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Abstract
Background: All-trans retinoic acid (ATRA) is an acid derivative of vitamin A which is discussed as a promising
candidate to ameliorate the disease course of multiple sclerosis (MS) by immunomodulation or even by promoting
regeneration in progressive MS. Here we report a patient who significantly improved for MS related disability
following administration of chemotherapy including ATRA for mitoxantrone-related acute promyelocytic leukemia
and assess the effect of high-dose ATRA in three additional patients with progressive MS.
Methods: Patients with progressive MS who had failed previous therapies were treated with high-dose ATRA.
Patients underwent clinical and routine laboratory monitoring. Additionally, PBMCs were analyzed by flow
cytometry for lymphocyte subsets.
Results: ATRA was well tolerated and no pathological laboratory abnormalities were observed. After initial mild (not
statistically significant) improvement of EDSS and mean MSFC z-score, ongoing disease progression was observed.
One patient subacutely experienced severe cognitive and motor worsening. Cerebral MRI revealed persistent
gadolinium-enhancing lesions. Flow cytometric alterations of peripheral blood naïve, central memory and effector
memory CD4 and CD8 T cells, B lymphocytes, plasma cells, memory B cells, plasmablasts and natural killer (NK) cells
did not reach statistical significance.
Conclusions: Stand-alone therapy with ATRA did not ameliorate progressive MS in our limited cohort and we did
not observe consistent alterations of T and B cell subsets. Intriguingly, application of ATRA may have caused
marked disease exacerbation in one patient.
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Introduction
While treatment options for patients with relapsing-remitting multiple sclerosis (RRMS) have improved tremendously during the last years, evidence of effective
therapies for progressive disease is still scarce. Mitoxantrone reduces disease progression in secondary
progressive multiple sclerosis (SPMS), but its use is
limited by side effects, including the high risk for
cardiotoxicity [1] and occasional therapy-related
acute leukemia. In particular, therapy-related acute
promyeloic leukemia (tAPL) has been linked to the
inhibition of topoisomerase II with subsequent DNA
double strand breaks [2]. Recently, ocrelizumab has
been approved as the first drug to modestly delay
disease progression in primary progressive multiple
sclerosis (PPMS), while siponimod may delay disease
progression in SPMS with superimposed relapses [3,
4]. Further compounds are still in the experimental
phase or clinical testing, and hitherto unavailable.
All-trans retinoic acid (ATRA) is an acid derivative of
vitamin A (retinol), which regulates a broad range of
biological processes. ATRA is an essential part of the
AIDA (all-trans retinoic acid and idarubicin) protocol
[5] for treatment of tAPL, consisting of an anthracycline
(idarubicin) chemotherapy in addition to simultaneous
ATRA for remission induction, followed by 3 cycles of
consolidation and maintenance therapy. ATRA seems to
exert positive effects also in autoimmune diseases,
including MS. In RRMS, results from a previous study
showed improvement of MSFC but not EDSS in RRMS
patients treated with vitamin A (initially with 25.000 IU/d
for 6 months, followed by 10.000 IU/d foranother 6
months) [6]. An earlier study had already pointed towards
beneficial effects of ATRA in combination with
interferon-beta treatment by promoting suppressor cell
function [7]. Moreover, in an animal model of MS, ATRA
appeared to exhibit synergistic effects with atorvastatin
and led to reduced secretion of the pro-inflammatory
cytokine interleukin-17 and increased production of the
anti-inflammatory interleukin-10 [8]. These findings are in
line with earlier observations showing that oral Vitamin A
ameliorates the course of experimental autoimmune
encephalomyelitis (EAE) [9–11].
Via retinoic acid receptors (RARs) [12], ATRA has
been suggested to induce a shift in T cell subsets from a
Th1 to a Th2 type profile [11]. Moreover, proliferation
and differentiation of Th17 cells [13, 14] is decreased by
ATRA, e. g., by modulation of chemokines and chemokine
receptors, including IL-1 receptor (IL-1R) up-regulation, IL6R down-regulation [15] and an increase in IL-2 secretion,
which is at least partly mediated by RARs [16]. In addition,
alteration of other components of the immune system,
including B cells and immunoglobulin production has been
observed [17, 18]. Beside these immunomodulatory effects,
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there is evidencefrom animal models that ATRA might
generate neurite outgrowth [19, 20], probably by interaction
via nerve growth factor [21]. Taking these findings together,
ATRA was considered a candidate for immunomodulation
and regeneration in MS.
Here, we report an index patient with progressive MS,
who improved clinically after therapy with ATRA plus
an anthracycline-based chemotherapy regimen (AIDA
protocol) for the treatment of tAPL, as well as the
clinical outcome and flow cytometry results of three
subsequent patients with progressive MS who received
off-label high-dose ATRA treatment.

Methods
Standard protocol approvals, registrations, and patient
consents

All patients were treated at the Center of Neurology,
University of Tübingen, Germany (index patient 2002–
2020, other patients 2015–2019). All patients consented
to off-label treatment with ATRA after previous treatment had failed and provided written informed consent
for the provision of blood samples for research purposes.
The protocol for processing and analyzing peripheral
blood samples was approved by the Ethics Committee of
the University of Tübingen, Germany (029/2014BO2).
Ethics approval of individualized treatment with ATRA
with a defined protocol (including ≤4 treated patients)
was not necessary under German ethics legislation
(“Individueller Heilversuch”). The reasons for implementing the off-label use of ATRA for progressive MS
were: (i) continued clinically relevant disease progression
and failure of previous treatments with no alternative
treatment options currently available, (ii) limited evidence
of ATRA as a promising drug for autoimmune diseases
from the index patient and literature as described above,
(iii) good evidence from the AIDA protocol in support of
good tolerability and safety profile of ATRA.
For control purpose, we used an internal cohort of
progressive MS patients (n = 52) who presented in our
outpatient clinic between 2014 and 2019 (retrospective
analysis, control cohort from ethics approval 329/2019B01),
further details are described in Supplementary S4.
Patient characteristics and plan of treatment

