.aan3085
https://doi.org/10.1073/pnas.79.19.6047
https://doi.org/10.1200/JCO.1992.10.7.1191
https://doi.org/10.1182/blood.V72.4.1168.1168
https://doi.org/10.1182/blood.V78.8.2139.bloodjournal7882139
https://doi.org/10.3390/jcm4030488
https://doi.org/10.1016/S0140-6736(05)66996-6
https://doi.org/10.1182/blood.V75.3.555.555
https://doi.org/10.1016/j.bbmt.2011.02.002
https://doi.org/10.1200/JCO.2012.41.7071
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Gooptu and Antin Advances in GVHD Prophylaxis 2020

of age and posttransplant graft rejection prophylaxis. Biol Blood Marrow

Transplant. (1997) 3:65–75.

50. Aversa F, Tabilio A, Velardi A, Cunningham I, Terenzi A, Falzetti F, et al.

Treatment of high-risk acute leukemia with T-cell-depleted stem cells from

related donors with one fully mismatched HLA haplotype. N Engl J Med.

(1998) 339:1186–93. doi: 10.1056/NEJM199810223391702

51. Geyer MB, Ricci AM, Jacobson JS, Majzner R, Duffy D, Van de Ven

C, et al. T cell depletion utilizing CD34(+)stem cell selection and

CD3(+) addback from unrelated adult donors in paediatric allogeneic

stem cell transplantation recipients. Br J Haematol. (2012) 157:205–

19. doi: 10.1111/j.1365-2141.2012.09048.x

52. Rachamim N, Gan J, Segall H, Krauthgamer R, Marcus H,

Berrebi A, et al. Tolerance induction by “megadose” hematopoietic

transplants: donor-type human CD34 stem cells induce potent

specific reduction of host anti-donor cytotoxic T lymphocyte

precursors in mixed lymphocyte culture. Transplantation. (1998)

65:1386–93. doi: 10.1097/00007890-199805270-00017

53. Daniele N, Scerpa MC, Caniglia M, Bernardo ME, Rossi C, Ciammetti

C, et al. Transplantation in the onco-hematology field: focus on the

manipulation of αβ and γδ T cells. Pathol Res Pract. (2012) 208:67–

73. doi: 10.1016/j.prp.2011.10.006

54. Locatelli F, Merli P, Pagliara D, Li Pira G, Falco M, Pende D, et al.

Outcome of children with acute leukemia given HLA-haploidentical

HSCT after αβ T-cell and B-cell depletion. Blood. (2017) 130:677–

85. doi: 10.1182/blood-2017-04-779769

55. Blazar BR, Taylor PA, Linsley PS, Vallera DA. In vivo blockade of

CD28/CTLA4: B7/BB1 interaction with CTLA4-Ig reduces lethal murine

graft-versus-host disease across themajor histocompatibility complex barrier

in mice. Blood. (1994) 83:3815–25. doi: 10.1182/blood.V83.12.3815.3815

56. Watkins B, Qayed M, Bratrude B, Betz K, Brown M, Rhodes

J, et al. T cell costimulation blockade with abatacept nearly

eliminates early severe acute graft versus host disease after HLA-

mismatched (7/8 HLA matched) unrelated donor transplant, with a

favorable impact on disease-free and overall survival. Blood. (2017)

130:212. doi: 10.1182/blood.V130.Suppl_1.212.212

57. Watkins BK, Tkachev V, Furlan SN, Hunt DJ, Betz K, Yu A, et al. CD28

blockade controls T cell activation to prevent graft-versus-host disease in

primates. J Clin Invest. (2018) 128:3991–4007. doi: 10.1172/JCI98793

58. Taylor PA, Lees CJ, Blazar BR. The infusion of ex vivo activated and expanded

CD4(+)CD25(+) immune regulatory cells inhibits graft-versus-host disease

lethality. Blood. (2002) 99:3493–9. doi: 10.1182/blood.V99.10.3493

59. Brunstein CG, Miller JS, Cao Q, McKenna DH, Hippen KL, Curtsinger J,

et al. Infusion of ex vivo expanded T regulatory cells in adults transplanted

with umbilical cord blood: safety profile and detection kinetics. Blood. (2011)

117:1061–70. doi: 10.1182/blood-2010-07-293795

60. Pillai AB, George TI, Dutt S, Teo P, Strober S. Host NKT cells

can prevent graft-versus-host disease and permit graft antitumor

activity after bone marrow transplantation. J Immunol. (2007)

