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In Brief

Peruzzotti-Jametti et al. demonstrate that
somatic and directly induced brain stem
cells injected into the cerebrospinal fluid
of mice with experimental multiple
sclerosis ameliorate chronic
neuroinflammation. Grafted stem cells
use SUCNRT1 to decrease the
inflammatory metabolite succinate, thus
inducing a metabolic switch in
endogenous macrophages and microglia
toward an anti-inflammatory phenotype.
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SUMMARY

Neural stem cell (NSC) transplantation can influence
immune responses and suppress inflammation in the
CNS. Metabolites, such as succinate, modulate the
phenotype and function of immune cells, but whether
and how NSCs are also activated by such immuno-
metabolites to control immunoreactivity and inflam-
matory responses is unclear. Here, we show that
transplanted somatic and directly induced NSCs
ameliorate chronic CNS inflammation by reducing
succinate levels in the cerebrospinal fluid, thereby
decreasing mononuclear phagocyte (MP) infiltration
and secondary CNS damage. Inflammatory MPs
release succinate, which activates succinate recep-
tor 1 (SUCNR1)/GPR91 on NSCs, leading them to
secrete prostaglandin E2 and scavenge extracellular
succinate with consequential anti-inflammatory ef-
fects. Thus, our work reveals an unexpected role
for the succinate-SUCNR1 axis in somatic and
directly induced NSCs, which controls the response
of stem cells to inflammatory metabolic signals
released by type 1 MPs in the chronically in-
flamed brain.

INTRODUCTION

Advances in stem cell biology have raised hopes that diseases of
the CNS may be ameliorated by non-hematopoietic stem cell
medicines (Martino and Pluchino, 2006). We have provided
compelling evidence that the transplantation of somatic neural
stem cells (NSCs) improves the clinico-pathological features of

animal models of inflammatory CNS disorders. Beyond the struc-
tural replacement of injured CNS cells, our work has shown that
transplanted NSCs engage in complex stem cell graft-to-host
communication programs, overall leading to trophic support
and modulation of adaptive and innate immune responses (Baci-
galuppi et al., 2009, 2016; Pluchino and Cossetti, 2013; Pluchino
et al., 2005, 2009b). Specifically, NSC transplants reduce the
burden of inflammation at site of injury (Pluchino et al., 2005,
2009a), decrease the number of type 1 inflammatory mononuclear
phagocytes (MPs) (Cusimano et al., 2012), and promote
the healing of the injured CNS via yet poorly characterized
mechanisms.

However, the clinical translation of experimental NSC thera-
pies is still limited by the sources from which human NSCs
(hNSCs) are derived (Anderson et al., 2017), the intrinsic immu-
nogenicity of allogeneic hNSC lines (Ramos-Zuniga et al.,
2012; Rice et al., 2013), and the stability of the so-called “in-
tended clinical cell lot” (Anderson et al., 2017; Wright et al,,
2006). Autologous and stably expandable directly induced
NSCs (iINSCs) from patients’ dermal fibroblasts are emerging
as a valid alternative to NSC therapies (Lu et al., 2013; Meyer
et al., 2015; Thier et al., 2012). The direct reprogramming into
iINSCs avoids the laborious progression through a pluripotent
state and subsequent differentiation into desired lineages
described for induced pluripotent stem cell (iPSC) technology
(Meyer et al., 2015; Thier et al., 2012). Therefore, making stably
expandable iINSCs from somatic cells represents the most
feasible way of obtaining autologous brain stem cells for down-
stream clinical applications (Worsdorfer et al., 2013). However,
the efficacy of directly reprogrammed iNSCs in treating inflam-
matory CNS disorders has not yet been tested.

In progressive forms of multiple sclerosis (MS), chronic CNS
inflammation is sustained by widespread activation of MPs
that include both CNS resident microglia and monocyte-derived
infiltrating macrophages (Mallucci et al., 2015). MPs are found in

Cell Stem Cell 22, 1-14, March 1, 2018 Crown Copyright © 2018 Published by Elsevier Inc. 1
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:lp429@cam.ac.uk
mailto:frank.edenhofer@uibk.ac.at
mailto:cf366@mrc-cu.cam.ac.uk
mailto:spp24@cam.ac.uk
https://doi.org/10.1016/j.stem.2018.01.020
http://creativecommons.org/licenses/by/4.0/

Please cite this article in press as: Peruzzotti-Jametti et al., Macrophage-Derived Extracellular Succinate Licenses Neural Stem Cells to Suppress
Chronic Neuroinflammation, Cell Stem Cell (2018), https://doi.org/10.1016/j.stem.2018.01.020

