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Abstract
Background and Objectives
To determine the eﬀects of dimethyl fumarate (DMF) and glatiramer acetate on iron content in
chronic active lesions in patients with multiple sclerosis (MS) and in human microglia in vitro.
Methods
This was a retrospective observational study of 34 patients with relapsing-remitting MS and
clinically isolated syndrome treated with DMF or glatiramer acetate. Patients had lesions with
hyperintense rims on quantitative susceptibility mapping, were treated with DMF or glatiramer
acetate (GA), and had a minimum of 2 on-treatment scans. Changes in susceptibility in rim
lesions were compared among treatment groups in a linear mixed eﬀects model. In a separate in
vitro study, induced pluripotent stem cell–derived human microglia were treated with DMF or
GA, and treatment-induced changes in iron content and activation state of microglia were
compared.
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Results
Rim lesions in patients treated with DMF had on average a 2.77-unit reduction in susceptibility
per year over rim lesions in patients treated with GA (bootstrapped 95% CI −5.87 to −0.01),
holding all other variables constant. Moreover, DMF but not GA reduced inﬂammatory activation and concomitantly iron content in human microglia in vitro.
Discussion
Together, our data indicate that DMF-induced reduction of susceptibility in MS lesions is
associated with a decreased activation state in microglial cells. We have demonstrated that a
speciﬁc disease modifying therapy, DMF, decreases glial activity in chronic active lesions. Susceptibility changes in rim lesions provide an in vivo biomarker for the eﬀect of DMF on microglial
activity.
Classification of Evidence
This study provided Class III evidence that DMF is superior to GA in the presence of iron as a
marker of inﬂammation as measured by MRI quantitative susceptibility mapping.
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Glossary
2D = 2 dimensional; 3D = 3 dimensional; CIS = clinically isolated syndrome; DMF = dimethyl fumarate; EDSS = Expanded
Disability Status Scale; ETL = echo train length; FA = ﬂip angle; FLAIR = ﬂuid-attenuated inversion recovery; GA = glatiramer
acetate; HBSS = Hanks Balanced Salt Solution; IL = interleukin; iPSC = induced pluripotent stem cell; MMF = monomethyl
fumarate; MS = multiple sclerosis; QSM = quantitative susceptibility mapping; RRMS = relapsing-remitting MS; SCF = stem
cell factor; T1w = T1 weighted; T2w = T2 weighted; TE = echo time; TI = inversion time; TNF = tumor necrosis factor; TR =
repetition time.

Dimethyl fumarate (DMF) is a ﬁrst-line treatment for multiple
sclerosis (MS) that reduces the relapse rate signiﬁcantly in patients with relapsing-remitting MS (RRMS).1 Similar to other
MS treatments, DMF has been shown to aﬀect T-cell composition and reduce levels of proinﬂammatory T cells and their
secretion of proinﬂammatory cytokines.2 DMF and its derivatives are shown to cross the blood-brain barrier suggesting potential for direct eﬀects on the CNS.3 Furthermore, DMF has
been implicated in multiple mechanisms of innate immune
modulation.4 Chronic active lesions demonstrate persistent inﬂammatory activity at the lesion rim and have been associated
with continued tissue damage and disease progression.5-7 The
eﬀect of disease-modifying therapies for MS on glial activation in
chronic active lesions has not yet been elucidated.
Inﬂammation in chronic active lesions is associated with an
accumulation of iron in activated microglia and macrophages,
which corresponds to a paramagnetic rim on gradient echo
imaging.8 This iron content can be quantiﬁed in vivo with
quantitative susceptibility mapping (QSM), and multiple
studies have demonstrated that hyperintense rims on QSM are
associated with chronic active MS lesions.9-11 Thus, by using
iron as a biomarker for microglial inﬂammatory activity, QSM
can be used to determine whether disease-modifying treatments reduce microglial activation in chronic active lesions.
In this study, we aimed to determine whether DMF reduces
microglial activation and whether QSM can capture this
treatment eﬀect in chronic active lesions of patients with MS.
To do this, we examined the in vivo association of treatment
with DMF on longitudinal innate immune activity in chronic
active MS lesions, as measured by QSM, in comparison with
glatiramer acetate (GA). Furthermore, we performed an in
vitro study to demonstrate the impact of DMF on iron content and microglial activation.