178:6242–51. doi: 10.4049/jimmunol.178.10.6242

61. Pillai AB, George TI, Dutt S, Strober S. Host natural killer T cells induce

an interleukin-4-dependent expansion of donor CD4+CD25+Foxp3+ T

regulatory cells that protects against graft-versus-host disease. Blood. (2009)

113:4458–67. doi: 10.1182/blood-2008-06-165506

62. Lowsky R, Takahashi T, Liu YP, Dejbakhsh-Jones S, Grumet FC, Shizuru JA,

et al. Protective conditioning for acute graft-versus-host disease. N Engl J

Med. (2005) 353:1321–31. doi: 10.1056/NEJMoa050642

63. Rubio M-T, Moreira-Teixeira L, Bachy E, Bouillié M, Milpied P,

Coman T, et al. Early posttransplantation donor-derived invariant

natural killer T-cell recovery predicts the occurrence of acute

graft-versus-host disease and overall survival. Blood. (2012)

120:2144–54. doi: 10.1182/blood-2012-01-404673

64. Malard F, Labopin M, Chevallier P, Guillaume T, Duquesne A, Rialland F,

et al. Larger number of invariant natural killer T cells in PBSC allografts

correlates with improved GVHD-free and progression-free survival. Blood.

(2016) 127:1828–35. doi: 10.1182/blood-2015-12-688739

65. Duramad O, Laysang A, Li J, Nguyen N, Ishii Y, Namikawa R. A liposomal

formulation of KRN7000 (RGI-2001) potently reduces GvHD lethality

through the expansion of CD4+Foxp3+ regulatory T cells inmurinemodels.

Blood. (2008) 112:3500. doi: 10.1182/blood.V112.11.3500.3500

66. Chen Y-B, Efebera YA, Johnston L, Ball ED, Avigan D, Lekakis LJ,

et al. Increased Foxp3+Helios+ regulatory T cells and decreased acute

graft-versus-host disease after allogeneic bone marrow transplantation

in patients receiving sirolimus and RGI-2001, an activator of invariant

natural killer T cells. Biol Blood Marrow Transplant. (2017) 23:625–

34. doi: 10.1016/j.bbmt.2017.01.069

67. Fløisand Y, Lazarevic VL, Maertens J, Mattsson J, Shah NN, Zachée

P, et al. Safety and effectiveness of vedolizumab in patients with

steroid-refractory gastrointestinal acute graft-versus-host disease: a

retrospective record review. Biol Blood Marrow Transplant. (2019)

25:720–7. doi: 10.1016/j.bbmt.2018.11.013

68. Chen Y-B, Shah NN, Renteria AS, Cutler C, Jansson J, Akbari M, et al.

Vedolizumab for prevention of graft-versus-host disease after allogeneic

hematopoietic stem cell transplantation. Blood Adv. (2019) 3:4136–

46. doi: 10.1182/bloodadvances.2019000893

69. Tawara I, Koyama M, Liu C, Toubai T, Thomas D, Evers R, et al.

Interleukin-6 modulates graft-versus-host responses after experimental

allogeneic bone marrow transplantation. Clin Cancer Res. (2011) 17:77–

88. doi: 10.1158/1078-0432.CCR-10-1198

70. Drobyski WR, Szabo A, Zhu F, Keever-Taylor C, Hebert KM, Dunn R, et al.

Tocilizumab, tacrolimus and methotrexate for the prevention of acute graft-

versus-host disease: low incidence of lower gastrointestinal tract disease.

Haematologica. (2018) 103:717–27. doi: 10.3324/haematol.2017.183434

71. Kennedy GA, Tey S-K, Curley C, Butler JP, Misra A, Subramoniapillai

E, et al. Results of a phase III double-blind study of the addition of

tocilizumab vs. placebo to cyclosporin/methotrexate Gvhd prophylaxis

after HLA-matched allogeneic stem cell transplantation. Blood. (2019)

134:368. doi: 10.1182/blood-2019-126285

72. Crocker PR, Paulson JC, Varki A. Siglecs and their roles in the immune

system. Nat Rev Immunol. (2007) 7:255–66. doi: 10.1038/nri2056

73. Toubai T, Hou G, Mathewson N, Liu C, Wang Y, Oravecz-Wilson K, et al.

Siglec-G–CD24 axis controls the severity of graft-versus-host disease inmice.

