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Background: In relapsing-remitting multiple sclerosis (RRMS), smoking is a known risk factor for disease sus-
ceptibility and disability progression. However, its impact on the efficacy of oral disease-modifying drugs
(DMDs) is unclear. Therefore, we initiated a single-center, retrospective, observational study to investigate the

FDiirrlr%Zilimlogxmarate relationship between smoking and disease activity in RRMS patients under oral DMDs.
Smokin}é Methods: We retrospectively enrolled RRMS patients who initiated oral DMDs (fingolimod or dimethyl fumarate)
Relapse at our hospital between January 2012 and December 2019. Clinical data and smoking status at oral DMD

initiation were collected up to December 2020. We conducted survival analyses for relapse and any disease
activity, defined as relapse or MRI disease activity, among patients with distinct smoking statuses.

Results: We enrolled 103 RRMS patients under oral DMDs including 19 (18.4%) current smokers at baseline.
Proportions of relapses and any disease activity during follow-up were higher in current smokers (relapse: p =
0.040, any disease activity: p = 0.004) and time from initiating oral DMDs to relapse was shorter in current
smokers (log-rank test: p = 0.011; Cox proportional hazard analysis: hazard ratio (HR) 2.72 [95% confidence
interval (CI) 1.22-6.09], p = 0.015) than in non-smokers. Time from initiating oral DMDs to any disease activity
was also shorter in current smokers (log-rank test: p = 0.016; Cox proportional hazard analysis: HR 2.18 [95% CI
1.14-4.19], p = 0.019) than in non-smokers. The survival curves for relapse and any disease activity were not
different between the former smoker and never-smoker groups. Multivariate survival analysis showed current
smoking was an independent risk factor for relapse or any disease activity after adjusting for covariates (relapse:
HR 2.54 [95% CI 1.06-6.10], p = 0.037; any disease activity: HR 3.47 [95% CI 1.27-9.50], p = 0.015).
Conclusion: Smoking was a risk factor for disease activity in RRMS patients under oral DMD treatment. RRMS
patients should be advised to stop smoking even after the initiation of DMDs.

1. Introduction

Multiple sclerosis (MS) is a chronic inflammatory demyelinating
disease of the central nervous system. Most MS patients have recurrent
attacks without progressive deterioration during remission in the early
course of disease, termed relapsing-remitting MS (RRMS); however,
some RRMS patients proceed to secondary progressive MS (SPMS), in
which neurological disability progresses independently from relapse
episodes. Several disease modifying drugs (DMDs) have been developed

to suppress relapses and disability progression. Currently, more effective
and tolerable oral DMDs, including fingolimod (FTY) and dimethyl
fumarate (DMF), complement traditional injectable DMDs, such as
interferon-p and glatiramer acetate. MS is a complex disease in which
genetic and environmental factors contribute to its onset (Sadovnick
et al., 1993). Among these environmental factors, smoking is a widely
known risk factor, along with low sun exposure, low vitamin D intake,
and Epstein-Barr virus infection (Olsson et al., 2017), but these obser-
vations were based mainly on populations of European descent in which

Abbreviations: ARR, annualized relapse rates; CI, confidence intervals; CSF, cerebrospinal fluid; DMD, disease modifying drug; DMF, dimethyl fumarate; EDSS,
Kurtzke’s expanded disability status scale; FTY, fingolimod; GA, glatiramer acetate; HR, hazard ratio; IFN-p, interferon-beta; IQR, interquartile range; MS, multiple
sclerosis; MSSS, multiple sclerosis severity score; NEDA, no evidence of disease activity; NOx, nitrogen oxide; OCBs, oligoclonal IgG bands; PSL, prednisolone; RRMS,
relapsing-remitting multiple sclerosis; SPMS, secondary progressive multiple sclerosis.
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MS is prevalent. Our recent study of environmental factors in Japanese
patients with MS showed that smoking or passive smoking was more
predominant in MS patients than in healthy controls, and that disability
and its progression were more prominent in smokers than in
non-smokers (Sakoda et al., 2020). These findings indicate the harmful
effects of smoking on MS etiology across populations. Smoking con-
tributes to MS susceptibility as well as SPMS conversion (Hernan et al.,
2005; Degelman and Herman, 2017; Barzegar et al., 2021). Some studies
suggested that smoking had no effect on disease activity (Kvistad et al.,
2016; Messina et al., 2021), but whether smoking is a risk for relapse in
patients with RRMS, especially when patients are treated with
non-injectable DMDs, is controversial. Only one study has reported the
impact of smoking on the effectiveness of oral DMDs (FTY or DMF). They
showed that the proportions of patients with no clinical relapse and MRI
activity were lower in smokers than in non-smokers, and that smokers
discontinued DMD earlier because of disease activity and intolerance.
There was no difference in the annualized relapse rates between the two
groups (Hersh et al., 2020). However, this study was based on a cohort
composed mainly of Caucasians and there is no data related to the
impact of smoking on disease activity in Asians, including Japanese,
especially when treated with oral DMDs. Therefore, we conducted a
single-center, retrospective, observational study to investigate whether
smoking affected the disease-modifying efficacy of oral DMDs in Japa-
nese MS patients.

