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In delayed-release dimethyl fumarate (DMF)-treated patients, absolute lymphocyte count 
(ALC) often declines in the first year and stabilizes thereafter; early declines have been 
associated with development of severe prolonged lymphopenia (SPL). Prolonged moderate 
or severe lymphopenia is a known risk factor for progressive multifocal leukoencephalopathy 
(PML); DMF-associated PML is very rare. It is unknown whether genetic predictors of SPL 
secondary to DMF treatment exist. We aimed to identify genetic predictors of reduced white 
blood cell (WBC) counts in DMF-treated multiple sclerosis (MS) patients. Genotyping (N = 
1,258) and blood transcriptional profiling (N = 1,133) were performed on MS patients from 
DEFINE/CONFIRM. ALCs were categorized as: SPL, < 500 cells/µL for ≥6 months; moderate 
prolonged lymphopenia (MPL), < 800 cells/µL for ≥6 months, excluding SPL; mildly reduced 
lymphocytes, < 910 cells/µL at any point, excluding SPL and MPL; no lymphopenia, ≥910 
cells/µL. Genome-wide association, HLA, and cross-sectional gene expression studies 
were performed. No common variants, HLA alleles, or expression profiles clinically useful for 
predicting SPL or MPL were identified. There was no overlap between genetic peaks and 
genetic loci known to be associated with WBC. Gene expression profiles were not associated 
with lymphopenia status. A classification model including gene expression features was not 
more predictive of lymphopenia status than standard covariates. There were no genetic 
predictors of SPL (or MPL) secondary to DMF treatment. Our results support ALC monitoring 
during DMF treatment as the most effective way to identify patients at risk of SPL.

Keywords: multiple sclerosis, lymphopenia, dimethyl fumarate, pharmacogenomics, transcriptomics

INTRODUCTION

Multiple sclerosis (MS) is a demyelinating neurodegenerative disease. Delayed-release dimethyl 
fumarate (DMF [Tecfidera®]) is an approved oral disease modifying therapy for patients with 
relapsing–remitting MS (RRMS) and has a favorable benefit–risk profile (Fox et al., 2012; Gold et al., 
2012). Lymphocyte decline is a known effect of DMF treatment; on average, patients experience a 
30% decrease in absolute lymphocyte count (ALC) during the first year of DMF treatment (Fox 
et al., 2016). In clinical trials, ~5% of patients treated with DMF experienced severe lymphopenia 
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(ALC <0.5 × 109/L) at least once during treatment (Fox et al., 
2012; Gold et al., 2012). Very rare cases of progressive multifocal 
leukoencephalopathy (PML) in the setting of lymphopenia 
have occurred in patients treated with DMF, predominantly in 
the context of moderate prolonged lymphopenia (MPL; ≥0.5 
to <0.8 × 109/L) or severe prolonged lymphopenia (SPL; <0.5 × 
109/L), persisting for ≥6 months (Sweetser et al., 2013; Dammeier 
et al., 2015). Prescribing guidelines vary according to local labels, 
but most recommend intermittent monitoring of absolute 
lymphocyte count (ALC) and treatment interruption in patients 
with SPL persisting for more than 6 months. The objective of this 
study was to perform a genome-wide association study (GWAS) 
and transcriptomic profiling to identify clinically relevant genomic 
risk factors for developing SPL or MPL secondary to DMF.

MeThODS

Genetic analysis
Whole blood samples were collected from a subset of DMF-
treated patients with RRMS from the DEFINE/CONFIRM trials 
under the main study informed consent, at baseline, and at other 
time points during the study (Fox et al., 2012; Gold et al., 2012). 
Genomic DNA was prepared from whole blood by Covance 
Central Labs using standard laboratory protocols. Whole-
genome single-nucleotide polymorphism (SNP) genotyping was 
performed in the Biogen genetics research lab in compliance 
with Biogen research guidelines but not under Good Laboratory 
Practice Regulations. DNA concentrations were normalized to 
50 ng/μL and 200 ng DNA of each sample was used for genotyping 
(Human Omnichip 2.5-V1.2; Illumina, Inc., San Diego, CA).

Genome-Wide association Study (GWaS) 
Statistical analysis
Patients with RRMS were divided into four phenotypic groups for 
analysis based on the following ALC criteria: SPL, ALC <0.5 × 109/L 
(corresponding to National Cancer Institute Common Toxicity 
Criteria [CTCAE] grade 3) for ≥6 months; MPL, ALC 0.5 – <0.8 × 
109/L (corresponding to CTCAE grade 2) for ≥6 months; mildly 
reduced lymphocytes, (grade 1) ALC 0.8 – <0.91 × 109/L (lower 
limit of normal [LLN]); and no lymphopenia, ALC always >LLN.

