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Abstract Mycophenolate mofetil (MMF) has been
widely used for the prophylaxis of graft-versus-host disease
(GvHD) in hematopoietic stem cell transplantation
(HSCT), based on clinical evidence established in organ
transplantations. MMF is not a cytotoxic, but rather a
cytostatic agent, and there have been several reports of
significant advantages in engraftment as well as greatly
reduced stomatitis compared to methotrexate (MTX).
MMF has been preferred for MTX-free immunosuppres-
sion, especially in reduced intensity conditioning, but it is
suitable for GvHD prophylaxis for any type of HSCT.
Some clinicians doubt its effectiveness, due to the lack of
advantage over MTX in acute GvHD prophylaxis, espe-
cially in myeloablative conditioning. Pharmacokinetics
studies of mycophenolic acid (MPA), the active form of
MMF, show large inter- and intra-patient variation, which
make interpretations of its clinical usefulness difficult.
Nevertheless, several studies, including ours, have dem-
onstrated that relatively higher area under the curve (AUC)
of the MPA group leads to significant suppression of acute
GvHD in prophylactic use. We propose a model algorithm
for optimal dose finding using therapeutic drug monitoring
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(TDM) for MPA. Preemptive strategies depending on
plasma MPA levels could yield more effective approaches
to GvHD prophylaxis, alternative to MTX.
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Introduction

The prophylaxis for graft-versus-host disease (GvHD) after
hematopoietic stem cell transplantation. (HSCT) has been
developed in the last two decades. Although a combination
of calcineurin inhibitor (CI), such as cyclosporin (CsA) or
tacrolimus (FK506), plus short-term methotrexate (MTX)
has been widely used in clinical practice [1-6], other
immunosuppressive drugs, such as steroids, anti-thymocyte
globulin (ATG), and campath-1H, are also used as alter-
native or additional immunosuppressants. Mycophenolate
mofetil (MMF) is a type II inosine monophosphate dehy-
drogenase inhibitor that exerts its immunosuppressive
effect by blocking the production of guanosine nucleotide
synthesis through the de novo pathway [7, 8]. MMF is
widely used for prevention of rejection in organ trans-
plantations. MMF is highly selective, specifically in the
suppression of lymphocytes but not myeloid cells; hence, it
enables faster engraftment and causes less cytotoxicity,
especially stomatitis, compared to MTX. Many clinicians
who conduct HSCT favor this drug for GvHD prophylaxis.
In addition, MMF has also been utilized as first-line or
salvage treatment of acute GvHD, as well as chronic GvHD
[9-20]. Despite the increasing infectious complications
associated with combined MMF and prednisone regimen,
current data have suggested that MMF is an active agent in
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the treatment of acute and chronic GvHD. MMF dosage for
GVvHD prophylaxis ranges from 1 to 3 g/day according to
institutions, because the optimal dose is not provided by
therapeutic drug monitoring (TDM). Several studies fail to
establish the range of MMF dosage because the concen-
tration of mycophenolic acid (MPA), which is the active
and hydrolyzed form of MMF, differs in each individual.
Moreover, plasma MPA concentrations after HSCT are
apparently lower than after organ transplantation. In this
review, the efficacy/limitations in the field of HSCT and
analysis of MMF usage based on conditioning, timing, and
stem cell source are discussed.

MMF pharmacokinetics and pharmacodynamics
in HSCT

Figure 1 shows the pharmacodynamics of MMF. MMF is a
morpholinoethyl ester formulation, which enhances the
bioavailability of MPA. MPA was first isolated from a
Penicillium culture, but its efficacy as an antibiotic was
limited [21]. MPA was later shown to be a potent inhibitor
of nucleic acid synthesis, largely by its ability to inhibit the
enzyme IMP dehydrogenase (IMPDH) selectively,
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excreted in the urine

reversibly, and noncompetitively. IMPDH is the rate-limiting
enzyme in the de novo synthesis of guanosine monophos-
phate (GMP) from IMP. Then it was focused for anti-tumor
activity [22-26].

The GMP synthesis in lymphocytes is highly dependent
on the de novo pathway, while other cells utilize the sal-
vage pathway. Therefore, the blockade of GMP synthesis
leads to prevention of T-cell activation, as well as B-cell
activation. Thereafter, MMF has been widely used as an
immunosuppressive agent.

The bioavailability of MMF after oral administration in
healthy individuals was reported to be approximately 94 %
[27]. Once orally or intravenously administered, MMF
rapidly undergoes de-esterification to form its active
compound, MPA [7]. Maximum peak concentrations
(Cmax) of MPA generally occur within 1 or 2 h after MMF
administration. MPA is primarily metabolized in the liver
by uridine diphosphate glucuronosyl transferases (UGTs)
to form the metabolites phenolic MPA-glucuronide
(MPAG) and, to a lesser extent, acyl-MPAG (AcMPAG).
The latter is pharmacologically active and has been linked
to the occurrence of MMF-related adverse effects. The
excretion of MPAG is primarily renal. Over 90 % of the
administered dose is eventually excreted in the urine,

de novo pathway

Miyeloablative conditionin
Mucosal damage

Fig. 1 Summary of pharmacology and pharmacodynamics of MMF.
After MMF is administered, MMF is hydrolyzed to MPA, which is
the active form, and causes reversible inhibition of IMPDH. MPA is
reabsorbed via the enterohepatic circulation. MMF mycophenolate
mofetil, MPA mycophenolic acid, /MPDH inosine monophosphate

dehydrogenase, IMP inosine monophosphate, GMP guanosine mono-
phosphate, MPAG MPA glucuronide, UGTs uridine diphosphate
glucuronosyl transferases, EHC enterohepatic circulation, CsA
cyclosporine
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mostly as MPAG. The pharmacokinetics of MMF is
complicated by the enterohepatic circulation (EHC) of
MPAG, which is excreted into the bile and subsequently
hydrolyzed in the intestine and reabsorbed as MPA giving
rise to a secondary peak of MPA 6-12 h after MMF
administration. However, most studies reported that the
second peak of MPA was not found in HSCT, because
mucosal damage partly due to conditioning regimen
interfered with EHC [28, 29]. Even though EHC is active,
detection of the second peak is difficult because of the low
plasma MPA levels of HSCT patients 6 h after MMF
administration. Furthermore, MPA binds extensively to
plasma albumin, and the free MPA fraction is less than
3 %. The free MPA fraction is thought to be responsible for
the immunosuppressive effect of MPA. Systemic exposure
to MPA when MMF is given in combination with CsA is
approximately 30-40 % lower than when given alone or
with FK506 or sirolimus. It is because CsA inhibits mul-
tidrug resistance associated protein 2 (MRP-2), which has
been reported to be responsible for the biliary excretion of
MPAG and subsequent MPA EHC [30, 31]. The interfer-
ence associated with the concomitant use of CsA would be
one reason for the inter-patient, as well as intra-patient
variations in the plasma MPA levels. While the recom-
mended target range for the MPA area under the curve
(AUCq_12 1) in renal transplant recipients is 30-60 mg h/L.
[32], no standard target range in HSCT has been proposed.

