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Abstract

Variable survival outcomes are seen following treatment for aggressive non-Hodgkin lymphoma

(NHL). This study examined whether outcomes for aggressive B-cell NHL are associated with

single nucleotide polymorphisms (SNPs) in oxidative stress-related genes, which can alter drug

metabolism and immune responses. Genotypes for 53 SNPs in 29 genes were determined for 337

patients given anthracycline-based therapies. Their associations with progression-free survival

(PFS) and overall survival (OS) were estimated by Cox proportional hazard regression;

associations with hematologic toxicity were estimated by logistic regression. To validate the

findings, the top 3 SNPs were tested in an independent cohort of 572 DLBCL patients. The top

SNPs associated with PFS in the discovery cohort were the rare homozygotes for MPO rs2243828

(hazard ratio [HR]=1.87, 95% confidence interval [CI]=1.14–3.06, P = 0.013), AKR1C3

rs10508293 (HR=2.09, 95% CI=1.28–3.41, P=0.0032) and NCF4 rs1883112 (HR=0.66, 95%

CI=0.43–1.02, P=0.06). The association of the NCF4 SNP with PFS was replicated in the

validation dataset (HR=0.66, 95% CI=0.44–1.01, P=0.05) and the meta-analysis was significant

(HR=0.66, 95% CI=0.49–0.89, P<0.01). The association of the MPO SNP was attenuated in the

validation dataset, while the meta-analysis remained significant (HR=1.64, 95% CI=1.12–2.41).

These two SNPs showed similar trends with OS in the meta-analysis (for NCF4, HR=0.72, 95%
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CI 0.51–1.02, P=0.07 and for MPO, HR=2.06, 95% CI 1.36–3.12, P<0.01). In addition, patients

with the rare homozygote of the NCF4 SNP had an increased risk of hematologic toxicity. We

concluded that genetic variations in NCF4 may contribute to treatment outcomes for patients with

aggressive NHL.
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Introduction

Despite treatment advances, many patients with aggressive non-Hodgkin B-cell lymphoma

(NHL) will not be cured [1]. The international prognostic index (IPI) that is based on age

(greater than 60), lower performance status, higher tumor stage, more than one extranodal

site of involvement and elevated serum lactate dehydrogenase has been used to predict the

patients who are most likely to fail treatment [2]. A limitation of the IPI risk score is that it

provides little insight into the molecular mechanisms underlying the variable survival

outcomes seen following treatment for aggressive NHL. Gene expression profiling studies

have led to models for predicting treatment response based on molecular signatures and

biological pathways, which work independently of the IPI [3–6]. In diffuse large B-cell

lymphoma (DLBCL), the most common of the aggressive B-cell NHL subtypes accounting

for 30–40% of newly-diagnosed lymphomas in the U.S. [7], gene expression profiling

studies have identified both tumor and host cell properties contributing to treatment

resistance [4–6].

An important host property in dictating treatment response is oxidative stress. Our previous

gene expression profiling study showed that DLBCLs from patients with the worst

prognosis following treatment had significantly decreased expression of oxidative stress-

related genes in the tumor at the time of diagnosis [8]. Furthermore, the gene expression

pattern seen in the patients with the worst prognosis indicates an increase in thioredoxin

system function and in the expression of genes upregulated in response to oxidative stress.

This spectrum of changes supports the hypothesis that an altered redox environment

contributes to treatment resistance in DLBCL. Corroborating with our above findings is the

fact that the generation of reactive oxygen species (ROS) and the resulting cellular damage

is a major cytotoxic mechanism used by many chemotherapeutic drugs, including the

standard chemotherapeutic regimen for DLBCL (cyclophosphamide, doxorubicin,

vincristine and prednisone, or CHOP) [9].

Inherited genetic variations, mainly in the form of single nucleotide polymorphisms (SNPs),

are a potential source of host variability in oxidative stress. SNPs in redox-related genes,

such as those encoding myeloperoxidase (MPO) and the antioxidant enzymes manganese

superoxide dismutase (SOD2) and catalase (CAT), have been studied in relation to treatment

outcomes in other cancers including breast cancer [10, 11]. There have been few such

studies, however, involving patients with aggressive lymphomas. One prior

pharmacogenetic study of DLBCL patients found significant associations between SNPs in
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genes encoding for the p22phox subunit of NADPH oxidase (CYBA) and alpha1 class

glutathione S-transferase (GSTA1) and PFS in patients treated with rituximab-CHOP [12].