2. Materials and methods
2.1. Patient population

This single-center, retrospective, observational study consecutively
enrolled all patients with RRMS who were initiated with FTY or DMF at
Kyushu University Hospital between January 2012 and December 2019.
All enrolled patients were retrospectively confirmed to fulfill the 2017
McDonald criteria (Thompson et al., 2018) and were thoroughly
examined and regularly followed-up at Kyushu University Hospital. The
study protocol was approved by the ethics committee of Kyushu
University.

2.2. Data collection

Clinical information, laboratory data, and MRI findings were
collected from the medical records of our hospital. Collected informa-
tion and data at the time of initiating FTY or DMF (defined as baseline)
included smoking status, age at examination, age at onset, sex, Kurtzke’s
Expanded Disability Status Scale (EDSS) (Kurtzke, 1983), Multiple
Sclerosis Severity Score (MSSS) (Roxburgh et al., 2005), oligoclonal IgG
bands (OCB), and IgG index. Annualized relapse rates (ARR) under the
previous treatment status during 2 years prior to baseline were also
calculated. If the disease duration at baseline or the duration under prior
DMD status was less than 2 years, the maximum period in those situa-
tions was applied. The endpoints of this study were clinical relapse, and
any disease activity confirmed as clinical relapse or MRI disease activity,
detected by December 31, 2020. Clinical relapses were defined as novel
MS symptoms persisting for more than 24 h that were not caused by
infection, fever, or other diseases. MRI disease activity was defined as
positive when new T2 lesions or gadolinium-enhanced lesions were
observed. We defined any disease activity as relapse or MRI disease
activity. We stratified the study participants into two groups, current
smokers and non-smokers, on the basis of their smoking status at base-
line. Additionally, non-smokers at baseline were further categorized as
former or never smokers on the basis of whether they had smoked and
quit before the baseline or never smoked at all, respectively. The
observation period was defined as the time from oral DMD initiation to
the earlier event, either oral DMD termination or the end of December
2020. If patients were administered FTY and DMF during the observa-
tion period, observations during FTY treatment were used, because DMD
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switching from FTY to other DMDs, including DMF, sometimes causes
severe relapses termed “rebound”; (Barry et al., 2019) however, most of
these cases used FTY prior to DMF because of the order of the timing of
drug release.

2.3. Statistical analysis

Categorical variables were described using counts and percentages,
and continuous and ordinal variables were demonstrated using median
and interquartile ranges (IQRs). To compare baseline demographic data,
Fisher’s exact probability test was performed for categorical variables
and the Mann-Whitney U test for continuous variables. Kaplan-Meier
curves were generated for time from baseline to clinical relapse or any
disease activity. Log-rank tests and Cox proportional hazard analyses
were performed to evaluate the risk of smoking on relapse or any disease
activity. Hazard ratio (HR) and 95% confidence intervals (CI) were also
calculated. In multivariate analysis, sex, age of onset, disease duration,
EDSS score at baseline, ARR during the prior treatment status up to 2
years before baseline, and DMD type (FTY or DMF) were included as
covariates. Multivariate analyses included the interaction between
smoking status and DMD type toward endpoints to assess the impact of
DMD type on the effect of smoking. All analyses were performed using
JMP Pro 15.1.0 software (SAS Institute, Cary, NC, USA). The signifi-
cance level was set at p < 0.05.

