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Abstract
Objective
To assess functional changes in lymphocyte repertoire and subsequent clinical implications
during delayed-release dimethyl fumarate (DMF) treatment in patients with multiple sclerosis.

Methods
Using peripheral blood from several clinical trials of DMF, immune cell subsets were quantified
using flow cytometry. For some patients, lymphocyte counts were assessed after DMF discon-
tinuation. Incidence of adverse events, including serious and opportunistic infections, was assessed.

Results
In DMF-treated patients, absolute lymphocyte counts (ALCs) demonstrated a pattern of decline
followed by stabilization, which also was reflected in the global reduction in numbers of circu-
lating functional lymphocyte subsets. The relative frequencies of circulatingmemory T- andB-cell
populations declined and naive cells increased. No increased incidence of serious infection or
malignancy was observed for patients treated with DMF, even when stratified by ALC or T-cell
subset frequencies. For patients who discontinued DMF due to lymphopenia, ALCs increased
after DMF discontinuation; recovery time varied by ALC level at discontinuation. T-cell subsets
closely correlated with ALCs in both longitudinal and cross-sectional analyses.

Conclusions
DMF shifted the immunophenotype of circulating lymphocyte subsets. ALCs were closely corre-
lated with CD4+ and CD8+ T-cell counts, indicating that lymphocyte subset monitoring is not
required for safety vigilance. No increased risk of serious infection was observed in patients with low
T-cell subset counts. Monitoring ALC remains the most effective way of identifying patients at risk
of subsequently developing prolongedmoderate to severe lymphopenia, a risk factor for progressive
multifocal leukoencephalopathy in DMF-treated patients.

Trial registration numbers
EUDRA CT 2015-001973-42, NCT00168701, NCT00420212, NCT00451451, and
NCT00835770.
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Delayed-release dimethyl fumarate (DMF) is an oral
treatment approved for patients with relapsing-remitting
multiple sclerosis (RRMS). In patients treated with DMF,
absolute lymphocyte count (ALC) decline typically
occurs within the first year of treatment and stabilizes.1

Early ALC drops have been associated with later de-
velopment of severe, prolonged lymphopenia (ALC <0.5
× 109/L for >6 months) while on treatment; however,
degree of change in ALC is not indicative of response, as
patients with and without lymphopenia demonstrated
similar reductions in relapse rate vs placebo in pivotal
trials.1–3 In addition, no overall increased incidence of
serious infection, including opportunistic infections, was
observed with DMF vs placebo in the controlled pivotal
trials.2–5 Rare cases of progressive multifocal leukoence-
phalopathy (PML) associated with DMF usage have been
reported in the presence of moderate to severe, prolonged
lymphopenia.6

Preliminary data indicate that DMF-associated lymphopenia
results in a shift in immunophenotype, causing a reduction in
circulating central and effector memory T cell number and
concomitant increase in naive T cells.7–9 We present data
from an integrated analysis of long-term data from DMF
clinical studies (BG00012 Monotherapy Safety and Efficacy
Extension Study in Multiple Sclerosis [ENDORSE] in-
tegrated analysis) and 6-month interim findings from a pro-
spective trial (PROCLAIM) to evaluate the early dynamics of
the lymphocyte repertoire and compare patients with long-
term DMF exposure and varying degrees of lymphopenia to
further understand the effect of these changes on the
benefit–risk profile of DMF.

Methods
Study design and participants

PROCLAIM analysis
PROCLAIM (EUDRA CT 2015-001973-42 [clinical-
trialsregister.eu/ctr-search/search?query=2015-001973-42];
6-month interim analysis) is an ongoing, prospective, open-
label, 96-week, phase 3b study evaluating DMF 240 mg
2 times daily (BID) in adult patients aged 18–65 years with
RRMS. Lymphocyte subset dynamics were characterized
within the first 6 months of DMF treatment for patients from
PROCLAIM. Key patient inclusion criteria included age

18–65 years and a RRMS diagnosis (McDonald criteria).10

The main exclusion criteria were previous exposure to
DMF; positive serology for HIV or hepatitis B or C; history
of drug or alcohol abuse within 1 year before screening; any
clinically significant infectious illness within 30 days of
screening; a history of clinically significant comorbid dis-
orders or conditions; leukocytes <3.5 × 109/L, ALC values
≤ lower limit of normal (LLN, 0.91 × 109/L), or alanine
transaminase/serum glutamic pyruvic transaminase or as-
partate transaminase/serum glutamic oxaloacetic trans-
aminase ≥2 × the upper limit of normal at screening; or
exposure to cyclosporine, azathioprine, methotrexate,
mycophenolate mofetil, IV immunoglobulin (Ig), plasma-
pheresis, or another investigational drug within 6 months of
baseline. Patients with ≥6 months of follow-up or who dis-
continued study treatment at any time point were included
in this analysis.

Blood samples were collected at baseline and every 4 weeks
for the first 3 months, followed by every 12 weeks through the
first year, every 24 weeks in the second year, and at the last
follow-up visit, for a total of 104 weeks. An analysis of the
major lymphocyte subsets and functional phenotypes of each
subset was performed to characterize the dynamics of changes
in the immune cell repertoire during early DMF treatment in
patients participating in PROCLAIM who had ≥24 weeks of
follow-up or who discontinued study treatment at any time
point.

The primary endpoint of PROCLAIM is the change
in lymphocyte subsets over the initial 48 weeks of DMF
treatment. Secondary and exploratory endpoints included the
change in ALC and Ig antibodies over 48 weeks of DMF
treatment and safety. Safety was measured by adverse events
(AEs) and serious AEs (SAEs) and based on the 24-week
interim analysis.