That study involved only 106 patients, raising the question of whether the findings would

hold up with a larger patient cohort.

In the current study, we investigated 53 SNPs in 29 oxidative stress-related genes for

associations with treatment outcomes for aggressive B-cell NHL. The discovery phase of

our study involved 337 patients enrolled in seven Phase II or Phase III SWOG clinical trials

who received anthracycline-based combination chemotherapy. We then attempted to

validate the top 3 SNPs in an independent, prospective study of 572 DLBCL patients from

the Molecular Epidemiology Resource of the Iowa/Mayo Lymphoma Specialized Program

of Research Excellence (SPORE), who were treated with anthracyline-based

immunochemotherapy.

Methods

SWOG Patient population

Clinical data and diagnostic aggressive B-cell NHL tissue used in the discovery phase of the

study had been collected for the 7 SWOG clinical trials listed in Table I. We chose these

trials based on recruitment of patients with aggressive B-cell NHL, curative-intent,

anthracycline-based therapies and sufficient time having elapsed for follow-up analyses.

S8736 and S0014 enrolled patients with Ann Arbor stage I or II disease, while the remaining

trials enrolled patients with stage IIB to IV disease. Further details on eligibility criteria,

treatment protocols and outcomes are provided in the previous reports of these trials [13–

17].

Peripheral blood was not available for genotyping from these trials and formalin-fixed,

paraffin-embedded (FFPE) tumor specimens were used as the source of DNA. Previous

studies comparing genotypes derived from tumor tissues and matched normal tissues

showed very high concordance rates [18–20]. All specimens were archived in the SWOG

Lymphoma Bank located at the University of Arizona and maintained under the same

storage conditions. Classification into the aggressive B-cell NHL subtypes of DLBCL, grade

3 follicular lymphoma (FL), Burkitt or Burkitt-like lymphoma (BL/BLL) and mantle cell

lymphoma (MCL) was based on the World Health Organization (WHO) guidelines for

hematopoietic tumors [21]. Specimens that had been collected prior to implementation of

this classification system, and for which the WHO criteria diagnosis was not available, were

prepared for immunohistochemistry, stained using a CD20 staining kit and the Benchmark

XT automated immunostainer from Ventana Medical Systems, and examined by an expert

hematopathologist (CMS) to establish the diagnosis according to the WHO guidelines. The

number of patients with each type of aggressive B-cell NHL is given in Table II.

All participants gave written informed consent. The study was approved by the Institutional

Review Boards at the University of Arizona and Roswell Park Cancer Institute in

accordance with an assurance filed with and approved by the U.S. Department of Health and

Human Services.
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SNP selection, DNA extraction, and genotyping

Candidate genes important in oxidative stress-related pathways and implicated in previous

cancer pharmacogenetics studies were selected by Medline search and cross-checking of

references. For each gene, SNPs associated with cancer susceptibility, prognosis and

treatment outcomes were identified by interrogating the HuGE Navigator, a public database

curating published population-based genetic associations from PubMed [22]. We reasoned

that SNPs implicated in previous studies were potentially functional in drug cytotoxicity

pathways commonly shared in different types of cancer. Coding SNPs in candidate genes

that were not previously studied were queried in dbSNP and those with a minor allele

frequency ≥0.05 in populations of European ancestry were selected for genotyping. For

statistical power consideration, only SNPs with minor allele frequency greater than 0.05 in

the population of European descent were included. As a result, 71 SNPs in 33 oxidative

stress-related genes were assembled for genotyping (Supplemental Table I). Genotyping was

performed in the Genomics Shared Resource Core at Roswell Park Cancer Institute utilizing

the MassARRAY® technology and iPLEX Gold assay (Sequenom), which has been shown

to be suitable for DNA derived from FFPE samples [23]. For SNPs that failed the assay

design or validation, neighboring SNPs in perfect linkage disequilibrium (r2=1.0) in the