A GWAS was performed on ~1 million DNA variants using 
logistic regression analysis of SPL versus no lymphopenia, and 
SPL or MPL versus no lymphopenia (i.e., excluding the mildly 
reduced lymphocytes phenotype). The analyses were run 
two ways: by adjusting for two significant ancestry principal 
components; and adjusting for the top two principal components 
and baseline ALC. We adjusted for baseline ALC because in this 
dataset it was associated with severe prolonged lymphopenia 
[odds ratio (OR) 5.2, p = 5 × 10−6] and with SPL or MPL (OR 
4.2, p = 1 × 10−16). The randomized controlled trial design of the 
study had a treatment washout period prior to the start of the 
trial and therefore covariates such as previous treatments were 
not adjusted for. Analyses were conducted in PLINK v1.9.

We conducted χ2 tests of association on genotypes to estimate 
a genomic inflation factor (λGC) based on the median χ2 for 
genotyped variants, adjusted for ancestry. P values were plotted 

in a quantile-quantile plot and in a Manhattan plot. The genome-
wide significance threshold (p < 5e−8) was based on the standard 
Bonferroni correction for a GWAS. Power was estimated using 
Power for Genetic Analysis (v2) to plot the detectable OR versus 
variant allele frequency. The GWAS had 80% power to detect 
an OR of 4.0 in the SPL versus no lymphopenia cohort, and 
80% power to detect an OR of 1.8 in the SPL or MPL versus no 
lymphopenia cohort (Figure S1).

Classical hLa allele Statistical analysis
We imputed seven classical human leukocyte antigen (HLA) 
alleles (HLA-DRB1, HLA-DQB1, HLA-DQA1, HLA-DPB1, 
HLA-A, HLA-B, HLA-C) with HIBAG 1.8.3 (Zheng et al., 
2014). Analyses were adjusted for baseline ALC (false discovery 
rate <0.05).

Gene expression analysis
Whole blood in PAXgene tubes was collected with informed 
consent from all patients in DEFINE/CONFIRM at baseline 
and at various time points during the study. RNA samples were 
prepared using the PreAnalytiX PAXgene 96 blood kit according 
to the manufacturer’s protocol at Expression Analysis Inc. 
(Morrisville, NC). Following RNA extraction and QC, genome-
wide gene expression data was generated using the Affymetrix 
GeneChip Human Genome U133 Plus 2.0 Array (Thermo Fisher 
Scientific, Waltham, MA). The array contained 54,675 probes 
targeting most annotated genes in the human genome. Raw 
expression data was subject to rigorous QC and normalization. 
All array files (CEL) were normalized using guanine cytosine 
robust multiarray analysis to remove array processing-related 
signals. To remove observed effects related to upstream sample 
processing, expression data was normalized for RNA processing 
batch, initial yield of RNA from samples, final yield of labeled 
RNA, RNA integration number (an index for RNA quality), and 
RNA degradation 5′-3′ slope. While adjusting for these effects, 
we also controlled for treatment arm and time point.

To identify whether baseline cross-sectional profiles might 
reveal a prognostic signature for lymphopenia, all patients from 
the DEFINE/CONFIRM trials with subsequent lymphopenia 
status were considered, including patients in the placebo arms of 
the trials who switched to treatment in the ENDORSE extension 
study (a cross-sectional study of lymphocyte changes in long-
term patients with RRMS treated with DMF) and developed 
lymphopenia (Gold et al., 2017). Because there were fewer samples 
with no lymphopenia that had gene expression profiles available, 
we included patients with “mildly reduced lymphocytes” in our 
transcriptomic analysis. For patients crossing over from the 
placebo arm, the week 96 sample expression data from DEFINE/
CONFIRM was considered for the cross-sectional analysis. 
Gene expression profile cross-sectional analyses were performed 
and adjusted for ancestry, ALC, age, sex, and disease duration 
using the limma package (Ritchie et al., 2015) available from R 
statistical software.