Blood. (2014) 123:3512–23. doi: 10.1182/blood-2013-12-545335

74. Richardson PG, Carreras E, Iacobelli M, Nejadnik B. The use of

defibrotide in blood and marrow transplantation. Blood Adv. (2018) 2:1495–

509. doi: 10.1182/bloodadvances.2017008375

75. Richardson PG, Soiffer RJ, Antin JH, Uno H, Jin Z, Kurtzberg J, et al.

Defibrotide for the treatment of severe hepatic veno-occlusive disease

and multiorgan failure after stem cell transplantation: a multicenter,

randomized, dose-finding trial. Biol Blood Marrow Transplant. (2010)

16:1005–17. doi: 10.1016/j.bbmt.2010.02.009

76. Chung NG, Jeong DC, Park SJ, Choi BO, Cho B, Kim HK, et al.

Cotransplantation of marrow stromal cells may prevent lethal graft-versus-

host disease in major histocompatibility complex mismatched murine

hematopoietic stem cell transplantation. Int J Hematol. (2004) 80:370–

6. doi: 10.1532/IJH97.A30409

77. Ning H, Yang F, Jiang M, Hu L, Feng K, Zhang J, et al. The correlation

between cotransplantation of mesenchymal stem cells and higher recurrence

rate in hematologic malignancy patients: outcome of a pilot clinical study.

Leukemia. (2008) 22:593–9. doi: 10.1038/sj.leu.2405090

78. Gao L, Zhang Y, Hu B, Liu J, Kong P, Lou S, et al. Phase II multicenter,

randomized, double-blind controlled study of efficacy and safety of umbilical

cord-derived mesenchymal stromal cells in the prophylaxis of chronic graft-

versus-host disease after HLA-haploidentical stem-cell transplantation. J

Clin Oncol. (2016) 34:2843–50. doi: 10.1200/JCO.2015.65.3642

79. Blazar BR, Sharpe AH, Chen AI, Panoskaltsis-mortari A, Lees C, Akiba H,

et al. Ligation of OX40 (CD134) regulates graft-versus-host disease (GVHD)

and graft rejection in allogeneic bone marrow transplant recipients. Blood.

101:3741–8. doi: 10.1182/blood-2002-10-3048

80. Vu MD, Xiao X, Gao W, Degauque N, Chen M, Kroemer A, et al.

OX40 costimulation turns off Foxp3+ Tregs. Blood. (2007) 110:2501–

10. doi: 10.1182/blood-2007-01-070748

81. Taylor PA, Panoskaltsis-Mortari A, Freeman GJ, Sharpe AH, Noelle RJ,

Rudensky AY, et al. Targeting of inducible costimulator (ICOS) expressed

on alloreactive T cells down-regulates graft-versus-host disease (GVHD)

Frontiers in Immunology | www.frontiersin.org 12 April 2021 | Volume 12 | Article 605726

https://doi.org/10.1056/NEJM199810223391702
https://doi.org/10.1111/j.1365-2141.2012.09048.x
https://doi.org/10.1097/00007890-199805270-00017
https://doi.org/10.1016/j.prp.2011.10.006
https://doi.org/10.1182/blood-2017-04-779769
https://doi.org/10.1182/blood.V83.12.3815.3815
https://doi.org/10.1182/blood.V130.Suppl_1.212.212
https://doi.org/10.1172/JCI98793
https://doi.org/10.1182/blood.V99.10.3493
https://doi.org/10.1182/blood-2010-07-293795
https://doi.org/10.4049/jimmunol.178.10.6242
https://doi.org/10.1182/blood-2008-06-165506
https://doi.org/10.1056/NEJMoa050642
https://doi.org/10.1182/blood-2012-01-404673
https://doi.org/10.1182/blood-2015-12-688739
https://doi.org/10.1182/blood.V112.11.3500.3500
https://doi.org/10.1016/j.bbmt.2017.01.069
https://doi.org/10.1016/j.bbmt.2018.11.013
https://doi.org/10.1182/bloodadvances.2019000893
https://doi.org/10.1158/1078-0432.CCR-10-1198
https://doi.org/10.3324/haematol.2017.183434
https://doi.org/10.1182/blood-2019-126285
https://doi.org/10.1038/nri2056
https://doi.org/10.1182/blood-2013-12-545335
https://doi.org/10.1182/bloodadvances.2017008375
https://doi.org/10.1016/j.bbmt.2010.02.009
https://doi.org/10.1532/IJH97.A30409
https://doi.org/10.1038/sj.leu.2405090
https://doi.org/10.1200/JCO.2015.65.3642
https://doi.org/10.1182/blood-2002-10-3048
https://doi.org/10.1182/blood-2007-01-070748
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Gooptu and Antin Advances in GVHD Prophylaxis 2020

and facilitates engraftment of allogeneic bone marrow (BM). Blood. (2005)

105:3372–80. doi: 10.1182/blood-2004-10-3869

82. Dillon SR, Yang J, Lewis KE, Evans LS, Mudri S, Wu R, et al. Alpn-

101, a dual ICOS/CD28 antagonist, demonstrates potent and dose-

dependent suppression of graft vs. host disease (GvHD) in a human/NSG

mouse xenograft model, with activity superior to CD28 or ICOS single

pathway antagonists. Biol Blood Marrow Transplant. (2019) 25:S290–

1. doi: 10.1016/j.bbmt.2018.12.666

83. Ng CT, Ampudia J, Soiffer RJ, Ritz J, Connelly S. Itolizumab as a potential

therapeutic for the prevention and treatment of graft vs. host disease. Blood.