Methods
Patient Cohort
This is a retrospective observational study designed to evaluate
the eﬀect of DMF vs GA treatment on the change in longitudinal susceptibility within QSM rim lesions. Patient data were
collected between September 2011 and September 2020 at the
Weill Cornell MS Center. GA was selected as a comparator
because during the early stages of data collection, this therapy
was a commonly prescribed ﬁrst-line treatment. Inclusion
2

criteria for this study were (1) the diagnosis of clinically isolated
syndrome (CIS) or RRMS meeting the 2010 revised McDonald criteria12; (2) patients currently participating in a clinical
and MRI MS research repository and ≥18 years of age; (3)
subjects starting treatment with either GA or DMF; (4) subjects had a minimum of 2 on-treatment QSM scans; and (5)
patients had at least 1 rim lesion on the baseline MRI. Demographic and clinical data including age, sex, self-reported
race and ethnicity, disease subtype, disease duration from initial
symptoms, and Expanded Disability Status Scale (EDSS) score
were also collected. Clinical data were collected up to discontinuation of treatment or ﬁnal scan.
MRI Protocol
Longitudinal imaging was performed at 3T using GE Signa
HDxt (GE Healthcare, Waukesha, WI) and Siemens Magnetom Skyra (Siemens Medical Solutions, Malvern, PA) MRI
scanners. The MRI protocol consisted of sagittal 3-dimensional
(3D) T1-weighted (T1w) sequence for anatomic structure,
2-dimensional (2D) T2-weighted (T2w) fast spin-echo, and
3D T2w ﬂuid-attenuated inversion recovery (FLAIR) sequences for lesion detection, gadolinium-enhanced 3D T1w
sequence for acute lesion identiﬁcation, and axial 3D multiecho GRE sequence for QSM. Below is a detailed description
of the imaging protocols.
The Siemens scanning protocol consisted of the following
sequences: (1) 3D sagittal T1w MPRAGE: repetition time
(TR)/echo time (TE)/inversion time (TI) = 2,300/2.3/900
milliseconds, ﬂip angle (FA) = 8°, GRAPPA parallel imaging
factor (R) = 2, and voxel size = 1.0 × 1.0 × 1.0 mm3; (2) 2D
axial T2w turbo spin-echo: TR/TE = 5,840/93 milliseconds,
FA = 90°, turbo factor = 18, R = 2, number of signal averages =
2, and voxel size = 0.5 × 0.5 × 3 mm3; and (3) 3D sagittal fatsaturated T2w FLAIR SPACE: TR/TE/TI = 8,500/391/
2,500 milliseconds, FA = 90°, turbo factor = 278, R = 4, and
voxel size = 1.0 × 1.0 × 1.0 mm3.
The GE scanning protocol consisted of the following sequences:
(1) 3D sagittal T1w BRAVO: TR/TE/TI = 8.8/3.4/450 milliseconds, FA = 15°, voxel size = 1.2 × 1.2 × 1.2 mm3, and ASSET
parallel imaging acceleration factor (R) = 1.5; (2) 2D axial T2w
fast spin-echo: TR/TE = 5,267/86 milliseconds, FA = 90°, echo
train length (ETL) = 100, number of excitations = 2, and voxel
size = 0.6 × 0.9 × 3.0 mm3; and (3) 3D sagittal T2w FLAIR
CUBE: TR/TE/TI = 5,000/139/1,577 milliseconds, FA = 90°,
ETL = 162, R = 1.6, and voxel size = 1.2 × 1.2 × 1.2 mm3.
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Both scanners had similar parameters for the axial 3D multiecho GRE sequence for QSM: axial ﬁeld of view = 24 cm, TR/
TE1/DTE = 48.0/6.3/4.1 milliseconds, number of TEs = 10,
FA = 15°, R = 2, voxel size = 0.75 × 0.93 × 3 mm3, and scan
time = 4.2 minutes. The harmonized QSM imaging protocol
was demonstrated to have high reproducibility across diﬀerent scanner vendors.13 QSM was reconstructed from complex
GRE images using a fully automated Morphology Enabled
Dipole Inversion algorithm zero referenced to the CSF across
the entire brain (MEDI + 0).14 All conventional (T1w, T1w +
Gd, T2w, T2w FLAIR) and QSM images were coregistered to
the baseline GRE echo-combined magnitude image using the
FMRIB’s Linear Image Registration Tool algorithm.
Lesion Identification and
Susceptibility Analysis
Lesions were ﬁrst segmented on FLAIR images obtained at the
baseline using the automated Lesion Prediction Algorithm in the
LST toolbox version 3.0.0 (statisticalmodelling.de/lst.html),
followed by manual editing and creation of individual lesion
labels, which were then coregistered to QSM. Two independent
reviewers classiﬁed lesions on baseline QSM as having hyperintense rim appearance. Acute enhancing lesions on T1w + Gd
images were excluded from analysis. Both complete and partial
rims were included in the rim category. In the case of disagreement, a third reviewer was called on to determine the lesion
rim status. Figure 1 shows an example of chronic active rim
lesions on QSM. The mean QSM value was recorded for each
lesion on the baseline and coregistered follow-up QSM images.
Human Microglial Cell Cultures
Induced pluripotent stem cells (iPSCs) derived from skin biopsies from a total of 6 consented donors with MS were differentiated into microglia.15 Brieﬂy, iPSCs were cultured on
Matrigel-coated plates in mTeSR1 medium supplemented with
Y-27632 (ROCK inhibitor) until 50%–60% conﬂuency. The
culture medium was switched to STEMdiﬀ Microglia Diﬀerentiation and Maturation medium (Stem Cell Technologies,