A statistical model for predicting SPL or MPL status from 
no lymphopenia or mildly reduced lymphocytes status was 
built. Two models, one with age, sex, ALC, and disease duration 
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(base model) and another including gene expression features to 
the covariates (full model) were built. For both models, logistic 
regression was used to predict class labels and performance 
metrics were estimated using 10-fold cross-validation. For the 
full model, feature selection within each fold of cross-validation 
was performed using an internally 5-fold cross-validated elastic-
net algorithm implemented in the glmnet package (Friedman 
et al., 2010) available from R statistical software.

Standard GWAS QC methods were applied in this study. For 
variant QC, we applied an Illumina Gen Train score threshold 
of ≥0.7, a genotyping rate of ≥0.98, a minor allele frequency 
of >0.01, a genotyping rate of ≥0.99, and a Hardy–Weinberg 
equilibrium threshold of 1 × 10−4. We also excluded variants 
with a differential call rate. For sample QC, we dropped samples 
with heterozygosity ≥6 standard deviations, samples with cryptic 
relatedness, and samples that were ancestry outliers (based on 
default SMARTPCA algorithm).

ReSULTS

GWaS
Patient baseline characteristics by ALC criteria are shown in 
Table 1. After QC, there were 1,016,018 unique variants for 
GWAS analysis, from a total of 42 samples available from the SPL 
cohort, 164 from the MPL cohort, and 1,052 samples from the no 
lymphopenia controls. None of the DNA variants tested reached 
genome-wide significance (p < 5e−8) in the analysis of SPL versus 
no lymphopenia or in the analysis of SPL or MPL (Table 2, Figure 

1, Table S1, Figures S2–S4). Results did not differ when baseline 
ALC was excluded as a covariate (data not shown). Further, 
results did not differ when adjusting for age and sex. Development 
of severe, prolonged lymphopenia and moderate, prolonged 
lymphopenia were not associated with age or sex.

GWAS results for variants in the major histocompatibility 
complex region on chromosome 6 did not identify any strong 
HLA associations (Figure S5): the greatest association for the 
SPL versus no lymphopenia analysis was at the intergenic variant 
rs2647088 (p = 2.4 × 10−3; OR 2.1; 95% confidence interval [CI] 
1.3–3.5; chr6:32,681,518). This SNP is located between HLA-
DQB1 and HLA-DQA2. The greatest association for the SPL 
or MPL versus no lymphopenia analysis was at rs382259 (p = 
2.5 × 10−5; OR 1.7; 95% CI 1.3–2.2; chr6:32,209,027; Figure S6). 
The peak on chromosome 6 from the SPL GWAS was different 
from the peak on chromosome 6 for the SPL + MPL GWAS 
(Table S2).

We also examined the overlap between our peak GWAS 
association regions with published GWAS on white blood cell 
counts or lymphocyte counts. Based on the GWAS catalog, there 
were 8 studies on white blood cell counts, reporting 24 regions 
in total (38 peak SNPs) (Soranzo et al., 2009; Kamatani et al., 
2010; Nalls et al., 2011; Reiner et al., 2011; Crosslin et al., 2012; 
Kong and Lee, 2013; Li et al., 2013; Keller et al., 2014). Of these 
peak SNPs, 17 were present in our study and none had p < 0.10 
in the same direction. The proportion of total variance explained 
by associated variants was estimated to be 16–24% (Reiner et al., 
2011). There was 1 GWAS specifically on lymphocyte counts, 
and it reported four nonsignificant peak regions, none of which 

TaBLe 1 | Samples included in the GWAS.

Lymphopenia status SPL MPL No lymphopenia Total

Definition ALC <0.5 × 109/L for ≥6 
months

ALC <0.8 × 109/L for ≥6 monthsa ALC always >0.91 × 109/L 
(LLN)

Number analyzed 42 164 1,052 1,258
Age, mean (SD) 43.7 (8.3) 40.9 (7.8) 37.8 (9.1) 38.4 (9.0)
Female, n (%) 35 (83) 121 (74) 738 (70) 894 (71)
Years since diagnosis, mean (SD) 5.2 (5.23) 5.5 (5.74) 5.1 (5.21) 5.2 (5.28)
Relapses in prior year, mean (SD) 1.4 (0.70) 1.3 (0.56) 1.3 (0.64) 1.3 (0.64)
EDSS, mean (SD) 2.75 (1.32) 2.45 (1.15) 2.42 (1.22) 2.44 (1.22)
Mean baseline ALC (SD) 1.64 (0.43) 1.68 (0.71) 2.07 (0.60)

ALC, absolute lymphocyte count; EDSS, Expanded Disability Status Scale; GWAS, genome-wide association study; LLN, lower limit of normal; MPL, moderate 
prolonged lymphopenia; SPL, severe prolonged lymphopenia. All samples were of European ancestry.
aExcludes patients in the SPL category (ALC <0.5 × 109/L for ≥6 months).