HapMap CEU population were identified and added to the multiplex pools of Sequenom

assays. If multiple SNPs were in perfect linkage disequilibrium with the SNP of interest, the

one that had been used in previous studies was chosen (rs2243828 as a proxy for rs2333227

(−463G/A) in MPO), or one was randomly chosen if none had been used in previous studies

(rs12232410 as a proxy for rs1800566 (C609T) in NQO1). For three other failed SNPs

without perfect proxies, including rs4880 in SOD2, rs1800566 in NQO1 and rs1799983 in

NOS3, pre validated Taqman® SNP genotyping assay were available and used instead.

Genomic DNA was extracted from three 5-μm sections of each FFPE tissue specimen using

the QIAamp DNA FFPE Tissue Kit (Qiagen) according to the manufacturer’s instructions.

DNA (500 ng/sample) was aliquoted into 96-well microtiter plates. For quality control

purpose, 5% duplicates were included in each plate, as well as DNA from an in-house CEPH

trio used to control for Mendelian inheritance error. The genotyping facility was blinded to

the locations of duplicates and treatment received by patients. DNA samples with call rates

less than 80% were excluded. There were 19 samples with a call rate of 85–89% and 10

samples with a call rate of 80–84% that were included in the analyses. The average

successful genotyping rate was 91.9% for each DNA and 91.7% for each SNP. The

concordance rate among duplicates was 98.4%. One SNP had a call rate less than 80%

(rs511895 in CAT), another violated Mendelian inheritance (rs1801282 in PPARG), and

genotype frequencies of 6 SNPs departed from Hardy Weinberg equilibrium (rs699473 in

SOD3, rs552105 in PRDX4, rs4485648 in TXNRD2, rs3957356 in GSTA1, rs8483 in

AKR1C3, and rs1060826 in NOS2) (P<1 × 10−4). Cluster plots of these 8 failed SNPs were

manually inspected; no substantial improvement could be made by manually re clustering

and these SNPs were therefore excluded. Also excluded were 10 SNPs with less than 6

patients with the rare homozygous genotype (rs1050828 and rs1050829 in G6PD, rs11548

in GPX3, rs7208693 in MPO, rs2297518 in NOS2, rs2234694 in SOD1, rs2842958 in SOD2,

rs1799895 in SOD3, rs7221 in TXNIP and rs6518591 in TXNRD2).
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Genotyping in the validation patient population

We attempted to validate the top 3 SNPs from the PFS analysis (rs2243828 in MPO,

rs10508293 in AKR1C3 and rs1883112 in NCF4) using data and biospecimens from the

Molecular Epidemiology Resource of the Iowa/Mayo Lymphoma SPORE [24, 25]. The

validation study was reviewed and approved by the Human Subjects Review Boards at the

University of Iowa and Mayo Clinic in accordance with an assurance filed with and

approved by the U.S. Department of Health and Human Services. Briefly, all newly

diagnosed DLBCL patients (within 9 months of first diagnosis) have been prospectively

offered enrollment into an observational cohort study initiated in 2002 at the University of

Iowa and Mayo Clinic. All pathology was centrally reviewed, and baseline clinical,

laboratory and treatment data were abstracted using a standard protocol. Participants

provided a peripheral blood sample, and DNA was extracted using a standard procedure

(Gentra, Minneapolis, MN). All patients were systematically followed every 6 months for

the first 3 years, then annually thereafter; disease progression, retreatment, and deaths were

verified through medical record review. For this analysis, we used Taqman assays to

genotype the 3 SNPs in 572 DLBCL patients enrolled from 2002–2009 who were treated

with anthracycline-based immunochemotherapy and who had available DNA. There were 4

internal control samples per 96 well plate (3 CEPH and a no template control). All 3 SNPs

were in Hardy Weinberg equilibrium (P>0.05) and all call rates were >80%: 88.1% for

rs1883112, 92.8% for rs10508293 and 98.8% for rs2243828. The concordance rate for

internal control samples was 100% for all 3 SNPs.