ENDORSE integrated analysis
An integrated analysis of the phase 2b study (NCT00168701
[clinicaltrials.gov/ct2/show/NCT00168701]), pivotal phase 3
Efficacy and Safety of Oral BG00012 in Relapsing-Remitting
Multiple Sclerosis (DEFINE) (NCT00420212 [clinicaltrials.
gov/ct2/show/NCT00420212]), Efficacy and Safety Study of
Oral BG00012 With Active Reference in Relapsing-Remitting
Multiple Sclerosis (CONFIRM) (NCT00451451 [clinicaltrials.
gov/ct2/show/NCT00451451]) studies, and the ongoing phase

Glossary
AE = adverse event; ALC = absolute lymphocyte count; CBC = complete blood cell count; CFB = change from baseline;
CONFIRM = Efficacy and Safety Study of Oral BG00012 With Active Reference in Relapsing-Remitting Multiple Sclerosis;
DEFINE = Efficacy and Safety of Oral BG00012 in Relapsing-Remitting Multiple Sclerosis; DMF = delayed-release dimethyl
fumarate; ENDORSE = BG00012 Monotherapy Safety and Efficacy Extension Study in Multiple Sclerosis; Ig = immunoglobulin;
LLN = lower limit of normal;NK = natural killer; PML = progressive multifocal leukoencephalopathy; RRMS = relapsing-remitting
multiple sclerosis; SAE = serious adverse event; Th = T helper.
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3 ENDORSE (NCT00835770 [clinicaltrials.gov/ct2/show/
NCT00835770]) extension study of the DEFINE/CONFIRM
parent studies was conducted to assess long-term data, referred
to as the ENDORSE integrated analysis throughout this article.
Data starting from the first exposure to DMF are included in the
analysis. The data cutoff date for ENDORSE was October 1,
2016. Details about study designs and objectives for DEFINE/
CONFIRM have been published previously.2–4,11

During the ENDORSE extension study, patients who had
received DMF 240 mg BID or 3 times daily in the parent
studies continued with this dosage, and those receiving
placebo (DEFINE/CONFIRM) or glatiramer acetate
(CONFIRM) were re-randomized 1:1 to DMF 240 mg
BID or 3 times daily. Following marketing authorization of
DMF, all patients switched to open label DMF
240 mg BID.

Changes in ALC were assessed using blood samples collected
at baseline and throughout treatment with DMF. ALC data
were collected at baseline and every 4 weeks (phase 2b), every
4 weeks for the first 3 months, and every 12 weeks thereafter
for 2 years (DEFINE/CONFIRM), and at least every 12
weeks for up to 12 years (ENDORSE).

For patients in ENDORSE who discontinued DMF for any
reason, and had an ALC < LLN at their last study visit, blood
samples were collected every 12 weeks for 48 weeks after their
last dose, or until ALC was ≥ LLN, whichever was earlier.
Similar to the on-treatment ALC monitoring schedule, the
introduction of a stopping rule, which required patients to
discontinue treatment if severe, prolonged lymphopenia had
occurred, was introduced after the study had been initiated
and was applied retrospectively, thus the on-treatment dura-
tion of lymphopenia varies for patients who discontinued
therapy with DMF and remained on-treatment for ALC fol-
low-up.

The ENDORSE integrated analysis of lymphocyte subsets
is cross-sectional in nature, and the first samples for the
exploratory subset analysis were collected after all active
patients had been in ENDORSE for at least ;4 years. For
this analysis, patients with an ALC ≥ LLN had a single
blood sample taken, patients with an ALC >0.5 to 0.91 ×
109/L had blood samples collected every 12 weeks, and
patients with an ALC ≤0.5 × 109/L had blood samples
collected every 4 weeks. This cross-sectional analysis was
performed using blood samples from the first time point
that both hematology and flow cytometry were performed.
Thus, the actual duration of DMF exposure varies for each
patient.

The primary objective of ENDORSE is to evaluate the long-
term safety profile of DMF. Exploratory objectives include
evaluating the effects of DMF on lymphocyte subsets, as well
as describing lymphocyte reconstitution after discontinuation
of DMF.

Hematology and flow cytometric analyses
ALC were measured by routine clinical laboratory studies
using complete blood count (CBC) differential procedure.
Immune cell subsets were quantified in whole blood
by multiparameter flow cytometry analysis (table e-1;
doi.org/10.5061/dryad.d065rr9). Fluorescence-activated
cell scanning assays were designed based on Human Immu-
nophenotyping Consortium–recommended standardized
immunophenotyping panels12 and were optimized and
validated for whole blood sample analysis with sample
stability in sodium heparin vacutainers established for up
to 48–72 hours post collection (table e-2; doi.org/10.
5061/dryad.d065rr9). Data acquisition was performed by
LabCorp Clinical Trials on a BD FACSCanto II (BD
Biosciences, San Jose, CA) flow cytometer.

Statistical analysis

PROCLAIM
For the longitudinal PROCLAIM analysis, the change
in lymphocyte subsets during DMF treatment over 24 weeks
and the median (25%, 75% quartiles) percentage change from
baseline at week 24 were calculated. The corresponding p
values were calculated using Wilcoxon signed rank test. Mean
and standard error were calculated for Ig antibodies.

ENDORSE integrated analysis
A comprehensive analysis of the safety profile of DMF was
assessed for patients in the ENDORSE integrated analysis
with the use of descriptive statistics for the safety population
(all patients who received ≥1 dose of the study drug) to
calculate incidence of AEs and SAEs.

Change in ALC over time also was assessed for the EN-
DORSE integrated analysis, but only included patients with
a baseline ALC, and ≥1 ALC recorded during treatment.
Moderate, prolonged lymphopenia was defined as ALC
0.5–<0.8 × 109/L for ≥6 months and severe, prolonged
lymphopenia as ALC <0.5 × 109/L for ≥6 months. The
assessment of lymphocyte subsets was limited to only
patients in ENDORSE. Patients were analyzed according to
ALC category. The correlation between ALC and CD4+ and
CD8+ T-lymphocyte counts was assessed using Pearson and
Spearman correlation coefficients.

For the analysis of ALC following DMF discontinuation,
patients were eligible for inclusion in the analysis if they had
≥1 ALC recorded following the discontinuation of DMF,
regardless of reason for discontinuation.

