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Background: Dimethyl fumarate (DMF) is a disease-modifying drug for
relapsing-remitting multiple sclerosis. Among others, DMF impedes immune activation
by shifting the balance between inflammatory and regulatory cell types and by inducing
apoptosis-triggered lymphopenia. Although the decrease in lymphocyte count is an
early effect of the drug in several patients, the long-term impact on lymphocyte subsets
is largely unknown.

Methods: We performed a 2-years observational study on total lymphocyte count and
subsets thereof by flow cytometry of peripheral blood of 38 multiple sclerosis patients
in treatment with DMF. Data were collected at the beginning and after 3, 6, 12, and 24
months of therapy.

Results: Total lymphocyte count decreased in relation to time of exposure to DMF. Mean
absolute B cell count decreased by 34.1% (p < 0.001) within the first 3 months of therapy
and then remained stable over time. Mean absolute CD3* T cells count decrement
reached 47.5% after 12 months of treatment (p < 0.001). NK cells count showed a
heterogeneous trend, increasing by 85.9% (p < 0.001) after 2 years of treatment. CD4+ T
cellsand CD8™ T cells substantially decreased, with a significant increase of CD4+/CD8+
ratio during the first year of therapy.

Conclusions: NK cells showed a heterogeneous behavior during DMF treatment with
a significant increase over time. Since NK cells may also have a regulatory effect on
immune system modulation, their increase during DMF treatment might play a role in the
efficacy and safety of the drug.
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BACKGROUND

Dimethyl fumarate (DMF) is an approved first-line disease-
modifying treatment for relapsing remitting multiple
sclerosis (RRMS). DMF has multiple mechanisms of action
(1), including activation of the neuroprotective nuclear factor
erythroid-derived 2-related factor 2 (Nrf2) transcriptional
pathway (2) and modulation of nuclear factor kB pro-
inflammatory pathway (3). Recently, DMF and its active
metabolite monomethyl fumarate (MMF) have been shown
to target and inactivate the glycolytic enzyme glyceraldehyde
3-phosphate dehydrogenase (GAPDH) thus down-regulating
aerobic glycolysis in myeloid and lymphoid cells and preventing
immune activation (4). DMF treatment reduces the number of
distinct T and B-cell subsets, even in the absence of prolonged
and severe lymphopenia (5-9). Moreover, DMF therapy has
been observed to increase the proportion of immune-regulatory
CD56right NK cells in the first months of treatment (10), thus
possibly influencing disease activity (11, 12).

Here we present an observational study aimed at investigating
the long-term effects of DMF on different lymphocyte subsets in
a cohort of relapsing-remitting multiple sclerosis patients.

METHODS
Patients Cohort

This 2-years observational study included 38 patients aged from
22 to 58 years (mean age 38.0 & 8.7 years, female sex 60.5%),
with diagnosis of RRMS according to revised McDonald criteria.
Patients were recruited at the Veneto Regional Multiple Sclerosis
Center at University Hospital of Verona and were assigned to
receive DMF at standard dose. Patients were examined every 3
months during the first year of treatment and every 6 months
during the second year, with additional visits in case of relapses.
A relapse was defined as a worsening of neurological impairment
or appearance of a new symptom or abnormality attributable
to MS, lasting at least 24h and preceded by stability of at
least 1 month (13). Expanded Disability Status Scale (EDSS)
score (14) was assessed at each visit. Intercurrent infections
were excluded by clinical and serological analyses. Twenty-five
patients were treatment naive; 13 patients had one (6) or more
(7) previous treatments. Last treatments before introducing DMF
were interferon beta-1a (9), interferon beta-1b (1), teriflunomide
(1), glatiramer acetate (1), and cyclophosphamide (1) and were
discontinued at least 3 months before initiating DMF therapy.
Patients with no evidence of disease activity (NEDA) or with
evidence of disease activity (EDA) were also identified. NEDA
was defined as a composite score obtained from three related
measures of disease activity: (i) no evidence of relapses; (ii) no
confirmed disability progression as assessed by an increase of the
EDSS score by at least 1 point sustained over 6 months; and (iii)