Statistical analyses

For genotype analysis, the codominant model, i.e., three genotypes with independent effects,

was initially assumed and tested using the common homozygote as a reference group.

Depending on the direction of the hazard ratios, the number of patients in each genotype and

the model used in previous studies, the most suitable dominant, recessive or codominant

model was then selected for each SNP. Patient survival outcomes assessed in this study

included progression free survival (PFS) and overall survival (OS), with PFS defined from

the date of registration to the date of progression or death due to any cause and OS defined

from the date of registration until the date of death due to any cause. For the discovery phase

of the study, patient follow-up was truncated at 10 years in order to reduce potential bias due

to differential follow-up lengths between studies. PFS and OS estimates were calculated

using the method of Kaplan and Meier [26] and associations of genotypes with survival

outcomes were assessed with Cox proportional hazard regression models. The associations

between genotypes and hematologic toxicity were also examined using unconditional

logistic regression. Patients were classified according to whether they experienced any

Grade 4–5 hematologic adverse event during protocol treatment. All the toxicities were

graded according to the NCI CTCAE version used at that time. The definitions of grade 4–5

hematologic toxicities have remained consistent throughout the trials. All regression models

were adjusted by treatment trials. Specifically, the SWOG trials were grouped into 3 strata

according to disease stage (S8736/S0014 versus S9349/S9704 versus S8516/S9125/S9240).

The regression models were further adjusted for IPI risk score, to test whether the effects of

genotypes were independent from IPI score. A permutation-based resampling procedure
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drawn from 1,000 permutated samples was used to control the family-wise error rate due to

multiple comparisons [27, 28]. A meta-analysis approach was used to combine results of the

discovery and validation datasets [29], and study heterogeneity was tested by Cochran’s Q-

test and Higgins’ I2 index. All analyses were performed using R 2.12. Results from this

study are reported following the REMARK criteria [30].

Results

Identification and inclusion of eligible SWOG patients

The 7 SWOG trials used for the discovery phase of this study involved curative-intent,

anthracycline-based therapies and recruited 2,166 patients (Table I). Rituximab was part of

the treatment regimen in the two most recent trials, S9704 and S0014. Archived diagnostic

tissues, maintained under the same storage conditions, were available in the SWOG

Lymphoma Bank from 546 of the patients for potential use in this study. However, we

restricted the analyses to tissues from patients who had: (i) a diagnosis of aggressive B-cell

NHL; (ii) received anthracycline-based treatment; (iii) sufficient archived diagnostic tissue

for DNA extraction, and (iv) a genotyping rate for the tissue of at least 80%. A total of 337

patients fit these criteria and were included in the final analyses. The flow of SWOG patient

identification and inclusion through the discovery phase of the study is diagrammed in

Figure 1 and the final numbers of patients included in the analyses are shown in Table I.

Patient characteristics

The demographic and clinical characteristics of the 337 SWOG patients included in the

analyses are summarized in Table II. The demographic and clinical characteristics of the

subset of patients that we were able to use from each trial did not deviate significantly from

the total enrolled population for the respective treatment trial. White males made up the

majority (61%) of the patient population and the median age was 57 (range, 20 – 87). More

than 95% of the population had an IPI risk score between 0 and 3. Approximately 86% of

the patients were diagnosed with DLBCL, consistent with the representation of this subtype

in aggressive B-cell NHLs.

Associations between SNPs and PFS and OS

Tests for associations of genotypes with PFS and OS were performed on the 53 SNPs in 29

oxidative stress-related genes listed in Supplemental Table I. We found the strongest

associations with survival outcomes for SNPs in genes encoding aldo-ketose reductase 1C3

(AKR1C3 rs10508293), MPO (rs2243828) and neutrophil cytosolic factor 4 (NCF4,

rs1883112) (see Supplemental Table II for complete results). The minor allele frequencies