Generally, the plasma MPA levels in HSCT are lower
than those in organ transplantation, such as renal transplan-
tation. Considerations on MMF pharmacokinetics for HSCT
are listed in Table 1. The major factors are bioavailabil-
ity and MPA clearance. Indeed, the intestinal mucosal
damage due to the myeloablative regimen, including total
body irradiation (TBI) and high-dose chemotherapy, and/or
the use of broad-spectrum antibiotics deteriorate the

bioavailability after oral administration of MMF. However,
because the intravenous formulation of MMEF still achieved
ten times lower trough blood level of MPA in myeloablative
HSCT compared with healthy volunteers [33], the bio-
availability of MMF might not be mainly the reason for the
lower MPA levels. For MPA clearance, a higher clearance
has been reported to be associated with decreased EHC,
lower serum albumin levels [34, 35], and in combination
with CsA [30, 31]. Pediatric HSCT study using intravenous
and oral MMF in combination with FK506 showed that there
was a trend in increased MPA clearance following my-
eloablative conditioning, which caused a more severe
mucosal damage and decreased EHC compared to reduced
intensity conditioning (RIC) [36]. However, there was no
difference in the plasma MPA concentrations in both oral
and intravenous regimens. Recently, a pharmacokinetics
study has revealed that MPA clearance was increased in
HSCT patients compared to renal transplant recipients [37].
Interestingly, the correlation between MPA clearance and
CsA trough levels and plasma albumin was significant in a
multivariate model. One explanation for the lower MPA
levels in HSCT patients compared to those who received
organ transplant could be the high MPA clearance as a result
of combination with CsA and the high trough and low
plasma albumin levels. However, another report on patients
treated with RIC did not find a positive correlation between
total MPA AUC and serum albumin levels [38]. Therefore,
there is still no clear explanation for the lower MPA con-
centration in HSCT patients.

Beginning of utilizing MMF for HSCT

The usefulness of MMF in the field of organ transplanta-
tion, especially renal transplantation, by randomized

Table 1 Issues to consider in

the use of MMF for acute Issues

Comments

GvHD prophylaxis and
pharmacokinetics of MPA in
HSCT

Patient/disease-oriented issues
Conditioning
Stem cell source
Stomatitis
Engraftment
Infectious status

Factors affecting pharmacokinetics

MPA clearance

MMF mycophenolate mofetil,
RIC reduced intensity
conditioning, MTX
methotrexate, MPA
mycophenolic acid, CsA
cyclosporine, GvHD graft-
versus-host disease

Serum albumin level

Bioavailability (if oral)

Enterohepatic circulation (EHC)
Combination drug for GvHD prophylaxis

RIC is more favorable than myeloablative conditioning
Any type of sources is feasible
Oral mucosal damage is milder than MTX
- Usually faster than MTX
Infections might be increased

Might be higher when myeloablative conditioning
rather than RIC is used

MPA clearance is increased when serum albumin
level is decreased

Intravenous formulation is available
Mucosal damage and antibiotics use reduce EHC
CsA interferes with secretion of MPA in bile
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controlled studies had been reported since the mid-1990s
[39—41]. In the late 1990s, Storb et al. conducted experi-
mental studies to show the effectiveness of CsA plus MMF
in canine HSCT after non-myeloablative conditioning [42,
43]. Subsequently, MMF was introduced for GvHD pro-
phylaxis in human HSCT. The Seattle group showed that
the combination of CsA plus MMF was comparable to CsA
plus MTX. Thereafter, MMF has been practically
employed in the HSCT field, especially for RIC [44, 45],
with less clinical trials compared to the application in renal
transplantation.

Conventional usage of MMF for acute
GvHD prophylaxis

Generally, MMF is initiated at 15-45 mg/kg orally or
intravenously twice or thrice daily (the dose is rounded off
to the nearest multiple of 250 mg for internal use) from day
0 for 27-40 days, and then it is either stopped or tapered
through day 96-180 [29, 38, 46-48]. A report from Fred
Hutchinson Cancer Research Center demonstrated that
MMF given thrice daily allowed durable engraftment in
unrelated HSCT after RIC (fludarabine 90 mg/m> plus TBI
2 Gy) [49]. The infection rate with thrice daily adminis-
tration was slightly higher than that with twice daily, but
treatment-related mortality (TRM) was not increased in
thrice daily administration. The probability of acute GvHD
was similar in both groups. Another report from the same
institute also documented that post-grafting immunosup-
pression with extended (up to day 180) MMF and short-
ened (up to day 80) CsA increased the incidence of acute
GvHD in unrelated HSCT given RIC [50]. Our small
cohort showed that extended MMF administration beyond
day 30 is recommended depending on individual risk fac-
tors for GvHD, namely (1) HSCT from a mismatched
donor, (2) concurrent acute GvHD, (3) eosinophilia
(>0.5 x 10°/L), or (4) fever without infection. The median
extended dosing period of MMF was 64.5 days (50-94).
The cumulative incidence of grade II-IV acute GvHD was
significantly lower (12.5 %) compared to the cessation of
MMF administration at day 30 (42.3 %)[51].

The optimal MMF dose is not elucidated so far, but
2-3 g daily of MMF in combination with CI has been
mostly used in Western countries, and it might be accept-
able to taper according to the patients’ status beyond day
30 before CI withdrawal.

Engraftment issue

Primary as well as secondary engraftment failure is one of
the most important concerns, especially in HSCT given

RIC or cord blood transplantation (CBT). Previous reports
demonstrated that the intensification of the immunosup-
pressive regimens was the key factor for promotion of
engraftment. Conditioning with the use of immunosup-
pressive agents, such as ATG, campath-1H, fludarabine,
cyclophosphamide, and TBI, is an effective way of
engraftment [52-56]. As a multicenter experience, fludar-
abine plus low dose TBI in 38 cases of salvage HSCT for
allograft rejection was reported to be well tolerated and
resulted in an engraftment rate of 87 % [56]. In this study,
MMF was employed for GvHD prophylaxis in combination
with CI. Our preliminary experiences also found that the
intensification of immunosuppression with MMF in com-
bination with CI enabled the achievement of a successful
engraftment as a salvage CBT [57]. Although the mecha-
nism has not been elucidated, several reports have sug-
gested that GVHD prophylaxis regimen containing MMF is
associated with faster engraftment [58-61]. One possible
explanation is that short-term MTX, but not MMF, often
interferes with emerging neutrophil engraftment due to its
cytotoxic effect.

Another possibility is that MMF itself might enhance
engraftment because patients with mean MPA concentra-
tion steady state (Css) less than 2.5 pg/mL were reported to
come across graft rejection [38]. It is well known that
treatment with thrice daily MMF significantly increased
MPA Ci in plasma [38, 49, 62], despite a negative report
[63]. Because free MPA binds reversibly to IMPDH and
interrupts de novo purine pathway transiently, high frac-
tionated administration is reasonable to enhance its activity
[45]. It is of interest whether the pharmacological increase
in Cg by tid could contribute to the clinical efficacies to
prevent GVHD as well as graft failure.