3. Results
3.1. Baseline characteristics

We enrolled 103 patients with RRMS who were initiated with FTY or
DMF between January 2012 and December 2019. Of these, 19 patients
(18.4%) were current smokers at baseline. Smoking status during the
observation period was available for all the current smokers, and of
these, 15 (78.9%) continued smoking until their endpoint. Out of 84
non-smokers at baseline, 23 were former smokers (smoked before
baseline) and 61 were never-smokers. Based on a previous report (Hersh
et al., 2020), we estimated the statistical power of the sample size in our
cohort. It had 80% power with a total sample size of 650, and approx-
imately 30% power with the sample size of our cohort, which allowed us
to detect a difference between the groups if the HR exceeded 1.8.
Baseline demographic data are shown in Table 1. Current smokers had a
smaller proportion of females than males compared with non-smokers
(52.6% vs 83.3%, p = 0.012), but other clinical and laboratory data
were similar between the two groups. There was no significant differ-
ence in the proportion of DMD type between the two groups (p = 0.786).
In the non-smoker group, never-smokers had a younger age at onset
(24.0 [19.0-33.0] years vs 31.0 [24.0-34.0] years, p = 0.010) and lower
EDSS score (1.5 [1.0-2.0] vs 2.0 [1.5-3.0], p = 0.021) than former
smokers. Never-smokers were more likely to be female (90.2% vs 65.2%,
p = 0.017), OCB positive (78.6% vs 50.0%, p = 0.025), and treated with
FTY (75.4% vs 43.5%, p = 0.009) compared with former smokers. When
never-smokers were compared with current smokers, the proportion of
females was higher in never-smokers than in current smokers (90.2% vs
52.6%, p = 0.001).

3.2. Baseline demographic features associated with clinical disease
activity

We stratified all participants into two groups based on the presence
of relapse or any disease activity during the observation period
(Table 2). Clinical relapse was noted for 27 patients (26.2%) and any
disease activity was noted for 49 (47.6%) patients. The frequency of
current smokers was higher in patients with clinical relapse or any
disease activity than in patients in the other groups (33.3% vs 13.2%, p
= 0.04 and 30.6% vs 7.4%, p = 0.004, respectively). Except for the ratio
of current smokers at baseline, there was no significant difference in
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Table 1
Demographic features of patients with RRMS stratified by distinct smoking status.
Current Non-smokers p- Non-smokers (n = 84) p- p-value
smokers (n=84) value Former Never-smokers value Current Current
(n=19) smokers (n=61) smokers smokers
(n=23) vs Former vs Never-
smokers smokers

Age” (years) 35.0 [32.0 - 35.0 [29.0 - 45.8] 0.756 38.0 [33.0 - 34.0 [27.0 - 45.0] 0.055 0.105 0.760
41.0] 48.0]

Female, n (%) 10/19 (52.6) 70/84 (83.3) 0.012 15/23 (65.2) 55/61 (90.2) 0.017 0.531 0.001

Disease duration” (years) 4.7 [2.4 - 6.7 [2.2 - 14.4] 0.284 6.6 [2.9 - 6.8 [1.9 - 14.8] 0.936 0.343 0.320
10.4] 14.2]

OCBs positivity, n (%) 11/18 (61.1) 55/78 (70.5) 0.573 11/22 (50.0) 44/56 (78.6) 0.025 0.537 0.213

IgG index” 0.73 [0.59 - 0.66 [0.54 - 0.98] 0.623 0.60 [0.52 - 0.76 [0.56 - 1.05] 0.146 0.174 0.960
0.96] 0.86]

EDSS" 2.0 [1.0 - 1.8 [1.0 - 2.4] 0.641 2.0[1.5- 1.5[1.0 - 2.0] 0.021 0.393 0.437
2.5] 3.0]

MSSS* 291 [1.77 - 2.44[0.89 - 4.82] 0.552 3.17 [1.70 - 2.29 [0.67 - 4.30] 0.103 0.667 0.322
5.87]1 5.87]1

FTY:DMF (%FTY) 14:5 (73.7) 56:28 (66.7) 0.786 10:13 (43.5) 46:15 (75.4) 0.009 0.065 1.000

Observation period” (years) 1.8[0.8 - 2.9 [1.6 - 5.7] 0.222 2.4 (1.6 - 3.3[1.5-5.9] 0.192 0.456 0.199
4.71 3.6]

ARR of prior treatment status up to 2 years 1.0 [0.5 - 0.5[0 - 1.5] 0.247 0.5[0-1.7] 0.5[0 - 1.5] 0.475 0.226 0.323

before oral DMD initiation” 1.5]