(MAF) of these SNPs were 0.23, 0.18 and 0.40, respectively. The MAF for all SNPs in the

analysis are given in Supplemental Table II. Table III gives the hazard ratios and 95%

confidence intervals from Cox regression analyses for PFS and OS by genotypes of these

three SNPs, after adjustment for IPI and stratification by treatment trial (see Methods section

for details). Previous pharmacogenetic analyses among breast cancer patients examined the

rs2333227 MPO (−463G>A) SNP in the promoter region. We used rs2243828 SNP as a

surrogate for rs2333227, due to technical difficulties with detecting the latter. This approach

has been used previously [11] and is justified due to complete linkage between the two SNPs
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(r2=1.0; the A allele of rs2243828 is linked with the G allele of rs2333227). The rare

homozygous genotypes for both the AKR1C3 (CC genotype) and MPO (GG genotype) were

associated with a significantly increased risk of disease progression and mortality. Kaplan-

Meier curves of OS by genotypes for these SNPs are shown in Figure 2. The rare

homozygous genotype for NCF4 was associated with a marginally significantly decreased

risk of disease progression and mortality (Table III).

The analyses described above included all 337 patients in the SWOG cohort. Thus,

aggressive histologies of DLBCL, grade 3 FL, B/BLL and MCL were combined. Given that

DLBCL patients constituted 86% of this cohort, we conducted a sensitivity analysis

excluding all of the non-DBCL patients. The results were consistent with the overall

analysis, showing a significant association between the GG genotype for the MPO

rs2243828 SNP and inferior PFS (HR=2.00 and 95% CI=1.2–3.33) and OS (HR=2.52, 95%

CI=1.48–4.29). Likewise, DLBCL patients with the CC genotype for the AKR1C3

rs10508293 SNP had inferior PFS (HR=1.94 and 95% CI=1.14–3.29) and OS (HR=2.07 and

95% CI=1.21–3.54). The results for NCF4 had similar point estimates to the overall analysis

OS, NCF4 (AA vs GG/AG): HR=.82 (.48–1.40), PFS, NCF4 (AA vs GG/AG): HR=.73 (.

45–1.20) but the confidence intervals show that they did not achieve significance.

Associations between SNPs and hematologic toxicity

Analysis of the Grade 4 and 5 hematologic toxicity data showed no significant findings,

except for the rare homozygote for the NCF4 SNP rs1883112 (OR=1.81, 95% CI=0.86–

3.77, P = 0.12) and manganese superoxide dismutase (SOD2, rs4880; OR=1.70, 95%

CI=0.92–3.14, P = 0.09), which were marginally significant. The complete results of tests

for associations between SNPs and hematologic toxicity are given in Supplemental Table

III. No associations between toxicity and SNP genotypes remained significant after applying

a permutation-based resampling procedure drawn from 1,000 permutated samples to control

the family-wise error rate due to multiple comparisons [27, 28].

Validation of top SNPs for PFS

The replication dataset consisted of 572 immunochemotherapy treated DLBCL patients with

a median age at diagnosis of 62 years (range, 18–92 years); 52% were male and 88% had an

IPI of 0–3. Full details of the patient population are provided in Table I. The MAF of

AKR1C3 rs10508293 (0.17), MPO rs2243828 (0.22) and NCF4 rs1883112 (0.43) were

consistent with the discovery dataset. During a median follow-up of 59 months, there were

219 events (progression, retreatment or death) and 154 deaths. As shown in Table III,

AKR1C3 rs10508293 was not replicated and MPO rs2243828 showed an increased risk but

more modest than the discovery dataset, which did not reach statistical significance. NCF4

rs1883112 was replicated (HR=0.66, 95% CI=0.44–1.01, P=0.05), with essentially the same

hazard ratio for PFS as in the discovery dataset. Adjustment for IPI did not change these

results. Kaplan-Meier curves of PFS by NCF4 rs1883112 genotypes in the discovery and

validation dataset are shown in Figure 3A and 3B, respectively. In meta-analysis combining

the results from the two datasets, the AKR1C3 and MPO SNPs were significantly associated

with PFS and OS (Table III). The meta-analysis of the NCF4 SNP was highly significant

with PFS (meta HR=0.66, 95% CI=0.49–0.89, P<0.01), and marginally significant with OS
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(HR=0.72, 95% CI=0.51–1.02, P=0.07). There was no evidence of study heterogeneity

found by either Q-test or I2 index (Table III).

