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Treatment with Non-specific HDAC Inhibitors Administered after
Disease Onset does not Delay Evolution in a Mouse Model of
Progressive Multiple Sclerosis
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Abstract—Drugs able to efficiently counteract progression of multiple sclerosis (MS) are still an unmet need. Sev-
eral lines of evidence indicate that histone deacetylase inhibitors (HDACI) are clinically-available epigenetic drugs
that might be repurposed for immunosuppression in MS therapy. Here, we studied the effects of HDACi on dis-
ease evolution in myelin oligodendrocyte glycoprotein (MOG)-immunized NOD mice, an experimental model of
progressive experimental autoimmune encephalomyelitis (PEAE). To obtain data of potential clinical relevance,
the HDACi panobinostat, givinostat and entinostat were administered orally adopting a daily treatment protocol
after disease onset. We report that the 3 drugs efficiently reduced in vitro lymphocyte proliferation in a dose-
dependent manner. Notably, however, none of the drugs delayed evolution of PEAE or reduced lethality in
NOD mice. In striking contrast with this, however, the lymphocyte proliferation response to MOG as well as
Th1 and Th17 spinal cord infiltrates were significantly lower in animals exposed to the HDACi compared to those
receiving vehicle. When put into a clinical context, for the first time data cast doubt on the relevance of HDACIi to
treatment of progressive MS (PMS). Also, our findings further indicate that, akin to PMS, neuropathogensis of
PEAE in NOD mice becomes independent from autoimmunity, thereby corroborating the relevance of this model
to experimental PMS research. © 2021 IBRO. Published by Elsevier Ltd. All rights reserved.
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INTRODUCTION the major therapeutic achievements relate to treatment

Multiol | is (MS) i | . . of the relapsing-remitting (RR) form of MS. Conversely,
ultiple sclerosis (MS) is a polygenic neuroimmune in spite of the recent approval of ocrelizumab

disorder whose pathogenesis is characterized by an (Montalban et al., 2017) and siponimod (Kappos et al.,

autoimmune and ngurodegeneratwe component. ,It 2018) for the treatment of progressive MS (PMS), the lat-
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Bettica et al., 2016; Mascarenhas et al., 2020; Wéssner
et al., 2020). As far as MS is concerned, numerous stud-
ies report the potent immunosuppressive and anti-
inflammatory effects of HDAC: in in vitro and in vivo mod-
els of innate or adaptive immune activation (Moreira et al.,
2003; Camelo et al., 2005; Faraco et al., 2009; Bagchi
et al., 2018; Jayaraman et al., 2018; Lillico et al., 2018;
Sun et al., 2018). These findings, along with evidence that
HDACI also target a plethora of molecular mechanisms
underpinning both neuron and oligodendrocyte cell death,
further strengthen the rationale of their use in MS therapy
(Faraco et al., 2011; KhorshidAhmad et al., 2016). In
keeping with this, epigenetic modulation of transcriptional
homeostasis with HDACi in rodents affected by experi-
mental autoimmune encephalomyelitis prompts immuno-
suppression and lessens disease severity (Jayaraman
etal., 2017; Jayaraman et al., 2018). Although these find-
ings corroborate the therapeutic potential of HDAC inhibi-
tors in MS therapy, it is worth noting that they have been
administered adopting a clinically-irrelevant, treatment
schedule.

We have recently characterized the mouse model of
primary progressive EAE (PEAE) in NOD mice from an
immunological and neuropathological perspective. Of
note, in keeping with data in PMS patients, we report
that PEAE evolution in NOD mice is insensitive to
immunosuppression and featured by early mitochondrial
dysfunction (Buonvicino et al., 2019). The reliability of this
EAE model to PMS research is emphasized by the recent
evidence of inefficacy of high dose biotin in PMS patients
(Cree et al., 2020), a negative finding already predicted by
our study in PEAE NOD mice (Buonvicino et al., 2019). In
the present study, to further understand the pathogenetic
relevance of the neuroimmune response in a model of
progressive MS, we studied the effects of different HDACi
on disease progression in PEAE NOD mice. We report
that, at variance with prior work, none of the HDACi with
different degrees of selectivity towards HDAC isoforms
suffices to counteract disease progression in spite of evi-
dence for concomitant immunosuppression.