Trends toward MTX-free immunosuppression

Stomatitis is a frequent complication of the conditioning
regimen. Severe oral stomatitis occurs in up to 75 % of
cases with myeloablative conditioning [64]. Severe sto-
matitis often causes problems and increases early mortality
rate after HSCT [65]. MTX for GvHD prophylaxis impairs
mucosal regeneration after conditioning-related mucosal
damage, as well as faster engraftment. In RIC of patients
over 55 years old, which is the upper limit for myeloab-
lative conditioning in most facilities, or younger patients
with concomitant complications, such as cardiac or infec-
tious diseases, the lesser occurrence of stomatitis and early
mortality and faster engraftment by utilizing an alternative
immunosuppressant to MTX would be attractive for a safe
and secure HSCT.

Thus, the concept of “MTX-free immunosuppression”
has emerged. Sirolimus is the first available inhibitor of the
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mammalian target of rapamycin (mTOR) used in HSCT.
Since sirolimus poses less nephrotoxicity and neurotox-
icity, combination therapy with CI is appealing. There have
been many clinical trials of sirolimus and FK506 without
MTX for GvHD prophylaxis mainly at Dana-Faber Cancer
Institute so far [66-70]. These results indicate that siroli-
mus may reduce the incidence of acute GvHD, while the
severity and incidence of stomatitis and cytomegalovirus
(CMV) reactivation are decreased as compared to the
MTX-containing regimen [68, 69, 71]. Unfortunately, these
results have been discouraged by the increased risk of
sinusoidal obstruction syndrome (SOS), especially with
busulfan-based conditioning [72]. Moreover, thrombotic
microangiopathy (TMA) and renal failure are also docu-
mented in GVHD prophylaxis and treatment trials using the
sirolimus and CI combination [73-75]. Because MMF has
not been shown to increase the risk of SOS or TMA, MTX-
free immunosuppression, such as CI plus MMF, might be
suitable for GvHD prophylaxis, especially in busulfan-
containing regimen. Indeed, MMF has been used as part of
the front-line regimen for the prevention of GvHD, espe-
cially in the setting of RIC regimen. Similarly to sirolimus,
MMF reduces stomatitis [58, 76] and facilitates engraft-
ment [58-61, 76-78].

A recent retrospective study in the comparison of CsA
plus MMF and CsA plus MTX after RIC from human
leukocyte antigen (HLA)-identical siblings showed a lower
tendency of non-relapse mortality (NRM) at day 100 (6 vs.
18 %, P = 0.04) [79]. Comparisons of MTX, sirolimus,
and MMF for GvHD prophylaxis are summarized in

Table 2. Representative reports of comparison for pro-

phylaxis on the use of CI plus MMF versus CI plus MTX
are also shown in Table 3.

Why do some clinicians stay away from MMF
as conventional prophylaxis?

MMEF usage in myeloablative conditioning is controversial.
A prospective randomized trial that compared CsA plus

Table 2 Comparison of MTX, sirolimus, and MMF

MTX and CsA plus MMF for GvHD prophylaxis in my-
eloablative HSCT showed significantly less severe stoma-
titis and more rapid neutrophil engraftment in the MMF
arm. The incidence of grade II-IV acute GvHD was similar
in the two arms (48 % in the MMF arm and 37 % in the
MTX arm) [58] (Table 3). On the other hand, phase VI
study, in which 45 mg/kg/day MMF was given thrice daily
for 27 days in combination with CsA, suggested the lack of
a significant improvement in the prevention of GvHD
compared with historical data for CsA and MTX after
myeloablative HSCT from HILA-matched sibling donors
[29]. In this study, the incidence of acute GvHD was 62 %.
For some physicians, this is the rationale why the combi-
nation of CsA plus MMF is considered only when MTX is
contraindicated. However, there are not significant differ-
ences on the pharmacokinetics of MMF in myeloablative
conditioning versus RIC in adult HSCT to date. There is no
clear explanation why the benefit of MMF is superior in
RIC regimen compared to myeloablative conditioning.

Prophylactic use for related donors (especially
from HLA-mismatched donors)

Some studies showed that GvHD prophylaxis by MMF
plus CI for either myeloablative or RIC achieved suc-
cessful engraftment and prevented GvHD similar to MTX
plus CI [29, 80, 81] (Table 4). Of note, MMF is also used
for HSCT from HLA-mismatched related donors, as well
as HLLA-matched ones. In Asia, Japanese, and Chinese
recipients with no HLA-matched sibling donors received
HSCT from two or three loci-mismatched related donor.
The usual conditioning regimens, including ATG, and
multiple immunosuppressants, such as MMF, were used for
GvHD prophylaxis [82, 83]. Moreover, clinical trials from
Johns Hopkins University recently evaluated the efficacy of
high-dose, post-transplantation cyclophosphamide in
addition to FK506 and MMEF to prevent GvHD after non-T
cell-depleted transplantation from partially HLA-mis-
matched related donors [84, 85].

Stomatitis Engraftment SOS/TMA aGvHD Infectious Drug
prophylaxis complications interaction
MTX +++ + + + + +
Sirolimus + ++ A2 ++ + ++
MMF x ++ + + ++ +

MTX methotrexate, MMF mycophenolate mofetil, SOS sinusoidal occlusive syndrome, TMA thrombotic microangiopathy, aGvHD acute graft-

versus-host disease

& Especially if myeloablative regimens of busulfan and cyclophosphamide were used
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Table 3 Representative reports of comparison on calcineurin inhibitor (CI) + MMF versus CI + MTX

References N Age (range) Regimen Donor Additional ~ Neutrophil Grade II-IV acute  Extensive chronic ~NRM (95 % CI)
prophylaxis  engraftment GvHD (95 % CI)  GvHD (95 % CI)
(range)
Bornhauser et al. [59] MMF arm 14 38 (21-63) Myeloablative ~ Related CsA 11 days (9-20) 46.5 % N.A. N.A.
MTX arm 15 38 (20-58) 17 days (10-25) 60 %
P =0.023
Bolwell et. al. [58] MMF arm 21 49 (19-60) Myeloablative ~ Related CsA 11 days (8-24) 48 % 63 % N.A.
MTX arm 19 46 (16-62) 18 days (11-28) 37 % 64 %
P < 0.001
Neumann et. al. [61] MMF arm 26 39 (22-57) Myeloablative ~ Related CsA 12 days 38 % 50 % 17 %
MTIX arm 67 32 (17-51) 18 days P < 0.0001 61 % 45 % 27 %
Pinana et. al. [79] MMF arm 52 57 (18-71) RIC Related CsA 15 days (11-27) 38 % (27-54) 39 % (27-58) 6 % (2-17)
MTX arm 93 54 (23-70) 15 days (10-29) 33 % (25-45) 38 % (28-52) 19 % (12-29)
P =0.04
(NRM at day 100)
Perkins et. al. [76] MMF arm 42 49.9 (23-66.2) Varies (mostly  Related/unrelated  FK506 15 days 78 % 38 % Similar between
MTX arm 47 54 (24.9-69.6)  fludarabine/ 16 days 79 % 45 % the two arms
busulfan)