Vancouver, Canada). After 4 days, the medium was switched to
StemPro-34 supplemented with 2 mM Glutamax, 25 ng/mL
bFGF, 100 ng/mL stem cell factor (SCF), and 80 ng/mL
vascular endothelial growth factor. After 2 days, the medium
was switched to StemPro-34 supplemented with 2 mM Glutamax, 50 ng/mL SCF, 50 ng/mL interleukin (IL)-3, 5 ng/mL
thyroid peroxidase, 50 ng/ml macrophage colony-stimulating
factor, and 50 ng/mL Flt-3. After 14 days, ﬂoating cells were
collected, and immature microglia progenitors were puriﬁed
with anti-CD14 coupled magnetic beads (Miltenyi, Bergisch
Gladbach, Germany). Puriﬁed progenitors were diﬀerentiated
into microglia by culturing with RPMI-1640 supplemented
with 2 mM Glutamax, 10 ng/mL granulocyte-macrophage
colony-stimulating factor and 100 ng/mL IL-34 and medium
exchange every other day for 14 days. iPSC-derived microglia
were polarized toward an M1 phenotype by incubation with
lipopolysaccharide (1 mg/mL) and interferon γ (100 U/mL)
or an M2 phenotype with IL-4 (20 ng/mL) for 3 days.16 To
quantify iron uptake, microglia were cultured with Hanks
Balanced Salt Solution (HBSS) containing 0.5 μM iron(III)
sulfate and 55Fe (1 μCi, ferric chloride in 0.5 M HCl; PerkinElmer) at a 100:1 for 8 hours at 37°C and subsequently
treated with DMF or GA for 24 hours. Cells were transferred
onto ice, washed twice with ice-cold HBSS, and lysed with 0.1
N NaOH. [55Fe] radioactivity was measured using a scintillation counter, and counts were normalized to total protein
level per sample.16
In separate studies, total RNA was extracted from iPSC-derived
microglial cells using the miRNeasy Mini Kit (Qiagen, Hilden,
Germany). After reverse transcription (TaqMan Reverse
Transcription Reagents; Applied Biosystems, Waltham, MA),
gene expression of IL-1β, IL-6, tumor necrosis factor (TNF),
CD38, and NOS2 was performed using TaqMan gene expression assays (Hs99999029_m1 [IL-1β], Hs00174131_m1
[IL-6], Hs00174128_m1 [TNF], Hs01120071_m1 [CD38],
and Hs01075529_m1 [NOS2]; Thermo Fisher, Waltham,
MA) according to the manufacturer’s instructions. Quantitative