EXPERIMENTAL PROCEDURES
EAE induction and treatment

All animal care and experimental procedures were
performed according to the European Community
guidelines for animal care (European Communities
Council Directive 2010/63/EU) and were approved by
the Committee for Animal Care and Experimental Use
of the University of Florence. Female NOD/ShiLtj mice
(Charles River, Milan, Italy) were housed in a
conventional unit (5-6 per cage) with free access to
food and water, and maintained on a 12 h light/dark
cycle at 21 °C room temperature. EAE was induced in
10 week-old NOD/ShiLtj mice with MOG35_55 peptide
(synthesized by EspiKem Srl., University of Florence,
Italy) as reported (Buonvicino et al., 2019). Clinical signs
of EAE were examined daily by blinded operators. The fol-
lowing score were assigned: 0, normal; 0.25 or 0.5, splay
reflex test (performed by lifting the mouse by its tail and
observing the degree of hindlimb splay during 10 s. If both

hindlimbs were splayed outward away from the abdomen,
a 0 score was assigned. If one or both hindlimbs were
partially retracted toward the abdomen without touching
it, a score 0.25 or 0.5 was assigned, respectively); 1,
weakness of the tail/hind limbs; 2, ataxia and/or difficulty
in righting; 3, paralysis of the hind limbs and/or paresis
of the forelimbs. Because of ethical reasons, score 3 mice
were euthanized as soon as they reached the score.
Panobinostat, entinostat and givinostat (MedChem
Express, USA) were dissolved in PBS and orally adminis-
trated on a daily basis at 10 mg/kg body weight for enti-
nostat and givinostat, and 20 mg/kg body weight for
panobinostat. Treatments started from score 1. Immu-
nized vehicle-treated animals daily received the same
amount of PBS.

Cell death analysis

Cell death was quantified by means of cytofluorometric
analysis. Cells extracted from spleen MOG3s.55-
immunized mice at disease onset (day 30 post
immunization) were cultured in complete RPMI in 96
wells plates (2 x 10° cells per well) and stimulated with
MOG35.55 (20 pg/ml) in presence or not of different
concentrations of panobinostat, entinostat and
givinostat. After 72 h, Briefly, cells were exposed to
3 ug/ml propidium iodide (Sigma Aldrich, Milan, Italy)
incubated at 37 °C for 10 min, and then analyzed by the
flow cytometer Coulter EPICS XL equipped with the
EXPO32 Flow Cytometry ADC software (Buonvicino
et al., 2013).

Lymphocytes proliferation

Cells extracted from spleen MOG3;s_s5-immunized mice at
disease onset (day 30 post immunization) were cultured
in complete RPMI in 96 wells plates (2 x 10° cells per
well) and stimulated with MOG3s55 (20 pg/ml) in
presence or not of different concentrations of
panobinostat, entinostat and givinostat. After 72 h, the
proliferative response was measured by [3H]thymidine
incorporation test as reported (Buonvicino et al., 2019).
Similarly, cells extracted from spleen MOG;3s.55-
immunized mice treated or not 30 day with panobinostat
(20 mg/kg oral, daily), entinostat (10 mg/kg oral, daily) or
givinostat (10 mg/kg oral, daily) were cultured in complete
RPMI in 96 wells plates (2 x 10° cells per well) and stim-
ulated with MOG3s555 (20 pg/ml). The proliferative
response was measured as described above.

Quantitative PCR

Total RNA was isolated from spinal cord of NOD-
immunized mice using Trizol Reagent (Life
Technologies). One ug of RNA was retrotranscribed
using iScript (Bio-Rad, Milan, Italy). RT-PCR was
performed as reported (Buonvicino et al., 2018). The fol-
lowing primers were used: T-bet: forward 5- TGCCTAC-
CAGAACGCAGAGATCACTC -3 and reverse 5'-
GTAGAAACGGCTGGGAACAGGATACTG -3; ROR yt:
forward 5- CCATTCAGTATGTGGTGGAGTTTGCCAA -
3’ and reverse 5- GCAGCCCAAGGCTCGAAACAGCT -
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3'; GATA3: forward 5- TGCCTGTGGGCTGTACTA-
CAAGCTTCA -3’ and reverse 5- GATGTGGCTCAGG-
GATGACATGTGTC -3 Foxp3: forward 5-
CAAGCAGATCATCTCCTGGAT -3 and reverse 5'-
GTGGCTACGATGCAGCAAGAG -3; 18S: forward 5-A
AAACCAACCCGGTGAGCTCCCTC -3’ and reverse 5'-
CTCAGGCTCCCTCTCCGGAATCG -3'.