Platelate recovery

15 days versus
17 days P < 0.01

N.A. not applicable, RIC reduced intensity conditioning, CsA cyclosporine, FK506 tacrolimus, MTX methotrexate, MMF mycophenolate mofetil, CI confidence interval, NRM non-relapse mortality, GvHD

graft-versus-host disease
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Table 4 Representative reports of MMF studies for GvHD prophylaxis in HSCT
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References N Age (range) Regimen Donor Neutrophil Grade II-1V Extensive NRM
engraftment acute GVHD chronic GvHD
(range)
CsA-based studies
Jenke et al. [33] 15 32 (26-57) Myeloablative Related: 9 11 days (8-27) 40 % N.A. 27 %
Unrelated: 6
Niederwieser et al. 52 48 (6-65) RIC Unrelated N.A. 63 % 30 % 29 % at 1 year
[77]
Maris et al. [45] 89 53 RIC Unrelated 15 days (0-55) 52 % 37 % at 1 year 16 % at 1 year
Rodoriguez et al [86] 22 49 (18-66) RIC Unrelated 13 days 63 % 45 % 32 %
(10-71)
Baron et al. [48] 21 54 (33-66) RIC Unrelated 7 days (0-20) 82 % 73 % 11 % at 1 year
Nash et al. [29] 46 49 (18-64) Myeloablative Related 15 days (10-20) in 62 % 72 % 37 %
Pl
Neumann et al. [61] 26 39 (22-57) Myeloablative Related 12 days 38 % 50 % 17 %
Giaccone et al. [38] 85 52 (18-70) RIC Unrelated N.A. 26 % in twice daily N.A. N.A.
in twice daily 32 % in thrice daily
52 (17-67)
in thrice daily
Gupta et al. [46] 24 64.5 (60-71) RIC Related 13 days (7-27) 45 % 45 % 17 % at 2 years
Maris et al. [49] 103 54 (17-69.6) RIC Unrelated 7 days (0-44) 53 % 56 % 19 % at 2 years
Burnstein et al. [90] 110 51 (17~16) RIC Cord blood 12 days (0-32) 59 % 23 % at 1 year 26 % at 3 years
Baron et al. [50] 71 56 (17-75) RIC Unrelated N.A. 77 % 45 % 29 % at 1 year
Perez—-Simon et al. 44 48 (17-60) RIC Unrelated 9 days 53 % 63 % 42 %
(871
Pinana et al. [79] 52 57 (18-71) RIC Related 15 days (11-27) 38 % 39 % 25 %
FK506-based studies
Osunkwo et al. [96] 34 7 (0.5-21) Myeloablative: 21 Cord blood: 22 16 days (3-79) 45.4 % None developed 29.4 %
RIC: 16 Related: 15 extensive GvHD.
Haentzschel et al. 29 53 (21-69) Flu 120 mg/m? + BU Related: 7 13 days (10-30) 57 % 19 % 31 %
[100] 13.8 mg/kg Unrelated: 22
Sabry et al. [80] 131 54 (20-66) RIC Related 10 days 19.7 % 76.1 % at 2 year 15.5 % at
@27 7 years
Mizumoto et al. [78] 21 55 (24-66) RIC Unrelated 19 days (13-35) 33 % 55 % 19 %
Bhatia et al. [36] 38 8(0.33-16) Myeloablative: 17 Related: 18 N.A. 54.4 % 33.7 % N.A.
RIC: 21 Unrelated: 20
(including cord
blood)
Wakahashi et al. [89] 36 43 (33~66) in AUCqy.24 1 Myeloablative: 23 Unrelated: 15 11 days in BMT 46.7 % in AUCq o4 1, 30.8 % in AUCqy24 1 30.6 %

<30

50 (20-66) in AUCq.24 1
>30

RIC: 13

Cord blood: 21

20-21 days in CBT

<30

15.8 % in AUCO_24 h
>30

<30
0 % in AUC()_24 n>30

91
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Prophylactic use for unrelated donors
(except for umbilical cord blood)

Representative reports of MMF prophylaxis for unrelated
donors are listed in Table 4 [38, 45, 47, 49, 77, 78, 86-88].
A large-scale study of eighty-nine patients transplanted
under RIC using either oral or intravenous MMF and CsA
showed 93 % engraftment. The rates of grade II, III, and
IV acute GvHD were 42, 8, and 2 %, respectively [45]. We
also showed 15 cases of myeloablative or RIC HSCT from
unrelated donors using oral MMF and FK506. All, except
one, were engrafted, and grade II-IV acute GvHD occurred
in 6 patients (42.8 %) [89]. These results indicate that
prophylactic use of MMF plus CI seems not to interfere
with primary engraftment and prevent acute GvHD, as well
as MTX plus CI, in HSCT from unrelated donors.

28 % at 2 yars
28 % at 1 year

NRM
26 %

chronic GVHD

31 % (95 % CIL,
15-49 %)

7 % at 2 years

Extensive
21 %

Grade II-IV
acute GVHD

54 %
37 %
63 %

Prophylactic use for CBT

MMF is usually a feasible option for GVHD prophylaxis in
CBT, wherein primary graft failure due to limited stem cell
numbers is a concern. Large prospective study consisting
of 110 adult umbilical cord blood transplantations dem-
onstrated that the combination of MMF and CsA for GvHD.
prophylaxis facilitated engraftment (neutrophil engraft-
ment was achieved in 92 % at a median of 12 days) and
suppressed grade II to IV acute and chronic GVHD (59 and
29 %, respectively)[90]. In dual CBT, FK506 and MMF
(1,000 mg twice daily) were given to 27 patients until at
least 60 days after myeloablative conditioning [fludarabine
(160 mg/m?) plus TBI 1.350 cGy]. Neutrophil engraftment
was achieved in 80 % with a median of 24 days. Grade II
to IV acute GvHD occurred in 37 %. Cumulative incidence
of total parental nutrition usage was up to 56 %. This
reflected the less gastrointestinal mucosal damage caused
by MMF than MTX even under myeloablative condition-
ing [91]. A Japanese group also reported 29 elderly
(median age 62) RIC-CBT patients who received FK506
and MMF for acute GvHD prophylaxis. The patients were
compared with matched-pair historical controls who
received FK506 alone [92]. Primary engraftment until day
60 was significantly higher (90 %) in the FK506 plus
MMF group than the control group (69 %). Cumulative
incidence of grade II to IV acute GvHD was 63 %. Inter-
estingly, severe pre-engraftment immune reaction (PIR),
which was a factor that negatively affected overall survival
[93-95], was significantly lower (16 %) in the FK506 plus
MMF group than the control group (52 %). Consequently,
NRM in the FK506 plus MMF group within 30 days was
significantly lower compared to the control group (0 vs.
21 %). Our experiences with 21 adult myeloablative CBT
patients, who received FK506 and MMF, also showed

engraftment

8 days (0-30)
24 days (13-45)
19 days (13-32)

Neutrophil
(range)

Donor
Unrelated

Dual cord blood
Cord blood

1,350 cGy

Flu 160 mg/m® -+ TBI
Varies

Regimen
RIC

Age (range)
51 (25-67)
33 (20-58)
62 (52-70)

N

50
27
29

N.A. not applicable, RIC reduced intensity conditioning, CsA cyclosporine, FK506 tacrolimus, MTX methotrexate, MMF mycophenolate mofetil, CI confidence interval, NRM non-relapse mortality, GvHD graft-versus-

host disease, HSCT hematopoietic stem cell transplantation, Flu fludarabine, TBI total body irradiation, BU busulfan, AUC area under the curve
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Table 5 Overview of pharmacokinetics studies in HSCT