DMD naive: usage history (+) (%naive) 10:9 (52.6) 45:39 (53.6) 1.000 12:11 (52.2) 33:28 (54.1) 1.000 1.000 1.000

DMD used just before oral DMD initiation IFN-B: 7 IFN-B: 25 (64.1%) 0.941 IFN-B: 6 IFN-B: 19 (67.9%) 0.456 0.761 0.867
(75.0%) GA: 5 (12.8%) (54.5%) GA: 3 (10.7%)
GA: 1 DMF: 3 (7.7%) GA: 2 DMF: 1 (3.6%)
(12.5%) PSL: 3 (7.7%) (18.2%) PSL: 2 (7.1%)
DMF: 1 Natalizumab: 3 DMF: 2 Natalizumab: 3
(12.5%) (7.7%) (18.2%) (10.7%)

ARR: annualized relapse rate; DMD: disease modifying drug; DMF: dimethyl fumarate; EDSS: Extended Disability Status Scale; FTY: fingolimod; GA: glatiramer acetate;
IFN-p: interferon-beta; IQR: interquartile range; MSSS: Multiple Sclerosis Severity Score; OCBs: oligoclonal IgG bands; PSL: prednisolone; RRMS: relapsing-remitting

multiple sclerosis.
& Median [IQR].

Table 2
Demographic data of patients with RRMS stratified by distinct disease activity.
Relapsed (n = 27) Relapse-free (n = 76) p- Any disease activity” (n No disease activity (n p-
value =49) =54) value
Age at onset” (years) 29.0 [21.0 - 33.0] 27.5 [22.0 - 34.0] 1.000 29.0 [21.0 - 33.0] 26.5 [21.8 - 34.3] 0.861
Female, n (%) 22/27 (81.5) 58/76 (76.3) 0.789 38/49 (77.6) 42/54 (77.8) 1.000
Disease duration® (years) 5.6 [3.1 - 14.4] 6.7 [1.8 - 11.9] 0.967 5.0 [2.7 - 14.1] 7.5 [1.8 - 13.9] 0.304
OCBs positivity, n (%) 20/25 (80.0) 46/71 (64.8) 0.212 33/44 (75.0) 33/52 (63.5) 0.272
IgG index” 0.77 [0.56 - 1.25] 0.66 [0.54 - 0.89] 0.183 0.75 [0.57 - 1.17] 0.63 [0.53 - 0.86] 0.066
EDSS" 2.0 [1.0 - 3.0] 1.5[1.0 - 2.0] 0.120 2.0 [1.0 - 3.0] 1.5[1.0 - 2.0] 0.135
MSSS* 2.44 [1.70 - 5.38] 2.50 [0.80 - 4.82] 0.476 2.91 [1.58 - 5.63] 2.39 [0.67 - 4.43] 0.155
FTY:DMF (%FTY) 17:10 (63.0) 53:23 (69.7) 0.632 33:16 (67.4) 37:17 (68.5) 1.000
Current smokers: non-smokers (%smokers) 9:18 (33.3) 10:66 (13.2) 0.040 15:34 (30.6) 4:50 (7.4) 0.004
Current smokers: former smokers: never-smokers 9:3:15 10:20:46 0.038 15:7:27 (30.6:14.3:55.1) 4:16:34 (7.4:29.6:63.0) 0.005
(%) (33.3:11.1:55.6) (13.2:26.3:60.5)
Observation period” 3.3[1.1 - 5.8] 2.8 [1.3 - 54] 0.569 3.0 [1.1 - 4.9] 2.8 [1.6 - 5.9] 0.976
ARR of prior treatment status up to 2 years before 0.5 [0 - 2.0] 0.6 [0 - 1.5] 0.828 1.0 [0.5 - 1.9] 0.5 [0 - 1.5] 0.205

oral DMD initiation®

ARR: annualized relapse rate; DMF: dimethyl fumarate; EDSS: Extended Disability Status Scale; FTY: fingolimod; IQR: interquartile range; MSSS: Multiple Sclerosis

Severity Score; OCBs: oligoclonal IgG bands.
& Median [IQR].
b Any disease activity: any event of clinical relapse or MRI disease activity.

clinical features according to the two disease activity measurement
statuses.