Statistical analysis

Data are expressed as mean + SEM or with median and
5th—95th percentile. In order to evaluate difference in
continuous parameters between two groups Mann-
Whitney test (according to Kolmogorov-Smirnov test for
normality) is used. To test the difference between more
than two groups ANOVA plus Tukey’s (according to
Kolmogorov—Smirnov test for normality) are used. The
differences in overall survival between groups are tested
using Kaplan-Meier curve. Differences were considered
to be significant when p-value <0.05. Statistical
analyses were carried out using GraphPad Prism
(version 7).

RESULTS

Effect of different HDACi on the recall response of
lymphocytes from MOG-immunized NOD mice

As mentioned above, several studies evaluated the
effects of HDACi in mice with EAE (Camelo et al., 2005;
Jayaraman et al., 2017; Jayaraman et al., 2018). Of note,
the tested compounds are non-specific inhibitors of the
different HDAC isoforms (panHDACI). Further, they were
not compounds that reached the clinical development or
approval for therapeutic purposes. Hence, in order to bet-
ter identify the therapeutic potential of HDACi in PMS
therapy, we planned to test multiple compounds with a
realistic translational potential to MS patients. To this
end, among the numerous inhibitors available, we
selected panobinostat, entinostat and givinostat (Table 1).
The first is an ultrapotent panHDACi approved for treat-
ment of resistant multiple myeloma (Laubach et al,
2015). The second is not yet clinically available but shows
selectivity towards Class | HDAC1, -2 and -3, the most
functionally-relevant nuclear HDACs, leaving unaffected
the Class Il cytosolic isoforms (Connolly et al., 2017).
Finally, the third is also a pan inhibitor (although shows
partial selectivity towards class | and Il) but, at variance
with panobinostat, shows a more favorable tolerability
profile and is currently under development for a neuro-
muscular disorders (Bettica et al., 2016). We first won-
dered whether the compounds were indeed able to
prevent proliferation of autoreactive lymphocytes. As
expected, splenocytes derived form MOG-immunized
mice at disease onset (day 30 post immunization) under-
went extensive proliferation when re-challenged in vitro
with MOG (Fig. 1A). Notably, exposure of cultured lym-
phocytes to the different HDAC inhibitors caused a con-
centration dependent inhibition of proliferation, in
keeping with the immunosuppressive effects of HDACI.
Even though panobinostat is reported to be more potent
HDACIi than entinostat and givinostat (Singh et al,

2018), we found that the ICsgs on MOG-dependent lym-
phocyte proliferation did not differ among the 3 com-
pounds (Fig. 1A). Although this apparent inconsistency
might be reconciled with the low permeability of panobi-
nostat through the plasmamembrane, we ruled out a pos-
sible non-specific cytotoxic effects of the drugs by means
of Pl staining. Data demonstrated that in the adopted con-
centration range of 1-100 nM, none of the tested HDACi
prompted cytotoxicity upon a 72 h incubation (Fig. 1B).
Taken together, these findings indicate that HDACi effi-
ciently suppress proliferation of autoreactive lympho-
cytes, a key pathogenetic event during initial CNS
infiltration and the ensuing waves sustained by epitope
spreading.

Treatment with different HDACi administered after
disease onset does not affect disease progression in
PEAE NOD mice

In light of the ability of the 3 HDACi to counteract
proliferation of autoreactive lymphocytes, we then
investigated their effects on EAE progression in NOD
mice. To better appreciate the therapeutic potential of
this class of drugs, we designed a clinically-relevant
treatment schedule consisting in a daily and oral
exposure to the drugs beginning 24 h after reaching
score 1. As previously reported, in this EAE model
onset occurs around day 25 with a variability ranging
from day 19 to 34. Unexpectedly, none of the 3 HDACI
had any effect on the temporal kinetics of disease
progression, with vehicle- and drug-treated mice
reaching concomitantly the same severity of
neurological impairment (Figs. 2A-C and S1-3).
Reportedly, PEAE invariantly prompts lethality in NOD
mice. In this regard, we found that none of the groups of
mice exposed to the HDACi showed an extended
survival compared to vehicle-treated animals (Fig. 2D—
F). To rule out possible toxic effects of the compounds
during treatment of PAE NOD mice, we evaluated the
animals’ body weight at day 30 after treatment and
found no differences with animals receiving vehicle
(Fig. 2G).