Discussion

The clinical trial process has gradually improved the treatment of DLBCL, with ~60% of

patients now being cured with R-CHOP. Ongoing research efforts are aimed at

understanding the biological basis behind de novo or acquired resistance in the remaining

40% of patients. Previous pharmacogenomics analyses have linked polymorphisms in genes

involved in drug metabolism [12], DNA repair [31] and immune function [32] to variable

survival outcomes seen in DLBCL. This is the first study examining the impact of a broad

range of inherited variations within oxidative stress-related pathways on treatment outcomes

for aggressive B-cell NHL. In the discovery phase of the study, we found the rare genotypes

of MPO rs2243838 and AKR1C3 rs10508293 SNPs associated with worse PFS and OS,

while the rare genotype of NCF4 rs188312 was marginally associated with improved PFS.

In addition, the same NCF4 SNP associated with better survival was also associated with a

higher risk of severe hematologic toxicity. The association with NCF4 rs188312 was

successfully replicated in an independent patient population, while the associations for MPO

only marginally replicated.

The association of treatment outcomes in DLBCL with gene polymorphisms in redox-

related genes supports the concept that the cellular redox environment influences the

efficacy of treatments for this aggressive lymphoma. NCF4 encodes for p40phox, a

regulatory subunit of NADPH oxidase. This multi-subunit complex generates ROS by

catalyzing the one-electron reduction of oxygen to superoxide anion radical [reviewed in

33]. NADPH oxidases were originally identified in neutrophils; they are now known to be

present in a wide range of cell types. The p40phox gene that we have found associated with

NHL treatment outcome is expressed in hematopoietic cells [34]. ROS generated by

NADPH oxidases may induce apoptosis by acting on redox-sensitive survival signaling

pathways or may generate death-signaling molecules by oxidizing lipids, proteins or DNA

[33].

Previous studies have associated the NCF4 rs1883112 SNP with adverse effects of DLBCL

treatments [12, 35, 36]. In a cohort of 106 Italian DLBCL patients receiving R-CHOP,

carriers of the NCF4 common rs1883112 G allele had a reduced risk of grade 3–4

hematologic toxicity (HR=0.45, P = 0.018) and grade 2–4 cardiac toxicity (HR=0.37, P =

0.023) [12]. The German non-Hodgkin Lymphoma Study Group reported an association of

the rare AA genotype of NCF4 rs1883112 with an increased risk of chronic anthracycline

induced cardiotoxicity based on a study of 1,697 patients with aggressive NHL who were

treated with CHOP or CHOP with the addition of etoposide (CHOEP; OR = 2.5, 95% CI,

1.3 – 5) [35]. These results are consistent with our findings that the rare homozygous

genotype was associated with increased risk of grade 4–5 hematologic toxicity. In

collaboration with the German Study Group, Hoffman et al. found an association between

the p22phox subunit of NADPH oxidase and PFS and OS in 878 DLBCL patients treated

with CHOP or CHOEP [36]. p22phox is a membrane protein that binds to the catalytic

(gp91phox) subunit of NADPH oxidase. The less favorable p22phox genotype results in
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decreased stability of the encoded mRNA and lower NADPH enzyme activity as measured

in isolated peripheral blood mononuclear cells from healthy subjects [36]. Together with

these previous findings, our results point to NADPH oxidase as mediating treatment effects

on tumor and healthy normal cells in DLBCL patients. Genotyping of the NCF4 rs1883112

SNP would identify DLBCL patients who are likely to benefit from standard therapy, but

who should be monitored closely for treatment-related adverse events. Alternatively,

patients with the NCF4 AA genotype might receive sufficient benefit from lower dose

regimens and be spared the toxic side-effects. Additional clinical trials would be needed to

confirm the potential clinical use of NCF4 genotyping. A trial to assign patients into lower

dose or standard dose, for example, six cycles of regular-strength R-CHOP versus R-

miniCHOP based on the NCF4 genotype, could test whether patients with the rare

homozygote have equivalent or superior survival and fewer adverse events than patients

with the other genotypes, particularly in elderly patients.

