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Abstract

Pharmacogenomics can explain the inter-individual differences in response to drugs,
including methotrexate (MTX) used for acute graft-versus-host disease (aGVHD) prophy-
laxis during hematopoietic stem cell transplantation (HSCT). In real-world practice, pre-
planned MTX dose is arbitrarily modified according to observed toxicity which can lead to
unexpected and severe aGVHD development. We aimed to validate the influence of
MTHFR C677T polymorphism on the outcomes of allogenic HSCT in a relatively under-rep-
resented homogenous Asian population. A total of 177 patients were divided into 677TT
group versus 677C-carriers (677CT+677CC), and clinical outcomes along with baseline
characteristics were analyzed and compared. Although there was a tendency towards
increased peak liver function test results and accordingly greater delta values between the
highest and the baseline in 677TT group, we found no associations between genotypes
and hepatotoxicity. However, the incidence of acute liver GVHD (> grade 2) was signifi-
cantly higher in the 677TT group than in the 677CC + 677CT group (P=0.016). A total of
25 patients (14.1%) expired due to transplantation related mortality (TRM) during the first
180 days after HSCT. Patients carrying 677TT genotype were more likely to experience
early TRM than 677C-carriers. The same pattern was observed in the cumulative TRM
rate, and 677TT genotype patients were more prone to cumulative TRM (P=0.010). This
translated into shorter OS for patients with 677TT compared to 677C-carriers (P= 0.010).
The 3-year survival after HSCT was 29.9% for 677TT cases and 47.1% for 677C-carriers.
The multivariate analysis identified 677TT genotype (HR =1.775. 95% Cl 1.122-2.808, P=
0.014) and non-CR state (HR =2.841. 95% CI 1.627—4.960, P<0.001) as predictors for
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survival. In conclusion, the MTHFR 677TT genotype appears to be associated with acute
liver GVHD, and represent a risk factor for TRM and survival in patients undergoing HSCT
with MTX as GVHD prophylaxis.

Introduction

Methotrexate (MTX) is commonly used to prevent acute graft-versus-host disease (GVHD)
after hematopoietic stem cell transplantation (HSCT) [1]. Given the inter-individual differ-
ences in the MTX metabolism, in real-world practice preplanned MTX dose is frequently mod-
ified according to observed toxicity. Unfortunately, such arbitrary schedule adaption of MTX
dosage can lead to increased risk of acute GVHD that is both unexpected and severe [2].

The mechanism of action of MTX mainly consists of competitive inhibition of dihydrofolate
reductase enzyme, thereby depleting reduced forms of tetrahydrofolate and contributing to cell
death [3]. Moreover, the metabolites of MTX inhibit other folate enzymes, including
5,10-methylenetetrahydrofolate reductase (MTHFR), which is critical in apportioning folate
substrates to downstream nucleotide synthesis and DNA methylation [4, 5]. The variation in
MTX toxicity profiles are often attributed to inherited polymorphisms in genes encoding for
drug-metabolizing enzymes, namely MTHFR 677C>T that reduces MTHFR activity and
increases its thermolability [6]. It is also known that the prevalence of MTHFR C677T geno-
types varies among different ethnic groups [7]. Previous studies, including our own, have
investigated the relationship between polymorphisms affecting folate metabolism and MTX
toxicity and/or efficacy [8-12] but the results were either non-confirmatory or non-reproduc-
ible. To this end, we aimed to validate the influence of MTHFR C677T polymorphism on the
outcomes of allogenic HSCT in a relatively under-represented homogenous Asian population.

Materials and Methods
Study design and subjects

This was a retrospective longitudinal cohort study carried out at a single tertiary hospital. The
data on adult patients receiving allogeneic HSCT at Seoul National University Hospital
between January 2007 and December 2015 were collected. The patient eligibility criteria
included (1) a first transplant; (2) age > 18 years old; (3) three or four intravenous doses of
MTX (three doses: days 1, 3, and 6 at 15 mg/m?; four doses: days 1 at 15 mg/m2 and days 3, 6,
and 11 at 10 mg/m?) and cyclosporine (continuous infusion, starting on the day before trans-
plantation) for GVHD prophylaxis; and (4) presence of informed consent to MTHEFR genotyp-
ing. Exclusion criteria included (1) a second or subsequent transplant, (2) the cord blood
HSCT, (3) GVHD prophylaxis without MTX, and (4) impaired baseline renal (creatinine
clearance < 60 mL/min/1.73 m?) or hepatic (serum bilirubin > 3 mg/dL) function. The
MTHEFR C677T genotype was determined using polymerase chain reaction-restriction frag-
ment length polymorphism analysis, as previously described [10]. All follow-up data available
up until May 2016 were used. This study was conducted according to the Declaration of Hel-
sinki and was approved by the institutional review board at Seoul National University (IRB No.
H-1510-029-708).