All 3 patients had been diagnosed with progressive
multiple sclerosis (2xPPMS, 1xSPMS) and fulfilled the
McDonald criteria for MS [22] and Lublin revised criteria for progressive MS [23]. They had failed previous
treatments and had a documented progressive course of
disease, including progressive worsening of walking
ability for at least 2 years before initiation of treatment
with ATRA. None of the patients had any signs of acute
relapse or acute exacerbation within the previous year
(Table 1, patient characteristics and diagnostic data).
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Table 1 Clinical characteristics of patients
Patient No

0 (Index)

1

Sex

female

female

Age

56

59

Course of MS

SPMS

Age of disease onset

2

3

Control cohort

male

female n = 31,
male n = 19

60

39

Mean = 53,9 ± 3.1
[range 28–82]

PPMS

PPMS

SPMS

PPMS n = 26
SPMS n = 24

15 (RRMS) /
23 (SPMS)

52

58

29 (RRMS) /
35 (SPMS)

Mean = 40.6 ± 3.8
[range 18–71]

EDSS baseline

6.5

5.0

5.5

4.0

4.92 ± 0.23
[range 1.5–7.5]

Previous treatment

Azathioprine, betaferon, e
MP q3m, mitoxantrone

Mitoxantrone, MP q3m

MP q3m

Glatiramer acetat, fingolimod,
teriflunomide, MP q3m

various

Concomitant
treatment

Botolinum toxin q3m

Fampridin,
L-Thyroxin

Pramipexol

THC/CBD-spray

various

male

PPMS primary progressive multiple sclerosis, SPMS secondary progressive multiple sclerosis, EDSS extended disease severity score, MP q3m high dose intra-venous
methyprednisolone (1000 mg/day for 3–5 days) every 3 months

They did not show significant alterations compared with
retrospectively analyzed control patients concerning
EDSS at baseline, age, age at disease onset and disease
duration.
Similar to the ATRA administration in the AIDAprotocol, a 30-day induction phase with daily oral administration of ATRA (45 mg/m2) was followed by 3 cycles of
consolidation (daily medication during the first 15 days of a
30-day cycle) and multiple cycles of sustainment (3-month

cycles with treatment during the first 15 days, planned for
6 cycles or until sustained disease progression) (Fig. 1a).
One patient (patient 1) received 4 cycles of sustainment,
patient 2 and 3 discontinued treatment after the 2nd cycle
of sustainment (= day 300) due to disease progression.
During treatment with ATRA, symptomatic therapies (e. g.
anti-spastic) were continued, but no additional immunomodulatory drugs (except for intravenous corticosteroids in
patient 2 for acute disease exacerbation) were administered.

Fig. 1 Schematic overview of treatment plan and clinical outcome. a Schematic overview of the planned treatment, consisting of 30 days of induction
therapy followed by 3 cycles of consolidation therapy and 6 cycles of sustainment therapy. Due to lack of evidence and potential aggravation of
disease activity, treatment was stopped after the 2nd cycle of sustainment / day 300. b Clinical course of EDSS and c clinical course of walking ability.
Slight non-significant improvement was observed on day 210 that was not statistically significant and could not be proven on day 300. d MSFC z
score did not show significant changes. All tests showed no significance (p < 0,05) in Friedman-test with Dunn’s post-hoc test
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Clinical assessment

For maximal patient safety during off-label treatment,
patients were assessed regularly (monthly during induction/consolidation phase and every 3 months at the beginning of each cycle of the sustainment phase). Routine
laboratory investigations (including blood count, serum
electrolyte, liver enzymes, infection parameters) were
drawn at each visit and adverse events were documented. Clinical course was documented by EDSS (not
blinded, performed by certified EDSS raters), measured
maximal walking distance, and multiple sclerosis functional composite (MSFC) test, consisting of 9-hole-pegtest (9HPT), 25-ft walking time (25FWT) and paced 3″
auditory serial addition test (PASAT 3″).
Flow cytometry staining

Peripheral blood mononuclear cells (PBMCs) were
isolated from EDTA blood using a Ficoll gradient and
frozen (− 80 °C) until further analysis. For flow cytometry,
the following antibodies were used: anti-human CD3-APC
(1/100) clone UCHT1, anti-human CD4-FITC (1/100)
clone SK3, anti-human CD8-PerCP (1/100) clone SK1,
anti-human CD19-FITC (1/100) clone HIB19, anti-human
CD27-PE (1/50) clone L128, anti-human CD38-APC (1/
50) clone HIT2, anti-human CD56-PE (1/50) clone B159,
anti-human CD197(CCR7)-PE (1/50) clone 3D12 (all BD
Biosciences), anti-human CD45RA-APC (1/50) clone
HI100 (BioLegend). As a reference, analyses were additionally performed in 10 healthy controls. Gating strategy
for CD4/CD8-T cell subsets, NK cells and B cell-subsets is
displayed in Supplementary Fig. S1.
Statistical analysis

For graphical and statistical representation, GraphPadPrism, Version 5.0 and customized R scripts [24] were used.
For comparison of clinical parameters and lymphocyte
subpopulations at different timepoints, the non-parametric
Friedman-test with Dunn’s post-hoc analysis was applied,
p-values were adjusted for multiple testing using the
Bonferroni correction. Wilcoxon rank sum test was applied
for comparisons between ATRA treated patients and
the control cohort. Adjusted values for p < 0.05 were
considered statistically significant. All values are displayed
as mean ± sd [95% confidence interval (CI) lower; 95% CI
upper] unless stated differently.

