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HIGHLIGHTS GRAPHICAL ABSTRACT

e Infrared spectroscopy on RRMS mice
sera detects significant alterations in
protein and lipid signatures.

¢ RRMS mice treatment with low Inter-
feron-p and XBD173 doses improves

. . ) IFNB 20 ki
clinical scores and altered spectroscopic BD173N / IFNB'
signature. 0 ki 10 ki
e XBD173 in combination with disease- \
modifying treatments appears as a

good candidate for RRMS therapy.

ARTICLE INFO ABSTRACT
Keywords: Disease modifying therapies including interferon-f (IFNp) effectively counteract the inflammatory component in
Multiple sclerosis relapsing-remitting multiple sclerosis (RRMS) but this action, generally associated with severe side effects, does

Infrared spectroscopy
Animal model
Interferon-f

XBD173

not prevent axonal/neuronal damages. Hence, axonal neuroprotection, which is pivotal for MS effective treat-
ment, remains a difficult clinical challenge. Growing evidence suggested as promising candidate for neuro-
protection, Emapunil (AC-5216) or XBD173, a ligand of the mitochondrial translocator protein highly expressed
in glial cells and neurons. Indeed, elegant studies previously showed that low and well tolerated doses of XBD173
efficiently improved clinical symptoms and neuropathological markers in MS mice. Here we combined clinical
scoring in vivo with Fourier transform infrared spectroscopy of sera samples to investigate the hypothesis that
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the concomitant treatment of RRMS mice with low doses of IFNf and XBD173 may increase their beneficial
effects against MS symptoms and additionally decrease IFNp-induced side effects. Our results show a significant
alteration of the composition of serum protein and lipids in the spectra of the sera of RRMS mice. While the
signature of proteins remains altered upon treatment, the signature of lipids is recovered comparatively well with
20 kIU IFNB and upon concomitant treatment with a low dose of XBD173 (10 mg/kg) and IFNp (10 kIU), but not
with 10 kIU of IFNp alone. The concomitant therapy with XBD173 (10 mg/kg) and IFN (10 kIU), devoid of side
effects, exhibited at least equal or even better efficacy than IFNp (20 kIU) treatment against RRMS symptoms.

1. Introduction

Multiple sclerosis (MS) is an auto-immune inflammatory demyelin-
ating disease of the central nervous system affecting mainly female
young adults below forty-four years old [1]. At disease onset, activated
lymphocytes cross the blood-brain barrier (BBB) to the CNS causing
demyelination and subsequent axonal damage as well as oligodendro-
cyte injury [2]. The MS course can be classified as relapsing-remitting
(RRMS) or progressive (primary and secondary). RRMS, representing
the most common form of MS with 80 % of prevalence in humans, is
mimicked by the murine experimental autoimmune encephalomyelitis
(EAE) model induced by the proteolipid protein (PLP) [3-5]. MS therapy
relies mainly on disease-modifying treatments (DMT) such as immuno-
modulators and immunosuppressants, as well as neuroprotectors [6,7].
Among these DMTs, Interferon-f (IFNp) which is a naturally-occurring
cytokine was the first developed DMT and for a long time was the
mainstream treatment of RRMS patients [8]. One of the most important
effects of IFNp is curbing inflammation (increase of anti-inflammatory
and decrease of pro-inflammatory activities) [9]. Nowadays, more effi-
cient and better tolerated DMT such as Natalizumab or anti-CD20 drugs
are commonly used [10]. However, when disease progression occurred,
no drug offers efficient neuroprotection apart from an anti-
inflammatory effect, so that the definitive eradication of MS remains
impossible. In addition, there are several side effects associated with MS
medications including flu-like symptoms, chills, muscle and joint pain,
liver dysfunctions, mood disorders [11,12]. Hence, the characterization
of effective and safe MS drugs with no or little side effects remains a
great challenge. In particular, there is a crucial need to target success-
fully pathophysiological mechanisms other than inflammation in order
to develop effective neuroprotective drugs against MS. Therefore,
several neuroprotective treatments are currently under investigation. In
this perspective, recent pre-clinical research focused on the role of the
translocator protein (TSPO) and its ligands [7]. Indeed, the 18 kDa
mitochondrial membrane protein TSPO, highly expressed in glial cells
and neurons [13-15] pivotally controls neuroprotective neurosteroid
synthesis [16,17] and also exerts other essential functions such as the
regulation of cell proliferation, apoptosis, immune response and bio-
energetics [18,19]. Interestingly, previous investigations demonstrated
that TSPO ligands induced significant improvement of MS mice symp-
toms [20-22]. In particular, the combination of solid clinical, behav-
ioral, histopathological and biochemical/molecular methods revealed
that low and well-tolerated doses (10 mg/kg) of TSPO ligand XBD173
(Emapunil) efficiently improved the clinical scores and neuropatholog-
ical markers in RRMS (EAE-PLP) mice [21]. Therefore, we made the
hypothesis that the concomitant injection of low doses of IFNp and
XBD173 may boost their beneficial actions against MS symptoms and
additionally decrease IFNp-related side effects. To check our hypothesis,
we performed the present pilot study to determine the effects of separate
and concomitant injections of selected doses of IFNf and XBD173 on the
clinical scores of controls and RRMS mice.