Effects of HDACi on neuroimmune infiltrates in PEAE
NOD mice

The ability of HDACi to reduce proliferation of
autoreactive lymphocytes in vitro was at odds with their
lack of effects on PEAE progression. This inconsistency
prompted us to evaluate whether the 3 drugs were
indeed able to suppress the autoimmune response in
MOG-immunized NOD mice. As expected, rechallenge
of splenocytes of PEAE NOD mice with MOG prompted
rapid proliferation. However, the proliferation response
was significantly reduced when splenocytes were
harvested from animals exposed to HDACi (Fig. 3A).
These findings are in keeping with the ability of the
compounds to impair proliferation of MOG-specific
lymphocytes when directly added to the culture medium
(see Fig. 1A). Further corroborating the ability of HDACI
to prompt immunosuppression in PEAE NOD mice, we
also found that panobinostat, entinostat and givinostat



D. Buonvicino et al./Neuroscience 465 (2021) 38—45

Table 1. HDAC inhibition (ICso in nM) by panobinostat, entinostat and givinostat

41

HDAC isoforms Panobinostat® Entinostat” Givinostat®
o o o
\/©/VJ\N/OH > sy 0 O)\ N
H H SRR H | Jk H
“ FEAR IVSOAS
H
Cr$— o >
N
H

HDAC1 25 163 198

HDAC2 13.2 396 325

HDAC3 2.1 605 157

HDAC4 203 >2000 854

HDAC5 7.8 > 2000 1059

HDAC6 10.5 3930 532

HDAC7 531 > 2000 524

HDACS8 277 >10000 541

HDAC9 5.7 > 2000 315

HDAC10 2.3 >2000 340

HDAC11 2.7 NA 292

NA: not available.
2 Ref. (Atadja, 2009).
® Ref. (Cai et al., 2015; Xie et al., 2018).
¢ Ref. (Li et al., 2015).
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Fig. 1. Effects of different HDAC inhibitors on lymphocyte proliferation and viability. (A) Proliferation of spleen lymphocytes from MOG35_s5-
immunized NOD mice harvested at disease onset were re-challenged in vitro with MOG3;5_s5 (20 pug/ml) in the presence or absence of different
concentrations of panobinostat, entinostat and givinostat. (B) Propidium iodide positive splenocytes treated in vitro with different concentrations of
panobinostat, entinostat or givinostat for 72 h. In (A) and (B) each column is the mean + SEM of at least 3 animals. *p < 0.05 vs Crl, #p < 0.05 vs

Vehicle (ANOVA plus Tukey’s test).

reduced the transcript levels for Tbet, a classic marker of
Th1 cells, in the lumbar spinal cord of score 3 PEAE NOD
mice (Fig. 3B). Similarly, transcript levels for the Th17 cell
marker ROR-y were lower in the spinal cord of PEAE
mice exposed to HDACi compared to those receiving
vehicle (Fig. 3C). Conversely, panobinostat, entinostat
or givinostat did not alter spinal cord transcripts for the
Th2 cell marker GATA3 or the Treg marker Foxp3
(Fig. 3D, E).

DISCUSSION

In the present study, we provide the first evidence that
treatment with HDAC inhibitors administered after
disease onset does not reduce disease severity in a
mouse model of progressive MS. Remarkably, we also

show that lack of effects on progression of EAE occurs
in spite of the ability of these drugs to counteract the
MOG-specific autoimmune response. These findings,
together with prior evidence that dexamethasone
reduces the neuroimmune response but is also unable
to counteract disease evolution in NOD mice with
PEAE, emphasize the relevance of this animal model to
PMS research. Indeed, the insensitivity to
immunosuppressants of EAE progression in NOD mice
somehow recapitulates the inefficacy of these drugs in
PMS patients.