Standard protocol approvals, registrations,
and patient consents
Studies were approved by the relevant institutional review
board for each study site, and each study was conducted in
accordance with the Declaration of Helsinki, International
Conference of Harmonisation–Good Clinical Practice
guidelines, and all applicable laws and regulations. All
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participants provided written informed consent before study
procedures.

Data availability
PROCLAIM, the phase 2b study, DEFINE, CONFIRM, and
ENDORSE were registered with ClinicalTrials.gov (EUDRA
CT 2015-001973-42, NCT00168701, NCT00420212,
NCT00451451, and NCT00835770). Requests for data sup-
porting this article should be submitted to the Biogen Clinical
Data Request Portal (biogenclinicaldatarequest.com).

Results
Demographic and baseline
clinical characteristics
For the PROCLAIM analysis of the first 6 months of DMF
treatment, 163 patients were included in the interim analysis
(table 1). Demographic and baseline characteristics for the
2,513 patients were broadly consistent among all 4 studies in
the ENDORSE integrated analysis, as previously
presented.2–4,11 Patients in PROCLAIM were older com-
pared with those in DEFINE/CONFIRM; 62% of patients in
PROCLAIM were aged ≥40 years at the time of enrollment,
compared with 46% in the ENDORSE integrated analysis.
The mean (SD) duration of DMF treatment was 30.2 (10.3)
weeks for patients in PROCLAIM and 201 (154) weeks for
the ENDORSE integrated analysis.

Lymphocytes

Monitoring of ALCs
For the ALC analysis, 2,470 patients had ≥1 postbaseline ALC
value and therefore were included in the ENDORSE in-
tegrated analysis. The pattern of initial decline followed by
stabilization of ALC after week 24 was generally maintained
during 10 years of follow-up in ENDORSE, and the majority
(60.2%) of patients remained > LLN (0.91 × 109/L; figure
1A). Patients with moderate, prolonged lymphopenia
remained on treatment for mean (SD) of 4.0 (2.3) years; 2.9
(1.7) years for patients with severe, prolonged lymphopenia.

In PROCLAIM, median ALC was 1.82 × 109/L at baseline
and 1.24 × 109/L at week 24, representing a median −33.6%
change from baseline (figure 2), with reductions observed as
early as week 4. Patients will continue to be followed through
year 2 to assess the long-term dynamics of ALC.

Dynamics of lymphocyte subset changes during early
DMF treatment
In PROCLAIM, the number of circulating major lymphocyte
subsets declined following initiation of DMF treatment,
consistent with the decline in ALC (figure 2). B-cell counts
initially experienced the greatest rate and proportion of de-
cline, detected as early as 4 weeks after initiation of treatment
(−10.4% median change from baseline [CFB], p < 0.0001),
before reaching their nadir after 12 weeks (−29.9% median
CFB, p < 0.0001), remaining below baseline. By week 8,

reduced circulating numbers of CD4+ and CD8+ T and nat-
ural killer (NK) cells were observed (median CFB, p value:
−12.6%, p < 0.0001; −16.4%, p < 0.0001; and −6.1%, NS).
Consistent with the pattern in B cells, the decline in NK cell
counts appeared to stabilize after 12 weeks (−11.2% median
CFB, p = 0.001), remaining below normal, whereas CD4+ and
CD8+ T cell counts continued to decline from baseline
through week 24 and CD8+ T cells had the greatest median
percentage reduction. By week 24, evidence of a dispropor-
tionate effect on T-cell subsets was observed; CD8+ T cells
demonstrated a 25% greater relative decline than CD4+

T cells from baseline (CD8+: −44%; CD4+: −33%, p <
0.0001). Monocyte and granulocyte cell counts significantly
increased during the first 24 weeks of treatment, though only
slightly (<10%, p < 0.001).

Each major lymphocyte subset (T, B, and NK cells) was
further characterized by refined immunophenotyping of
functional subsets as depicted in figure 3. As expected, a re-
duction in the absolute counts of functional subsets was ob-
served at week 24, with the greatest median percentage
reduction from baseline in T- and B-cell memory populations
and the least effect on naive T- and B-cell subsets (figure 3).
While the greatest median percentage reduction by 24 weeks
was observed in CD138+ plasma cells (−100%, p < 0.0001),
this also is the most difficult population to reliably and ac-
curately measure due to normally very low circulating num-
bers.13 However, the overall reduction in the terminally
differentiated plasma cell population is supported by the
concomitant reduction of circulating CD27+ memory B cells,
both nonclass-switched (CD27+IgD+) and class-switched
(CD27+IgD−) subsets. Notably, among T cells, the greatest
median percentage reduction by week 24 was observed in the
memory T-cell compartment: central memory (CD45RA−/
CCR7+) CD8+ T cells (−73%, p < 0.0001), effector memory
(CD45RA−/CCR7−) CD8+ T cells (−65%, p < 0.0001), and
effector memory (CD45RA−/CCR7−) CD4+ T cells (−61%,
p < 0.0001). Substantial reductions in absolute counts of T
helper (Th) 1 (CXCR3+/CCR6−) and Th17 (CXCR3−/
CCR6+) CD4+ T cells also were observed compared with the
Th2-enriched population (CXCR3−/CCR6−). The numbers
of naive (CD45RA+/CCR7+) CD4+ (−7%, NS) and CD8+

(−29%, p < 0.0001) T cells, as well as naive regulatory
(CD25+/CD127low/−) CD4+ T cells (0%, p < 0.05), were
least affected by DMF treatment by week 24. Interestingly,
only 2 populations expanded during DMF treatment by week
24: the numbers of transitional (CD24highCD38high) B cells
(+29%, p < 0.0001) and CD56bright NK cells (+25%, p <
0.0001).