Abbreviations: DMFE, Dimethyl fumarate; RRMS, Relapsing Remitting Multiple
Sclerosis; NK, natural killer; Nrf2, nuclear factor erythroid 2-related factor 2; MME,
Monomethyl fumarate; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; Th-
1, T-helper 1; Th-17, T-helper 17; Th-2, T-helper 2; T-reg, T-regulatory; EDSS,
Expanded Disability Status Scale; NEDA, No Evidence of Disease Activity; EDA,
Evidence of Disease Activity.

no new or newly enlarging white matter T2 lesions at the MRI
follow-up (15).

The Local Ethic Committee approved the present study.
Informed consent was obtained from all patients.

Flow Cytometry

Complete blood count including absolute lymphocyte counts
(ALCs) and count of total CD3" T cells, CD19" B cells and
CD37CD56™ NK cells was performed by flow cytometry by
mean of ADVIA 2120i Hematology analyzer (16) at baseline
and at 3, 6, 12, and 24 months after initiating DMF therapy
(Supplementary Figure 3). Blood was processed immediately
after the collection. Data about CD8" T cells, CD4" T cells,
CD195" T-helper 1 (Th-1), CD194" T-helper 2 (Th-2), CD161"
T-helper 17 (Th-17) cells, and CD25TFOXP3" T-regulatory (T-
reg) were also obtained in a cohort of 13 patients. ALCs were
graded in accordance with the Common Terminology Criteria
for Adverse Events (CTCAE version 4) as follows: grade 0 (> 910
x 10%/L); grade 1 (>800 x 10°/L); grade 2 (<800-500 x 10°/L);
grade 3 (<500-200 x 10°/L), and grade 4 (<200 x 10°/L).

MRI Analysis

Each patient underwent brain 3T MRI (at baseline, after 1
year and 2 years of clinical observation). MRI sequences were
acquired by Philips Achieva 3T MR Scanner (Philips Medical
Systems, Best, Netherlands). No software updating was carried
out during the study period and the scanner underwent specific
functioning test every 2 weeks to assure parameter stability and,
thus, image reproducibility and comparability. For each subject
3D T2 weighted, 3D T1 weighted Fast Field Echo (FFE) and
3D Fluid Attenuated Inversion Recovery (FLAIR) image sets
were acquired. Subjects were positioned for serial measurements
according to published guidelines for serial MRI studies in
MS (17).

Statistical Analysis

Statistical analysis was performed using Prism 7.0 (GraphPad
Software, La Jolla, CA) and R studio (Version 1.0.153); Wilcoxon
matched-pairs signed-rank test for longitudinal analysis were
applied; p < 0.05 were considered statistically significant. Linear
regression was applied to evaluate the longitudinal rate of
change in lymphocyte subsets. In the linear regression model,
for each subject time and cell counts were used, respectively,
as independent and dependent variables. Patients treated with
DMF who had a positive longitudinal trend showed a positive
B regression coeflicient while patients who had a negative
trend showed a negative § regression coeflicient: higher the p
coeflicients, higher was the degree of increase or decrease of cell
counts. An F-test was computed on the B regression coefficients
obtained from linear regression to test the trend variability
between NK cells and the other lymphocyte subsets. Mann-
Whitney test was used to compare patients the EDA and NEDA
groups for each lymphocyte subset both at the end of the first
year of DMF treatment and at the end of the follow-up. A False
discovery rate (FDR) correction was applied.
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RESULTS
Total Lymphocyte Count

As expected, mean lymphocyte absolute count decreased during
the 2 years of treatment (see Supplementary Table 1 for detailed
absolute values at baseline and percentage changes at each
time point). After 12 months of DMF exposure 2 patients
(6.5%) developed persistent grade 3 lymphopenia, leading to
discontinuation of the treatment (Figure1); in addition, 4
patients (12.9%) had grade 2 lymphopenia, and 2 patients (6.5%)
showed grade 1 lymphopenia. After 24 months of treatment,
1 patient (3.8%) had absolute count <500 x 10°/L, while 8
patients (30.8%) had total lymphocyte count between 500 and
800 cells x 10°/L (Figure 1). This trend was reflected by a reduced
proportion of lymphocytes within leukocytes (not shown).