End point definitions

Based on previous reports including our own, the patients were divided into 677C-carriers
(677CC+677CT) versus 677TT cases for comparison [10, 13]. Liver toxicity was defined by
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serum measurements total bilirubin, aspartic transaminase (AST), alanine transaminase
(ALT), and alkaline phosphatase (ALP). The baseline liver function levels, peak level and dif-
ferences between highest and baseline were taken into consideration. Veno-occlusive disease
(VOD) was diagnosed based on development of hepatomegaly, weight gain and jaundice as
described elsewhere [14]. Clinical outcomes measured included veno-occlusive disease (VOD),
acute GVHD, transplantation-related mortality (TRM), chronic GVHD, relapse free survival
(RFS) and overall survival (OS). Acute GVHD (aGVHD) was graded from 0 to 4 according to
published data [15] from day 1 after HSCT, while chronic GVHD (¢cGVHD) was evaluated in
patients who survived with sustained engraftment from day 100 after HSCT [16]. TRM was
calculated from the time of transplantation to death related to transplant without relapse. Early
TRM was calculated at day 180 after HSCT. OS was defined as the time from the date of HSCT
to death of any cause while RFS was derived from the date of HSCT to that of relapse or death
from any cause.

Statistical analysis

The primary outcome of interest of this study was the development of MTX related toxicity in
patients with different polymorphism status. By univariate analysis, odds ratios (OR) and 95%
confidence intervals (95% CI) were used to estimate the risk of developing toxicity. By multivari-
ate logistic regression analysis, adjusted OR were calculated, with the dependent variable being
specific toxicity per involved site. The multivariate model included sex, age, primary diagnosis,
conditioning regimen, donor status and the MTHEFR polymorphisms as covariates and they were
checked for possible interaction or confounding effects. If a covariate had an effect of 10% or
more, then it was considered a confounding factor and the model was adjusted for it.

Univariate and multivariate proportional hazards regression models were used to identify
independent risk factors of overall survival and treatment-related mortality by means of log-
rank tests and Cox proportional hazards models, respectively. The survival curves were esti-
mated using the Kaplan-Meier method. A stepwise backward procedure was used to construct
a set of independent predictors of each end points. All predictors achieving a P value below
0.10 were considered, and sequentially removed if the P value in the multiple model was above
0.05. Differences between groups were assessed using a Student’s t-test or one-way analysis of
variance for continuous variables, and Pearson chi-square test for categorical variables, as indi-
cated. All data were analyzed using the Statistical Package for the Social Sciences software
(IBM® SPSS™ Statistics, version 22.0). P values of < 0.05 were considered statistically
significant.

Results
Patient characteristics

The baseline characteristics of 177 Korean patients enrolled are described in Table 1. The fre-
quency of MTHEFR genotypes in decreasing order is as follows: 46.3% (82/177) for 677CT,
32.2% (57/177) for 677CC, and 21.5% (38/177) for 677TT. The mean age at HSCT was 37.8+
12.5 years old, and there were more males (108, 61%) in the total cohort. Acute myeloid leuke-
mia was the most common etiology (87, 49.2%) and acute leukemias including blast crisis of
chronic myeloid leukemia constituted 90.4% (160/177) of the cohort.

Liver toxicity and graft-versus-host disease

The results of serum liver function test results are presented in Table 2. There were no associa-
tions between differences in the baseline liver function between the groups. Although the peak
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Table 1. Baseline characteristics.

N
Age (years, mean+SD)
Sex (male, n)
Diagnosis
AML
ALL
Other acute leukemia
AA
MDS
Lymphoma
CMLBC
MPN
Conditioning regimen
Myeloablative
Non-myeloablative
Stem cell source
Peripheral blood
Bone marrow
Donor
Matched related
Mismatched related
Matched unrelated
Mismatched unrelated
Disease status at HSCT
CR1
CR2
Beyond CR3
No treatment
Non-remission