(2019) 134:5603. doi: 10.1182/blood-2019-122787

84. Lu SX, Holland AM, Na I-K, Terwey TH, Alpdogan O, Bautista

JL, et al. Absence of P-selectin in recipients of allogeneic bone

marrow transplantation ameliorates experimental graft-versus-host-disease.

J Immunol. (2010) 185:1912–9. doi: 10.4049/jimmunol.0903148

85. Ichiba T, Teshima T, Kuick R, Misek DE, Liu C, Takada Y, et al. Early changes

in gene expression profiles of hepatic GVHD uncovered by oligonucleotide

microarrays. Blood. (2003) 102:763–71. doi: 10.1182/blood-2002-09-2748

86. Tawara I, Sun Y, Lewis EC, Toubai T, Evers R, Nieves E, et al.

Alpha-1-antitrypsin monotherapy reduces graft-versus-host disease after

experimental allogeneic bone marrow transplantation. Proc Natl Acad Sci

USA. (2012) 109:564–9. doi: 10.1073/pnas.1117665109

87. Magenau JM, Goldstein SC, Peltier D, Soiffer RJ, Braun T, Pawarode A, et al.

α1-Antitrypsin infusion for treatment of steroid-resistant acute graft-versus-

host disease. Blood. (2018) 131:1372–9. doi: 10.1182/blood-2017-11-815746

88. Schwartz DM, Bonelli M, Gadina M, O’Shea JJ. Type I/II cytokines, JAKs,

and new strategies for treating autoimmune diseases. Nat Rev Rheumatol.

(2016) 12:25–36. doi: 10.1038/nrrheum.2015.167

89. Schroeder MA, Choi J, Staser K, DiPersio JF. The role of janus kinase

signaling in graft-versus-host disease and graft versus leukemia. Biol Blood

Marrow Transplant. (2018) 24:1125–34. doi: 10.1016/j.bbmt.2017.12.797

90. Choi J, Ziga ED, Ritchey J, Collins L, Prior JL, Cooper ML, et al. IFNγR

signaling mediates alloreactive T-cell trafficking and GVHD. Blood. (2012)

120:4093–103. doi: 10.1182/blood-2012-01-403196

91. Choi J, Cooper ML, Alahmari B, Ritchey J, Collins L, Holt M,

et al. Pharmacologic blockade of JAK1/JAK2 reduces GvHD and

preserves the graft-versus-leukemia effect. PLoS ONE. (2014)

9:e109799. doi: 10.1371/journal.pone.0109799

92. Zeiser R, von Bubnoff N, Butler J, Mohty M, Niederwieser D, Or

R, et al. Ruxolitinib for glucocorticoid-refractory acute graft-versus-host

disease. N Engl J Med. (2020) 382:1800–10. doi: 10.1056/NEJMoa19

17635

93. Choi J, Cooper ML, Staser K, Ashami K, Vij KR, Wang B, et al. Baricitinib-

induced blockade of interferon gamma receptor and interleukin-6 receptor

for the prevention and treatment of graft-versus-host disease. Leukemia.

(2018) 32:2483–94. doi: 10.1038/s41375-018-0123-z

94. Morozova EV, Moiseev IS, Barabanshikova MV, Darskaya EI,

Bondarenko SN, Zubarovskaya LS, et al. Graft-versus-host

disease prophylaxis with posttransplantation cyclophosphamide

and ruxolitinib in patients with myelofibrosis. Blood. (2017)