T and B Cells

The mean absolute CD3™ T cells count progressively decreased
during DMF exposure. Indeed, a 35% decrease was observed after
6 months of therapy, reaching 47.7% at the end of the second
year of treatment (Supplementary Table 1). Among CD3" T
cells, CD8™" T lymphocytes showed a significant decrement after
1 year of treatment. In the second year the trend changed,
as shown by changes of CD41/CD8™ ratio (Table 1). Absolute
CDS8™ T cell values slightly increased during the second year
of treatment (p = 0.021 when compared to 1-year follow
up, Supplementary Figure 1) although remaining significantly
lower than baseline values (p = 0.006). CD4" T cells showed a
downward trend, which did not reach statistical significance over
the 2 years of follow-up (p = 0.080, Table 1).

Within CD4" T cells, Th-1 cells decrement was observed
only after 2 years of treatment (Table 1). Th-17 absolute cell
count showed a slight, but not significant, decrement after 6

months of therapy (Table 1). We then looked at other T cell
subsets, observing a different trend in Th-2 and T-reg cells.
Th-2 cell count had a slight increase after 1 year of treatment,
while, after the second year of treatment, Th-2 levels resulted
lower both when compared to baseline (p = 0.056) and one-
year follow up (p < 0.001, Supplementary Figure 1). On the
contrary, T-reg cells decreased after the first year of exposure (p
= 0.033) and then increased, reaching values similar to baseline
at the 2-years analysis (p = 0.983, Table 1). Percentage reflected
absolute mean values changes (data not shown). Absolute B cell
count showed a similar trend to CD3" T cells; mean absolute
count showed a decrement of 34.1% after 3 months of DMF
treatment, achieving a decrement of 39.1% after 12 months (p <
0.001, Supplementary Table 1).

NK Cells

Unlike T and B cells, NK absolute count showed a strong
variability over the 2-years longitudinal observation. Indeed,
mean absolute counts increased by 85.9% after 2 years of
treatment (p < 0.001, Table 1), and the proportions of NK
cells showed an opposite trend when compared to other
lymphocyte subsets (Figure 1). However, the overall rate of such
an increase was not linear, due to marked individual variability
(Supplementary Figure 2). Regression analysis confirmed a
positive NK longitudinal trend (average p regression coefficient
of 43.1 with CV of 103) with respect to T CD3% cells that
showed a negative trend (average T3 B regression coefficient of
—194 with CV 0f 73.2). This difference was statistically significant
(F-test p < 0.001).

Lymphocyte Subsets and Disease Activity
Among the 25 patients who completed the follow up, 8 showed
evidence of disease activity (EDA); all of them had a new or

Lymphocytes
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a different trend, with a significant increase at the 2 years follow-up (o < 0.001).

FIGURE 1 | Peripheral absolute values [><109/L] of total lymphocyte count and T-cells, B-cells, and NK cells at baseline and after 3 (T3), 6 (T6), 12 (T12), and 24 (T24)
months of DMF treatment. After 2 years of treatment total lymphocyte count persisted significantly decreased (p < 0.001). B and T-cells decrement was significant
since the three months follow-up and was confirmed at the two year longitudinal analysis (p = 0.015 and p < 0.001, respectively). Conversely, NK cell count showed
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TABLE 1 | Absolute values [><109/L] and SD of T-cell subsets after 6, 12, and 24
months of DMF treatment compared to baseline values in a longitudinal analysis
of a smaller cohort of patients.