Fourier transform infrared (FTIR) spectroscopy is a sensitive,
nondestructive, fast and cost-effective technique emerging for the
analysis of body fluids, especially for disease diagnosis, prognosis and
follow-up [23]. Typical mid infrared spectra of complex biological me-
dium such as serum contain the signature of all the biological molecules
present in the sample, including lipids, DNA and RNA, proteins,

carbohydrates, etc. [23]. The characteristic contribution of (phospho)
lipids [24] is known to dominate in the 3000-2825 cm ™! spectral range
via the v(CH) vibrational modes and around 1750 cm™! via the v(C=0)
vibration of the ester of phospholipids. The proteins present in the serum
have a specific signature. The most extensively studied protein band is
the so-called amide I mode arising mainly from the v(C=O0) vibration of
the protein backbone detectable between ~1700 and ~1600 cm . This
band is sensitive to the secondary structure of proteins with o-helices
having a maximum at around 1654 cm ™, random coils have a maximum
at ~1640 cm™! whereas beta-sheets can have several contributions at
~1685 and 1630 cm ™! [25]. Hence, amide I analysis [26,27] has been
extensively used to follow secondary structure changes induced by
certain diseases [28]. The data analysis of such infrared spectra,
allowing sample classification based on pathophysiological parameters,
may also contribute to the detection of small, yet significant differences
in spectra reflecting the biochemical changes related to the disease
progression and treatment responses. To get insights into the effects of
XBD173 and IFNf, we used FTIR spectroscopy of sera samples taken
from the mice cohort to correlate the effect of treatments on the RRMS
infrared marker bands. FTIR spectroscopy on blood biopsies are being
used to develop reliable assays capable of reporting on MS disease
progression and activity [29]. Immuno-based assays on serum proteins
shows promising results for following and evaluating disease activity
and progression [29-31]. We have previously shown that FTIR spec-
troscopy is sensitive towards small changes in the sera samples of pa-
tients, allowing to rapidly and accurately discriminate, RRMS sera
samples and neuromyelitis optica spectrum disorders with the help of
machine learning algorithm [32]. The sensitivity of the techniques al-
lows detecting significant (often small) variations in the spectroscopic
signature of patient serum samples induced by treatments.

Based upon these results, we decided to use the well-established
RRMS mouse model, which successfully served in previous in-
vestigations of our group [21,22], to determine the efficacy of three
therapeutic strategies aiming to treat RRMS clinical symptoms. There-
fore, here we combined in vivo scoring of RRMS symptoms with FTIR
spectroscopy of sera samples to compare the therapeutic potential of (i)
a well-tolerated dosage of the neuroprotective compound XBD173
alone, (ii) interferon-p (IFNp) therapy alone and (iii) a concomitant
treatment with both XBD173 and IFNp. The data analysis particularly
focused on the spectroscopic signature of lipids and proteins, the two
main components of myelin sheaths.

2. Methods
2.1. Animals

Nine-eleven-week-old SJL/jRj female mice were used in the present
study. The mice were obtained from a commercial source (Janvier, Le
Genest-St-Isle, France) and housed under standard laboratory conditions
ina 12 h light/dark cycle with food and water ad libitum. Before starting
the experiments, the animals were allowed a one-week acclimatization
period after delivery in our animal house. Animal care and manipula-
tions were conducted according to the European Community Council
Directives (2010/63/UE) and under the supervision of authorized in-
vestigators. All experiments performed minimized the number of ani-
mals used and their suffering in accordance with the Alsace Department
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of Veterinary Public Health Guide for the Care and Use of Laboratory
Animals. A national project authorization was delivered by the French
Ministry of Higher Education and Research and by CREMEAS a local
ethical committee (Project authorization number
9374-201,605,111,128,746-v2). The experiments also followed the In-
ternational Association for the Study of Pain ethical guidelines.