Figure 1 Example of Rim Lesions

Patient example of chronic active, rim lesions shown
on FLAIR (left) and QSM (right). Orange arrows indicate the location of lesions, and images are coregistered. Scale bar indicates range of QSM
intensity. FLAIR = fluid-attenuated inversion recovery; QSM = quantitative susceptibility mapping.
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Table 1 Comparison of Glatiramer Acetate and Dimethyl Fumarate Patient Cohorts
p Value

Demographic and clinical data

Glatiramer acetate

Dimethyl fumarate

N

16

18

Sex, female, n (%)

12 (75)

13 (72.2)

1.000

RRMS, n (%)

12 (75.0)

17 (94.4)

0.266

Caucasian

14 (77.8)

14 (87.5)

0.358

African American

0 (0)

2 (11.1)

Asian

0 (0)

1 (5.6)

Hispanic

2 (12.5)

1 (5.6)

Age, y, mean (SD)

38.84 (7.27)

42.13 (10.44)

0.300

Disease duration, y, mean (SD)

3.55 (4.85)

8.15 (6.82)

0.032

EDSS score, mean (SD)

0.66 (0.98)

1.19 (1.41)

0.210

2.56 (1.89)

2.78 (2.46)

0.776

Lesion volume of individual rim lesions on QSM, mm , mean (SD)

323.51 (275.29)

324.11 (203.41)

0.991

Total time observed, y, mean (SD)

5.01 (2.50)

2.99 (1.66)

0.011

Time between treatment start and initial QSM scan, mo, mean (SD)

7.56 (3.32)

5.37 (4.07)

0.094

No. of longitudinal QSM scans, mean (SD)

4.56 (2.03)

3.72 (1.93)

0.228

Race, n (%)

No. of rim lesions, mean (SD)
3

Abbreviations: EDSS = Expanded Disability Status Scale; RRMS = relapsing-remitting multiple sclerosis; QSM = quantitative susceptibility mapping.

real-time PCR was run on a StepOne Real-time PCR system
(Life Technologies, Carlsbad, CA) and data were analyzed with
the DDCT method with normalization of the raw data to the
HPRT housekeeping gene.
Statistical Analysis
All statistical analysis was performed using the R programming
language, version 4.04. Diﬀerences in patient characteristics between the 2 groups were tested using a t test for continuous
variables and a χ 2 test with continuity correction for categorical
variables. A linear mixed eﬀect model was used to test for differences in EDSS scores over time. We analyzed the longitudinal
susceptibility change of rim lesions on QSM with the following
considerations: a) time of treatment initiation with either DMF
or GA as study baseline and b) censoring patients when they
switched treatment, were lost to follow-up, or for administrative
censoring. A linear mixed eﬀect model was used to model susceptibility over time. In the model, susceptibility was regressed
on time since baseline (start of treatment) and the interaction
between treatment on DMF and time. We are interested in this
interaction term, which explores whether treatment with DMF
modiﬁes the linear time trend in susceptibility. Additional
covariates that were adjusted for in the model included: loglesion-volume on QSM, sex, race (an indicator of being Caucasian), disease subtype, patient age, disease duration and EDSS.
A random intercept for patient and a nested random intercept
for lesion within patient were included to account for correlation
in the data. As the follow-up times for the 2 treatment groups
were diﬀerent (Table 1), we used inverse probability of censor
4

