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Abstract

Graft-versus-host disease (GVVHD) is a frequent complication after hematopoietic cell transplant
(HCT). Tissue damage as a result of chemo-radiation injury is the initiating event in the
pathogenesis of acute GVHD. Variations in DNA repair can influence the amount of tissue
damage in response to alkylating agents and ionizing radiation used as conditioning during HCT.
Since DNA damage caused by these agents is repaired by the Base Excision Repair (BER)
pathway, we hypothesized that single nucleotide polymorphisms (SNPs) in BER pathway will be
associated with GVHD after HCT. Hence, we analyzed 179 SNPs in BER pathway in 470
recipients of allogeneic HCT for association with acute and chronic GVHD. In multivariate
analysis, one SNP (rs6844176) in RFC1 gene was independently associated with a higher risk of
grade 11-1V acute GVHD (RR:1.39, 95% CI:1.14-1.70, p=0.001), and showed a trend towards
higher risk of grade I11-1V acute GVHD (RR:1.33, 95% C1:0.95-1.85, p=0.09). One SNP in
PARP1 gene (rs1805410) was associated with a higher risk of chronic GVHD (RR:1.81, 95% ClI:
1.29-2.54, p=0.001). These results show that SNPs in the BER pathway can be used as genetic
biomarkers to predict those at high risk for GVHD towards whom novel prophylactic strategies
could be targeted.
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Introduction

Graft versus host disease (GVHD) remains a major cause of morbidity and mortality post
hematopoietic cell transplant (HCT). The pathophysiology of acute GVHD involves priming
of immune response by pre-transplant conditioning leading to tissue damage and induction
of cytokine release, T cell activation and co-stimulation, alloreactive T cell expansion,
differentiation and trafficking and destruction of target tissues by effector T cells (1). The
pathophysiology of chronic GVHD is more complex. Four theories have been postulated
based on experimental studies including thymic damage and defective negative selection of
T cells generated from marrow progenitors after HCT, aberrant production of transforming
growth factor-RB, auto-antibody production, and deficiency of T-regulatory cells (2).

The main mechanism of action of alkylator based conditioning regimens and ionizing
radiation is induction of DNA damage. This damage is repaired by the DNA repair pathways
(3). We have recently demonstrated that single nucleotide polymorphisms (SNPs) in the
Base Excision Repair (BER) pathway are significantly associated with transplant related
mortality post allogeneic transplant (4). We further hypothesized that SNPs in the BER
pathway can lead to altered repair (after conditioning induced tissue damage) and altered T
cell function (secondary to thymic damage) and may be one of the pathways implicated in
the pathophysiology of GVHD. The BER pathway was selected as it plays an important role
in repairing damage caused by ionizing radiation and alkylating agents commonly used in
conditioning regimens for HCT. We analyzed 179 SNPs in 27 genes in the BER pathway in
470 recipients of allogeneic HCT using alkylating agents and ionizing radiation based
conditioning regimes for hematologic malignancies at University of Minnesota, for
association with acute and chronic GVHD.

Patients and Methods

All consecutive patients who underwent an allogeneic HCT from an HLA-identical sibling
donor, matched or mismatched unrelated donor (URD) or single umbilical cord blood
(UCB) transplant for hematological malignancies from January 1, 1998 to December 31,
2007 were eligible (n=587). All patients received a conditioning regimen including an
alkylating agent and/or ionizing radiation. DNA samples were available for 480 (82%)
recipients. This study was approved by the Institutional Review Board at the University of
Minnesota and waiver of informed consent from individual patients was obtained for this
study. Demographic and transplant related information regarding all patients undergoing a
HCT is prospectively entered in the University of Minnesota Bone Marrow Transplant
Database. This was supplemented with chart reviews where necessary. This included patient
and donor age at transplant, patient and donor gender, type of donor (related, URD or UCB),
graft source (bone marrow versus peripheral blood stem cell versus cord blood), race,
patient’s underlying disease, disease status at transplant, HLA matching between donor and
recipient, conditioning intensity (myeloablative or reduced intensity), conditioning regimen
used for transplant, GVHD prophylaxis, cytomegalovirus (CMV) serological status of
recipient and donor prior to transplant, date of diagnosis and grade of acute GVHD, date of
diagnosis and development of chronic GVHD, malignancy relapse and survival at time of
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last follow up. HLA-matching status for URD transplants was categorized as well matched,
partially matched or mismatched based on classification proposed by Weisdorf et al (5).
HLA-matching status for cord blood transplants was based on antigen level HLA-A, B and
allele level HLA-DRBL1 typing.