In addition to assessing the changes in lymphocyte subset
numbers, the functional composition of the remaining lym-
phocyte repertoire was evaluated by assessing the relative
proportions of each subset population. Within both CD4+

and CD8+ T-cell compartments, at week 24, there was a sig-
nificant relative decrease in the proportion of central mem-
ory and effector memory phenotypes and a corresponding
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significant increase in the naive phenotype (figure 4, A and B).
While the proportion of effector CD8+ T cells was only
slightly reduced by week 24, the proportion of CD8+ T cells
with an activated phenotype (CD38+HLA-DR+) signifi-
cantly increased compared with baseline (51%, median CFB,
p < 0.0001). Similarly, the proportion of CD4+ T cells with an

activated phenotype (CD38+HLA-DR+) also increased
(17% median CFB at week 24, p < 0.0001). Importantly, the
relative proportion of the total regulatory T cells among the
CD4+ T-cell population was stable during DMF treatment
(7.7% median CFB at week 24, p < 0.0001) (figure 4C). Corre-
spondingly, there was a relative decline in the proinflammatory

Table 1 Patient demographics and disease characteristics

Characteristic PROCLAIM, n = 163
ENDORSE integrated analysis,
n = 2,513

Age, y, mean (SD) 43 (11) 38 (9)

Age ≥40 y, n (%) 101 (62) 1,167 (46)

Female, n (%) 113 (69) 1,764 (70)

Body mass index, mean (SD) 28 (8) 25 (9)

Country, n (%)

Region 1a 68 (42) 388 (15)

Region 2b 1 (<1) 681 (27)

Region 3c 94 (58) 1,444 (57)

Baseline lymphocyte level (× 109/L), mean (SD)d

Lymphocytes 1.8 (0.7) 1.3 (0.7)

T cells 1.3 (0.5) 0.9 (0.5)

CD4+ T cells 0.9 (0.4) 0.6 (0.4)

CD8+ T cells 0.4 (0.2) 0.2 (0.2)

B cells 0.2 (0.2) 0.2 (0.3)

NK cells 0.2 (0.1) 0.2 (0.1)

Time since MS diagnosis, y, mean (SD) 7.0 (6.7) 5.5 (5.3)

No. of relapses in prior year, mean (SD) 0.8 (0.8) 1.3 (0.7)

Baseline EDSS score, mean (SD) 2.8 (1.5) 2.5 (1.3)

Baseline EDSS score >2.0, n (%) 91 (56) 1,291 (51)

Duration of treatment, wk, mean (SD) 30.2 (10.3) 201 (154)

Any prior DMT, n (%) 112 (69) 814 (32)

Prior MS treatment, n (%)

Glatiramer acetate 43 (26) 129 (5)

Interferon-β-1a 50 (31) 412 (16)

Interferon-β-1b 25 (15) 203 (8)

Natalizumab 8 (5) 34 (1)

Other 43 (38) 379 (15)

Abbreviations: DMT = disease-modifying therapy; EDSS = Expanded Disability Status Scale; ENDORSE = BG00012 Monotherapy Safety and Efficacy Extension
Study in Multiple Sclerosis; MS = multiple sclerosis; NK = natural killer.
Demographics are shown at baseline for PROCLAIM and the last visit on or before the first exposure to dimethyl fumarate for the integrated analysis.
a Region 1 includes United States (including Puerto Rico).
b Region 2 includes Western European countries (Austria, Belgium, France, Germany, Greece, Ireland, Italy, Netherlands, Spain, Sweden, Switzerland, and
United Kingdom), Australia, Canada, Costa Rica, Israel, New Zealand, and South Africa. PROCLAIM patients were from Belgium only, within Region 2.
c Region 3 includes Eastern European countries (Belarus, Bosnia and Herzegovina, Bulgaria, Croatia, Czech Republic, Estonia, Hungary, Latvia, Macedonia,
Moldova, Poland, Romania, Russia, Serbia, Slovakia, Turkey, and Ukraine), Guatemala, India, and Mexico. PROCLAIM patients were from Bulgaria, Lithuania,
or Poland only, within Region 3.
d n = 745 patients for the ENDORSE integrated analysis; data summarized are at the first visit with flow cytometry collected after flow cytometry was added to
study as amendment.
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Th1 and Th17 subsets (figure 4C) and an increase in the
Th2-enriched phenotype. Among the B-cell compartment,
the relative proportion of transitional and naive B cells
increased while nonclass switched (IgD+) and class
switched (IgD−) memory B-cell subsets significantly de-
creased from baseline to week 24 (figure 5A). Finally, in
the immunoregulatory CD56bright NK cell population,
there was both an absolute (25% median CFB, p < 0.0001)
and relative (87% median CFB at week 24, p < 0.0001)
increase (figures 3 and 5B). Overall, DMF treatment
appears to selectively modulate proinflammatory and
antigen-experienced lymphocytes, with many of these
changes observed as early as 4 weeks after DMF initiation.
In a parallel assessment, intracellular cytokine staining was

also performed. Due to the analytical variability of the
data, these findings are not shown and were not statisti-
cally significant; however, the patterns observed were
consistent with the cell chemokine receptor-defined
T-helper subtypes identified by cell surface staining (e.g.,
CXCR3).

Lymphocyte subsets by ALC count during long-
term DMF treatment
To assess the long-term effects of DMF on lymphocyte
function, as well as to identify any differences in patients with
prolonged lymphopenia, a cross-sectional analysis was con-
ducted in ENDORSE patients with at least 4 years of DMF
exposure. At the time of the first flow cytometry sample, the

Figure 1 Absolute lymphocyte counts (ALCs) over 8 years of dimethyl fumarate (DMF) treatment and lymphocyte subsets
by ALC categories