weighting17 to account for this diﬀerence. To determine the
weights for the model, a survival model, at the patient level for
time to censoring, was ﬁt with treatment, sex, race, disease
subtype, age, disease duration, and EDSS score. The probability
of being censored at each time of observation for a patient was
calculated, and observations were inversely weighted by this
probability in the linear mixed eﬀects model. Multicollinearity
was checked in the linear mixed eﬀects model and was not found.
CIs were calculated using 1,000 nonparametric bootstrap samples on the patient level over the entire procedure to account for
uncertainty in both the survival and linear mixed eﬀects model.
For the in vitro analysis, data were represented as mean ± SD from
3 independent experiments. Group comparisons of microglial
cultures were analyzed by 1-way analysis of variance followed by
the Tukey-Kramer multiple comparison test (*p < 0.05, **p < 0.01,
***p < 0.001, and ****p < 0.0001).
Standard Protocol Approvals, Registrations,
and Patient Consents
The study was approved by an ethical standards committee on
human subject research at Weill Cornell Medicine (approval
no. 0711009544). In accordance with the Declaration of
Helsinki, written informed consent was obtained from all
study participants.
Data Availability
All data associated with this study are present in the article.
Anonymized data and codes are available from the corresponding
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author on reasonable request from any qualiﬁed investigator. All
models were created using publicly available packages and functions in the R programming language.

Results
Patient Cohort
Thirty-four patients were considered for this analysis, with 25
women and 9 men (Table 1). The mean age was 40.6 ± 9.1
years. Five patients had CIS, and 29 had RRMS with a median
EDSS score of 0 (interquartile range = 2). Eighteen patients
were treated with DMF, and 16 were treated with GA. Within
the GA patient cohort, 41 rim lesions were identiﬁed, and
within the DMF patient cohort, 50 rim lesions were identiﬁed.
The number of rim lesions per patient ranged from 1 to 8, and
the average number per patient was similar between treatment
cohorts (p = 0.776). The mean overall time from treatment
start to ﬁrst QSM scan was 6.4 ± 3.8 months, which was also
similar among the 2 groups (p = 0.094). In both groups, the
EDSS score slightly increased over time (p = 0.0155), but no
diﬀerence between groups (p = 0.110). Signiﬁcant diﬀerences
were found between the 2 treatment groups for disease duration (p = 0.032) and follow-up time (p = 0.011), but not in
the number of follow-up scans (p = 0.252).
Longitudinal Lesion Quantitative
Susceptibility Analysis
In an inverse probability of censor weighted linear mixed
eﬀects model, we compared the change in susceptibility in rim
lesions among the 2 treatment groups (Table 2). A linear
smooth of the lesion data among the 2 treatment groups is
shown in Figure 2. The raw lesion data can be seen in eFigure 1 (links.lww.com/NXI/A689). There was a signiﬁcant
reduction in susceptibility over time in DMF-treated patients
compared with those treated with GA. The coeﬃcient for
time was found to be statistically signiﬁcant, indicating that in
the GA treatment group, rim lesions, on average, demonstrated a 2.18-unit decrease in susceptibility per year (95% CI
−2.88 to −1.03), holding other variables constant. The coeﬃcient of interest in this model was statistically signiﬁcant,
indicating that rim lesions in patients on DMF decreased by
an additional 2.77 units in susceptibility per year above that
observed in GA-treated patients (95% CI −5.87 to −0.01),
holding other variables constant. This represents a 2.27-fold
greater rate of reduction with DMF treatment compared with
GA. Of note, treatment with DMF, log lesion volume, sex, and
disease duration were also found to be statistically signiﬁcant.
Human Microglial Cell Cultures
As previously demonstrated in macrophages,16 the polarization
state of microglia determines the degree of iron uptake and was
most pronounced with M1 polarization and the least pronounced with M2 polarization. DMF signiﬁcantly reduced the
iron content in M1-polarized but not M0- or M2-polarized
microglia. GA had no eﬀect on iron content in either polarization state. We then determined the impact of DMF and GA
Neurology.org/NN

Table 2 Point Estimates and Bootstrapped 95% CIs for
the Coefficients From the Model
Coefficient

Bootstrapped 95% CI

Time, y

−2.18

−2.88 to −1.03

Treatment with DMF

12.85

1.86 to 25.95

Time treatment interaction

−2.77

−5.87 to −0.01

Log lesion volume

5.07

0.04 to 9.94

Male

15.24

3.11 to 26.37

RRMS

−3.72

−16.57 to 12.79

Caucasian

13.61

4.90 to 27.37

Age, y

0.22

−0.56 to 0.71

Disease duration, y

−0.70

−1.46 to −0.01

EDSS score

−1.92

−5.29 to 2.50

Abbreviations: DMF = dimethyl fumarate; EDSS = Expanded Disability Status
Scale; RRMS = relapsing-remitting multiple sclerosis.