Baseline 6 months 12 months 24 months
(n=13) (n=13) (n=13) (n=13)
cD4t T 623.2 506 (245.4) 522 (282.0)  5083.2 (282.0)
(212.0) p=0.127 p =0.147 p = 0.080
cost T 368.6 237.5(150.4) 150.7 (88.0) 196 (98.0)
(837.3) p = 0.020 p = 0.002 p = 0.006
CDh4t/cDst 2.2 2.4 (0.8) 3.8(1.95) 2.7 (0.8)
0.7) p =0.240 p = 0.001 p = 0.026
Th-1 69.8 102.6 (62.4) 112.9(61.5) 53.9(58.9)
(25.4) p =0.084 p = 0.034 p=0.176
Th-2 64.8 78.5 (58.1) 89.1(36.2) 38.5(25.7)
(36.2) p = 0.685 p = 0.060 p = 0.056
Th-17 97.5 76.6 (27.3) 102.7 (37.6) 101.5(52.5)
(44.0) p=0.273 p=0.772 p =0.999
T-reg 14.8 11.9 (11.5) 7.4 (4.8) 14.7 (7.4)
9.2) p = 0.465 p = 0.033 p =0.983
NK cells % change % change % change % change
3 months 6 months 12 months 24 months
Baseline 41.2 (84.8) 18.9 (80.5) 75.3(108.0) 85.9(98.2)
n=23, n=29, n=231, n =26,
p =0.346 p =0.991 p =0.035 p < 0.001
3 months —1.9(75.0) 58.8(98.2)  50.4 (106.0)
n=22, n=18, n=14,
p =0.045 p=0.112 p=0.376
6 months 122 (213.0) 101 (200.0)
n=21, n=17,
p =0.011 p=0.245
12 months 31.5(110.0)
n =26,
p = 0.300

NK cells absolute values at baseline and percentage change (SD) between different
time-points during DMF therapy are also shown. p < 0.05 were considered
statistically significant (bold font).

increasing white matter T2 lesion while 5 of them also suffered
a relapse.

After the two year follow up no significant differences were
detected in total lymphocyte count (p = 0.662) in B (p = 1), T
(p = 0.549) and NK cell count (p = 0.382) between the EDA and
NEDA group.

DISCUSSION

In the present study, RRMS patients assigned to receive DMF
treatment showed a significant decrease in total lymphocyte
count since the first months of treatment. However, in line
with previous studies (18, 19), a severe lymphopenia was
observed only in a very small number of patients. Nevertheless,
although opportunistic infections could happen also in patients
without substantial lymphopenia (20), the reduction of absolute
number of lymphocytes should be strictly monitored. Consistent
with the trend of the total lymphocyte population, T and B
cells showed an early and expected decrease in their absolute
values (5, 9).

In our longitudinal study a trend of preferential decrease in
CD8" T cells was observed in the first year of therapy, but
was not confirmed in subsequent follow up; DMF mechanism
of action on T cells appears more complex than a change in
main lymphocyte subsets ratio and it probably implies a shift
of immune response throughout a more “tolerogenic” profile of
immune system (12). Such observation was partially confirmed
by the increase of T-reg cells during the second year of treatment.

Unlike T and B cell, NK cells showed a significant positive
trend. The change over time appeared quite heterogeneous,
with a consistent increase in percentage and a wide variance
in trends of absolute cell count. With the limit of simple
size, increasing percentage, and absolute count of NK cells
over time did not correlate with the degree of lymphopenia
(Supplementary Figure 2). Such increase was not detected in
previous studies (1, 21) and could reflect an increase in immune-
regulatory NK cells, particularly CD567P1ght cells, which was
described in the first months of therapy (12). This change was
correlated with reduction of CD8' memory T cells and pro-
inflammatory cytokine producing T cells (10) and has been
associated to a low activity of the disease (12), probably related
to a regulatory action on both innate and adaptive immune
system of MS patients (22, 23). Although the relationship
between CD567P18h and other NK cell subsets is not fully
understood yet (24), the mechanism by which they could regulate
central nervous system inflammation in MS patients is well
established (11).