2.2. Production of RRMS (EAE-PLP) and control mice

EAE was induced in nine-eleven-week-old mice by subcutaneous
injection of an emulsion containing 150 pg proteolipid protein (PLP139-
151) peptide (Eurogentec, Liege, Belgium) emulsified 1:1 in Complete
Freund’s Adjuvant (CFA) to each hind flank (100 pL by flank). The CFA
is prepared from Incomplete Freund’s Adjuvant (IFA) (Santa Cruz
Biotechnology, INC, Heidelberg, Germany) with mycobacterium tuber-
culosis (Difco Laboratories, Franklin Lakes, NJ) at 5 mg/mL. Then, the
mice received 200 ng pertussis toxin (Enzo life sciences, Lausen, Swiss)
in 200 pL sterile phosphate-buffered saline (PBS) intraperitoneally (i.p.)
on day 0 and day 2 post-immunization (DO and D2). Control mice were
immunized without PLP139-151 according to a similar schedule. Clin-
ical evaluation of symptoms was performed daily according to the
standard EAE (RRMS) grading scale.

2.3. Drug treatment

XBD173 purchased from Sigma-Aldrich (Saint- Quentin-Fallavier,
France) was dissolved in hydroxypropyl cellulose (HPC) 0.3 % (Alfa
Aesar, Haverhill, Massachusetts, USA) before i.p. injection (200 pL) to
mice at 10 mg/kg. IFNp (TebuBio, France) was diluted in PBS before i.p.
injection (100 uL) at 10 000 International Units (10 kIU) or 20 kIU.

The total cohort of 88 mice used for the present study was divided
into 6 groups organized as follows: naive or healthy control mice (n = 7);
RRMS (EAE-PLP) mice treated with IFNp (10kIU) alone (n = 13); RRMS
mice treated with IFN (20kIU) alone (n = 10); RRMS mice treated with
XBD173 (10 mg/kg) alone (n = 20); RRMS mice concomitantly treated
with XBD173 (10 mg/kg) + IFNB (10kIU)(n = 15); RRMS mice
concomitantly treated with HPC 0.3 % (vehicle for XBD173) + PBS
(vehicle for IFNB)(n = 23). Mice were treated every two days from D4
post immunization until sacrifice.

2.4. Sampling of serum, preparation conservation

The animals were sacrificed during the late remitting phase. They
were deeply anesthetized with ketamine (200 mg/kg) / Rompun (20
mg/kg) (Centravet, France). Blood was removed, centrifuged at 1500 g
at 4 °C for 30 min and the serum was stored at —80 °C until the
beginning of FTIR spectroscopy experiments.

2.5. FTIR spectroscopy

The FTIR spectra of the sera samples were recorded with a Vertex 70
FTIR spectrometer from Bruker equipped with a Liquid-N2 cooled MCT
detector. Each sample consisted of 2.5 uL of serum left to form a film on
the surface of a diamond ATR crystal. For each sample, 10 spectra of 64
scans are averaged. The spectral resolution is 4 cm ™. For each spectrum,
a baseline correction and Min-max normalization are performed before
derivation. For each class of samples (i.e. naive, vehicle, etc.) an average
derivative is calculated, and the standard deviation is calculated for each
data point. Afterwards, the area under each signal of interest is calcu-
lated and plotted for the six classes of samples. The plots allow following
the changes in the sera samples according to the disease status as well as
following the effect of treatment.

2.6. Statistical analysis of the clinical scores

All data represent the mean + SEM. Statistical differences were
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assessed by Kruskal-Wallis One-Way analysis of variance (ANOVA) fol-
lowed by Dunn’s multiple comparisons test. Statistical analysis was
performed with GraphPad-Prism software (GraphPad-Prism, San Diego,
CA, USA). A p-value <0.05 was considered significant (versus naive * p
< 0.05, **p < 0.01, *** p < 0.001, **** p < 0.0001 or versus vehicle # )
< 0.05, #*p < 0.01, **# p < 0.001, *#*## p < 0.0001).