treatment on proinﬂammatory marker expression in M0- and
M1-polarized macrophages incubated with and without iron
(Figure 3A). As expected, expression of proinﬂammatory genes
(IL-1β, IL-6, CD38, NOS2, and TNF) was minor in unpolarized microglia, but substantially upregulated in M1polarized microglia (Figure 3, B and C). Of note, iron had no
eﬀect on gene expression in unpolarized or polarized microglia.
Moreover, in unpolarized microglia, treatment with DMF and
GA had no eﬀect on gene expression except on expression of
CD38, which was reduced substantially by DMF. In M1polarized microglia, DMF but not GA inhibited expression of
all proinﬂammatory markers, irrespective of iron content.

Discussion
Previous studies have provided evidence in vitro that DMF can
modulate CNS innate immune activity. In this study, we utilize
imaging to demonstrate this eﬀect in vivo.
Here, we bridge this gap using QSM to quantify lesion-based
iron content in DMF-treated patients with MS. Our results
show that DMF reduces lesion susceptibility at a 2.3-fold
greater rate than GA, suggesting that it diminishes lesionbased iron content. We further demonstrated that DMF, but
not GA, directly ameliorates the proinﬂammatory activation
state and reduces iron content in human microglia. Our in
vitro ﬁndings provide a basis for interpreting the susceptibility
changes in DMF-treated patients, suggesting that the reduction in susceptibility is consistent with a reduction in
microglial activation.
We and others have previously shown that iron handling by
monocyte-derived macrophages depends on their polarization
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Figure 2 Comparison of Longitudinal Rim Lesion Data
Among Treatment Groups

Smoothed longitudinal change in lesion susceptibility, as measured on
quantitative susceptibility mapping, in the dimethyl fumarate (red) and
glatiramer acetate (teal) groups. A linear smoother has been fit to each
group with a 95% CI. The CIs do not account for the correlation of the data
and are provided to visualize the general trend in the data.

states.16,18 Here, we demonstrated that iron uptake is increased
in M1-polarized compared with M0- and M2-polarized human
iPSC-derived microglia and that treatment with DMF reduced
proinﬂammatory activation in M1-polarized microglia and increases iron release. These results indicate that iron content can
serve as a surrogate marker for proinﬂammatory microglial
activation. However, these ﬁndings cannot be directly extrapolated to MS lesions. Recently, several distinct microglial
phenotypes have been identiﬁed in MS lesions with single-cell
RNA sequencing, that did not follow the M1/M2 marker dichotomy,19 conﬁrming that the M1/M2 polarization paradigm
is an in vitro concept that has no bearing on microglial phenotypes in vivo.20 One subpopulation of microglia, characterized by expression of cathepsin D, was associated with high iron
content, based on the expression of the ferritin gene,21 and
localized to the lesion rim (unpublished results). This suggests
that iron within MS lesion rims is present in a MS-speciﬁc
microglial phenotype and wherein complement component 1q
has recently been identiﬁed as a possible mediator of this glial
cell activity.22 In contrast, 18-kDa translocator protein, a widely
used PET imaging marker for microglial activation, is likely to
reﬂect cell density rather than microglial activation.23
Several preclinical studies have demonstrated a directed antiinﬂammatory beneﬁt of DMF on immune cells, including
microglia.24-28 Given that the majority of DMF is metabolized
quickly into its primary metabolite, monomethyl fumarate
(MMF) and serum levels of DMF are essentially undetectable,3
it is unclear whether CNS cells are exposed to DMF. Moreover,
6