Results
Index patient

Our hypothesis that ATRA may exert positive effects on
the course of progressive multiple sclerosis emerged
from the clinical observation of a woman with SPMS
who improved significantly in walking ability and EDSS
after receiving the AIDA protocol for the treatment of
tAPL, which includes high doses of ATRA.
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RRMS was first diagnosed in 1978, when she presented
with hemianopsia that responded well to glucocorticoid
treatment. CSF analysis revealed pleocytosis and positive
oligoclonal bands (OCB) and evoked potentials were
prolonged. MRI showed spinal, infratentorial, juxtacortical and periventricular lesions, typical for MS. In the following years, she experienced two more clinical relapses,
but from 1986 onwards a secondary progression with
reduction of her walking ability and left dominant tetraparesis was documented. The patient had been initially
treated with azathioprine (1978–1980), followed by glucocorticoids (in the first years irregularly after relapses,
in the next several years 3-4x/year as treatment for
progressive disease) until 1998. Despite treatment, the
patient essentially lost her walking ability (documented
EDSS 6.5) in 1999. Subsequently, mitoxantrone was
administered from 2000 to 2002 (initial dose 12 mg/m2
i.v./every 3 months, cumulative dose 72 mg/m2) until
acute promyeloic leukemia was diagnosed in 04/2002.
The length of exposure to mitoxantrone was compatible
with the diagnosis of mitoxantrone therapy-related
leukemia (tAPL). Following the AIDA protocol for tAPL,
induction therapy with Idarubicin (12 mg/m2 on day 2,
4, 6, 8) and cytarabin (Ara-C 100 mg/m2/24h on day 1)
accompanied by ATRA (45 mg/m2 until complete remission) was initiated. Three cycles of consolidation
(anthracycline-based and cytarabine, each combined
with ATRA for 15 days in 30-day-cycles) were administered subsequently, followed by 6 cycles of maintenance
therapy (6-mercaptopurine daily, methotrexate weekly
plus ATRA during the first 15 days of 3-month-cycles).
Treatment was successful, with a stable complete molecular remission ever since (up to date 2020).
Although no further immunomodulatory/immunosuppressive therapy was administered since 2004, MS
symptoms continuously improved after the end of the
tAPL therapy. The patient regained her walking ability
and was later able to walk 120 m with bilateral assistance. Motor function of the arms increased and the
EDSS improved slightly to 6.0. The patient underwent
botulinum toxin injections (facial spasms) since 2004
and regular physiotherapy without further symptomatic
drug therapies.
Based on this favorable outcome of the index patient
and given the above-mentioned research data on immunomodulatory effects of ATRA, we hypothesized that administration of high-dose ATRA as in the tAPL protocol
may have positively modified the course of disease of
progressive multiple sclerosis.
ATRA is well tolerated and causes no abnormalities in
routine laboratory parameters

All three subsequent patients complained about light
headache during the first days of each cycle. Two out of
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three patients had mild flu-like symptoms after the first
30 days of induction, which resolved without treatment.
One patient complained about mild worsening of a
psoriatic exanthema and reported mild flushes. No
serious treatment-related adverse events were observed
during treatment with ATRA. Routine safety testing
showed no relevant changes in WBC, serum electrolytes,
infection parameters, and liver or kidney function.
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memory T cells (Fig. 2). However, compared to normal
population or healthy controls (i.e., not treated with
ATRA), we did not observe any significant differences.
The frequencies of central memory CD4+ or CD8+ T
cells (Fig. 2), CD19+ B lymphocytes, CD19 + CD38+
plasma cells, CD19 + CD27+ memory B cells and CD56+
NK cells (Fig. 3) were not affected by ATRA.
Disease exacerbation in one patient

No changes in clinical outcome

Clinical outcome was assessed by EDSS rating, testing of
walking ability and MSFC. For two out of three patients
(not including the previous index case), initial improvement
in EDSS after 120 days was observed (Fig. 1b) (Baseline:
4.83 ± 0.44 [CI 3.99; 5.69]; d120 4.5 ± 0 [CI not applicable]).
However, this (non-significant) improvement could not be
sustained. Instead, asubsequent clinical worsening was observed and at day 300 (after 2 cycles of sustainment therapy) EDSS returned to baseline values (d300: 5.0 ± 0.29 [CI
4,43; 5.56]). Compared with the control cohort (baseline
EDSS 4.92 ± 0.23 [CI 4.49; 5.34]), the annual worsening
(ΔEDSS) of 0.17 ± 0.1 [CI -0.02; 0.36] was within the expected range without significant improvement after treatment (control ΔEDSS 0.23 ± 0.09 [CI 0.05; 0.40],: p = 0.983;
effect size W = 74.5).
Maximal walking ability (Fig. 1c) at baseline was 328
m ± 103 m [CI 209.9, 444.1] and initially improved at day
120 to 382 m ± 55 m [CI 235.7, 529.6] (mean delta
change 71 m ± 72 m). Nonetheless, this change was not
statistically significant. Yet, at the end of treatment/day
300, walking ability reached again a level below baseline
with maximal walking ability of 298 ± 49 m [CI 212.2,
383.2]. Thus, no overall clinical effects on walking ability
could be observed.
MSFC Test (containing 25FWT, 9HPT, 3”PASAT,
Fig. 1d) showed similar tendencies with minimal, not
statistically significant or clinically relevant improvement at day 30 and day 120 that were not sustained at
day 210 and day 300 (baseline z-score: 15.1 ± 0.38 [ci
14.3; 15,8], d300: 12.5 ± 5.05 [ci 2.6; 22.4]). Analysis of
the single components (see Supplementary Fig. S2)
showed improvement of 9HPT at days 30, 120 and 300
against baseline (moderate effect size, Kendall W = 0.424),
most likely due to training effects. For 25 ft walk test or
3”PASAT no significant changes were observed.
Lymphocyte subsets