TaBLe 2 | Number of samples and genetic variants (SNPs) included in the genetic study (GWAS) of SPL and MPL. The genomic control inflation factor is close to 1, 
which indicates that ancestry was properly controlled for.

Lymphopenia, n No lymphopenia, n Total, n Genomic control inflation 
factor, λGC

SNPs genotyped, n

SPL vs. no lymphopenia 42 1,052 1,094 1.00 1,016,025
SPL or MPL vs. no 
lymphopenia

206 1,052 1,258 0.99 1,016,018

GWAS, genome-wide association study; MPL, moderate prolonged lymphopenia; SNP, single nucleotide polymorphism; SPL, severe prolonged lymphopenia.
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overlapped with the peak regions identified in this study (Okada 
et al., 2011).

Gene expression analysis
Of 1,460 patients with documented lymphopenia status, 1,133 also 
had gene expression data (Table 3). Demographic characteristics 
of the samples used have been previously described (Fox et al., 
2012; Gold et al., 2012). Note that the GWAS sample numbers 
in Table 1 differ from the gene expression sample numbers in 
Table 3. When adjusted for covariates, baseline gene expression 
profiles were not associated with lymphopenia status (false 
discovery rate <10%; Figure 2). The array used in the gene 
expression analysis contained probes specific for the glutathione-
S-transferase T1 (GSTT1) locus, and it was observed that baseline 
expression level of GSTT1 was not associated with lymphopenia 
status of baseline ALC (Figure S7).

An exploratory classification model (full model) including 
gene expression features was not more predictive (mean accuracy 

68%) of lymphopenia status than the base model including the 
clinical covariates age, sex, ALC, and disease duration alone 
(mean accuracy 68%; Figure S8).

DISCUSSION

This genome-wide analysis of DNA variants and RNA expression 
profiles did not provide additional insight into risk factors relevant 
to the development of SPL in patients treated with DMF. Given 
the power of this genetic study we could conclude that there 
are no common variants of large effect that would be clinically 
useful in predicting SPL. From patient baseline characteristics, 
older age and lower baseline ALC appeared to be associated with 
lymphopenia (Table 1) but groups were not powered to detect a 
difference. However, age was not fully predictive; younger patients 
also developed lymphopenia while some older patients did not. 
Therefore, our results support the use of ALC monitoring as 
an effective strategy to identify patients who may be at risk for 
developing prolonged lymphopenia, for patients of all ages. Gene 
expression profiling analysis identified no differentially expressed 
genes in patients with RRMS with SPL and MPL compared with 
patients with mildly reduced lymphocytes or no lymphopenia 
when age, sex, ALC, and disease duration were used as covariates. 
Since gene expression in whole blood is heavily influenced by ALC 
levels, this suggests that transcript level changes are a surrogate 
for ALC changes on treatment. The addition of gene expression 
features to an exploratory classification model to predict the 
eventual lymphopenia status of patients did not significantly 
improve the prediction performance of a model above that which 
comprised covariates.

A small study that genotyped a deletion in GSTT1 in patients 
with psoriasis conducted by Gambichler et al. (2014) suggested 

FIGURe 1 | Manhattan plot of p values for ~1 million SNPs (minor allele frequency ≥0.05) in a GWAS of SPL or MPL (n = 206) versus no lymphopenia (n = 1,052). 
GWAS, genome-wide association study; MPL, moderate prolonged lymphopenia; SNP, single nucleotide polymorphism; SPL, severe prolonged lymphopenia.

TaBLe 3 | Samples included in the gene expression analysis.

Lymphopenia status DMF 
twice 
daily

DMF 3 
times 
daily

Placebo 
to 

extension

Total

SPL 15 9 18 42
MPL 54 40 55 149
No lymphopenia or mildly 
reduced lymphocytesa

284 315 343 942

DMF, delayed-release dimethyl fumarate; MPL, moderate prolonged 
lymphopenia; SPL, severe prolonged lymphopenia.
aAbsolute lymphocyte count (ALC) <0.91 × 109/L (lower limit of normal) at any 
point, but ALC not <800 cells/μL for ≥6 months.
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that a patient homozygous for the *0/*0 deletion at the locus had 
a marked reduction in lymphocyte count on treatment with oral 
fumaric acid esters (Gambichler et al., 2014). The presence of the 
deletion significantly correlated with enzyme activity. Such small 
genetic studies are likely to identify false positive results. In the 
current study, no variants were genotyped in the GSTT1 gene 
region on chromosome 22 (24,376,135–24,384,284); therefore, it 
was not possible to directly evaluate the genetic association with 
this gene. However, the gene expression data did contain probes 
for the GSTT1 locus and no difference in gene expression was 
observed across the different categories of lymphopenia, suggesting 
that the null allele may not be impacting lymphocyte count.