(A) ALCs over 8 years of DMF treatment. Mean (± SE) and 95% confidence intervals (CIs) are presented (n = 2,470). Lower limit of normal (LLN) (0.91 × 109/L) is
signified by the dotted line. aData not presented for <10 patients. (B) Lymphocyte subsets by ALC categories CD4+ LLN = 0.2 × 109/L; CD8+ LLN = 0.1 × 109/L.
Median (values inside the bars) and 95% CIs are presented. Data were stratified by all ALCs collected during the study (ALC 0.5 to <0.8 × 109/L for ≥6 months
[moderate, prolonged lymphopenia]; ALC <0.5 × 109/L for ≥6 months [severe, prolonged lymphopenia]; ALC always ≥0.91 × 109/L [always ≥ LLN]). Patients
were categorized as having moderate to severe prolonged lymphopenia if they met these criteria at any time during the study. NK = natural killer.
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mean (SD) exposure to DMF was 6.6 (1.3) years for patients
with moderate, prolonged and 6.0 (1.3) years for severe,
prolonged lymphopenia. Patients with prolonged moderate
(n = 145) or severe lymphopenia (n = 26), had lower ab-
solute cell counts of CD4+ and CD8+ T-, B-, and NK cell
subsets compared with patients with ALC always above
normal (n = 372, figure 1B). Importantly, there was a high
correlation between CD4+ counts and ALC and CD8+

counts and ALC (Spearman correlation coefficient, 0.90 and
0.81, respectively). Of note, the majority (>50%) of patients
with severe, prolonged lymphopenia had CD4+ and CD8+

T-cell counts below 0.2 × 109/L and 0.1 × 109/L, re-
spectively (median, CD4+ T-cell count: 0.135 × 109/L and
CD8+ T-cell count: 0.055 × 109/L).

The functional phenotypes for each major lymphocyte
subset also were assessed across ALC categories. Overall, the
changes to the functional composition of the T-, B-, and NK
cell compartments observed early in DMF treatment in
PROCLAIMwere consistent in patients with long-termDMF
exposure in ENDORSE. In an ALC-dependent manner, the
relative proportion of the CD4+ and CD8+ central memory
T cells declined (table e-3; doi.org/10.5061/dryad.d065rr9)
while the proportion of activated CD4+ and CD8+ T cells
increased. Within the B-cell compartment, the proportions of
transitional and naive B cells increased, while memory B-cell
subsets declined further in an ALC-dependent manner. In
addition, the proportion of CD56bright and CD56dim NK cells
increased in an ALC-dependent manner. Importantly, across

Figure 2 Immune cell repertoire changes over 24 weeks of dimethyl fumarate (DMF) treatment in PROCLAIM

For each box plot, the top and bottom box edges corre-
spond to the first and third quartiles, n = 163. The black line
inside the box represents the median. The top and bottom
whisker lines mark the maximum and minimum values of
the dataset, respectively. Dotted lines represent lower limit
of normal (LLN) (for those subsets with established cutoff
values). Absolute lymphocyte count (ALC) LLN = 0.91 × 109/L;
CD4+ LLN = 0.2 × 109/L; CD8+ LLN = 0.1 × 109/L.7,26 the cor-
responding p values were calculated usingWilcoxon signed-
rank test. Significant p values are marked with asterisks (*p
< 0.05 vs baseline; **p < 0.01 vs baseline; ***p < 0.001 vs
baseline; ****p < 0.0001 vs baseline). NK = natural killer.
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all ALC categories during long-term treatment with DMF, there
is a sustained maintenance or increase in the relative proportion
of immunoregulatory cells: this includes CD4+ regulatory T,
CD56bright NK, and potentially transitional B cells, which have
a phenotype that overlaps with IL-10+ B cells, which have been
speculated to be implicated in regulatory function.14

Interestingly, there were some substantial divergences in the
functional immune repertoire specifically among patients with
severe, prolonged lymphopenia. Notably, the proportion of
naive CD4+ and CD8+ T cells declined, while the proportion
of CD4+ and CD8+ effector memory, CD8+ effector, effector
regulatory T, and Th1 T cells increased only among patients
with severe, prolonged lymphopenia.

Median percentage changes from baseline in
absolute counts and levels of Ig antibodies
Despite changes in the circulating B-cell repertoire with DMF
treatment, there was little to no effect on IgM, IgA, IgG, and

IgG subclasses 1–4 levels by 24 weeks, which remained stable
throughout the observation period (figure e-1 and table e-4;
doi.org/10.5061/dryad.d065rr9).

Safety

On-treatment clinical implications of lymphopenia
For patients who were exposed to DMF for up to 10 years
(10,196 total patient-years), the rate of serious infection, herpes
zoster infection, and malignancy in the ENDORSE integrated
analysis was low overall, and similar across groups when
patients were stratified by on-treatment ALC levels (table 2).
Likewise, no increased incidence of serious infections or herpes
zoster was observed between groups when stratified by on-
treatment CD4+ and CD8+ T-cell counts (table 2). One op-
portunistic infection (a fatal case of PML) occurred in the
setting of severe lymphopenia (ALC range, 0.3–0.6 × 109/L) of
3.5 years’ duration and has been previously reported5; there
were no other opportunistic infections reported to date.

Figure 3 Absolute count median percentage change of immune subsets from baseline to week 24 in PROCLAIM

For each box plot, the top and bottom box edges correspond to Q1 and Q3. The black line inside the box represents themedian. The corresponding p values
were calculated using Wilcoxon signed-rank test. Significant p values are marked with asterisks (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001). Ig =
immunoglobulin; NK = natural killer; Q = quartile; Th = T helper.
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Figure 4 Proportions of T-cell subsets during early (PROCLAIM) and long-term (ENDORSE integrated analysis) dimethyl
fumarate (DMF) treatment