At baseline and during treatment with ATRA, peripheral
blood samples were obtained from all patients and cells
were analyzed by flow cytometry. After induction therapy with ATRA, we observed a proportional increase of
naive CD4+ and naive CD8 T+ cells in one patient
(patient 1), whereas another patient (patient 2) presented
a proportional increase of CD4+ and CD8+ effector

One patient (patient 2) experienced severe cognitive and
motor worsening after the first cycle of sustainment
therapy (day 210). Cerebral MRI revealed gadolinium
enhancing lesions. The patient received high-dose glucocorticoid treatment and the 2nd cycle of sustainment
therapy with ATRA was continued. However, symptoms
progressed. Repeated MRI 3 months later, showed persisting and new gadolinium enhancing lesions (Fig. 4).
ATRA therapy was halted and the patient received
another cycle of high-dose glucocorticoid treatment
followed by rituximab (1 g every 6 months), which stabilized the disease course. No new T2 or persistent Gd +
MRI lesions were observed in the following 2 years. This
disease exacerbation was unexpected as none of the 50
patients in the control cohort showed similar disease activity on repeated MRI scans.
Clinical outcome

While a slight, non-significant clinical improvement was
noted at initial stages during induction therapy, all
patients experienced clinical worsening in subsequent
cycles, with an overall reduced walking ability noted at
day 300. Therefore, treatment with ATRA was discontinued
in all patients. MRI (FLAIR, Gd-enhanced T1) of patient 1
and 3 remained stable during and after treatment.

Discussion
All-trans retinoic acid (ATRA) is known to interact via
multiple ways with the immune system and previous
studies have suggested that ATRA could shift the
imbalance in multiple sclerosis from a Th1/Th17 to
Th2/Treg T cell phenotype [25], potentially facilitating
clinical improvement in MS or even inducing neuroregeneration. Here we report a single index patient who
improved significantly after treatment with a high-dose
ATRA-containing regimen (AIDA protocol for tAPL).
This observation is in line with reports of beneficial
effects after ATRA treatment in other autoimmune
disorders, including inflammatory bowel disease [26]
and systemic lupus erythematosus [27], where ATRA
has been shown to reduce proteinuria in lupus nephritis.
The positive effects noted in our index patient are also in
line with evidence of efficacy of ATRA in dampening
inflammatory processes in animal models. In particular,
ATRA has been associated with attenuation of disease
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Fig. 2 High heterogeneity in CD4 / CD8 T cell subsets with no obvious alteration by ATRA. Central memory CD4+ T cells (CD4+ Tcm), naïve
CD4+ T cells and effector memory CD4+ T cells (CD4+ Tem) as well as central memory CD8 T cells (CD8+ Tcm), naive CD8+ T cells and effector
memory CD8+ T cells (CD8+ Tem) were tested before (green dots), during (black dots) and in the follow-up period after (blue dots) treatment
with ATRA, red dots indicate end of treatment. High heterogeneity was observed with no evidence of direct alteration by induction of treatment.
Grey lines indicate range of normal values (mean +/− 2*SD) obtained as reference from 10 healthy controls. All tests showed no
significance (p < 0,05) in Friedman-test with Dunn’s post-hoc test

activity in EAE models [9, 10] along with attenuation of
neuroinflammation following global ischemia and rescue
of neurons in a gerbil model [28].
Despite the suggested clinical improvement associated
with ATRA therapy in the index patient, we could not
observe any significant amelioration of clinical symptoms in three further patients treated with high-dose
stand-alone ATRA. In this small cohort, we were not
able to demonstrate any consistent shift in T and B cell
subsets. Yet, as the flow cytometry results exhibited high
variability already at baseline, treatment induced changes
may have remained undetected. Some further methodological limitations should be considered for an accurate
interpretation of our results:a) The population treated
with ATRA was small, heterogenous and had failed previous treatment attempts. The small population size per
se may account for type II errors. However, in this small
cohort, no striking ATRA effects in these exemplary MS
patients were noted. The small cohort was heterogenous
and included patients with primary and secondary
progressive MS. Although genetic and histopathological
features as well as the natural course of disease indicate
a common “progressive stage” of MS [23, 29], it cannot

be ruled out that PPMS and SPMS are two different
entities. Moreover, it has been suggested to categorize
MS in three different stages: early/initial stage driven by
systemic inflammation, a second stage of compartmentalized
inflammation in the CNS and a third stage with prominent neurodegeneration [30]. Taking the promising experience from the index patient, we hypothesized that
ATRA might hold potential for attenuating neurodegeneration. With a range of disease duration between 2
and 10 years, our patients were most likely in the second to third stage of MS. However, the patient with the
shortest disease duration (2 years) experienced disease
exacerbation with new Gd-enhanced lesions on MRI.
Thus, we cannot exclude that differential ATRA effects
could be expected in patients with different MS types
or at different MS stages. Also, regarding the previous
failed treatment attempts, we consider it unlikely that
relevant carry-over effects persisted when treatment
with ATRA was initiated. More importantly, the repeated failures of treatment attempts and the severe
disability (EDSS 4.0–6.0) of our patients indicate a
severe MS course. Thus, we cannot exclude that a
“floor-effect” may have confounded our results. As seen