DNA samples from patients were obtained from peripheral blood samples collected prior to
undergoing HCT. All patients with acute leukemia had no evidence of leukemic blasts at the
time of obtaining blood for DNA extraction. DNA was extracted from buffy coat using
either the Puregene DNA extraction method (for samples collected prior to 2001) (Gentra
Systems, Minneapolis, MN) or the Qiagen Mini Blood kit (all samples collected during or
after 2001) (Qiagen Inc., San Jose, CA) as per manufacturer recommendations. All DNA
samples were collected and stored at 4°C in the Molecular Diagnostics Laboratory at
University of Minnesota Medical Center, Fairview prior to use in the study.

SNP selection and genotyping

We used data from Environmental Genome Project (6,7) to identify and select Linkage
Disequilibrium (LD) tagSNPs that had a frequency of = 5% in the Caucasian population in
27 BER genes. If genes did not have tagSNPs information in the Environmental Genome
Project, we used HapMap data for Caucasian populations to identify tagSNPs that had >25%
frequency in Caucasian populations using the Genome Variation Server software (http://
gvs.gs.washington.edu/GVS/). We then supplemented this list with non-synonymous SNPs
that were identified to be functionally important using three software programs; PolyPhen
(8), SIFT (9) and SNP3D (10). This approach allowed us to select 263 SNPs (210 tagSNPs
and 53 SNPs that may be functionally important) in 27 genes with known function in the
BER pathway. All DNA samples were genotyped using the Sequenom iPLEX system at the
Biomedical Genomics Center at University of Minnesota. All primers and probes were
designed using Sequenom primer design software. We were able to design primers and
probes for 239 SNPs. Of these, 179 SNPs were successfully genotyped after assuring quality
control by selecting only SNPs with call rates >80%. High quality genotyping was also
assured by only selecting samples with a concordance rate of 95% or greater (using 61 pairs
of blinded duplicates) for further analysis. Hence 179 SNPs and 470 samples were analyzed.
Among SNPs that were successfully genotyped (n=179) 80% were tagSNPs (n=143) and
20% were functionally important SNPs (n=36). Detailed description of number of SNPs
genotyped within individual genes is given in table 1.

Statistical Analysis

All statistical analyses were performed using SAS software version 9.1 (SAS Institute, Inc.,
Cary, NC) and R Statistical software version 2.4.1 (11). Minor allele frequencies (MAF) and
Hardy Weinberg proportions of SNPs genotyped were estimated. Linkage disequilibrium
among SNPs in the RFC1 gene was estimated using Haploview software (12). Assuming an
additive model for the SNPs (where each SNP was treated as a continuous variable with the
homozygous major, heterozygote and homozygous minor genotypes indicating 0, 1 or 2
copies of the minor allele being present), the association between each of these SNPs and
acute and chronic GVHD was evaluated using a proportional hazards model with death as
the competing risk as described by Fine and Gray (13) after adjustment for clinical
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covariates. Covariates included recipient age, race, donor type, diagnosis, disease status at
transplant, gender mismatch, CMV serostatus of recipient and donor, stem cell source,
conditioning regimen (myeloablative or reduced intensity) and GVHD prophylaxis. A p
value < 0.01 was considered to be significant to select a SNP for multivariate analysis and
individual SNPs that were significant were evaluated in a backward stepwise multiple
regression model after adjustment for clinical covariates.

One hundred and thirty five of 355 patients who were alive by day 100 developed chronic
GVHD and were analyzed in a similar manner. Grade 11-1V acute GVHD was evaluated as a
time dependant covariate in the model for chronic GVHD.

Table 2 shows the demographic and transplant characteristics of the study population. The
majority underwent myeloablative HCT from an HLA-identical sibling donor (n=231), 72%
of the cohort were > 21 years at the time of transplant and 86% of the cohort were
Caucasian. Acute leukemia (acute myeloid leukemia and acute lymphoid leukemia) (51%)
was the most frequent diagnosis. Among 75 URD recipients, 27 (36%) of recipients received
a transplant from a well matched donor, 36 (48%) from a partially matched donor and 10
(13%) from a mismatched donor. Insufficient data was available to categorize two patients.
Among 99 UCB recipients, HLA-matching status for UCB transplants was based on antigen
level HLA-A, B and allele level HLA-DRBL1 typing. Of these, 47% were mismatched at a
single locus (5/6), 43% were mismatched at 2 loci (4/6) and 9% received a 6/6 matched
transplant.