PROCLAIM (n = 163) and the BG00012
Monotherapy Safety and Efficacy Ex-
tension Study in Multiple Sclerosis
(ENDORSE) integrated analysis (n =
694) are shown. For each box plot, the
top and bottom box edges corre-
spond to the first and third quartiles.
The black line inside the box repre-
sents themedian. The top and bottom
whisker lines mark the maximum and
minimum values of the dataset, re-
spectively. For PROCLAIM (shaded
white), the box plots represent the
longitudinal trajectory in lymphocyte
subsets during early treatment (from
baseline [BL] to week 24 [W24]). For
the ENDORSE integrated analysis
(shaded gray), the box plots represent
the cross-sectional observations in
lymphocyte subsets in patients who
had been exposed to DMF for ;5
years, stratified by absolute lympho-
cyte count (ALC) category. For the
ENDORSE integrated analysis, data
were stratified by ALC categories (ALC
always ≥0.91 × 109/L [≥lower limit of
normal (LLN)]; ALC <0.8–0.5 × 109/L for
≥6 months [moderate, prolonged
lymphopenia, <0.8–0.5]; ALC <0.5 ×
109/L for ≥6 months [severe, pro-
longed lymphopenia, <0.5]). Patients
were categorized as having moderate
to severe prolonged lymphopenia if
they met these criteria at any time
during the study. p values were cal-
culated using Wilcoxon signed-rank
test, compared the absolute change in
relative proportion of lymphocyte
subsets at week 24 with baseline for
PROCLAIM, were calculated using
a pairwise 2-sample Wilcoxon test,
and compared the absolute change in
relative proportion of lymphocyte
subsets for moderate and severe,
prolonged lymphopenia compared
with ALCs ≥ LLN for the BG00012
Monotherapy Safety and Efficacy Ex-
tension Study in Multiple Sclerosis
(ENDORSE) integrated analysis. Sig-
nificant p values are marked with
asterisks (*p < 0.05; **p < 0.01; ***p <
0.001; ****p < 0.0001) vs baseline for
PROCLAIM week 24 or vs ≥ LLN for
ENDORSE integrated analysis ALC
categories. (A) Naive CD4+ T cells
(CD4+/CD45RA+/CCR7+), effector CD4+

T cells (CD4+/CD45RA+/CCR7−), central
memory CD4+ T cells (CD4+/CD45RA−/
CCR7+), effector memory CD4+ T cells
(CD4+/CD45RA−/CCR7−), and activated
CD4+ T cells (CD4+/CD38+/HLA-DR+).
(B) Naive CD8+ T cells (CD8+/CD45RA+/
CCR7+), effector CD8+ T cells (CD8+/
CD45RA+/CCR7−), central memory
CD8+ T cells (CD8+/CD45RA−/CCR7+),
effector memory CD8+ T cells (CD8+/
CD45RA−/CCR7−), and activated CD8+

T cells (CD8+/CD38+/HLA-DR+). (C) Na-
ive regulatory T cells (CD4+/CD25+/
CD127low/-/CD45RO−), effector regu-
latory T cells (CD4+/CD25+/CD127low/
CD45RO+), Th1 phenotype (CD4+/
CXCR3+/CCR6−), Th2-enriched pheno-
type (CD4+/CXCR3−/CCR6−), and Th17
phenotype (CD4+/CXCR3−/CCR6+).
Th = T helper.
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Figure 5 Proportions of immune cell subsets during early (PROCLAIM) and long-term (ENDORSE integrated analysis)
dimethyl fumarate (DMF) treatment

PROCLAIM (n = 163) and the BG00012 Monotherapy Safety and Efficacy Extension Study in Multiple Sclerosis (ENDORSE) integrated analysis (n = 694) are
shown. For each box plot, the top and bottom box edges correspond to the first and third quartiles. The black line inside the box represents the median. The
top and bottomwhisker linesmark themaximumandminimumvalues of the dataset, respectively. For PROCLAIM (shadedwhite), the box plots represent the
longitudinal trajectory in lymphocyte subsets during early treatment (from baseline [BL] to week 24 [W24]). For the ENDORSE integrated analysis (shaded
gray), the box plots represent the cross-sectional observations in lymphocyte subsets in patients who had been exposed to DMF for ;5 years, stratified by
absolute lymphocyte count (ALC) category. For the ENDORSE integrated analysis, datawere stratified byALC categories (ALC always ≥0.91 × 109/L [≥lower limit
of normal (LLN)]; ALC <0.8–0.5 × 109/L for ≥6months [moderate, prolonged lymphopenia, <0.8–0.5]; ALC <0.5 × 109/L for ≥6months [severe, prolonged lymphopenia,
<0.5]). Patientswerecategorizedashavingmoderate to severe,prolonged lymphopenia if theymet thesecriteriaat any timeduring thestudy.p valueswerecalculated
usingWilcoxon signed-rank test, compared the absolute change in relative proportionof lymphocyte subsets atweek 24with baseline for PROCLAIM,were calculated
using a pairwise 2-sample Wilcoxon test, and compared the absolute change in relative proportion of lymphocyte subsets for moderate and severe, prolonged
lymphopenia compared with ALCs ≥ LLN for the ENDORSE integrated analysis. Significant p values aremarkedwith asterisks (*p < 0.05; **p < 0.01; ***p < 0.001;
****p < 0.0001) vs baseline for PROCLAIM week 24 or vs ≥LLN for ENDORSE integrated analysis ALC categories. (A) Transitional B cells (CD19+/CD24hi/CD38hi),
naive B cells (CD19+/CD27−/IgD+), IgD+ memory B cells (non-class switched) (CD19+/CD27+/IgD+), IgD− memory B cells (class switched) (CD19+/CD27+/IgD−),
plasmablasts (CD19+/CD27++/CD38++), and CD138+ plasma cells (CD19+/CD27++/CD38++/CD138+). (B) CD4+ T cells (CD3+/CD4+), CD8+ T cells (CD3+/CD8+), B cells
(CD19+), CD56bright natural killer (NK) cells (CD19−/CD3−/CD16+/CD56hi), and CD56dim NK cells (CD19−/CD3−/CD16+/CD56low). Ig = immunoglobulin.
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The safety profile AEs (in 79% of patients) and SAEs (in 4%
of patients) in PROCLAIM were consistent with the known
safety profile of DMF.2,3,6 As of the 6-month follow-up, no
opportunistic infections or serious infections have been
reported during the study, though duration of exposure is
limited.