3. Results and discussion
3.1. Clinical scores and drug effects on disease progression

Treatment of RRMS mice with XBD173 was compared to IFNf alone
and concomitant administration of XBD173 and IFNp. Table 1 shows the
mice cohorts and their average clinical scores at the disease peak (D14-
D16) and at the late remitting phase (D35-D37) which corresponded to
the moment of sacrifice and blood sample collections. The individual
clinical scores of each mouse and statistical analysis with multiple
comparison tests are available in Tables S1, S2 and S3 of the Supple-
mentary data.

The results reveal a beneficial effect (clinical score decrease) of the
treatments with XBD173 (10 mg/kg) alone, IFNp (20 kIU) alone and
concomitant [IFNf (10 kIU) + XBD173 (10 mg/kg)] that occurred as a
strong tendency since D14-D16 (disease peak) and has become clearly
significant statistically at D35-D37 (sacrifice and blood sample collec-
tion). The treatment with IFNf (10 kIU) alone was ineffective. But
interestingly, we observed that the co-administration of [IFNf (10 kIU)
+ XBD173 (10 mg/kg)] was strongly effective in preventing/protecting
against the disease progression since the average clinical score detected
under this concomitant treatment (0.80 + 0.26) was not statistically
different from the value of the naive/healthy control mice (0.00). Taken
together, our clinical results show that the co-administration of low and

Table 1

Cohorts of mice included in this study along with their average clinical scores
(mean + SEM) at the peak and at the moment of sacrifice and blood samples
collection. The standard grading scale ranges from O to 10 where a score of
0 indicates the absence of clinical signs. Higher clinical scores reflect disease
worsening with a maximal score of 10 indicating death. A p-value < 0.05 was
considered significant (versus naive * p < 0.05, **p < 0.01, *** p < 0.001, *
p < 0.0001 or versus vehicle # p < 0.05, ##p < 0.01, ### p < 0.001, #### p
< 0.0001). The individual clinical scores of each mouse are listed in supporting
Table S1 and the results of multiple parameter statistical comparisons are pre-
sented in Tables S2 and S3.

Cohort Total At peak (D14- At the moment of
number J16) sacrifice (D35-
of mice D37)
Average P Average p
clinical clinical
score £ score +
SEM SEM
Naive (healthy controls) 7 0.00 # 0.00 #
# #
# #
# #
Vehicle (untreated RRMS) 23 3.35 + * 2.93 + * ok
0.27 x 0.33 x
Treated IFNp 10kIU 13 3.23 + x 2.58 +
RRMS 0.43 x 0.62 *
IFNB 20kIU 10 2.50 £ o 1.60 + *#
0.48 0.54
10 mg/kg 20 2.70 + x 1.30 + *#
XBD173 0.23 * 0.36 #
#
10 mg/kg 15 2.47 + x 0.80 + #
XBD173 + 0.24 0.26 #
IFNB 10kIU #
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well tolerated dose of XBD173 (10 mg/kg) with an inactive/low dose of
IFNB (10 kIU) induced an additive and/or synergistic increase of the
beneficial effect against RRMS symptoms that appears better than the
protective action exerted by the elevated dose of IFNp (20 KIU) which is
effective but generally evokes various side effects when injected alone.

3.2. FTIR spectroscopy on the sera samples

To investigate the effect of treatment, we collected sera samples and
recorded their FTIR spectra to check for vibrational markers of disease
activity and how the treatments affect these markers. Fig. 1 shows the
ensemble of the recorded spectra. The data are very similar to data we
recorded on sera taken from human subjects [32,33], The 3600-2800
cm™! spectral range is dominated by signals arising from the v(N—H)
vibration, i.e. amide-A of proteins and V(C—H) vibrations of lipids.
Below 1800 cm ™! signals from phospholipids, proteins, nucleic acids
and carbohydrates are present. The complete assignments of the signals
are shown in Table S4.

The comparison of the FTIR spectra of healthy vs. RRMS mice sera
samples shows that the amide I band arising from proteins is signifi-
cantly affected by the disease. Indeed, the FTIR spectrum of serum of
RRMS mice shows a significant loss of the absorption of a-helices in
RRMS mice and none of the treatments helps significantly recovering
this loss (Fig. 2). In addition, a higher p-sheets contribution is observed
compared to the sera of healthy mice. Only IFNp treatment leads to a
decrease of the p-sheets contribution. The decrease is proportional to the
administrated dose of the IFN, yet 20 kIU of IFN do not bring back the
fB-sheets contribution to baseline values.