Reference N Age (range) Regimen Additional MMF dosing MPA AUC (mg WL) Cg (mg/L) MPA CL  MPA Cpux MPA Cirougn MPA T,
prophylaxis (mg/kg) (L'hkg) (mg/L) (mg/L) (h)
Kiehletal. 14 N.A. Myeloablative ~ CsA 1-3 g daily N.A. N.A. N.A. 1.64 (median)  0.47 (median) N.A.
971
Jenke etal. 15 32 (26-57) Myeloablative  CsA 12.5-17 mg/kg 15.6-59.3 N.A. 0.73-2.73  8.48-38.6 N.A. 1.51-2.45
[33] every 12 h
Maris et al. 19 N.A. RIC CsA 15 mg/kg twice  20.3 (median) N.A. N.A. 5.3 (median) 0.5 (median) 3.0
[45] daily (median)
Nash et al. 46 49 (18-64)  Myeloablative CsA 15 mg/kg every  16.4-34.5 1.19-4.84 0.4-1.0 5.9-12.7 0.13-0.64 0.8-1.48
[29] 6.8 and 12 h
Giaccone 85 52(18-70)in RIC CsA 15 mg/kg every  5.8-46.1 in twice 1.9 in twice N.A. 1.0-29.3 0.8 in twice 34 in
et al. [38] twice daily 8, 12h daily daily daily twice
52 (17-67) in 8.5-64.8 in thrice 3.8 in thrice 2.5 in thrice daily
thrice daily daily daily daily 2.7 in
thrice
daily
van Hest 15 32 (17-58) RIC CsA 750-2,000 mg 7.6-35 N.A. N.A. 2.6-23 0-4.0 0.8-5.7
et al. [28] twice daily
Haentzschel 29 53 (21-69) Myeloablative ~ FK506 1,500-2,500 mg  35.1-43.1 N.A. N.A. 16-25 N.A. N.A.
et al. [100] (i.v.) twice
daily
Perez-Simon 8§ N.A. RIC CsA 1 gevery 12hor AUCg o4 p: 106.46 N.A. N.A. N.A. 1.11 (0.4-2.6) N.A.
et al. [87] 1 gevery 8h (60.2-199.17)
Royeretal. 15 51 (20-60) RIC CsA 750 mg tid if BW  21.83 (8.96-49.99) N.A. N.A. N.A. N.A. N.A.
[99] <70 kg at day 7
1 g tid if BW
>70 kg
Jacobson 30 55(29-69)in RIC CsA 1 gevery 8hor AUCy o4 it 53.59 2.33 N.A. 8.09 (1.4-10.8) 0.65 N.A.
et al. [63] 1 g every 1.5 g every (22.68-101.99) in (0.95-4.25) in in 1 g every (0.39-8.38) in
8h 12h 1 gevery 8 h lgevery 8 h 8h 1gevery 8h
53 (21-67) in 60.9 (35.89-127.24)  2.53 11.74 0.58
1.5 g every in 1.5 gevery 12 h (1.46-5.24) in (7.22-26.5) in (0.29-4.18) in
12h 1.5 g every 1.5 g every 1.5 g every
12h 12h 12 h
Bhatia et al. 38 8 (0.33-16)  Myeloablative FK506 900 mg/m?/dose  26.82-33.71 4.73-6.46 1.17-1.46 12.31-16.54 0.33-0.72 1.02-2.49
[36] 17 (i.v.) every 6 h
RIC 21
de Winter 38 43 (17-65) N.A. CsA 500-2,000 mg N.A. N.A. 456L/h  N.A. N.A. N.A.
et al. [37] daily
(median
1,000 mg)

81

‘18 10 emeSeuny 3



MMF for GvHD prophylaxis

19

Table 5 continued

MPA Ty

()]

MPA Ctrough
(mg/L)

MPA CL  MPA Coay

Cys (mg/L)

MPA AUC (mg h/L)

MMEF dosing
(mg/kg)

Additional

Regimen

N Age (range)

Reference

(mg/L)

(L/h kg)

prophylaxis

36 43 (33-60)in Myeloablative

N.A.

15-25 mg/kg AUCg o4 1: 30.4 N.A. N.A. 2.5 (median)

FK506

‘Wakahashi

(median)

every 12 h or

23

AUC <30
50 (20-66) in RIC 13

et al. [89]

1,000 mg every
8h

AUC >30

N.A. not applicable, RIC reduced intensity conditioning, CsA cyclosporine, FK506 tacrolimus, MPA mycophenolic acid, MMF mycophenolate mofetil, AUC area under the curve, Cg,

concentration steady state, C,,,, maximum MPA peak concentrations, MPA CL MPA clearance, Cy,,g, concentration at trough, MPA T, half-life of MPA

85.7 % engraftment and only 20 % grade II to IV acute
GvHD. In pediatric CBT study, the combination of FK506
and MMF was used for GvHD prophylaxis in 22 cases with
either myeloablative or RIC regimen [96]. The median
time to recovery was 23 days, and grade II to IV acute
GvHD occurred in 33.3 % among the evaluated patients.

Collectively in CBT setting, the addition of MMF to CI
for the prophylaxis of acute GvHD seems to be feasible in
RIC, as well as myeioablative conditioning.

Dose-finding studies and TDM

Many pharmacokinetics studies on MMF had been repor-
ted for organ transplantation, especially in renal trans-
plantation. However, limited pharmacokinetics studies for
finding the optimal dosage in HSCT have been observed to
date. Table 5 shows the summary of pharmacokinetics
studies in HSCT. In general, there is a large inter-patient,
as well as intra-patient, variation in plasma MPA levels of
HSCT patient as seen in organ transplantation. However,
the peak of MPA levels in HSCT is significantly lower than
those in organ transplantation. Some pharmacokinetics
studies on MMF used for acute and chronic GvHD treat-
ment showed that concentration at trough (Cirouen) 0f MPA
was significantly greater in the treatment responder than
the non-responder [97, 98]. However, correlations between
the efficacy on the prevention of acute GvHD and the MPA
concentration have not been elucidated. Our small retro-
spective cohort showed that in patients with adjusted MPA
AUCp 41, over 30 mg /L (Cg > 1.25 mg/L), acute
GvHD, as well as chronic GvHD, occurred significantly
less, especially in HSCT from unrelated bone marrow
donors. On the contrary, lower MPA levels were enough to
control acute and chronic GvHD in CBT. Moreover, a
higher MPA level in CBT posed a tendency of GvHD
relapse possibly due to weakened graft-versus-leukemia/
lymphoma (GVL) effect of cord blood [89]. This finding is
encouraging for prospective dose-finding studies depend-
ing on each donor source. Recently, one small prospec-
tive study demonstrated that at day 7, patients with
AUCy_g 1, > 22.5 mg h/L. (concentration at steady state
(Css) > 2.8 mg/L) displayed no grade II to IV acute GVHD
[99]. As a target range after organ transplantation, it has
been suggested to keep Cgs MPA between 2.5 and 5 mg/L.
In Japan, where HLA homogeneity and less GvHD inci-
dence are more common than in Western countries, lower
Cs might be enough to prevent severe acute GvHD.
Although MMF of 45 mg/kg/day dose reached a relatively
high median Cg; MPA, 2.73-3.2 mg/L, it did not signifi-
cantly reduce the occurrence of acute GvHD compared to
historical controls receiving MTX instead of MMF for
GvHD prophylaxis [29]. Further pharmacokinetics studies
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should be carried out for optimal MMF dose finding, as
well as understanding the precise pharmacodynamics of
MPA in HSCT and the prevention of GvHD.