It is worth noting that in the present study we
separately evaluated the effects of 3 different and potent
HDAC inhibitors obtaining exactly the same results. On
the one hand, this corroborates the reliability of our
findings, and on the other strengthens our conclusion on
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Fig. 2. Effects of HDAC inhibitors administered after disease onset on disease progression in PEAE NOD mice. Effects of daily, oral treatment from
score 1 with panobinostat (20 mg/kg), entinostat (10 mg/kg) and givinostat (10 mg/kg) on neurological score (A) (n = 10 mice per group; Mann
Whitney test), survival (B) (n = 10 mice per group; Kaplan—Meier), and body weight (C) (n = 10 mice per group; ANOVA plus Tukey’s test) in PEAE
NOD mice.

the possible inefficacy of HDAC inhibition as drugs useful available HDACi in PMS patients. In this regard it is
to counteract PMS. Also, our data appear of considerable worth noting that we adopted a post onset-treatment
significance in light of the interest for testing clinically- paradigm starting drug exposure from score 1.
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Fig. 3. Effects of HDAC inhibitors on lymphocyte MOG sensitization and spinal cord infiltration in PEAE NOD mice. (A) Proliferation of splenocytes
from score 3 MOG3s_ss-immunized NOD mice treated or not with panobinostat, entinostat and givinostat and re-challenged in vitro with MOG35.5s5.
Effects of panobinostat, entinostat and givinostat on expression of Tbet*-Th1 (B), ROR yt*-Th17 (C), GATA3*-Th2 (D) and Foxp3 " -Treg (E) cells
in the spinal cord of score 3 PEAE mice. Each point/column represents the mean + SEM of at least 5 animals per group. *p < 0.05 vs Crl,

#p < 0.05 vs Vehicle (ANOVA plus Tukey'’s test).

Inevitably, this reduces the overall immunosuppressant
impact of the 3 compounds during MOG sensitization,
but at the same time represents a clinically-relevant
treatment protocol. Our negative findings, along with
evidence that HDACi affords protection from EAE when
administered in a prophylactic paradigm (Ge et al.,
2013; Jayaraman et al., 2018), suggest that during PEAE
in NOD mice immune-independent processes take over
the initial encephalitogenic response against MOG. Possi-
bly, neurodegenerative events including virtual-hypoxia
insults leading to axonal degeneration (Trapp and Stys,
2009), as well as a shift form T cell-responses to neuro-
toxic glial cell activation (Weiner, 2008) may render PEAE
insensitive to immunosuppression. In principle, inefficacy
of HDACi might be due to low doses or pharmacokinetic
issues related to the intrinsic bioavailability of the 3
selected compounds. In this regard, it is worth noting that
the doses we adopted in vivo are consistent to those pre-

viously used in studies showing efficacy of the com-
pounds on multiple parameters (Ocio et al., 2010;
Regna et al., 2014; Orillion et al., 2017). More importantly,
our findings indicating that exposure to the 3 HDACI
reduced MOG sensitization in NOD mice as well as their
Th1 and Th17 spinal cord infiltrates are clear evidence of
pharmacodynamic activity and rule out the possibility of
inefficacy due to low doses. These considerations taken
together, therefore, further corroborate evidence that the
pathogenesis of progression in PEAE NOD mice
becomes independent from the underlying autoimmune
response upon disease onset. It is also worth noting that
none of the HDACi showed even a tendency to reduce
severity and progression rate of PEAE in spite of their
ability to reduce the neuroimmune response. We reason,
therefore, that the processes underpinning progression
become entirely independent form the autoimmune
response.
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Overall, data are consistent with evidence of early
mitochondrial impairment and ensuing widespread
neurodegeneration in the spinal cord of PEAE NOD
mice (Buonvicino et al., 2019), a cascade of events that
appears of key pathogenetic relevance but intrinsically
insensitive to inhibition of HDACs. This interpretation is
also in keeping with our recent study showing the ability
of dexpramipexole, a compound able to sustain mitochon-
drial bioenergetics, to reduce neurodegeneration and
delay progression in NOD mice with PEAE (Buonvicino
et al., 2020). We confirm the ability of HDACi to counter-
act autoreactive lymphocyte proliferation as well as the
neuroimmune infiltrates in the course of autoimmune
encephalomyelitis in mice. These pharmacodynamic
effects, however, appears unable to counteract EAE pro-
gression if prompted after disease onset. Prior work
showing the key role of specific HDACs such as isoforms
1 (Goschl et al., 2018), 6 (LoPresti, 2019) and 11 (Sun
et al., 2018) in non-progressive EAE models further cor-
roborates the hypothesis that epigenetics plays a different
role in relapsing-remitting and progressive EAE and pos-
sibly MS. Overall, data are in keeping with the general
inefficacy of immunosuppressants in patients affected
by MS progression, and provide the first hint that epige-
netic therapy with HDACi is inefficacious when put into
the clinical context of primary progressive MS that inevita-
bly precludes preventive treatments.
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