The cumulative incidence of grade 111V acute GVHD was 40.6% (95% CI 35.8-45.4%) and
the cumulative incidence of chronic GVHD was 34% (95% CI 28.8-39.3%). The overall
survival was 48.5% (95% ClI 43.8-53.2%) at three years and 44.4% (95% CI 39.4-49.5%) at
five years.

between grade II-1V and grade IlI-1V acute GVHD and BER SNPs

Univariate analysis was performed by entering each SNP in a model adjusted for all clinical
covariates. In univariate analysis, three SNPs located in RFC1 gene (rs1057807, rs4975003
and rs6844176) were significantly associated with grade 11-1V acute GVHD (Table 3a).
Other significant variables included donor type, diagnosis and disease status at transplant.
However, all three SNPs were in strong linkage disequilibrium with each other (r2 >0.88) as
shown in figure 1.

In multivariate analysis (table 4a), one SNP (rs6844176) remained independently associated
with a higher risk of grade 11-1V acute GVHD (RR 1.39, 95% CI 1.14-1.70, p=0.001). Other
significant variables included donor type, diagnosis and disease status at transplant. The
model was also evaluated for interactions between SNP and significant clinical co-variates.
A significant interaction was noted between disease status at transplant and the SNP
rs6844176. The SNP, rs6844176, was significantly associated with higher risk of grade 11-1V
acute GVHD in patients with relapse or primary induction failure at transplant (p=0.03), but
not in those without relapse or primary induction failure (p=0.15). No other SNP-clinical
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covariate interactions were observed (all p>0.05). The cumulative incidence of grade 1I-1V
acute GVHD was 47% (95% CI 37-56.9%) in 115 patients with homozygous minor
genotype versus 42% (95% CI 34.9-49.1%) in 219 patients with heterozygous genotype
versus 32.3% (95% CI 24-40.7%) in 133 patients with homozygous major genotype (p
=0.06) (Figure 2).

The same three SNPs (rs1057807, rs4975003 and rs6844176) in RFC1 gene also showed
similar but non significant association with grade 111-1V acute GVHD in univariate analysis
(all p <0.06) (Table 3b). As shown in table 4b, in multivariate analysis, the same SNP
(rs6844176) showed a trend towards a higher risk of grade I11-1V acute GVHD (p=0.09).

between chronic GVHD and BER SNPs

In univariate analysis, one SNP (rs1805410), located in the PARP1 gene was significantly
associated with a higher risk of chronic GVHD with a relative risk of 1.81 (95% Cl
1.29-2.54, p=0.001) (Table 3c). Other significant variables included year of transplant and
prior grade 11-1V acute GVHD. The cumulative incidence of chronic GVHD was 50% (95%
Cl 20.8-79.2%) in 12 patients with homozygous minor genotype versus 42.9% (95% CI
31.5-54.3%) in 84 patients with heterozygous genotype versus 30.9 (95% CI 24.9- 36.9%) in
259 patients with homozygous major genotype (p=0.026) (Figure 3). There was no
significant gene-clinical covariate interaction (all p>0.05).

Discussion

GVHD remains a major barrier to successful transplantation. The pathophysiology of the
disease (especially chronic GVHD) remains to be fully defined. We found three SNPs in
RFC1 genes to be significantly associated with grade I11-1V acute GVHD and one SNP in the
PARP1 gene to be significantly associated with chronic GVHD.

In our prior report (Association between genetic variants in the BER pathway and outcomes
after HCT, BBMT), we have identified three SNPs in TDG, LIG3 and MUTYH genes
(rs167715, rs3135974, rs3219463) to be associated with transplant related mortality (TRM)
in multiple regression analysis. These differ from the genetic variants identified in the
current analysis, suggesting that the polymorphisms identified in the current analysis
represent an association with occurrence of GVHD and not with mortality. Further analysis
of TRM showed that the association between the 3 SNPs (rs167715, rs3135974, rs3219463)
and TRM remained unchanged even after controlling for grade 11-1V acute GVHD as a time
dependent co-variate (data not shown), indicating that these SNPs affect TRM through
mechanisms independent of GVHD.