Surrogate marker for the prediction
of MPA AUC, Cirough OF Cinax?

With limited evidences, there is a need to monitor the
concentrations of MPA AUC or Cg for evaluating the
efficacy in HSCT, as well as in organ transplantation. As a
surrogate marker for MPA AUC, the Ciougn 0F Crax Was

Table 6 Adverse effects of

Hematological toxicities
MMF g

Leukocytopenia
Anemia
Thrombocytopenia
Gastrointestinal toxicities
Nausea
Vomiting
Abdominal pain
Diarrhea
Infectious toxicities
Viral infections
CMV
EBV
HSV
Fungal infections
MMF mycophenolate mofetil, Aspergillosis
CMV cytomegalovirus, EBV
Epstein—Barr virus, HSV herpes
simplex virus

Candidiasis
Others

often monitored. Haetzcshel et al. [100] reported that a
significant correlation was observed between Cp.x and
AUC for MPA in 28 patients evaluable at all points. Our
data also showed that the concentration at 2 h (Cy,) after
MMEF administration was well correlated with AUC of
MPA [89]. These results were encouraging for the utili-
zation of Cy,x as surrogate marker of the AUC of MPA.

Toxicities and adverse effects

The adverse effects of MMF are listed in Table 6. The
most common toxicities are gastrointestinal toxicity,
opportunistic infections, and pancytopenia. Most of the
physicians’ concern is the gastrointestinal toxicity, which is
usually manifested as diarrhea. MMF can produce colitis
with focal ulcerations, marked apoptosis, and intense acute
and chronic inflammation [101]. Histological features of
MMF-related colitis are remarkably similar to the ones
associated with intestinal GVHD. We are able to distinguish
MMF-related colitis from intestinal GVHD only when there
is improvement or resolution of symptoms on the with-
drawal or reduction of MMF. This may cause some prob-
lems when we estimate the efficacy of MMF for salvage
therapy of acute interstitial GvHD. However, few previous
reports on prophylactic use of MMF discontinuation due to
diarrhea until day 30 after HSCT have been published.
There are insufficient data on whether MMF can also
produce lesions in the upper gut or not.

Infectious complications, including CMV reactivation,
are also common and can be serious adverse effects. In
HSCT patients within day 100 after the transplantation,

Fig. 2 New proposal algorithm
for optimizing MMF dose. First,
start MMF at 2-3 g/day.
Second, monitor MPA
concentration at pre-
engraftment phase after
transplantation. Third, adjust the

Considerations before target MPA dose
v" Conditioning regimen (myeloablative, RIC, and reduced toxicity regimen)

v" Types of donor source (Sibling, unrelated doner, cord blood,

bone marrow, and peripheral blood)
v' Patient status (Performance status, Infection status, Renal and Liver function...)
v/ Combination drugs (FK506, CsA, Sirolimus...... )

MMF dosage according to the
estimation of GvHD risk or
switch to/add another
immunosuppressant, such as

Start MMF at 2-3g/day |

y

steroids, if MPA concentration
is too low l

TDM MPA at pre-engraftment phase after transplantation |

{

l Prediction of GvHD according to MMF levels —l

MPA level is...

Low

X

Optimal

¥ X

High

@ Springer

Dose up (max 3g/day) or
consider addition or shift to
other immunosuppressant

Keep current dose

Dose down or taper
if engraftment is achieved
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CMV infection, as well as antigenemia, are most likely to
happen because of insufficient immune recovery after
conditioning regimen and probably with acute GvHD.
Prospective trial of 85 patients for HCST with RIC dem-
onstrated that an elevated unbound Cy, was significantly
associated with CMV reactivation [38]. A retrospective
study of 21 consecutive patients with acute and extensive
chronic GvHD showed the occurrence of 22 opportunistic
or serious viral or bacterial infections in 10 patients [12].
Because MMF also prevents immune recovery, preeniptive
therapy should be required for CMV reactivation by
monitoring CMV antigenemia, as well as empiric therapy

for bacterial and fungal infections. Leukocytopenia, ane-

mia, and thrombocytopenia are alarming when we worry
about primary and secondary engraftment after HSCT.

A relationship between high MPA AUC values and
drug-related adverse effects has been reported in some
studies [102-105]. In a prospective, randomized, double-
blind, multicenter, controlled study in 150 renal transplant
patients, a dose-dependent increase in adverse effects was
reported in the first 6 months post-transplant [106].
According to these data, it appears that an MPA AUCq_12 1,
above 60 mg h/LL may increase the risk of toxicity,
although such high plasma MPA levels could be hardly
achieved in HSCT as described above.

Conclusions and future directions

The relationship between MMF pharmacokinetics/phar-
macodynamics and its effectiveness in HSCT is still
obscure. However, MMF has been widely used for GvHD
prophylaxis, as well as treatment of HSCT, in Europe and
the USA.

One of the most important aspects of the pharmacoki-
netics of MMF is the wide intra-patient and inter-patient
variations in the plasma MPA levels even under the same
daily dose. On the other hand, similar to organ transplan-
tation where higher MPA is correlated with lower rejection
rate, higher MPA would correlate with the suppression of
immune reactions, such as acute GvHD in HSCT. Then, we
proposed a model of algorithm for the optimal dose finding
using TDM of MMF (Fig. 2). For GvHD prophylaxis,
MMF should be started at 2-3 g/day. In the earlier days
after HSCT, such as at the pre-engraftment phase, the
plasma MPA levels should be monitored (MPA AUC is
preferred, but MPA C, ;, might be an alternative). If the
MPA level is low, based on the prediction of upcoming
GvHD as determined by individual risk factors such as
conditioning, donor type and combination immunosup-
pressant, MMF dosage should be increased up to the
maximum (3 g/day), or other immunosuppressants, such as
steroids if the maximum dose had been administered,

should be added/shifted to. For example, MPA AUCgy_24 1,
at day 9 or 16 should be >30 mg h/L for Japanese
ordinary unrelated BMT. On the other hand, if MPA
levels are high enough to prevent acute GvHD, MMF
should be tapered as soon as the engraftment is achieved.
In our study, we could predict that MPA AUCy 54 1
<30 mg h/L at day 9 or 16 would be usually enough for
single unit Japanese CBT. The risk for relapse is higher at
higher MPA levels. Thus, the MMF dose must be keep at
the minimal requirement.