Ruschil et al. Neurological Research and Practice

(2021) 3:25

Page 7 of 10

Fig. 3 Frequency of B lymphocytes, plasma cells and NK cells. Frequency of CD19+ B lymphocytes, CD19 + CD38+ plasma cells, CD19 + CD27+
memory B cells and CD56+ NK cells did not significantly differ during treatment of ATRA (Friedman test with Dunn’s post-hoc test p<0.05)

in previous studies, rigorous selection of inclusion
criteria, including young age, short disease duration
and MRI activity might unmask treatment effects.
Nonetheless, we considered ATRA as off-label treatment to be ethically justified only in selected patients
with aggressive disease course, persistent clinical

worsening and after all other available treatment options had been exhausted, even at the cost of introducing bias in patient selection.
b) While the index patient had received ATRA and
additional idarubicin during induction, cytarabin during
consolidation and 6-mercaptopurin during maintenance

Fig. 4 MRI imaging of patient 2 displaying disease activity. a FLAIR and b T1 weighted MRI with application of gadolinium at day 300 after start
of ATRA revealed multiple gadolinium-enhancing lesions
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stages of the AIDA protocol, the prospectively treated
three patients received only ATRA monotherapy. Idarubicin has not been previously studied in multiple sclerosis.
Cytarabin is part of high-dose immunosuppressive treatment in combination with autologous hematopoietic stem
cell transplantation in multiple sclerosis [31], but monotherapy has failed to improve neurological outcome [32].
Certainly, 6-mercaptopurin (or its prodrug azathioprine)
has well proven effects on the course of disease in multiple
sclerosis [33] but it seems very unlikely that a limited
treatment period during 6 cycles of maintenance could
have induced the observed amelioration of the index
patient.
c) Effects like neuronal outgrowth or neuroregeneration promoted by ATRA evolve slowly and the duration
of treatment or the subsequent follow-up might not have
been sufficient to detect slight but steady improvements
as the ones observed in the index patient for nearly 20
years. Therefore, the observational period may have been
too short. However, the clinical worsening and acute
exacerbation in at least one patient prompted us to
withdraw ATRA treatment.
On the other hand, we contemplated whether ATRA
might induce detrimental effects in MS. Patient 2 in our
cohort experienced disease exacerbation with clinical
worsening and acute gadolinium enhancing lesions
during the treatment period. Although this finding was
unexpected and a causative role of ATRA cannot be
formally proven, detrimental effects of ATRA in experimental settings have been previously reported. In a
spinal cord injury model, application of ATRA increased
the Treg population and reduced activation of Teff cells,
which was paradoxically associated with decreased neuronal survival [34]. Additionally, in an experimental
mouse model of lupus-like disease, ATRA promoted
neuroinflammation with clinical disease exacerbation
and increased circulating plasma cells, autoantibodies
and total IgG [35, 36]. A potential explanation for this
paradoxical cerebral inflammatory process might be that
in vivo, retinoic acid interacts via multiple pathways with
immunological cascades, besides the Th1/Th2-pathways.
For example, retinoic acid has been shown to increase B
cell proliferation and plasmocytic cell differentiation
[37]. Considering the crucial involvement of antibody
and B cell mediated-processes especially at early disease
stages of MS [38], an ATRA-mediated propagation of B
cell proliferation may explain clinical worsening. Of
note, patient 2, who experienced relapse symptoms,
displayed higher relative plasmablasts (percentage of
total B cells) than the other subjects.

of the inflammatory environment. In combination with
other immunomodulatory substances such as atorvastatin
[8], interferone-beta [40] or Vitamin D [41], − or even in
combination with other immunusuppressive drugs like
cytarabin or 6-mercaptopurin - high-dose ATRA might
indeed regulate inflammatory processes. Eventually, this
could be the case with our index patient, who received
ATRA not as stand-alone therapy but in combination with
chemotherapy. As a monotherapy, at least in our limited
cohort, and possibly depending on the stage of disease,
high-dose ATRA failed to promote clinical improvement.

Conclusions
ATRA may promote or inhibit inflammation dependend
on the stage of disease [39] or the overall susceptibility

Ethics approval and consent to participate
All patients consented to off-label treatment with ATRA after previous
treatment had failed and provided written informed consent for the
provision of blood samples for research purposes. The protocol for processing

Abbreviations
AIDA: All-trans retinoic acid and idarubicin (protocol); Ara-C: Cytarabine;
ATRA: All-trans retinoic acid; CSF: Cerebro-spinal fluid; EDSS: Expanded
disability status scale; Gd: Gadolinium; IL-1R: Interleukin-1 receptor;
MRI: Magnetic resonance imaging; MS: Multiple sclerosis; MSFC: Multiple
sclerosis functional compound; NK cells: Natural killer cells; OCB: Oligoclonal
bands; PMBC: Peripheral blood mononuclear cells; PASAT 3″: Paced 3″
auditory serial addition test; PPMS: Primary-progressive multiple sclerosis;
RARs: Retinoic acid receptors; RRMS: Relapsing-remitting multiple sclerosis;
SPMS: Secondary-progressive multiple sclerosis; tAPL: Therapy-related acute
promyeloic leukemia; 25FWT: 25-ft walking time; 9HPT: 9-hole-peg-test

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s42466-021-00121-4.
Additional file 1: Supplementary Figure S1. Schematic overview for
flow cytometry. Supplementary Figure S2. Subanalysis of single
components of the MSFC test. Supplementary Figure S3. Additional
analysis of flow cytometry results. Supplementary S4. Control cohort
for progressive multiple sclerosis.
Acknowledgements
Not applicable.
Authors’ contributions
CR treated the patients, collected and analyzed the data, did statistical
analysis, did literature research, wrote the manuscript, critically reviewed and
revised the manuscript; ED performed flow cytometry, analyzed the data and
critical revised the manuscript; MIS treated the patients and critically
reviewed the manuscript for important intellectual content; MCK critically
reviewed the manuscript for important intellectual content; UZ critically
reviewed the manuscript for important intellectual content; MS treated the
index patient, advised the treatment for hematological features and critically
reviewed the manuscript for important intellectual content; MK supervised
treatment of the patients and data collection and critically reviewed the
manuscript for important intellectual content; FB designed and supervised
the treatment of all patients, treated the patients, collected and analyzed the
data, wrote the manuscript and critically revised the manuscript. The
author(s) read and approved the final manuscript.
Funding
The authors received no financial support for the research, authorship, and/
or publication of this article.
Availability of data and materials
Not applicable.