Thus, IFNp curbs the increase of the p-sheet/a-helix ratio in the
amide I band. This ratio is a vibrational marker of inflammation. This is
in line with results published by other groups on RRMS patients [34]
where the authors assigned the p-sheets to amyloid-p peptides and to a
possible secondary change of myelin proteins. In our previous studies,
we have also observed that there in an increase in the infrared absorp-
tion of B-sheets in the progressive form of MS but not in the relapsing-
remitting form [32,33].

In addition, the absorption of the v(C=0) vibration of the ester of
phospholipids centered at 1743 em ™! becomes lower in intensity in
spectra of the sera of RRMS (Fig. 2). This was previously shown for sera
samples of RRMS patients (Phosphatidylcholine, Lysol Phosphatidyl-
choline and sphingomyelin) [35], Treatment with either IFNf or
XBD173 allows to partially recover the contribution of the phospho-
lipids and there is no significant difference between the treatment with
20 KIU IFN( and the other treatments.

The higher wavenumber range of the infrared spectrum of serum is
characterized by the absorptions from v,s/s(C—H) vibrations of CHy and
CHj3 of lipids. The second derivatives of the average spectra of the
different groups of mice sera (Fig. 3A) and the corresponding areas
under curve (Fig. 3B) show that the disease decreases the contribution of
lipids. The 10 kIU dose of IFN is not capable of restoring the loss of the
lipids’ signals. The effect of the treatment with 10 mg/kg XBD173 alone
is comparable to the one of 10 kIU IFNp. Yet, treatment with either 20
KIU IFNB or the mixture of 10 kIU IFNp + 10 mg/kg XBD173 yield a
restored signal of the lipids in the RRMS diseased mice.

Below 1300 cm™?, signals arising from DNA and RNA as well as
carbohydrates can be observed. The disease leads to an imbalance in the
signature of these molecules. For instance, the signals arising from the
vas(PO3) vibration of DNA at 1239 cm™! becomes more intense in the
spectrum of serum of RRMS mice compared to the control (Fig. 4)
whereas the signals arising from the v(C-O) vibration of carbohydrates
at 1170 cm ™! and RNA at 1123 cm ™! lose intensity. The examination of
the areas of these signals in the different groups of mice shows that only
the 20 kIU IFN( dose helps countering the effect of the disease.
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Fig. 1. A) FTIR spectra of all the sera samples recorded between 3600 and 700
cm™ L. Naive spectra are shown in black, Vehicle’s in red, IFNB 10 kIU’s in blue,
IFNp 20 kIU’s in green, XBD’s in orange and the mixture of XBD + IFNp’s in
violet. B) Enlarged view of the amide I bands. The vertical line is placed at the
center of the amide I band of naive’s spectra. It serves as a guide to the eye to
better see the shifts of the amide I maxima of the different groups of spectra
relative to the one of naive.

4. Conclusions

The RRMS in mice model has a substantial effect on the infrared
spectrum of serum. Indeed, a significantly larger contribution of B-sheets
is observed for RRMS mice compared to the naive ones. Similarly, a
significant loss of absorption arising from lipids is detected in RRMS
mice. The various treatments administered to the RRMS mice reduce the
clinical score. Yet only the 20 kIU dose of IFN has a significant role in
improving p-sheet/a-helix ratio in the amide I band. On the other hand,
while XBD173 alone leads to lower clinical scores, it does not seem to
have a significant effect on the spectra of sera of RRMS. However, the
mixture of a lower dose of IFN (10 kIU IFNB) with 10 mg/kg of XBD173
yields a comparable effect to the treatment with 20 kIU IFNf concerning
the signature of lipids in the serum.

The significant increase of the p-sheet character of the proteins in the
serum does not seem to be correlate with the clinical scores’ evolution
upon treatment since the improvement of the clinical scores’ is observed
for either treatment, whereas only IFNJ curbs the contribution of the
B-sheet type proteins. The alteration of the composition of serum lipids is
however in line with the evolution of the clinical scores. Finally, the
combination of 10 mg/kg XBD173 with a lower dose of IFNp has a
synergetic effect yielding lower clinical scores in RRMS mice. Thus,
XBD173 is a good candidate to be tested in RRMS mice model in com-
bination with the current DMTs used in the clinic.
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