Lymphocyte discontinuation and reconstitution in the
integrated analysis of ENDORSE
Limited data are available to assess the reconstitution
of lymphocytes after discontinuation of DMF. In an analysis
of patients with ≥1 ALC <0.8 × 109/L while on treatment with
DMF (excluding patients with <0.5 × 109/L for ≥6 months),
and ≥1 ALC after DMF discontinuation (n = 207), the ma-
jority of patients achieved an ALC of ≥0.8 × 109/L (82%) or
0.91 × 109/L (LLN; 68%) after DMF discontinuation; 63%
and 53% of these patients reached those levels within 4–5
weeks (table 3). However, it was not possible to
assess lymphocyte subset reconstitution for these patients, as
data were limited.

Patients with severe, prolonged lymphopenia were analyzed
separately due to the prolonged duration of lymphopenia
while on treatment with DMF. Once these 49 patients had an
ALC <0.5 × 109/L for 6 months, they continued to receive
treatment with DMF for a mean of 2.9 years before dis-
continuing therapy. This duration of lymphopenia was pro-
longed relative to current clinical practice due to amendments
to prescribing guidelines. However, of these patients, 15 had
≥3 separate measurements of T-cell subsets recorded after
discontinuation of DMF. Of the 15 patients with data avail-
able, select individual patient plots to describe the re-
constitution of T-cell subsets in the context of ALC

reconstitution are presented (figure e-2; doi.org/10.5061/
dryad.d065rr9). The high correlation observed between ALC
and T-cell subsets while on treatment may suggest a persistent
effect following discontinuation; however, due to the spon-
taneity of collection and small patient numbers, it was not
feasible to do a correlative analysis and this could not be
confirmed.

Discussion
These findings from a total of 2,633 DMF-treated patients
with RRMS in 2 clinical trials, some of whom had long-term
treatment with DMF, continue to reflect the well-described
pattern of lymphocyte count decline followed by stabilization
and corroborate previous smaller studies reporting reductions
in circulating lymphocyte subsets corresponding with ALC
decline early in the course of treatment,1,7–9,15,16 further
demonstrating a maintenance of these changes during long-
term treatment. These data indicate that subset changes are
closely aligned with the dynamics of overall ALC change, and
specifically demonstrate a strong correlation between ALC
levels and T-cell subset counts, which underscores the clinical
utility and sufficiency of monitoring ALC levels by a routine
CBC during DMF treatment.

CD8+ T cells demonstrated a greater relative decline com-
pared to CD4+ T cells, in line with previous observations.17 It
has been well-described that CD8+ T lymphocytes are critical
for cell-mediated antiviral immunity.7,18 However, with the
exception of rare PML in the setting of moderate to severe,
prolonged lymphopenia observed in clinical trial and real-
world settings, the data from this large population of clinical

Table 2 Incidence of infection, malignancy, and herpes zoster by absolute lymphocyte count (ALC) category and by CD4+

and CD8+ T-cell subset count in the long-term ENDORSE integrated analysis

ALC category CD4+ CD8+

Total
<0.5 × 109/L
for ≥6 mo

≥0.5 to <0.8 × 109/L
for ≥6 moa

< LLN at
any timeb

Always
≥ LLN

≤0.2 ×
109/L

>0.2 ×
109/L

≤0.1 ×
109/L

>0.1 ×
109/L

Patients, n 53 232 678 1,489 61 748 189 620 809

Patient-years 301 1,406 3,310 5,133 412 5,235 1,320 4,327 5,647

Serious infection/
patient-years

0.02 <0.01 0.01 0.01 0.01 <0.01 <0.01 <0.01 <0.01

Opportunistic infection/
patient-years

<0.01 0 0 0 0 0 0 0 0

Malignancy/patient-
years

<0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Herpes zoster/patient-
yearsc

0.01 0.01 <0.01 <0.01 0.02 <0.01 0.02 <0.01 <0.01

Abbreviations: ENDORSE = BG00012 Monotherapy Safety and Efficacy Extension Study in Multiple Sclerosis; LLN = lower limit of normal.
Incidencewas calculated as the number of patients with certain adverse events divided by the total patient-years of follow-up. Patient-year = sum (last date in
study − date of first exposure to delayed-release dimethyl fumarate + 1)/365.25.
a Excludes <0.5 × 109/L for ≥6 months.
b Excludes <0.8 × 109/L for ≥6 months.
c No herpes zoster case qualified as an opportunistic infection.
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trial patients treated for many years with DMF did not
demonstrate any increased incidence of serious infection or
opportunistic infection, regardless of ALC or T-cell subset
levels.

These datasets also confirm that DMF shifts the immune
repertoire of circulating T and B cells, resulting in a relative

expansion of naive and immunoregulatory cells.1,7–9,15,19 The
relative proportion of the total regulatory T cells among the
CD4+ T-cell population was stable during DMF treatment,
suggesting that an appropriate T-reg:T-effector ratio would be
maintained to support immune tolerance mechanisms. In-
terestingly, there also was a relative increase in the activation
status of CD8+ and CD4+ T cells. The increased activation

Table 3 Demographic and clinical characteristics for patients in the ENDORSE integrated analysis who discontinued
dimethyl fumarate (DMF), stratified by lymphocyte levels

ALC <0.8 × 109/L any time,a

n = 207
ALC <0.5 × 109/L for ≥6 mo,
n = 49

Baseline characteristics

Age, y, mean (SD) 38 (9) 44 (8)

Baseline ALC × 109/L, mean (SD) 1.70 (0.47) 1.64 (0.41)

On DMF

Baseline to last ALC on or before DMF discontinuation or
interruption (mean percent change in ALC)

−40% −70%

Duration of DMF exposure, mo

Mean (SD) 45 (27) 64 (21)

Median (min, max) 40 (3, 117) 63 (16, 97)

ALC on or before DMF discontinuation, × 109/L, median (min, max) 0.85 (0.29, 3.08) 0.43 (0.26, 0.91)