More favorable NADPH oxidase genotypes with respect to survival outcomes in DLBCL

may enhance immune responses contributing to effective therapy in patients receiving

rituximab. In the analyses conducted by Hoffman et al. through the German non-Hodgkin

Lymphoma Study Group, the treatment regimens did not include rituximab and there was no

association between NCF4 rs1883112 and PFS (P=0.5) [36]. The majority of patients in the

discovery phase of our study did not receive rituximab and we observed only a marginally

significant association between NCF4 rs1883112 and PFS (P=0.06). In the validation

cohort, wherein a significant association was detected, all of the patients received rituximab.

Tumor regression in patients treated with rituximab may be due, at least in part, to antibody-

dependent cell-mediated cytotoxicity. Rituximab bound to CD20 antigen can be recognized

by Fcγ receptor on NK cells and macrophages to mediate killing or phagocytosis,

respectively, of the tumor cells. Studies of neutrophils have shown that p40phox regulates

Fcγ receptor-induced superoxide generation following internalization of phagosomes [37].

Inherited differences in the activity of NADPH oxidases could also influence the

development of antitumor antibodies. Presentation of antigen to CD4+ T cells is impaired in

human B cells expressing reduced levels of p40phox; increasing p40phox through gene

transfection restores antigen presentation and also increases intracellular ROS generation

[38]. Our findings with respect to the NCF rs1883112 genotypes and survival outcomes

may, therefore, be generally applicable to the use of immunotherapy in cancer treatments.

A caveat in the interpretation of our study findings is the lack of direct evidence that

different genotypes of the NCF4 rs1883112 SNP result in variable levels of NADPH oxidase

activity. Further studies are needed to test the functional consequences of this

polymorphism. Negative results from such studies could indicate that NCF4 rs1883112 is a

proxy for a nearby SNP, which has functional consequences on NADPH oxidase activity

and subsequently on treatment outcomes for patients with aggressive NHL.

We found the rare genotype of MPO rs2243838 associated with worse PFS and OS in the

discovery phase of our study and in the meta-analyses of all patients. Inherited variations in

the MPO gene are associated with treatment outcome in esophageal [39] and breast cancers

[10, 11, 40]. Notably, the latter association is significant only for breast cancer patients who

received adjuvant therapy, the majority of whom were treated with combination
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chemotherapy that included cyclophosphamide and/or doxorubicin. MPO produces the

potent oxidant, hypochlorous acid, and catalyzes other oxidation reactions [41, 42].

Decreased MPO expression may lead to lower levels of oxidants needed for the full activity

of chemotherapeutic drugs.

The association of the rare homozygous genotype for AKR1C3 rs10508293 with a

significantly increased risk of disease progression and mortality, seen in the discovery phase

of the study, was not replicated in the validation study. A failure to reproduce results,

particularly when small patient cohorts have been analyzed, is a common shortcoming in

SNP studies [30]. It is possible that our initial findings with AKR1C3 rs10508293 were the

result of chance associations. An alternative explanation is the difference in therapy;

rituximab was given to all patients in the validation study, but only a minority in the SWOG

trials. AKR1C3 is one of thirteen known human aldo-keto reductases (AKRs) (reviewed in

[43]). These enzymes metabolize a diverse group of compounds, including doxorubicin. In a

direct comparison of eight human aldo-keto reductases, the AKR1C3 enzyme showed the

highest catalytic efficiency with doxorubicin as a substrate, which it converts to an inactive

metabolite [44]. The addition of rituximab may negate or mask any affect that AKR1C3

rs10508293 SNP genotype has on the efficacy of doxorubicin-based treatment regimens.

The MPO and AKR1C3 SNP genotypes that were associated with worse outcomes were

found in <5% of the study population. There are several ways in which relatively rare

genotypes can have clinical relevance. As discussed above for the NCF4 SNP, patients with

the rare MPO or AKR1C3 SNP genotypes could be excellent candidates for studies testing

whether higher dose treatments provide a survival benefit without adverse toxicity. Second,

it is likely that treatment response, as a complex phenotype, is determined by multiple

variants. The SNPs in oxidative stress genes examined here may be combined with other

SNPs identified in the future as a polygenic score for risk prediction in clinics. Although the

frequency of each SNP is relatively low, they may be important contributors to the

polygenic score. Finally, genetic heterogeneity in DLBCL is well-recognized. Patient

subsets are already being tested with different therapies based on molecular features.