several studies found that DMF but not MMF has antiinﬂammatory eﬀects4,29,30; however, these results contrast with
other studies that demonstrate a robust MMF eﬀect on myeloid and lymphocytes cells.31-33 Furthermore, low levels of
DMF may survive absorption after oral dosing, accumulate
within the CNS, and thus exert a therapeutic impact on
microglial cells.4 Several immune-modulating mechanisms
have been attributed to GA, including induction of tolerance to
myelin antigens, expansion of regulatory T-cell populations,
and modiﬁcation of antigen-presenting cell function such as
increase in phagocytic activity34 and reduced expression of
several activation markers.35 In contrast, we did not observe
changes in a selected panel of proinﬂammatory markers in our
cell culture model.
The quantitative nature of QSM provides a unique opportunity
to capture temporal changes of rim lesions, as their susceptibility
remains high even after years of initial detection and slowly
decays over time.10 Our group has identiﬁed a speciﬁc pattern of
change in lesion susceptibility, with a sharp rise after gadolinium
enhancement and an eventual decay with increasing lesion
chronicity. This observation is consistent with retention of iron
by microglia in chronic active lesions and the subsequent loss of
iron during a transition into a chronic inactive state.7 Importantly, our work indicates that DMF inﬂuences the longitudinal
trajectory of iron within rim lesions. However, the age and
inﬂammatory stage of the rim lesions are unknown in this data
set, which limits the interpretation. Future work is planned to
address this limitation and provide an estimated age to individual chronic active MS lesions.36 We selected GA as a
comparator because our retrospective data collection started in
2011 when GA was a common ﬁrst-line therapy. The slight
decrease in susceptibility observed in rim lesions of GA-treated
cohort may represent a minor eﬀect of GA and/or the natural
decay of susceptibility.10,37 Future work is planned to compare
the inﬂuence of DMF on chronic active lesions to other current
disease-modifying therapies. Importantly, little is understood
regarding the pathologic consequence of iron release from
chronic active lesions (i.e., how iron is recycled), and consequently, it remains unclear whether targeting these lesions will
have a positive impact on disease progression. Thus, an essential
next step is to establish the association between therapeutically
targeting rim lesions and the beneﬁcial eﬀect on objective
measures of disease progression.
The in vivo results should be interpreted as an association,
as the data are observational and statistical techniques from
causal inference were not used due to the limited size and
retrospective nature of the data set. Future work involves
using multicenter studies to increase our sample size and
allow for causal techniques and interpretations to be applied. Notably, patients in the DMF group had shorter
follow-up time and fewer scans than patients in the GA
group. This can be attributed to DMF being a newer MS
treatment than GA. To account for this, we used inverse
probability of censor weighting in our model. In addition,
patients in the DMF group had longer disease duration.
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Figure 3 Changes in Iron Content and Activation State of Human Microglial Cell Cultures

(A) Iron content in human iPSC-derived, M0-, M1-, and M2-polarized microglial cells was quantified with intracellular radioactive 55Fe after treatment with/
without DMF and GA. Quantification of mRNA expression of IL-1β, IL-6, TNF, CD38, and NOS2 in (B) unpolarized and (C) M1-polarized microglia, incubated with
and without FeCl3 and treated with DMF or GA. Data are normalized to the untreated, unpolarized microglia and represent mean ± SD. *p < 0.05, **p < 0.01,
***p < 0.005, and ****p < 0.0001; ns = nonsignificant. DMF = dimethyl fumarate; GA = glatiramer acetate; IL = interleukin; iPSC = induced pluripotent stem cell;
mRNA = messenger RNA; TNF = tumor necrosis factor.

This can be attributed to patients being switched to DMF
later in their disease course after failure of other treatments.
We accounted for disease duration in the model, but further
investigation into the impact of disease duration is warranted. Finally, given that these results were based on retrospective observational data, the temporal relationship of
starting therapy and QSM MRI varied among patients; for
this reason, the statistical analysis considered start of
treatment as the baseline. This limits our ability to capture
changes soon after treatment initiation; however, importantly, this timing was similar among treatment groups.
Although limited, these observations can inform the next
stage of clinical investigation, which would include a prospective, randomized clinical trial.
In conclusion, our study demonstrates that a speciﬁc
disease-modifying treatment, DMF, reduces rim lesion
susceptibility and therefore decreases microglial activity in
chronic active lesions, a pathologic feature associated with
MS progression.5,38,39 Moreover, we demonstrate the use of
QSM MRI as an imaging modality to monitor this therapeutic response.
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