3.3. Effect of smoking on disease activity during DMD treatment in a
univariate model

We analyzed whether smoking status affected the disease course of
MS patients. Nine (47.4%) out of 19 current smokers and 18 (21.4%) out
of 84 non-smokers experienced clinical relapse during the observation
period, indicating a higher incidence of clinical relapse in current
smokers than in non-smokers (p = 0.040). In addition, a higher

incidence of any disease activity was observed in current smokers than
in non-smokers (15/19 (79.0%) vs 34/84 (40.5%), p = 0.004). Relapse-
free survival curves using the Kaplan-Meier method demonstrated that
time from DMD initiation to relapse was significantly shorter in current
smokers than in non-smokers (log-rank test: p = 0.011; Cox proportional
hazard analysis: HR 2.72 [95% CI 1.22-6.09], p = 0.015) (Fig. 1A).
Current smoking was also associated with any disease activity (Fig. 1B;
log-rank test: p = 0.016; Cox proportional hazard analysis: HR 2.18
[1.14-4.19], p = 0.019).

Next, we stratified the non-smoker group into former smokers and
never-smokers and compared the survival curves among three groups
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— Current smokers (n =19)
—-- Former smokers (n = 23)
--- Never-smokers (n=61)

Current vs. Never-smokers: Log-rank, p = 0.042; HR = 2.32 (95% CI 1.01 - 5.32, p = 0.048)
Former vs. Never-smokers: Log-rank, p = 0.254; HR = 0.49 (95% C1 0.14 - 1.71, p = 0.264)
Current vs. Former smokers: Log-rank, p = 0.010; HR = 4.83 (95% CI 1.30 - 17.93, p = 0.019)

0 500 1000 1500 2000 2500 3000
Days from DMD initiation
— Current smokers (n = 19)
—-- Former smokers (n =23)

---- Never-smokers (n=61)

Current vs. Never-smokers: Log-rank, p = 0.058; HR = 1.90 (95% CI 0.97 - 3.74, p = 0.062)
Former vs. Never-smokers: Log-rank, p = 0.206; HR = 0.59 (95% CI 0.25 - 1.35, p = 0.211)
Current vs. Former smokers: Log-rank, p = 0.005; HR = 3.48 (95% Cl 1.37 - 8.85, p = 0.009)

1000 1500 2000
Days from DMD initiation

2500 3000

Fig. 1. Comparison of Kaplan-Meier survival curves stratified by smoking status at baseline.

(A, B) Relapse-free survival curves (A) and survival curves for any disease activity (B) between current smokers and non-smokers.

(C, D) Relapse-free survival curves (C) and survival curves for any disease activity (D) among current smokers, former smokers, and never-smokers.
The p-values of the log-rank tests and hazard ratios (HRs) and 95% confidence intervals (CIs) of Cox proportional hazard analysis are shown.

including current smokers. The survival curves for relapse were not
different between the former smoker and never-smoker groups (log-rank
test: p = 0.254; Cox proportional hazard analysis: HR 0.49 [0.14-1.71],
p = 0.264) (Fig. 1C) as well as the curves for any disease activity (log-
rank test: p = 0.206; Cox proportional hazard analysis: HR 0.59
[0.25-1.35], p = 0.211) (Fig. 1D). Notably, the HR for relapse and any
disease activity in current smokers versus former smokers (HR 4.83
[1.30-17.93], p = 0.019 for relapse; HR 3.48 [1.37-8.85], p = 0.009 for
any disease activities) was higher than between current smokers and
never-smokers (HR 2.32 [1.01-5.32], p = 0.048 for relapse; HR 1.90
[0.97-3.74], p = 0.062 for any disease activity). When we extended our
analysis to the achievement of no evidence of disease activity-3 (Kappos
etal., 2016) by adding EDSS progression to the current definition of any
disease activity, the patients’ classification remained exactly the same
and the survival curves and the obtained statistical analysis results were
comparable with the results for any disease activity (Supplementary
Figure).

3.4. Risk factors of disease activity in a multivariate model

We performed multivariate analysis to identify risk factors related to
disease activity. Current smoking was an independent risk factor for
clinical relapse in a model adjusted for the ARR under prior treatment
status before baseline, sex, EDSS score at baseline, age at disease onset,
disease duration, and DMD type (DMF or FTY) against never-smokers
and former smokers (current smokers vs never-smokers: HR 2.54
[1.06-6.10], p = 0.037; current smokers vs former smokers: HR 8.05
[1.92-33.68], p = 0.004). For any disease activity, current smokers
demonstrated an independent risk versus former smokers (HR 3.47
[1.27-9.50], p = 0.015) (Table 3). Additionally, DMF treatment showed
a trend towards an increased rate of clinical relapse compared with FTY

Table 3
Multivariate analysis for factors contributing to clinical relapse or any disease
activity.