The major histocompatibility complex on chromosome 6, a 
gene-dense region of immunological importance that includes the 
HLA loci, has been associated with autoimmune disease as well as 
adverse drug events for a variety of therapies (Pirmohamed et al., 
2015). For these reasons, we took a closer look at our results in this 
region, even though they did not reach genome-wide significance. 

The peak in our SPL + MPL GWAS was at rs382259 in the MHC 
class III region, near NOTCH4. This overlaps with a GWAS signal 
for Crohn’s disease (P = 1.4 × 10−9, OR = 2.3), as well as a secondary 
signal for ulcerative colitis chr6: 32,280,470–32,282,252 (IMAGEN 
et al., 2009). It also overlaps with a primary signal for systemic lupus 
erythematosus that was reported in this region (IMAGEN et al., 
2009), however conditional haplotype analyses indicate that the 
signal is tagging the SLE risk allele HLA-DRB1*03:01 (Morris et al., 
2012). The major histocompatibility complex peaks on chromosome 
6 differed between the two studies. The imputed classical HLA 
alleles were not significantly associated after correcting for  
multiple testing.

In conclusion, no common genetic variants or imputed HLA 
alleles were associated (at genome-wide significance) with SPL or 
SPL or MPL in this exploratory analysis of DNA samples collected 
in the DEFINE/CONFIRM pivotal phase 3 clinical trials. Overall, 
we saw no overlap between nonsignificant peak GWAS regions 
observed in this study (Table 4), and the GWAS associated with 

FIGURe 2 | Volcano plot demonstrating differentially expressed genes in baseline RNA samples. FDR, false discovery rate. (a) Patients with severe prolonged 
lymphopenia (n = 42) versus no lymphopenia or mildly reduced lymphocytes (n = 942) and (B) patients with moderate prolonged lymphopenia (n = 149) versus no 
lymphopenia or mildly reduced lymphocytes (n = 942). Sample numbers correspond to Table 4.
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white blood cell counts in published studies (Soranzo et al., 2009; 
Kamatani et al., 2010; Nalls et al., 2011; Reiner et al., 2011; Crosslin 
et al., 2012; Kong and Lee, 2013; Li et al., 2013; Keller et al., 2014). A 
cross-sectional analysis of baseline gene expression profiles did not 
identify any differentially expressed genes that would be clinically 
useful in predicting SPL. This exploratory genome-wide molecular 
profiling analysis has not provided additional insight into the risk 
factors relevant to the development of SPL or MPL in patients treated 
with DMF. These data support current ALC monitoring labeling 
guidelines as the most effective method for identifying patients of 
all ages who may be at risk of developing prolonged lymphopenia.
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TaBLe 4 | Peak association regions in the SPL or MPL GWAS.

SNP allele p Value OR (95% CI) Chromosome Region Gene

rs12249496 A 9.9e−7 2.2 (1.6–3.0) 10 130,670,196–130,686,938
rs17417060 G 1.2e−6 2.1 (1.6–2.9) 10 45,412,777–45,446,791 TMEM72
kgp3442760 A 1.2e−6 1.9 (1.5–2.5) 14 62,635,965–62,652,220 TMEM72-AS1
kgp5383559 A 2.8e−6 2.0 (1.5–2.8) 4 53,586,179–53,739,262 ERVMER34-1  

LOC152578
kgp11318955 A 4.5e−6 1.8 (1.4–2.3) RASL11B

SCFD2
kgp4348860 A 3.5e−6 2.4 (1.7–3.6) 22 28,149,693–28,150,815 MN1
rs870204 A 5.5e−6 2.0 (1.5–2.7) 10 45,458,485 RASSF4
kgp2538268 G 5.6e−6 1.8 (1.4–2.3) 6 19,078,368–19,128,940 LOC101928519

GWAS, genome-wide association study; MPL, moderate prolonged lymphopenia; OR, odds ratio; SNP, single nucleotide polymorphism; SPL, severe prolonged lymphopenia.
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