Rate of serious infection/patient-years 0.017 0.008

After discontinuation of DMF

Duration of follow-up post-DMF, mo, mean (SD) 2.0 (3.3) 8.1 (6.2)

Last ALC recorded during follow-up post-DMF, × 109/L, mean (SD) 1.10 (0.39) 0.71 (0.20)

Relapses during recovery period, mean (SD) 0.1 (0.3) 0.3 (0.7)

Patients with no relapse during recovery period, n (%) 198 (96) 39 (80)

Maximum ALC recorded during follow-up post DMF, × 109/L, mean (SD)

≥0.8 × 109/L, n (%) 170 (82) 19 (39)

Time to recorded ALC ≥0.8 × 109/L, wk, medianb 3.57 35.4

Minimum ALC recorded on DMF: <0.5 × 109/L, n/N (%) 40/170 (19) 19/19 (100)

Minimum ALC recorded on DMF: 0.5 2 <0.8 × 109/L, n/N (%) 130/170 (63) 0

≥0.91 × 109/L 141 (68) 13 (27)

Time to recorded ALC ≥0.91 × 109/L, wk, medianb 4.57 N/A

Minimum ALC recorded on DMF: <0.5 × 109/L, n/N (%) 31/141 (15) 13/13 (100)

Minimum ALC recorded on DMF: 0.5 2 <0.8 × 109/L, n/N (%) 110/141 (53) 0

Serious infection/patient-years during untreated periodc 0.089 0.057

Abbreviations: ALC = absolute lymphocyte count; ENDORSE = BG00012 Monotherapy Safety and Efficacy Extension Study in Multiple Sclerosis.
Values aremean (SD) unless otherwise indicated. Patient-year = sum (last date in study – date of first exposure to DMF +1)/365.25. Incidencewas calculated as
the number of patients with certain adverse events divided by the total patient-years of follow-up. The population was restricted to ≥1 ALC record post-DMF
discontinuation (deferring to only 1 ALC record if 2 or more ALCs recorded on the same day). Of the patients with ALC < 0.5 × 109/L for ≥6months, 1 received
interferon-β-1a, 1 received interferon-β-1b, 1 received teriflunomide, and 1 received fampridine.
a Excludes <0.5 × 109/L for ≥6 months.
b Estimates for the median (50%) of time ALC < values noted were obtained from a Kaplan-Meier curve.
c During the recovery period, 29/207 (14%) of patients with ALC <0.8 × 109/L received an alternate DMF. Of those, 11 received interferon-β-1a, 4 received
alemtuzumab, 4 received teriflunomide, 3 received fingolimod, 2 received dimethyl fumarate, 2 received natalizumab, 2 received rituximab, and 1 received
glatiramer acetate.
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status of CD4+ and CD8+ T cells may reflect increased ho-
meostatic expansion.20–23 This increase in an “activated”
phenotype is likely indicative of active immune reconstitution
in response to the decline in T cells in patients treated with
DMF. Notably, the most significant decline during exposure
to DMF appears to be on CD8+ central memory, CD8+ and
CD4+ effector memory T cells, and class-switched memory
B cells, which may explain why no increased incidence of
infection was observed in DMF-treated patients. This DMF-
mediated shift to an anti-inflammatory state may lead to
improvements in disease activity, similar to what has been
noted for the B-cell compartment.19 These relative changes
are observed regardless of absolute cell counts or ALC cate-
gory. Because clinical data suggest the presence of lympho-
penia is not required for MS relapse-reduction efficacy, the
level of ALC reduction or prolonged lymphopenia is not likely
to be the primary mechanistic driver of DMF; the contribu-
tory effects of cumulative subset-specific changes must still be
further explored. While some research has been done to
propose specific mechanisms responsible for immune cell
loss,7,8,15,24,25 there are likely multiple mechanisms of action
for DMF, as well as patient-intrinsic factors, that are currently
not well-understood and lead to the heterogeneous effect of
DMF on the immune system.

Despite challenges to collecting data in patients after discon-
tinuation from study drug as the majority of patients dis-
continuing study drug simultaneously discontinue the clinical
trial, this dataset provides the first opportunity to describe post-
DMF ALC dynamics in a population of >200 patients. Fol-
lowing DMF treatment discontinuation in patients with
moderate lymphopenia while on treatment, lymphocyte
counts generally increased over time. Most patients achieved
an ALC >0.8 × 109/L approximately 1 month after discon-
tinuation. By contrast, the time to reconstitution was longer
for patients with severe, prolonged lymphopenia, likely due
to the longer time that the patients had severe, prolonged
lymphopenia while on treatment. The increase in the pro-
portion of CD4+ and CD8+ effector memory, CD8+ effector,
effector regulatory T, and Th1 T cells only among patients
with severe, prolonged lymphopenia, together with the in-
crease in activated T, transitional B, and CD56bright NK cells,
likely reflect the active dynamics of attempted immune
system reconstitution during a chronically lymphopenic
state.

The current analysis was subject to inherent limitations as-
sociated with integrating data from trials that may have im-
portant differences in design, patient population, data
extraction procedures, and statistical methodology. In addi-
tion, patients enrolled into clinical trials may not fully reflect
patients treated in clinical practice, thus continued use of
DMF in a real-world population will further describe the
benefit–risk profile of DMF. Despite these limitations, amal-
gamating patient data for this integrated analysis provided an
increased sample size and provided consistent observed
outcomes.

Taken together, these data provide critical context for the
clinical implications of T-cell subset changes in DMF-treated
patients and taken together with the strong correlation be-
tween ALC and T-cell subsets, continue to support that ad-
ditional monitoring of T-cell subsets is not required or
necessary for safety surveillance in routine clinical practice for
patients treated with DMF. The results of these analyses re-
inforce initial observations documenting the immunomodu-
latory effects of DMF on lymphocyte subsets. Most
importantly, the safety profile of DMF in these studies is
consistent with its known effects in adult patients with re-
lapsing forms of MS, and continues to support the positive
benefit–risk profile observed in both clinical trial and real-
world patients treated with DMF.
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