Total (%) MTHFR C677T polymorphism (%)

cc CT T
177 57 (32.2) 82 (46.3) 38 (21.5)
37.8 (12.5) 38.8(11.8) 36.9 (12.8) 38.2(13.2)
108 (61.0) 36 (63.2) 52 (63.4) 20 (52.6)
87 (49.2) 31 (54.4) 38 (46.3) 18 (47.4)
61 (34.5) 17 (29.8) 28 (34.1) 16 (42.1)
6(3.4) 2(3.5) 4 (4.9) 0
3(1.7) 1(1.8) 1(1.2) 1(2.6)
8(4.5) 4(7.1) 3(3.7) 1(2.6)
5(2.8) 0 4(4.9) 1(2.6)
6(3.4) 2(3.5) 3(3.7) 1(2.6)
1(0.6) 0 1(1.2) 0
123 (69.5) 40 (70.2) 59 (72.0) 24 (63.2)
54 (30.5) 17 (29.8) 23(28.0) 14 (36.8)
171 (96.6) 54 (94.7) 82 (100) 35(92.1)
6(3.4) 3(5.3) 0 3(7.9)
94 (53.1) 28 (49.1) 47 (57.3) 19 (50)
13(7.3) 3(5.3) 3(3.7) 7(18.4)
39 (22.0) 12 (21.1) 23 (28.0) 4 (10.5)
31(17.5) 14 (24.6) 9(11.0) 8 (21.1)
98 (55.4) 25 (43.9) 50 (61.0) 23 (60.5)
39 (22.0) 18 (31.6) 13(15.9) 8 (21.1)
1(0.6) 0 1(1.2) 0
1(0.6) 0 1(1.2) 0
38 (21.5) 14 (24.6) 17 (20.7) 7(18.4)

SD, standard deviation; AML, acute myeloid leukemia; ALL, acute lymphoblastic leukemia; AA, aplastic anemia; MDS, myelodysplastic syndrome; CML BC,
chronic myeloid leukemia blast crisis; MPN, myeloproliferative disease; HSCT, hematopoietic stem cell transplantation; CR1, first remission; CR2, second

remission; CR3, third remission

doi:10.1371/journal.pone.0163998.t001

total bilirubin, ALP and AST were the highest in 677TT group, the differences did not show
statistical significance. VOD was diagnosed in 10 patients (5.6%). There were no patients who
developed VOD in 677TT group, but the differences according to genotypes were not observed

(P=0.234).

Acute GVHD of any grades occurred in 46 patients (26.0%), and there were no differences
in the overall incidence of aGVHD between different genotypes. However, the incidence of
acute liver GVHD (> grade 2) was significantly higher in the 677TT group than in the 677CC
+677CT group (P = 0.016). Multivariate analysis (Table A in S1 Appendix) confirmed that
677TT is more often associated with acute liver GVHD compared to 677CC + 677CT group

(OR = 3.480,95% CI 1.218-9.941, P = 0.020). There were no differences in the cumulative inci-
dence of cGVHD between the two groups.
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Table 2. Hematopoietic stem cell transplantation (HSCT) outcomes.

MTHFR C677T polymorphism (%) P-value'
cc CT T

N 57 (32.2) 82 (46.3) 38 (21.5) NA
VoD 4(7.0) 6(7.3) 0 0.089
Acute GVHD

Any 12 (21.1) 23(28.0) 11(28.9) 0.639
Skin (>grade 2) 11(19.3) 17 (20.7) 5(13.2) 0.327
Liver(>grade 2) 2(3.5) 7 (8.5) 8(21.1) 0.007
Gastrointestinal(>grade 2) 4(7.0) 9(11.0) 6(15.8) 0.256
Chronic GVHD 22 (38.6) 35 (42.7) 11(28.9) 0.133
Outcomes of HSCT

No relapse 17 (29.8) 42 (51.2) 12 (31.6) 0.226
Early TRM 8(14.0) 7 (8.5) 10 (26.3) 0.015
Cumulative TRM 11 (19.3) 14 (17.1) 39 (22.0) 0.013
Baseline LFT

Total bilirubin (mg/dL) 0.7 (0.5) 0.7 (0.3) 0.8 (0.4) 0.411
ALP (IU/L) 65.5 (22.0) 68.7 (29.5) 70.3 (29.4) 0.556
AST (IU/L) 42.8 (76.0) 40.8 (49.0) 34.2 (20.5) 0.466
ALT (IU/L) 56.5 (83.4) 54.8 (74.2) 52.6 (51.6) 0.832
Peak LFT

Total bilirubin (mg/dL) 3.6 (6.5) 3.1(5.0) 4.6 (7.1) 0.245
ALP (IU/L) 147.2 (102.6) 141.4 (92.6) 209.9 (291.4) 0.176
AST (IU/L) 139.2 (225.0) 124.4 (201.2) 239.8 (589.0) 0.268
ALT (IUL) 195.4 (265.3) 154.2 (135.1) 177.2 (231.2) 0.874
Differences in LFT2