Clinical relapse Any disease activity®

HR [95% p- HR [95% p-
CI] value CI] value
Current smokers [vs never- 2.54 [1.06 0.037 1.63 [0.79 0.187
smokers] - 6.10] - 3.39]
Current smokers [vs former 8.05 [1.92 0.004 3.47 [1.27 0.015
smokers] - 33.68] - 9.50]
Former smokers [vs never- 0.32 [0.08 0.086 0.47 [0.19 0.104
smokers] -1.18] -1.17]
ARR of prior treatment status up 0.94 [0.71 0.596 1.08 [0.90 0.385
to 2 years before oral DMD -1.17] -1.27]
initiation
Female [vs male] 1.36 [0.48 0.557 1.33 [0.60 0.478
- 3.83] - 2.94]
EDSS 1.21 [0.91 0.159 1.17 [0.94 0.131
- 1.54] -1.43]
Age at onset (years) 1.01 [0.96 0.710 1.00 [0.96 0.907
- 1.05] -1.03]
Disease duration (years) 0.98 [0.91 0.455 0.96 [0.92 0.181
- 1.04] - 1.01]
DMF [vs FTY] 2.30 [0.94 0.069 1.55 [0.78 0.212
- 5.65] - 3.07]

95% CI: 95% confidence interval; ARR: Annualized relapse rate; DMD: disease
modifying drug; DMF: dimethyl fumarate; FTY: fingolimod; HR: hazard ratio.
%Any disease activity: any event of clinical relapse or MRI disease activity.

(2.30 [0.94-5.65], p = 0.069). No interaction with statistical signifi-
cance was detected between smoking status and DMD type for clinical
relapse or any disease activity (p = 0.596 and 0.446, respectively).
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4. Discussion

This single center, retrospective, observational study revealed that
smoking at oral DMD initiation was associated with clinical relapse or
any disease activity, detected as relapse or MRI activity, in patients with
RRMS. Multivariate analysis demonstrated that smoking was an inde-
pendent risk factor for clinical relapse.

Smoking is an environmental risk factor for MS susceptibility
(Degelman and Herman, 2017; Handel et al., 2011). Additionally,
smoking increases the risk of conversion from a relapsing-remitting to
progressive disease course (Hernan et al., 2005; Degelman and Herman,
2017; Barzegar et al., 2021), and smokers progress from RRMS to SPMS
earlier compared with non-smokers (Hernan et al., 2005; Healy et al.,
2009).

Smoking also modulates the immune system by reducing the
numbers of Foxp3-positive regulatory T cells (Correale and Farez, 2015),
activating and reprogramming myelin-autoreactive T cells in the lungs
(Odoardi et al., 2012), altering innate and adaptive immunity, and
increasing the production of proinflammatory cytokines (Qiu et al.,
2017). The effect of tobacco smoke on these factors skews the immune
balance towards a proinflammatory state and might negatively influ-
ence the clinical course of MS by reducing the anti-inflammatory effects
of DMDs, as demonstrated in the current study.

A variety of chemicals are contained in tobacco smoke including
nitrogen oxide (NOx). Rejdak et al. reported elevated levels of cere-
brospinal fluid (CSF) NOx (nitrite and nitrate) in MS patients, and a
correlation between CSF NOx levels and disability progression (Rejdak
et al., 2004). Serum nitric oxide and glutamate levels were also elevated
in RRMS patients during relapse (abdel Naseer et al., 2020). The neu-
roprotective effect of FTY is partially mediated by inhibiting astrocytic
nitric oxide; (Colombo et al., 2014) thus, nitric oxide in tobacco smoke
may cancel the beneficial effect of FTY in MS patients who smoke.