Declarations

Ruschil et al. Neurological Research and Practice

(2021) 3:25

and analyzing peripheral blood samples was approved by the Ethics Committee
of the University of Tübingen, Germany (029/2014BO2). Ethics approval of
individualized treatment with ATRA with a defined protocol (including ≤4
patients treated) was not necessary under German ethics legislation
(“Individueller Heilversuch”). For control purpose, we used an internal cohort of
progressive MS patients (n = 52) who presented in our outpatient clinic between 2014 and 2019 (ethics approval for retrospective analysis 329/2019B01
by Ethics Committee of the University of Tübingen).
Consent for publication
All patients provided written consent for publication.
Competing interests
Christoph Ruschil is supported by fortüne/PATE (grant no 2536-0-0) from the
medical faculty, Eberhard-Karls University of Tübingen; not related to this
project. Evelyn Dubois reports no disclosures. Maria-Ioanna Stefanou reports
no disclosures. Ulf Ziemann has received grants from European Research
Council (ERC), German Research Foundation (DFG), German Federal Ministry
of Education and Research (BMBF), Bristol Myers Squibb, Janssen Pharmaceutica
NV, Servier, Biogen Idec GmbH, and personal fees from Bayer Vital GmbH, Pfizer
GmbH, CorTec GmbH, all not related to this work. Markus C Kowarik receives
financial support from Merck, Sanofi-Genzyme, Novartis, Biogen, Celgene and
Roche, not related to this project. Marcus Schittenhelm receives financial
support from Pfizer and Astellas, not related to this project. M S was supported
by the IZKF Program of the medical faculty, Eberhard-Karls University of
Tübingen. M. Krumbholz received travel funding and speaker honoraria from
Merck, Novartis and Roche, and research support from Merck. F. Bischof served
on the scientific advisory board for Genzyme, Novartis, and Roche, received
speaker honoraria and travel funding from Biogen Idec, Genzyme, and Novartis,
and received research support from Novartis, all unrelated to this work.
Author details
1
Department of Neurology & Stroke, Eberhard-Karls University, Tübingen,
Germany. 2Hertie Institute for Clinical Brain Research, Eberhard-Karls
University, Tübingen, Germany. 3Department of Hematology, Oncology,
Clinical Immunology and Rheumatology, Eberhard-Karls University, Tübingen,
Germany. 4Department of Oncology/Hematology, Kantonsspital St Gallen, St
Gallen, Switzerland. 5Nervenärztliche Gemeinschaftspraxis, Konrad-Zuse-Str.
14, Böblingen, Germany.

Page 9 of 10

8.

9.

10.

11.

12.

13.

14.

15.

16.

Received: 16 February 2021 Accepted: 23 March 2021
17.
References
1. Martinelli Boneschi, F., Vacchi, L., Rovaris, M., Capra, R., & Comi, G. (2013).
Mitoxantrone for multiple sclerosis. Cochrane Database of Systematic
Reviews, (5), CD002127.
2. Mistry, A. R., Felix, C. A., Whitmarsh, R. J., Mason, A., Reiter, A., Cassinat, B., …
Grimwade, D. (2005). DNA topoisomerase II in therapy-related acute
promyelocytic leukemia. The New England Journal of Medicine, 352(15),
1529–1538. https://doi.org/10.1056/NEJMoa042715.
3. Kappos, L., Bar-Or, A., Cree, B. A. C., Fox, R. J., Giovannoni, G., Gold, R.,
… Ziemssen, T. (2018). Siponimod versus placebo in secondary
progressive multiple sclerosis (EXPAND): A double-blind, randomised,
phase 3 study. Lancet, 391(10127), 1263–1273. https://doi.org/10.1016/
S0140-6736(18)30475-6.
4. Montalban, X., Hauser, S. L., Kappos, L., Arnold, D. L., Bar-Or, A., Comi, G., …
Wolinsky, J. S. (2017). Ocrelizumab versus placebo in primary progressive
multiple sclerosis. The New England Journal of Medicine, 376(3), 209–220.
https://doi.org/10.1056/NEJMoa1606468.
5. Avvisati, G., Lo Coco, F., Diverio, D., Falda, M., Ferrara, F., Lazzarino, M., …
Mandelli, F. (1996). AIDA (all-trans retinoic acid + idarubicin) in newly
diagnosed acute promyelocytic leukemia: a Gruppo Italiano Malattie
Ematologiche Maligne dell'Adulto (GIMEMA) pilot study. Blood, 88(4), 1390–
1398. https://doi.org/10.1182/blood.V88.4.1390.bloodjournal8841390.
6. Bitarafan, S., Saboor-Yaraghi, A., Sahraian, M. A., Nafissi, S., Togha, M., Beladi
Moghadam, N., … Harirchian, M. H. (2015). Impact of vitamin a
supplementation on disease progression in patients with multiple sclerosis.
Archives of Iranian Medicine, 18(7), 435–440.
7. Qu, Z. X., Dayal, A., Jensen, M. A., & Arnason, B. G. (1998). All-trans retinoic
acid potentiates the ability of interferon beta-1b to augment suppressor cell

18.

19.

20.

21.

22.

23.