130:4492. doi: 10.1182/blood.V130.Suppl_1.4492.4492

95. Zhao Y, Shi J, Luo Y, Gao F, Tan Y, Lai X, et al. Calcineurin inhibitors

replacement by ruxolitinib as graft-versus-host disease prophylaxis for

patients after allogeneic stem cell transplantation. Biol Blood Marrow

Transplant. (2020) 26:e128–33. doi: 10.1016/j.bbmt.2020.01.012

96. Groth C, Groningen LFJ van, Matos TR, Bremmers ME, Preijers FWMB,

Dolstra H, et al. Phase I/II trial of a combination of anti-CD3/CD7

immunotoxins for steroid-refractory acute graft-versus-host disease. Biol

Blood Marrow Transplant. (2019) 25:712–9. doi: 10.1016/j.bbmt.2018.10.020

97. Lee JW, Joachim Deeg H. Prevention of chronic GVHD. Best Pract Res Clin

Haematol. (2008) 21:259–70. doi: 10.1016/j.beha.2008.02.010

98. Cutler C, Kim HT, Bindra B, Sarantopoulos S, Ho VT, Chen Y-B, et al.

Rituximab prophylaxis prevents corticosteroid-requiring chronic GVHD

after allogeneic peripheral blood stem cell transplantation: results of

a phase 2 trial. Blood. (2013) 122:1510–7. doi: 10.1182/blood-2013-04-

495895

99. Koreth J, Matsuoka K, Kim HT, McDonough SM, Bindra B, Alyea EP, et al.

Interleukin-2 and regulatory T cells in graft-versus-host disease. N Engl J

Med. (2011) 365:2055–66. doi: 10.1056/NEJMoa1108188

100. Ciurea SO, Zhang M-J, Bacigalupo AA, Bashey A, Appelbaum FR, Aljitawi

OS, et al. Haploidentical transplant with posttransplant cyclophosphamide

vs. matched unrelated donor transplant for acute myeloid leukemia. Blood.

(2015) 126:1033–40. doi: 10.1182/blood-2015-04-639831

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2021 Gooptu and Antin. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org 13 April 2021 | Volume 12 | Article 605726

https://doi.org/10.1182/blood-2004-10-3869
https://doi.org/10.1016/j.bbmt.2018.12.666
https://doi.org/10.1182/blood-2019-122787
https://doi.org/10.4049/jimmunol.0903148
https://doi.org/10.1182/blood-2002-09-2748
https://doi.org/10.1073/pnas.1117665109
https://doi.org/10.1182/blood-2017-11-815746
https://doi.org/10.1038/nrrheum.2015.167
https://doi.org/10.1016/j.bbmt.2017.12.797
https://doi.org/10.1182/blood-2012-01-403196
https://doi.org/10.1371/journal.pone.0109799
https://doi.org/10.1056/NEJMoa1917635
https://doi.org/10.1038/s41375-018-0123-z
https://doi.org/10.1182/blood.V130.Suppl_1.4492.4492
https://doi.org/10.1016/j.bbmt.2020.01.012
https://doi.org/10.1016/j.bbmt.2018.10.020
https://doi.org/10.1016/j.beha.2008.02.010
https://doi.org/10.1182/blood-2013-04-495895
https://doi.org/10.1056/NEJMoa1108188
https://doi.org/10.1182/blood-2015-04-639831
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	GVHD Prophylaxis 2020
	Introduction
	The Immunobiology of Graft-vs.-Host Disease
	Acute GVHD
	Phase 1
	Phase II
	Phase III

	Chronic GVHD

	Current Standards in GVHD Prophylaxis
	Translational Advances in GVHD Prophylaxis
	In-vivo T-Cell Depletion/Modulation
	Post-transplant Cyclophosphamide
	Anti-thymocyte Globulin
	Sirolimus

	Ex-vivo T-Cell Depletion/Modulation
	Pan T-Cell Depletion
	Selective T-Cell Depletion Strategies
	α/β TCD

	Modulating T-Cell Co-stimulatory/Co-inhibitory Pathways
	CD28/CTLA-4 Blockade: Abatacept

	Enhancing Regulatory T-Cells
	Invariant Natural Killer T Cells

	Targeting T-Cell Trafficking
	Vedolizumab
	Maraviroc

	Targeting Cytokine Pathways
	Tocilizumab


	Novel GVHD Prophylactic Strategies on the Horizon
	Targeting Tissue Damage/Endothelial Injury
	Siglecs/CD24 Fc
	Defibrotide

	T-Cell Modulation
	Notch Pathway
	Mesenchymal Stem-Cells

	Targeting T-Cell Co-stimulatory Pathways (CD24 Fc)
	OX40L Blockade
	ALPN101
	CD6 Blockade: Itolizumab

	Targeting T-Cell Trafficking
	PSGL-1

	Targeting Cytokine Pathways
	Alpha-1 Antitrypsin
	JAK-STAT

	Subset TCD
	Xenikos/T-Guard


	Prevention of cGVHD

	Discussion
	Author Contributions
	References