Base excision repair is the major DNA repair pathway for repair of non-bulky damaged
bases, abasic sites and single stranded breaks caused by ionizing radiation and alkylating
agents (3). The three SNPs associated with grade I11-1V acute GVHD were all located in
RFC1 gene. Though in multivariate analysis, only rs6844176 remained significantly
associated with acute GVHD, all three SNPs (rs6844176, rs4975003 and rs1057807) were in
strong LD, hence, it is likely that the SNP with the strongest association may in fact be a
surrogate for the other two SNPs strongly correlated and located in the region. Independent
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validation and correlative functional studies are needed to prove these results. The protein
encoded by this gene is the large subunit of replication factor C, a DNA-dependent ATPase
that is required for eukaryotic DNA replication and repair. The protein acts as an activator of
DNA polymerases and promotes coordinated synthesis of both strands (14). These SNPs
showed a similar (though not significant) association with grade I11-1V acute GVHD,
possibly due to limited sample size when evaluating grade 111-1V acute GVHD.

PARP1 (poly [ADP-ribose] polymerase 1) gene encodes an enzyme that works by
modifying nuclear proteins by poly ADP-ribosylation (15). PARP1 also binds with single
strand breaks through its N-terminal zinc fingers and recruits XRCC1, DNA polf, and DNA
ligase 111 in the short patch BER pathway; and recruits XRCC1, flap endonuclease 1, and
DNA ligase | in long-patch BER pathway (16). PARP-1 overactivation in response to
extensive DNA damage results in necrosis (17-20). In addition to inducing necrosis,
PARP-1 also has a profound modulatory effect on the inflammatory response. PARP-1 can
form stable complexes with transcription factors such as p53 and AP-2 (21,22). PARP-1 can
also act as a coactivator of NF-kb (21-23) and, therefore, may be involved in the induction
of TNF-a. Polymorphisms resulting in altered activity in this gene could modulate cellular
necrosis and altered inflammatory response and hence be implicated in the pathogenesis of
GVHD.

These results also need to be confirmed in patients receiving non-alkylator based reduced
intensity regimens where the observed higher risk associated with these SNPs should not be
present. This analysis could not be performed in the current study as all conditioning
regimens at our institution (myeloablative as well as reduced intensity) are alkylator based.

Several studies have evaluated the impact of polymorphisms involving minor
histocompatibility antigens, cytokine genes and innate immunity genes towards GVHD. A
recent study reported a higher risk of acute GVHD when donor and recipient were
mismatched for homozygous deletion of UGT2B17, a gene expressed in GVHD-affected
tissues and giving rise to multiple histocompatibility antigens (24). Other minor
histocomatibility antigens including HY, HA-1, HA-2 and HA-3 have been evaluated in the
etiology of both GVHD and disease relapse (25-35). Polymorphisms in donor and recipient
genes for cytokines have been demonstrated to be risk factors for GVHD. Tumor Necrosis
Factor (TNF)-a, Interleukin 10 (IL-10), Interferon-y (IFNYy) variants have correlated with
GVHD in some, but not all, studies (36-39). Genetic polymorphisms of proteins involved in
innate immunity, such as nucleotide oligomerization domain 2 and Keratin 18 receptors,
have also been associated with GVHD (40). These studies provide support to the hypothesis
that tissue injury and resulting cytokine release are implicated in the pathogenesis of graft
versus host disease. Polymorphisms in DNA repair pathways in conjunction with other
pathways could also be implicated by impeding or accelerating repair of injured tissue and
hence affecting GVHD.