24.

function in multiple sclerosis. Archives of Neurology, 55(3), 315–321. https://
doi.org/10.1001/archneur.55.3.315.
Abtahi Froushani, S. M., Delirezh, N., Hobbenaghi, R., & Mosayebi, G. (2014).
Synergistic effects of atorvastatin and all-trans retinoic acid in ameliorating
animal model of multiple sclerosis. Immunological Investigations, 43(1), 54–
68. https://doi.org/10.3109/08820139.2013.825269.
Racke, M. K., Burnett, D., Pak, S. H., Albert, P. S., Cannella, B., Raine, C. S., …
Scott, D. E. (1995). Retinoid treatment of experimental allergic
encephalomyelitis. IL-4 production correlates with improved disease course.
Journal of Immunology, 154(1), 450–458.
Massacesi, L., Castigli, E., Vergelli, M., Olivotto, J., Abbamondi, A. L., Sarlo,
F., & Amaducci, L. (1991). Immunosuppressive activity of 13-cis-retinoic
acid and prevention of experimental autoimmune encephalomyelitis in
rats. The Journal of Clinical Investigation, 88(4), 1331–1337. https://doi.
org/10.1172/JCI115438.
Lovett-Racke, A. E., & Racke, M. K. (2002). Retinoic acid promotes the
development of Th2-like human myelin basic protein-reactive T cells.
Cellular Immunology, 215(1), 54–60. https://doi.org/10.1016/S0008-874
9(02)00013-8.
Iwata, M., Eshima, Y., & Kagechika, H. (2003). Retinoic acids exert direct
effects on T cells to suppress Th1 development and enhance Th2
development via retinoic acid receptors. International Immunology, 15(8),
1017–1025. https://doi.org/10.1093/intimm/dxg101.
Ikeda, U., Wakita, D., Ohkuri, T., Chamoto, K., Kitamura, H., Iwakura, Y., &
Nishimura, T. (2010). 1alpha,25-Dihydroxyvitamin D3 and all-trans retinoic
acid synergistically inhibit the differentiation and expansion of Th17 cells.
Immunology Letters, 134(1), 7–16. https://doi.org/10.1016/j.imlet.2010.07.002.
Mohammadzadeh Honarvar, N., Harirchian, M. H., Koohdani, F., Siassi, F.,
Abdolahi, M., Bitarafan, S., … Saboor-Yarghi, A. A. (2013). The effect of
vitamin A supplementation on retinoic acid-related orphan receptor
gammat (RORgammat) and interleukin-17 (IL-17) gene expression in
Avonex-treated multiple sclerotic patients. Journal of Molecular Neuroscience,
51(3), 749–753. https://doi.org/10.1007/s12031-013-0058-9.
Lu, L., Lan, Q., Li, Z., Zhou, X., Gu, J., Li, Q., … Zheng, S. G. (2014). Critical role
of all-trans retinoic acid in stabilizing human natural regulatory T cells under
inflammatory conditions. Proceedings of the National Academy of Sciences of
the United States of America, 111(33), E3432–E3440. https://doi.org/10.1073/
pnas.1408780111.
Ertesvag, A., Engedal, N., Naderi, S., & Blomhoff, H. K. (2002). Retinoic acid
stimulates the cell cycle machinery in normal T cells: Involvement of
retinoic acid receptor-mediated IL-2 secretion. Journal of Immunology,
169(10), 5555–5563. https://doi.org/10.4049/jimmunol.169.10.5555.
Aukrust, P., Muller, F., Ueland, T., Svardal, A. M., Berge, R. K., & Froland, S. S.
(2000). Decreased vitamin a levels in common variable immunodeficiency:
Vitamin a supplementation in vivo enhances immunoglobulin production and
downregulates inflammatory responses. European Journal of Clinical
Investigation, 30(3), 252–259. https://doi.org/10.1046/j.1365-2362.2000.00619.x.
Jin, C. J., Hong, C. Y., Takei, M., Chung, S. Y., Park, J. S., Pham, T. N., et al.
(2010). All-trans retinoic acid inhibits the differentiation, maturation, and
function of human monocyte-derived dendritic cells. Leukemia Research,
34(4), 513–520. https://doi.org/10.1016/j.leukres.2009.10.006.
Palencia, G., Hernandez-Pedro, N., Saavedra-Perez, D., Pena-Curiel, O., OrtizPlata, A., Ordonez, G., … Arrieta, O. (2014). Retinoic acid reduces solventinduced neuropathy and promotes neural regeneration in mice. Journal of
Neuroscience Research, 92(8), 1062–1070. https://doi.org/10.1002/jnr.23376.
Zhelyaznik, N., Schrage, K., McCaffery, P., & Mey, J. (2003). Activation of
retinoic acid signalling after sciatic nerve injury: Up-regulation of cellular
retinoid binding proteins. The European Journal of Neuroscience, 18(5), 1033–
1040. https://doi.org/10.1046/j.1460-9568.2003.02834.x.
Corcoran, J., & Maden, M. (1999). Nerve growth factor acts via retinoic acid
synthesis to stimulate neurite outgrowth. Nature Neuroscience, 2(4), 307–308.
https://doi.org/10.1038/7214.
Polman, C. H., Reingold, S. C., Banwell, B., Clanet, M., Cohen, J. A., Filippi, M.,
… Wolinsky, J. S. (2011). Diagnostic criteria for multiple sclerosis: 2010
revisions to the McDonald criteria. Annals of Neurology, 69(2), 292–302.
https://doi.org/10.1002/ana.22366.
Lublin, F. D., Reingold, S. C., Cohen, J. A., Cutter, G. R., Sorensen, P. S.,
Thompson, A. J., … Polman, C. H. (2014). Defining the clinical course of
multiple sclerosis: The 2013 revisions. Neurology, 83(3), 278–286. https://doi.
org/10.1212/WNL.0000000000000560.
Team RC: R: A language and environment for statistical computing. 2013.