ATotal bilirubin (mg/dL) 2.9(6.4) 2.4 (4.9) 3.8(7.0) 0.262
AALP (IU/L) 81.7 (98.2) 74.0 (82.3) 140.5 (291.9) 0.195
AAST (IU/L) 103.6 (226.7) 89.5 (201.8) 207.6 (587.9) 0.254
AALT (IU/L) 141.5 (252.5) 106.4 (132.2) 130.9 (233.0) 0.784

NA, not applicable; VOD, veno-occlusive disease; GVHD, graft-versus-host disease; TRM, transplantation related mortality; LFT, liver function test; ALP,
alkaline phosphatase; AST, asparate aminotransferase; ALT, alanine aminotransferase

1P-value was calculated for 677CC+677CT versus 677TT

2Differences between the baseline value and the peak value for each patient

doi:10.1371/journal.pone.0163998.t002

Transplantation related mortality

A total of 25 patients (14.1%) expired due to TRM during the first 180 days after HSCT. The
main cause of TRM was infection (19, 76.0%), followed by graft failure in 5 patients (20.0%)
and hemorrhage in 1 patient (4.0%). Patients carrying 677TT genotype were more likely to
experience early TRM than 677C-carriers (P = 0.019, Fig A in S2 Appendix). There were no
association between infection, the major cause of TRM, and different polymorphism status
(P =0.572, data not shown).

During the median follow-up of 30 months, there were 64 (36.2%) cumulative cases of
TRM. The causes of TRM are as follows: infection in 50 patients (78.1%), GVHD in 7 (10.9%),
graft failure 5 (7.8%), and hemorrhage in 2 (3.1%). The MTHFR C677T polymorphism status
was not associated with infection in this setting either (P = 0.949, data not shown). 677TT
genotype patients were more prone to cumulative TRM (P = 0.010, Fig 1). Through multivari-
ate analyses (Table 3), 677TT genotype (HR = 2.539, 95% CI 1.300-4.958, P = 0.006) and pre-
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Fig 1. Cumulative transplantation related morality according to MTHFR C677T genotype (P=0.010).
doi:10.1371/journal.pone.0163998.9001

HSCT disease status (HR = 2.910. 95% CI 1.247-6.792, P = 0.013) were identified as risk factors
for cumulative TRM.

Relapse and overall survival

During the median follow-up period of 30 months (range 3-141), 71 patients (40.1%)
remained relapse free after HSCT and 78 patients (44.1%) remained alive. The median RFS
was 20 months and median OS 21 months for the whole population. With regard to the impact
of the C677T polymorphism on RES, RES did not differ significantly between patients with
677TT versus 677CT + 677CC genotypes (Fig 2, P = 0.168).

On the other hand, patients with 677TT showed shorter OS compared to 677C-carriers (Fig
3, P=0.010). The 3-year survival after HSCT was 29.9% for 677TT cases and 47.1% for 677C-
carriers. The multivariate analysis identified 677TT genotype (HR = 1.775. 95% CI 1.122-2.808,

Table 3. Multivariate analyses for predictors of overall survival and treatment related mortality.

Outcomes
Cumulative TRM

Overall survival

Variables increasing the risk of outcomes Hazards ratio (95% CI) P-value
MTHFR genotype (CC+CT vs TT) 2.539 (1.300—4.958) 0.006
Disease status at HSCT (CR vs non-CR) 2.910 (1.247-6.792) 0.013
MTHFR genotype (CC+CT vs TT) 1.775 (1.122-2.808) 0.014
Disease status at HSCT (CR vs non-CR) 2.841 (1.627—-4.960) <0.001

Cl, confidence intervals; HSCT, hematopoietic stem cell transplantation; CR, complete remission; TRM, transplantation related mortality

doi:10.1371/journal.pone.0163998.t003
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Fig 2. Relapse free survival according to MTHFR C677T genotype (P = 0.168).
doi:10.1371/journal.pone.0163998.9002

P =0.014) and non-CR state (HR = 2.841. 95% CI 1.627-4.960, P<0.001) as predictors for sur-
vival (Table 3).