When we stratified non-smokers at baseline into former smokers and
never-smokers, there was no significant difference in the survival curves
of relapse or any disease activity between the two groups, suggesting
that smoking history before initiating oral DMDs in former smokers did
not affect the subsequent disease course or effect of DMDs. Additionally,
most smokers at baseline continued smoking up to the end of the
observation period. These results indicate that continued smoking ex-
acerbates the disease course of MS, even after the onset of the disease,
but that quitting smoking might reduce the proinflammatory immune
status to normal and restore the beneficial effects of DMDs. This is a
novel finding because a previous study used current smoking status only
and did not estimate the effect of smoking history (Hersh et al., 2020).
We also assessed the impact of previous smoking including smoking
history information before DMD initiation. Although the small sample
size in this study might have resulted in the lack of statistical difference
for disease activity observed between former smokers and
never-smokers, these results suggest the advantage of smoking cessation
on the efficacy of oral DMDs to prevent future disease activity. There-
fore, it is recommended to quit smoking, even after the onset of MS.

Our findings were consistent with several previous studies on the
association between smoking and the disease-modifying effects of
DMDs. Relapses were reported to be more frequent in smokers than non-
smokers in patients treated with interferon-§ (Petersen et al., 2018) and
natalizumab (Petersen et al., 2019). Neutralizing antibodies to DMDs
were reported to be more likely to develop in smokers (Sena et al., 2010;
AK Hedstrom et al., 2014; AK Hedstrom et al., 2014). These reports and
our data suggest that smoking might alter the host immune status even
after initiating DMDs, which are used to normalize immunological al-
terations and reduce MS clinical relapses. A previous study of patients
treated with DMF or FTY reported that the discontinuation rate related
to intolerance was higher in smokers than in non-smokers, and that the
proportion of patients who showed no signs of any disease activity was
lower in smokers than in non-smokers. However, the time to clinical
relapse was comparable between smokers and non-smokers (Hersh
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et al., 2020). The current study is the first to show that smoking might
disturb the effect of FTY or DMF on lowering the risk of clinical relapse.
We previously clarified that in a Japanese population, smoking and
passive smoking after the age of 16 years were risks for susceptibility to
MS, and that smokers had higher EDSS scores and MSSS than
non-smokers (Sakoda et al., 2020). Therefore, in accordance with pre-
vious studies of MS patients of European descent, smoking is a risk for
relapse, even under treatment with DMDs, and for susceptibility to MS,
independent of ethnicity. Smoking is ubiquitously hazardous to MS
beyond its heterogeneity in clinical features, which are derived from the
background differences in genetics and environmental factors (Yoshi-
mura et al., 2012; Piccolo et al., 2015; Ishizu et al., 2009).

Our multivariate analysis revealed no significant interaction be-
tween smoking status and oral DMD type on clinical relapses. These
findings imply that the unfavorable proinflammatory effects of smoking
on the clinical course of MS were not DMD-specific and were not related
to the pharmacological mechanisms of DMDs. Our results demonstrate
the importance of smoking cessation in all patients with MS in various
clinical settings including those under oral DMDs. Furthermore, multi-
variate analysis showed that smoking was an independent risk factor
only for clinical relapse, and that the HR for any disease activity
detected as clinical or radiological relapses did not reach statistical
significance. We speculate that the effect of oral DMDs might be
detectable for the parameters with clinically definite disease activity
rather than more subtle or subclinical activity, especially considering
the small sample size setting of our study. Intriguingly, the impact of
current smoking on disease activity was more prominent in former
smokers than never-smokers according to multivariate analysis and
survival analysis. This might be explained as follows: even though past
smoking might partially contribute to the onset of MS in former smokers,
their subsequent disease activity after smoking cessation might be lower
than that in never-smokers whose disease susceptibility was derived
from factors other than smoking.

There were several limitations in our study. First, this was a single-
center, observational study with a small number of patients. It will be
necessary to conduct prospective, multicenter studies including a large
number of patients to confirm these results. Second, this was a retro-
spective study, and a prospective interventional study should be initi-
ated to confirm the effect of cessation of smoking on relapses under DMD
treatment. Third, we were unable to obtain data on the history of passive
smoking, the duration on smoking, and the amount of smoking (e.g.,
pack years). Therefore, a dose-dependent effect estimation of smoking
on disease activity should be determined in the future.

5. Conclusions

We investigated an association between smoking and relapse or any
disease activity in Japanese patients with RRMS taking oral DMDs.
Smoking at the initiation of oral DMD attenuated the disease-modifying
effects of DMDs. Education about smoking cessation is necessary for
patients with RRMS under FTY or DMF treatment who smoke.
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