Intriguingly, activation of NRF2 signaling pathway after DMF
therapy has been observed to increase, among the others, the
number of CD56%8" natural killer cells and to be related with
the absence of disease activity after 1 year of therapy (25). In
our patient cohort no significant differences were found in total
lymphocyte count, T, B, and also NK cells in the group of patients
with disease activity compared to the NEDA group. Despite the
relatively long follow-up can partially balance such weakness,
we are aware that our conclusions are jeopardized by the
small sample size. Furthermore, the simplified characterization
of T subsets, based upon surface expression of chemokine
receptors that are not exclusively categorizable into a distinct
subset (26), might also explain some unexpected results in their
longitudinal evaluation.

Concluding, the effect of DMF on lymphocytes subsets still
needs further investigations, especially with regard to NK cells
count which appeared not in line with that of other lymphocytes.

ETHICS STATEMENT

The Ethic Committee for clinical research of Azienda Sanitaria
di Padova approved the present study and the informed consent
was obtained from all patients.

AUTHOR CONTRIBUTIONS

DM, AB, RM, and MC: conception and design, acquisition,
analysis and interpretation of data, drafting the paper.

Frontiers in Immunology | www.frontiersin.org

July 2019 | Volume 10 | Article 1666


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Marastoni et al.

Dimethyl Fumarate and Lymphocyte Subsets

FC, CZ, and SM: analysis and interpretation of data,
drafting the paper. AP and CR: statistical analysis and
interpretation of data, drafting the paper. SE VS, BM:
conception and design and acquisition of data, drafting
the paper.

REFERENCES

1. Montes Diaz G, Hupperts R, Fraussen J, Somers V. Dimethyl
fumarate treatment in multiple sclerosis: recent advances in clinical
and immunological studies. Autoimmun Rev. (2018) 17:1240-50.
doi: 10.1016/j.autrev.2018.07.001

2. Linker RA, Lee DH, Ryan S, van Dam AM, Conrad R, Bista P, et al
Fumaric acid esters exert neuroprotective effects in neuroinflammation
via activation of the Nrf2 antioxidant pathway. Brain. (2011) 134:678-92.
doi: 10.1093/brain/awq386

3. Diebold M, Sievers C, Bantug G, Sanderson N, Kappos L, Kuhle J, et al.
Dimethyl fumarate influences innate and adaptive immunity in multiple
sclerosis. ] Autoimmun. (2018) 86:39-50. doi: 10.1016/j.jaut.2017.09.009

4. Kornberg MD, Bhargava P, Kim PM, Putluri V, Snowman AM, Putluri N,
et al. Dimethyl fumarate targets GAPDH and aerobic glycolysis to modulate
immunity. Science. (2018) 360:449-53. doi: 10.1126/science.aan4665

5. Spencer CM, Crabtree-Hartman EC, Lehmann-Horn K, Cree BAC, Zamvil
SS. Reduction of CD8-T lymphocytes in multiple sclerosis patients treated
with dimethyl fumarate. Neurol Neuroimmunol Neuroinflamm. (2015) 2:e76.
doi: 10.1212/NXI.0000000000000076

6. Gross CC, Schulte-Mecklenbeck A, Klinsing S, Posevitz-Fejfir, Wiendl H,
Klotz L. Dimethyl fumarate treatment alters circulating T helper cell subsets
in multiple sclerosis. Neurol Neuroimmunol Neuroinflamm. (2015) 3:e183.
doi: 10.1212/NXI1.0000000000000183

7. Ghadiri M, Reek A, Li R, Evans A, Luessi F Zipp E et al. Dimethyl
fumarate-induced lymphopenia in MS due to differential T-cell
subset apoptosis. Neurol Neuroimmunol Neuroinflamm. (2017) 4:e340.
doi: 10.1212/NX1.0000000000000340

8. Li R, Rezk A, Ghadiri M, Luessi E Zipp E Li H, et al. Dimethyl
fumarate treatment mediates an anti-inflammatory shift in B cell
subsets of patients with multiple sclerosis. ] Immunol. (2017) 198:691-8.
doi: 10.4049/jimmunol.1601649