Discussion

Allogeneic hematopoietic stem cell transplantation offers chance of cure in many hematologic
diseases. However, the donor effect or immune responses to allogeneic and autologous antigens
can cause GHVD, and this remains the major toxicity of this otherwise effective therapeutic
option [17]. Transplantation related mortality, especially early TRM occurring within 100-180
days of HSCT, also presents a clinical challenge for many hematologists. Gene polymorphisms
interfering with metabolism of drugs used during HSCT have been studied as potential predic-
tors for GVHD occurrence and survival. We selected MTHFR C677T, a particular gene with a
high profile of being involved in methotrexate metabolism, and aimed to evaluate its impact on
the outcomes of allogenic HSCT. This is one of the few attempts to investigate the role of
MTHFR in a relatively under-represented homogenous Asian population. We found that
patients harboring 677TT genotype developed acute liver GVHD more frequently compared to
their 677C-ccarrying counterparts (P = 0.007). Patients with 677TT genotype were also at
increased risk of TRM by approximately 2.5 folds (95% CI 1.300-4.958, P = 0.006), and associ-
ated with lower overall survival (P = 0.036).

The most common genotype in our cohort was 677CT (46.3%) and such genotype frequen-
cies were similar to those previously reported in Asian population [18]. An interesting finding
of the present study was that the MTHFR 677TT genotype was a risk factor for acute liver
GVHD. Several studies have investigated the effect of MTHFR C677T on overall acute GVHD
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Fig 3. Overall survival according to MTHFR C677T genotype (P = 0.036).
doi:10.1371/journal.pone.0163998.9003

but have, however, shown inconsistent results [19-22]. While some studies have revealed a
protective effect of MTHFR C677T on acute GVHD [19, 20], others have shown either oppos-
ing results [21], or were not able to detect an association between acute GVHD and the C677T
polymorphisms [22]. We did not find any association between the incidence of overall acute
GVHD and the MTHFR C677T polymorphism. However, when analyzing organ-specific acute
GVHD, there was a significant association between the C677T genotype and acute liver
GVHD. Considering that the development of acute GVHD can be affected by the toxicity of
the preparative regimen [23] and that MTHFR is an essential enzyme in DNA synthesis and
methylation, a delayed repair from cell damage caused by MTX in patients with the 677TT
genotype can partly explain our findings. Also, given that all of our patients received MTX via
intravenous, it seems plausible that liver suffered the highest intracellular concentration of
MTX leading to additional damage compared to more peripheral organ structures like skin.

Another considerable result of our study is that TRM and OS of patients with the 677TT
genotype were significantly inferior to 677C-carriers. 677TT genotype was also recognized as
predictor for both TRM and OS through multivariate analysis. The patients undergoing
HSCT are generally at high risk of folate deficiency due to decreased dietary intake and
increased folate requirements. On top of this, patients with 677TT genotypes show more dis-
turbed folate pathway compared to 677C-carriers [5, 24]. Thus these patients experience
greater disruption of DNA methylation, changes in transcriptional regulation, increase in
homocysteine levels, and ultimately altered nucleotide pools [24]. Such reduced DNA repair
capacity in the 677TT genotype might result in delayed healing after HSCT, resulting in infe-
rior TRM and OS.
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Our results depicting no association between the MTHFR C677T polymorphism and MTX
hepatotoxicity contradicts our previous findings. More specifically, although there was a ten-
dency towards increased peak values and accordingly greater delta values (between the highest
and the baseline), the difference did not reach statistical significance. Current findings are,
however, in concordance with previous studies. Namely, Kalayoglu-Besisik et al. showed that
patients with the MTHFR 677TT genotype have a tendency to experience higher MTX toxicity,
but their data showed no statistically significant difference [9]. Also, Ulrich et al. failed to show
an association between the MTHFR C677T genotype and total bilirubin levels after HSCT [12].
We cannot, at this point, decide our stance regarding the effects of MTHFR C677T polymor-
phisms on hepatotoxicity following MTX use in HSCT setting. Repeated investigations with
larger number of patients are needed to confirm the association.

One of the major pitfalls of our study is the lack of donor polymorphism status. Also, status
of other candidate gene polymorphisms including MTHFR A1298C were not evaluated. How-
ever, such lack of information does not diminish the clinical significance of our current study.
Subsequent more intricately structured study, ideally prospective in nature, should follow to
corroborate and explore our findings.

In conclusion, the MTHFR 677TT genotype appears to be associated with acute liver
GVHD, and represent a risk factor for TRM and survival in patients undergoing HSCT with
MTX as GVHD prophylaxis. Our findings from a homogenous Asian population can contrib-
ute to accumulating understanding of inter-individual variability in drug toxicity and efficacy,
and ultimately to optimizing individualized approaches to GVHD prophylaxis for improved
HSCT final outcomes.

Supporting Information

S1 Appendix. Table A: Toxicities associated with MTHFR C677T polymorphisms.
(PDF)

S2 Appendix. F ig A: Early transplantation related mortality according to MTHFR C677T
genotype (P =0.019).
(PDF)
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