Ruschil et al. Neurological Research and Practice

(2021) 3:25

25. Abdolahi, M., Yavari, P., Honarvar, N. M., Bitarafan, S., Mahmoudi, M., &
Saboor-Yaraghi, A. A. (2015). Molecular mechanisms of the action of vitamin
a in Th17/Treg Axis in multiple sclerosis. Journal of Molecular Neuroscience,
57(4), 605–613. https://doi.org/10.1007/s12031-015-0643-1.
26. Hong, K., Zhang, Y., Guo, Y., Xie, J., Wang, J., He, X., … Bai, A. (2014). All-trans
retinoic acid attenuates experimental colitis through inhibition of NFkappaB signaling. Immunology Letters, 162(1 Pt A), 34–40.
27. Kinoshita, K., Kishimoto, K., Shimazu, H., Nozaki, Y., Sugiyama, M., Ikoma, S., &
Funauchi, M. (2010). Successful treatment with retinoids in patients with
lupus nephritis. American Journal of Kidney Diseases, 55(2), 344–347. https://
doi.org/10.1053/j.ajkd.2009.06.012.
28. Kim, J. H., Yu, K. S., Jeong, J. H., Lee, N. S., Lee, J. H., Jeong, Y. G., … Han, S. Y.
(2013). All-trans-retinoic acid rescues neurons after global ischemia by
attenuating neuroinflammatory reactions. Neurochemical Research, 38(12),
2604–2615. https://doi.org/10.1007/s11064-013-1178-x.
29. Lassmann, H., Bruck, W., & Lucchinetti, C. F. (2007). The immunopathology of
multiple sclerosis: An overview. Brain Pathology, 17(2), 210–218. https://doi.
org/10.1111/j.1750-3639.2007.00064.x.
30. Lassmann, H. (2017). Targets of therapy in progressive MS. Multiple Sclerosis,
23(12), 1593–1599. https://doi.org/10.1177/1352458517729455.
31. Nash, R. A., Hutton, G. J., Racke, M. K., Popat, U., Devine, S. M., Griffith, L. M.,
et al. (2015). High-dose immunosuppressive therapy and autologous
hematopoietic cell transplantation for relapsing-remitting multiple sclerosis
(HALT-MS): A 3-year interim report. JAMA Neurology, 72(2), 159–169. https://
doi.org/10.1001/jamaneurol.2014.3780.
32. Tourtellotte, W. W., Potvin, A. R., Mendez, M., Baumhefner, R. W., Potvin, J. H.,
Ma, B. I., & Syndulko, K. (1980). Failure of intravenous and intrathecal cytarabine
to modify central nervous system IgG synthesis in multiple sclerosis. Annals of
Neurology, 8(4), 402–408. https://doi.org/10.1002/ana.410080411.
33. Casetta, I., Iuliano, G., & Filippini, G. (2007). Azathioprine for multiple
sclerosis. The Cochrane database of systematic reviews, 2007(4), CD003982.
https://doi.org/10.1002/14651858.CD003982.pub2
34. Walsh, J. T., Zheng, J., Smirnov, I., Lorenz, U., Tung, K., & Kipnis, J. (2014).
Regulatory T cells in central nervous system injury: A double-edged sword.
Journal of Immunology, 193(10), 5013–5022. https://doi.org/10.4049/
jimmunol.1302401.
35. Liao, X., Ren, J., Wei, C. H., Ross, A. C., Cecere, T. E., Jortner, B. S., … Luo, X. M.
(2015). Paradoxical effects of all-trans-retinoic acid on lupus-like disease in
the MRL/lpr mouse model. PLoS One, 10(3), e0118176. https://doi.org/10.13
71/journal.pone.0118176.
36. Theus, M. H., Sparks, J. B., Liao, X., Ren, J., & Luo, X. M. (2017). All- transretinoic acid augments the Histopathological outcome of
Neuroinflammation and Neurodegeneration in lupus-prone MRL/lpr mice.
The Journal of Histochemistry and Cytochemistry, 65(2), 69–81. https://doi.
org/10.1369/0022155416679638.
37. Chen, Q., Mosovsky, K. L., & Ross, A. C. (2011). Retinoic acid and alphagalactosylceramide differentially regulate B cell activation in vitro and
augment antibody production in vivo. Clinical and Vaccine Immunology,
18(6), 1015–1020. https://doi.org/10.1128/CVI.00004-11.
38. Weber, M. S., Hemmer, B., & Cepok, S. (2011). The role of antibodies in
multiple sclerosis. Biochimica et Biophysica Acta, 1812(2), 239–245. https://
doi.org/10.1016/j.bbadis.2010.06.009.
39. Abdelhamid, L., Cabana-Puig, X., Swartwout, B., Lee, J., Li, S., Sun, S., … Luo,
X. M. (2020). Retinoic acid exerts disease stage-dependent effects on
Pristane-induced lupus. Frontiers in Immunology, 11, 408. https://doi.org/1
0.3389/fimmu.2020.00408.
40. Mousavi Nasl-Khameneh, A., Mirshafiey, A., Naser Moghadasi, A., Chahardoli,
R., Mahmoudi, M., Parastouei, K., … Saboor-Yaraghi, A. A. (2018).
Combination treatment of docosahexaenoic acid (DHA) and all-transretinoic acid (ATRA) inhibit IL-17 and RORgammat gene expression in
PBMCs of patients with relapsing-remitting multiple sclerosis. Neurological
Research, 40(1), 11–17. https://doi.org/10.1080/01616412.2017.1382800.
41. Fragoso, Y. D., Stoney, P. N., & McCaffery, P. J. (2014). The evidence for a
beneficial role of vitamin a in multiple sclerosis. CNS Drugs, 28(4), 291–299.
https://doi.org/10.1007/s40263-014-0148-4.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 10 of 10