9. Lundy SK, Wu Q, Wang Q, Dowlinf CA, Taitano SH, Mao G, Mao -
Draayer Y. Dimethyl fumarate treatment of relapsing-remitting multiple
sclerosis influences B-cell subsets. Neurol Neuroimmunol Neuroinflamm.
(2016) 3:e211. doi: 10.1212/NXI.0000000000000211

10. Smith MD, Calabresi PA, Bhargava P. Dimethyl fumarate treatment alters
NK cell function in multiple sclerosis. Eur J Immunol. (2018) 48:380-3.
doi: 10.1002/eji.201747277

11. Kaur G, Trowsdale ], Fugger L. Natural killer cells and their receptors in
multiple sclerosis. Brain. (2013) 136:2657-76. doi: 10.1093/brain/aws159

12. Medina S, Villarrubia N, Sainz de la Maza S, Lifante J, Costa-Frossard L,
Roldén E, et al. Optimal response to dimethyl-fumarate associates in MS with
a shift from an inflammatory to a tolerogenic blood cell profile. Mult Scler.
(2018) 24:1317-27. doi: 10.1177/1352458517717088

13. Poser CM, Paty DW, Scheinberg L. New diagnostic criteria for multiple
sclerosis: guidelines for research protocols. Ann Neurol. (1983) 13:227-31.
doi: 10.1002/ana.410130302

14. Kurtzke JF. Rating neurologic impairment in multiple sclerosis: an
expanded disability status scale (EDSS). Neurology. (1983) 33:1444-52.
doi: 10.1212/WNL.33.11.1444

15. Havrdova E, Galetta S, Stefoski D, Comi G. Freedom from disease
activity in multiple sclerosis. Neurology. (2010) 74(Suppl. 3):S3-S7.
doi: 10.1212/WNL.0b013e3181dbb51c

16. Sorrenti V, Marenda B, Fortinguerra S, Cecchetto C, Quartesan R,
Zorzi G, et al. Reference values for a panel of cytokinergic and

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2019.01666/full#supplementary-material

regulatory lymphocyte subpopulations. Immune Netw. (2016) 16: 344-57.
doi: 10.4110/in.2016.16.6.344

17. Miller DH, Barkhof E Berry I, Kappos L, Scotti G, Thompson AJ. Magnetic
resonance imaging in monitoring the treatment of multiple sclerosis:
concerted action guidelines. ] Neurol Neurosurg Psychiatry. (1991) 54: 683-8.
doi: 10.1136/jnnp.54.8.683

18. Fox RJ, Miller DH, Phillips JT, Hutchinson M, Havrdova E, Kita M, et al.
Placebo- controlled phase 3 study of oral BG-12 or glatiramer in multiple
sclerosis. N Engl ] Med. (2012) 367:1087-97. doi: 10.1056/NEJMo0al206328

19. Gold R, Kappos L, Arnold DL, Bar-Or A, Giovannoni G, Selmaj K, et al.
Placebo-controlled phase 3 study of oral BG-12 for relapsing multiple
sclerosis. N Engl ] Med. (2012) 367:1098-7. doi: 10.1056/NEJMoal114287

20. Nieuwkamp DJ, Murk JL, van Oosten BW, Cremers CH, Killestein J,
Viveen MC, et al. PML in a patient without severe lymphocytopenia
receiving dimethyl fumarate. N Engl ] Med. (2015) 372:1474-6.
doi: 10.1056/NEJMc1413724

21. Wu Q, Wang Q, Mao G, Dowling CA, Lundy SK, Mao-Draayer Y. Dimethyl
fumarate selectively reduces memory t cells and shifts the balance between
Th1/Th17 and Th2 in multiple sclerosis patients. ] Immunol. (2017) 198:3069-
80. doi: 10.4049/jimmunol.1601532