In conclusion, MMF is a safe and effective prophylaxis
for the prevention of acute GvHD, as well as its treatment.
MMF has been frequently used in RIC regimen and CBT.
In a myeloablative setting, MMF has not been used by
some clinicians due to limited clinical studies. To elucidate
the advantage of the prophylactic use of MMF depending
on the donor sources in the myeloablative regimen as well
as RIC, larger prospective studies accompanying TDM are
needed.
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Abstract A large number of reports have associated
various non-HLA gene polymorphisms with the risk and
severity of graft-versus-host disease (GVHD). To date,
candidate gene studies and genome-wide association
studies have been performed to investigate such non-HLA
gene polymorphisms in relation to GVHD. Candidate gene
studies are hypothesis-driven and cost-effective, whereas
genome-wide association studies have the potential to
discover new gene polymorphisms, including possible
biomarkers and therapeutic targets. Some gene polymor-
phisms have the potential to affect protein function or gene
expression, or to encode minor histocompatibility antigens.
Non-HLA genotyping for genes influencing GVHD prior to
transplantation should provide useful information that will
facilitate choosing the donor, type of graft, conditioning
treatment, and GVHD prophylaxis. However, attention
should be paid to the need for validation studies and ethical
issues.

Keywords Candidate gene study - Genome-wide
association study - Single nucleotide polymorphism

Introduction

Graft-versus-host disease (GVHD) is the main cause of
early mortality and morbidity after allogeneic hematopoi-
etic stem cell transplantation (SCT) [1-3]. Although HLA
matching represents the major genetic determinant of the
clinical outcome after allogeneic SCT [4-6], GVHD also

A. Takami (BX)

Department of Hematology and Oncology, Kanazawa University
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occurs in HLA identical transplants, indicating that non-
HLA immune-associated genes are also involved in the
process. Middeleton et al. [7] were the first to report that
non-HLA gene polymorphisms were associated with SCT
outcomes, showing a potential role of TNF and IL-10
polymorphisms in predicting acute GVHD. Since then, a
large number of non-HLA genes, which mainly impact the
individual immune response to infections and inflamma-
tory reactions, have been reported to have polymorphisms
associated with the risk and severity of GVHD [8-19].
These studies prompted us to better define the impact of
non-HLA gene polymorphisms on the SCT outcomes and
to incorporate these markers into routine pre- and post-
transplant strategies. This review offers current knowledge
on the contributions of non-HLA polymorphisms of the
donor and recipient in GVHD after allogeneic SCT.

Classification of non-HLA gene polymorphisms

A gene polymorphism refers to an individual variation in
the sequence of DNA found to cause a more than 1 % gene
variation, which contrasts with a mutation, which is defined
as an allele sequence found to have less than 1 % gene
variation. A gene polymorphism occurs in non-coding
regions more frequently than in coding regions. The non-
HLA gene polymorphisms include single nucleotide poly-
morphisms (SNPs), tandem repeats (TRs) and copy number
polymorphisms (CNPs), which are named in an allele-
based manner (Fig. 1).

SNPs are individual variations of a DNA sequence, and
more than 13 million SNPs have been identified through
the 1000 genomes project [20]. A CNP is a difference in
the copies of one or more sections of the DNA between
individuals owing to duplication or deletion events, and
affects a region one kbp to several Mbp in size [21-24].
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Fig. 1 A schematic diagram of the non-HLA gene polymorphisms

This is in contrast to the TR, such as minisatellites,
microsatellites and short tandem repeats, in which a pattern
of two to 1000 nucleotides is repeated and the repetitions
are directly adjacent to each other.

Studies on the functional effects of gene polymorphisms
will be helpful for demonstrating the pathways underlying
GVHD. A gene polymorphism is considered to be functional
when it affects the protein function or gene expression.

Some polymorphic genes encode proteins which are
expressed on the cell surface and give an immunological
response when the transplant donor and recipient are not
identical, where the polymorphic genes are considered to
encode minor histocompatibility antigens (mHAs). mHAs
are short peptides that are presented on host HLA mole-
cules and can stimulate alloreactive T-cell immune
responses after SCT [25], which may lead to the develop-
ment of GVHD. A polymorphic gene can encode mHAs
that result in peptide sequences that can influence the
intracellular processing or presentation of mHA peptides,
and the stimulation of an alloreactive response if donors
and recipients differ in their mHA genotypes.

Identification of non-HLA gene polymorphisms
associated with GVHD

Two approaches are generally used to study non-HLA gene
polymorphisms associated with GVHD, namely, candidate
gene studies (CGS) and genome-wide association studies
(GWAS). The CGS is the approach of choice to test a
hypothesis and to confirm the findings of prior studies.
Candidate genes are chosen based on their biological sig-
nificance and/or previous reports showing their association
with autoimmune diseases, infection immunity and organ
transplant rejection. A genome-wide association study
(GWAS) examines many gene polymorphisms with a
hypothesis-free basis, and usually focuses on associations of

@ Springer

SNPs and CNPs with diseases and traits. The major
advantage of a CGS approach is its cost effectiveness and its
focus on a particular gene polymorphism with known
functional consequences, whereas a GWAS approach is
expensive, and the results are often difficult to translate into
functional knowledge. On the other hand, the CGS does not
generally take into account the influence of confounding
factors and considers only gene interactions, whereas the
GWAS has the potential to uncover novel SNPs, such as
possible biomarkers and therapeutic targets, with no bias.

For both the CGS and GWAS approaches, it is important
that the association found in a discovery cohort is repeated
using an independent cohort to validate the association.
One interesting approach is validation of CGD results by a
GWAS. Chien et al. [26] examined whether CGS-identified
SNPs had a significant impact on the risk of acute GVHD
in a GWAS using an independent cohort, and demonstrated
the associations of the IL-2, IL-6, IL-10, CTLA4, HPSE and
MTHFR genes with the development of acute GVHD.
Validation of the GWAS results using a CGD approach and
a functional investigation may also be promising.

Non-HLA polymorphisms associated with GVHD

The non-HLA gene polymorphisms demonstrated by large
cohort studies to be associated with GVHD are summarized
in Table 1. It should be noted that the polymorphic genes
in the recipients are more commonly identified than those
in the donors. Using a GWAS, Ogawa et al. [17] deter-
mined that there were more than half a million SNPs in
1598 recipient and unrelated donor pairs, and identified five
novel SNPs (rs6937034, rs1137282, 1s9657655, rs5998746
and 1s11873016) associating with the risk of acute GVHD,
which were all in the recipients. Compelling evidence from
mouse models of GVHD and clinical data have indicated
the importance of the cytokine storm in the pathophysiol-
ogy of acute GVHD, and polymorphisms in cytokine and
chemokine genes, such as IFNG, IL-1, IL-2, IL-6, IL-10,
IL-17 and TNF, predict the development and severity of
acute GVHD, as well as increases in the circulating levels
of these cytokines. Activation of inflammatory pathways
through these mediators occurs before infusion of donor
T cells, which may account for the findings that many gene
recipient-derived polymorphisms were critical for the risk
of GVHD. These findings may be beneficial when con-
sidering the treatment strategy prior to treatment or during
the pathogenesis of acute GVHD.