Genotypes of SNPs in oxidative stress-related genes may define disease subsets that will

respond to more personalized treatment regimens.

In conclusion, we have provided further proof-of-concept for the cellular redox environment

as a determinant of treatment efficacy in aggressive NHL. Our previous gene expression

profiling-based study shows that a redox signature score is predictive of outcome for

DLBCL patients in the pre-rituximab era [8]. This redox score is based on the expression of

antioxidant defense and thioredoxin system genes that scavenge ROS or repair proteins that

have been damaged by ROS. The data reported here, linking an NADPH oxidase subunit to

treatment outcome, indicate that inherited variations in ROS-generating proteins may also

contribute to treatment efficacy and be particularly relevant to immunotherapy. Future

prospective studies with large DLBCL study populations receiving R-CHOP are warranted

to further validate the clinical usefulness of SNPs in redox-related genes for predicting

treatment outcomes. These studies could be designed to establish the extent to which the

SNPs in oxidative stress-related genes identified here and previously are predictive of
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treatment outcome within IPI-based risk groups, across all subtypes of aggressive B-cell

NHL and for molecular subtypes within DLBCL.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Identification and inclusion of patients from SWOG trials.
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Figure 2.
Kaplan Meier curves of overall survival for NHL patients by (A) AKR1C3 and (B) MPO

genotypes.
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Figure 3.
Kaplan Meier curves of PFS for NHL patients by NCF4 genotype in the (A) discovery and

(B) validation cohorts.

Gustafson et al. Page 16

Am J Hematol. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Gustafson et al. Page 17

Table I

Treatment protocols, total enrollment and number of participants from the SWOG trials analyzed in this study

SWOG Trial Study Title Total Enrolled Number Analyzed

S8516 A Phase III Comparison of CHOP Versus m-BACOD Versus Pro-MACE-CytaBOM
Versus MACOP-B in Patients with Intermediate or High-Grade Non-Hodgkin’s
Lymphoma

952 31

S8736 Treatment of Localized Non-Hodgkin’s Lymphoma: Comparison of Chemotherapy
(CHOP) to Chemo-therapy Plus Radiation Therapy

401 71

S9125 A Phase II Trial of CVAD/Verapamil/Quinine for Treatment of Non-Hodgkin’s
Lymphoma

89 14

S9240 A Phase II Trial of CVAD for Treatment of Non-Hodgkin’s Lymphoma 89 36

S9349 A Randomized Phase II Trial of CHOP with G-CSF Support or ProMACE-
CytaBOM with G-CSF Support for Treatment of Non Hodgkin’s Lymphoma

186 95

S9704 A Randomized Phase III Trial Comparing Early High Dose Chemoradiotherapy and
an Autologous Stem Cell Transplant to Conventional Dose CHOP Chemotherapy
Plus Rituximab for CD20+ B Cell Lymphomas for Patients with Diffuse Aggressive
Non-Hodgkin’s Lymphoma in the High-Intermediate and High Risk International
Classification Prognostic Groups

388 60

S0014 Evaluation of CHOP Plus Rituximab Plus Involved Field Radiotherapy for Stages I,
IE, and Non-Bulky Stages II and IIE, CD20 Positive, High Risk Localized
Aggressive Histologies of Non-Hodgkin’s Lymphoma

61 30

Total 2166 337

Abbreviations: m-BACOD, low-dose methotrexate with leucovorin rescue, bleomycin, doxorubicin, cyclophosphamide, vincristine,
dexamethasone; Pro-MACE-CytaBOM, prednisone, doxorubicin, cyclophosphamide, etoposide followed by cytarabine, bleomycin, vincristine,
methotrexate with leucovorin rescue; CVAD, cyclophosphamide, and infusional vincristine and doxorubicin, dexamethasone
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