22. Gross C, Schulte-Mecklenbeck A, Wiendl H, Marcenaro E, Kerlero de Rosbo
N, Uccelli A, et al. Regulatory functions of natural killer cells in multiple
sclerosis. Front Immunol. (2016) 7:606. doi: 10.3389/fimmu.2016.00606

23. Chanvillard C, Jacolik RE, Infante-Duarte C, Nayak RC. The role of natural
killer cells in multiple sclerosis and their therapeutic implications. Front
Immunol. (2013) 4:63. doi: 10.3389/fimmu.2013.00063

24. Michel T, Poli A, Cuanio A, Briquemont B, Iserentant G, Ollert M, et al.
Human CD56bright NK cells: an update. J Immunol. (2016) 196:2923-31.
doi: 10.4049/jimmunol.1502570

25. Hammer A, Waschbisch A, Kuhbandner K, Bayas A, Lee D-H, Duscha
A, et al. The NRF2 pathway as potential biomarker for dimethyl fumarate
treatment in multiple sclerosis. Ann Clin Transl Neurol. (2018) 5:668-76.
doi: 10.1002/acn3.553

26. Fergusson JR, Fleming VM, Klenerman P. CD161-expressing human T cells.
Front Immunol. (2011) 2:36. doi: 10.3389/fimmu.2011.00036

Conflict of Interest Statement: AB, SF, VS, and BM were employed by Data
Medica Group, Synlab Limited, Padova, Italy. MC received payment for
development of educational presentations including service on speakers
bureaus by Biogen-Elan, Genzyme, TEVA, Bayer-Schering, he received
travel/accomodation expenses by Novartis Pharma, Genzyme, Biogen idec,
Merck Serono, Bayer-Schering, TEVA, and Advisory Board membership by
Bayer-Shering, Genzyme, Biogen Idec and Novartis Pharma.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2019 Marastoni, Buriani, Pisani, Crescenzo, Zuco, Fortinguerra,
Sorrenti, Marenda, Romualdi, Magliozzi, Monaco and Calabrese. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Immunology | www.frontiersin.org

July 2019 | Volume 10 | Article 1666


https://www.frontiersin.org/articles/10.3389/fimmu.2019.01666/full#supplementary-material
https://doi.org/10.1016/j.autrev.2018.07.001
https://doi.org/10.1093/brain/awq386
https://doi.org/10.1016/j.jaut.2017.09.009
https://doi.org/10.1126/science.aan4665
https://doi.org/10.1212/NXI.0000000000000076
https://doi.org/10.1212/NXI.0000000000000183
https://doi.org/10.1212/NXI.0000000000000340
https://doi.org/10.4049/jimmunol.1601649
https://doi.org/10.1212/NXI.0000000000000211
https://doi.org/10.1002/eji.201747277
https://doi.org/10.1093/brain/aws159
https://doi.org/10.1177/1352458517717088
https://doi.org/10.1002/ana.410130302
https://doi.org/10.1212/WNL.33.11.1444
https://doi.org/10.1212/WNL.0b013e3181dbb51c
https://doi.org/10.4110/in.2016.16.6.344
https://doi.org/10.1136/jnnp.54.8.683
https://doi.org/10.1056/NEJMoa1206328
https://doi.org/10.1056/NEJMoa1114287
https://doi.org/10.1056/NEJMc1413724
https://doi.org/10.4049/jimmunol.1601532
https://doi.org/10.3389/fimmu.2016.00606
https://doi.org/10.3389/fimmu.2013.00063
https://doi.org/10.4049/jimmunol.1502570
https://doi.org/10.1002/acn3.553
https://doi.org/10.3389/fimmu.2011.00036
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Increased NK Cell Count in Multiple Sclerosis Patients Treated With Dimethyl Fumarate: A 2-Year Longitudinal Study
	Background
	Methods
	Patients Cohort
	Flow Cytometry
	MRI Analysis
	Statistical Analysis

	Results
	Total Lymphocyte Count
	T and B Cells
	NK Cells
	Lymphocyte Subsets and Disease Activity

	Discussion
	Ethics Statement
	Author Contributions
	Supplementary Material
	References