This study represents the first analysis of SNPs in BER DNA repair pathway towards acute
and chronic GVHD. Our results are novel and hypothesis generating. If confirmed, they
represent an important step towards understanding the pathophysiology of GVHD as well as
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identifying subgroups at high risk for GVHD towards whom novel prophylactic strategies

uld be targeted.
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Figure 1.
The 3 single nucleotide polymorphisms (SNPs); rs1057807 (exon 25), rs4975003 (intron 11)

and rs6844176 (intron 1) located in a 77 kb region in the RFC1 gene showed strong linkage
disequilibrium with each other. The 3 SNP pairs; rs1057807/ rs4975003, rs4975003/
rs6844176 and rs1057807/rs6844176 showed linkage disequilibrium (r2) of 0.88, 0.99 and
0.91 respectively.
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(n=133)

Proportion with grade II-IV acute GVHD
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Figure 2. Cumulative Incidence of grade|1-1V acute GVHD in those with homozygous major,
heter ozygous or homozygous minor genotype for SNP rs6844176

Footnote: Shown are the proportion of patients with grade I11-1V acute GVHD across the
three categories of SNP rs6844176.
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Figure 3. Cumulative Incidence of chronic GVHD in those with homozygous major,
heter ozygous or homozygous minor genotype for SNP rs1805410

Footnote: Shown are the proportion of patients with chronic GVHD across the three
categories of SNP rs1805410.
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Table 1
Completion ratesfor genesin the base excision repair pathway
Gene SNPs with genotyping assays designed SNPs without Total
(N =239 genotyping assays SNPs
designed (N=24) | (N=263)
SNPSwith genotype SNPs without
(N=179) (%) genotype (N=60) (%)
ADPRT 14 (100) 0 (0) 2 16
APEX1 1(25) 3(75) 0 4
FEN1 0 (0) 3 (100) 3 6
LIG1 21 (88) 3(12) 1 25
LIG3 4 (80) 1(20) 0 5
MBD4 6 (75) 2 (25) 0
MPG 8 (80) 2 (20) 0 10
MUTYH 8 (100) 0(0) 0 8
NTHL1 1 (100) 0 (0) 1 2
0GG1 5 (83) 1(17) 2 8
PCNA 2 (50) 2 (50) 0 4
PNKp 4 (100) 0(0) 1 5
POLb 4 (80) 1(20) 0 5
POLd1 8 (100) 0(0) 0 8
POLd2 4 (100) 0 (0) 0 4
POLe 15 (75) 5 (25) 1 21
POLi 6 (46) 7 (54) 0 13
POLI 2(75) 1(25) 2 5
RCF5 9 (64) 5 (36) 0 14
RFC1 10 (63) 6 (37) 4 20
RFC2 2 (40) 3 (60) 0 5
RFC3 6 (67) 3(33) 1 10
RFC4 4 (50) 4 (50) 0 8
SMUG1 6 (86) 1(14) 0 7
TDG 15 (88) 2(12) 2 19
UNG 3(75) 1(25) 0 4
XRCC1 11 (73) 4(27) 4 19
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Demographic and transplant characteristics

Variable N (%)

N 470 (100)

Recipient Age at Transplant (Years)

<20 133 (28)

21-40 109 (23)

>40 228 (49)

Median age (range), years

35.7 (0.7 - 69.8)

Race

African American 14(3)
Asian 18(4)
Caucasian 404(86)
Hispanic 13(3)
Native American 4(1)
Unknown 10(2)
Mixed 7(2)
Diagnosis

Acute lymphoid leukemia 92 (20)
Acute myeloid leukemia 151 (31)
Chronic myeloid leukemia 73 (16)
Lymphoma 78 (16)
Myelodysplastic syndrome 40 (9)
Others 36 (8)
Disease Status at Transplant

Complete response 288 (62)
Partial response 24(5)
Relapse / primary induction failure 118 (25)
Myelodysplastic syndrome 38 (8)
Missing 2(<1)
CMV Serological status

Recipient positive / donor positive 101 (22)
Recipient positive / donor negative 146 (31)
Recipient negative / donor positive 62 (13)
Recipient negative / donor negative 161 (34)
Conditioning

Myeloablative 378 (80)
Reduced Intensity 92 (20)
Donor Type

Sibling 296 (63)
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Variable N (%)
Unrelated donor 75 (16)
Cord blood 99 (21)
Stem Cell Source
Marrow 145 (31)
PBSC 226 (48)
Cord blood 99 (21)
GVHD Prophylaxis
CSA/MMF 125 (27)
CSAIMTX 244 (52)
T-cell depletion 43 (9)
Other 58 (12)
Follow up in years (Survivors), median 3.3(0.9-8.6)

(range)

Page 15

Abbreviations CMV: cytomegalovirus; PBSC: peripheral blood stem cell; CSA: cyclosporine; MMF: mycophenolate mofetil; MTX: methotrexate
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