Polymorphisms of immunoregulatory genes associated
with GVHD

C-C chemokine receptor type (CCR) 5 is a chemokine
receptor and its ligands include C~C motif ligand (CCL) 3,
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Table 1 Non-HLA gene polymorphisms associated with GVHD

Gene Polymorphism Function, ref. Cohort (cases) Type of GVHD Genome Ref.
BAFF rs16972217 U MRD and URD (164) Acute, chronic R [48]
BAFF 1s7993590 U MRD and URD (164) Acute, chronic R [48]
BAFF rs12428930 Yes [49] MRD and URD (164) Acute, chronic R [48]
BAFF 1s2893321 6] MRD and URD (164) Acute, chronic R [438]
BPI rs4358188 U MRD and URD (304) Acute D [501
CCL5 rs1800825 U (72) Chronic R [51]
CCR5 181799987 U URD (1,370) Acute D [27]
CCR6 152301436 U MRD (161) Chronic D [52]
CCR6 rs3093023 8] MRD (161) Chronic D [521
CTLA4 rs231775 Yes [53] MRD (536) Acute D [53]
CTLA4 1s231775 Yes [53] MRD (225) Chronic D [54]
CTLA4 1rs3087243 Yes [55] URD (322) Acute D [28]
CTLA4 1s3087243 Yes [55] URD (686) Acute R [26]
DAAM2 rs2504082 U MRD (228) Acute R [56]
DARC 1s2814778 Yes [57] MRD (105) Acute D [58]
DARC rs12075 [8f MRD (105) Acute D [58]
ERA intron 1 (AT)n U MRD (108) Acute R [59]
FAS rs1800682 No [60] MRD (160) Acute R [61]
FCGR3A rs396991 Yes [62] URD (99) Chronic R 91
FCRL3 157528684 Yes [63] MRD (123) Chronic R [64]
HLA-G (14 bp)n Yes [65] URD (53) Acute R [66]
HMGBI1 rs41376448 U MRD and URD (422) Acute R [67]
HPSE 1s4364254 Yes [68] URD (414) Acute, chronic R [69]
HPSE 134693608 Yes [68] URD (414) Acute, chronic R [691
HPSE 154364254 Yes [68] URD (686) Acute R [26]
HSPAIL rs2075800 U MRD and URD (64) Acute R [70]
H-Y Y-chromosome Yes [71] MRD and URD (53,988) Chronic M [44]
IFNG intron 1 (CA)n Yes [72] MRD (80) Acute R [73]
IENG intron 1 (CA)n Yes [72] MRD (80) Acute R [73]
IMPD 1s2278294 U MRD and URD (240) Acute R [74]
IL-1A rs1800587 Yes [75] MRD (115) Chronic D [76]
IL-1RA (86 bp)n Yes [77] MRD (99) Acute D [78]
IL-1RA (86 bp)n Yes [77] MRD (107) Acute D [79]
1L-2 rs2069762 Yes [80] URD (95) Acute, chronic R [80, 81]
1L-2 1s2069762 Yes [80] URD (322) Chronic R [28]
IL-2 152069762 Yes [80] URD (686) Acute D [26]
IL-6 1s1800795 Yes [82] MRD (160) Acute D [61]
IL-6 rs1800795 Yes {82] MRD (80) Chronic R [73]
1L-6 rs1800795 Yes [82] MRD (100) Chronic R [83]
IL-6 rs1800795 Yes [82] MRD and URD (166) Acute R [84]
IL-6 rs1800795 Yes [82] MRD (93) Acute D [85]
IL-6 rs1800795 Yes [82] URD (686) Acute D [26]
IL-6 rs1800795 Yes [82] MRD (612) Acute R [26]
IL-6 rs1800795 Yes [82] MRD (612) Acute D [26]
IL-10 rs1800872 Yes [86, 87] MRD (309) Acute R [88]
IL-10 151800872 Yes [86, 87] MRD (100) Acute R,D [83]
IL-10 151800872 Yes [86, 87] MRD (100) Acute R [89]
IL-10 rs1800872 Yes [86, 87] MRD (953) Acute R [90]
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Table 1 continued
Gene Polymorphism Function, ref. Cohort (cases) Type of GVHD Genome Ref.
1L-10 rs1800872 Yes [86, 87] MRD (107) Chronic R [79]
IL-10 rs1800872 Yes [86, 87] MRD (612) Acute R [26]
IL-10 151800871 Yes [86, 87] MRD (612) Acute R [26]
IL-10 (CA)n U MRD (49) Acute R [7]
1L-10 (CA)n U MRD (144) Acute R [911
IL-10 (CA)n U MRD and URD (62) Chronic D [92]
IL-10 (CA)n U MRD (88) Acute R [93]
IL-10RB 152834167 Yes [86, 87] MRD (309) Acute R [88]
IL-10RB 152834167 Yes [86, 87] MRD (953) Acute D [90]
IL-17 1s2275913 Yes [17] URD (510) Acute R [16]
IL-17 1s2275913 Yes [17] URD (438) Acute D [17]
1L-23R 1511209026 Yes [94] MRD and URD (407) Acute D [95]
IL-23R 1s11209026 Yes [94] MRD and URD (231) Acute D [96]
IL-23R rs11209026 Yes [94] MRD and URD (304) Acute D [50]
MADCAM1 1$2302217 U MRD (87) Chronic R [971
MTHFR rs1801131 Yes [98] MRD (159) Acute R [10]
MTHFR rs1801131 Yes [98] MRD and URD (304) Acute R [99]
MTHFR rs1801131 Yes [98] MRD (612) Acute R [26]
MTHFR rs1801133 Yes [98] MRD (140), URD (53) Acute, chronic D [100]
MTHFR 1s1801133 Yes [98] MRD (140) Acute D [101]
NKG2D rs1049174 Yes [16] URD (145) Acute D [14]
NOD2 rs2066844 Yes [102] URD (342) Acute D [103]

152066845

182066847
NOD2 1s2066844 Yes [102] MRD (403) Acute R,D [104]

1s2066845

rs2066847
PARPI1 151805410 U URD (470) Chronic R [105]
PECAM-1(CD31) 18668 8] MRD (85) Acute D [106]
PECAM-1(CD31) 18668 U MRD (102) Acute D [107]
PECAM-1(CD31) rs12953 U MRD (112) Acute M [108]
PECAM-1(CD31) rs1131012 U MRD (74) Acute D [109]
PTPN22 rs2488457 U URD (663) Acute R [15]
PTPRC rs17612648 Yes [110] URD (44) Acute D [110]
RFC1 rs6844176 U URD (470) Acute R [105]
TGFB1 rs1800470 Yes [111] MRD and URD (24) Acute R [112]
TGFB1 rs1800470 Yes [111] MRD and URD (168) Acute R [113]
TGFB1 rs1800470 Yes [111] MRD (77) Acute D [114]
TGFBIRIL 1s2228048 U MRD (77) Acute R [114]
TLR1 154833079 U MRD (305) Acute R [115]
TLR4 154837656 8] MRD (305) Acute R [115]
TLR4 1517582214 U MRD (305) Acute R [115]
TLR4 154986791 Yes [116] MRD (403) Acute R,D [104]
TLR5 rs10737416 8] MRD (305) Acute R [115]
TLRS 152800230 U MRD (305) Chronic D [115]
TLRS rs2800237 U MRD (305) Chronic D [115]
TLR6 1s6531656 U MRD (305) Acute D [115]
TLRI10 18337629 U MRD (305) Acute D [115]
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