Cell’ress

[fGFPIKi67

3.57

CO(P“S

[{GFP/OLIG2

Gated on CD45*/7AAD/CD11b*/GR1-/F4/80*/CX3CR1*

O PBS iNSCs NSCs
© MFs @
@ iNSCs k]
3.0 @ NsCs o
3 %)
® x
2.5 g =
°
g B Ssen £ 1.07 1.31
o 2.0q 0107 10° 10¢ 10° 0102 10° 10° 10° 0102 10° 10¢ 10°
u"’J CD80  MRC1 cDso
31 H
w1
Gated on CD45*/7AAD/CD11b*/GR1-/F4/80*/CCR2*
20 PBS iNSCs NSCs
1.04 » 108
® 15
o é 10
0.54 E £ 5
w 10 -! *% | 103 S
o - x =
o
0.0+ B S B |
0 5 10 15 20 25 30 35 40 45 50 ° e 14.80 8.29
; it t 0107 10° 10° 10° 0107 10° 10° 10° 0102 10° 10° 10°
Days post immunization (dpi)
CD80 MRC1 CD80
EREEE | Brain K .- iNSGs  NSCs
200+ 111D Nos2 Tnf Arg1 Mre1 = ¥
29
150 8 -
1001 i = § 3 J_ i
~~  501an - & c 2 ||
O 30 ge )
T 838 2,
2 w0 9 1]
o X8 [
g’ 0 40 09 g 0Pt 40 6%t 0 a0t 40 69! 0 o0t 4067t g0 Pt 40 6%t g0 ot o 41 L
@
<~ . iNSCs  NSCs
S Spinal cord L = i
- 1500 PD cc | i
o 1000 Opbs S8 4 il i |
500 IJ W iNSCs R { (
< @ NSCs O 3
z 60 g8 t
X s o : |
£ 4 ET% 2 | |
30 0.c I ]
©Q /]
20 o @ 1 ‘ |
10 * © o (&
o : =e || .
40 89 40 A0t 40 89t a0 At 4000t a0 At 40 80 40 60t 40 09t a0 At
1.5x10% CSF EES
1x10 [CIPBS 10 dpt
5x10° # # CJPBS 30 dpt
o i—— iNSCs 30 dpt
—~ AP # # EINSCs 30 dpt
S 4x107
U 7
Sowr 3x10° #
8 2x107 * #
s 1x10 2 4
@ X107
° #_#
c 0
=
8 s Plasma
[0 1x10%
= 5x10°
o ## #
e 5x107 e g
©
© 4107
> v
3x10 " #
2107
1x107
o . A
Carmnitine Leucine+iscoleucine Succinate Citrulline Allopurinol Allantoin Ornithine Uric acid

Figure 1. NSCs Transplantation Ameliorates Chronic Neuroinflammation and Reduces Succinate Levels in the CSF of EAE Mice

(A-D) Representative images of fGFP* iNSCs at 30 dpt expressing the proliferation marker Ki67 (A, arrowheads) and the neural marker Nestin (A), the mature
neuronal marker NeuN (B, arrowhead), the astroglial lineage marker GFAP (C), or the oligodendroglial lineage marker OLIG2 (D, arrowhead).

(E) Confocal microscopy image of a perivascular area with several fGFP* iNSCs in juxtaposition to fGFP~/F4/80" MPs. Nuclei in (A)~(E) are stained with

DAPI (blue).
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gray matter lesions, close to degenerating neurites and neuronal
cell bodies (Peterson et al., 2001), and in white matter lesions,
where the external rim of activated microglia is associated with
chronic tissue damage (Bramow et al., 2010; Prineas et al.,
2001). Areas of normal-appearing white matter are also charac-
terized by MP accumulation, which leads to the formation of
microglial nodules that drive disease pathology irrespective of
concomitant T cell activation (Moll et al., 2011). The detrimental
role of chronic MP-driven inflammation in progressive MS is also
supported by evidence in animal disease models, where its over-
all burden correlates with impaired neuronal function (Planche
et al., 2017), brain atrophy (Tambalo et al., 2015), and reduced
regenerative responses (Jiang et al., 2014).

Activation of MPs by pro-inflammatory stimuli causes a meta-
bolic switch toward glycolysis and reduced oxidative phosphor-
ylation (OXPHOS) (Kelly and O’Neill, 2015). Recent evidence
suggests that, within this metabolic rewiring, type 1 inflammatory
MPs accumulate succinate, with important pathophysiological
implications (Tannahill et al., 2013). Intracellular succinate inhibits
the activity of prolyl hydroxylases enzymes (PHDs), thereby sta-
bilizing hypoxia responsive element (HIF)-1a. and inducing the
transcription of interleukin (IL)-1p (Tannahill et al., 2013). Further-
more, oxidation of succinate by succinate dehydrogenase (SDH)
repurposes mitochondria from ATP synthesis to reactive oxygen
species (ROS) production as additional pro-inflammatory signal
(Mills et al., 2016). Type 1 inflammatory MPs also release succi-
nate extracellularly and upregulate its cognate succinate recep-
tor 1 (SUCNR1), a G-protein-coupled receptor (also known as
GPR91), which functions as autocrine and paracrine sensor to
enhance IL-1B production (Littlewood-Evans et al., 2016).

As such, metabolism is emerging as an important therapeutic
target to modulate the activation of both macrophages (Kelly and
O’Neill, 2015) and microglia (Orihuela et al., 2016), and succi-
nate-related pathways have key immune modulatory functions
for acute and chronic inflammatory diseases (Ryu et al., 2003;
Tannahill et al., 2015).

Given the established immune modulatory properties of NSCs
(Pluchino and Cossetti, 2013), we hypothesized that NSCs may
exert their therapeutic effects in chronic neuroinflammation by
modulating MP metabolism toward reduction of secondary
CNS damage.

In this work, we investigated the molecular mechanisms that
underpin the capacity of somatic and directly induced NSCs to
counteract the metabolic changes of type 1 inflammatory MPs
both in vivo and in vitro. We show that transplanted iINSCs and
NSCs are functionally equivalent in ameliorating chronic neuroin-
flammation in mice with experimental autoimmune encephalo-
myelitis (EAE). Transplanted iNSCs/NSCs switch in the activation
profile of CNS-resident microglia and monocyte-derived infil-
trating macrophages toward an anti-inflammatory phenotype,
as well as reduce the levels of the immunometabolite succinate
in the cerebrospinal fluid (CSF). INSCs/NSCs also decrease
extracellular succinate released by type 1 inflammatory MPs to
reprogram their metabolism toward OXPHQOS in vitro. Mechanis-
tically, we show that succinate secreted by type 1 MPs elicits in
iINSCs/NSCs a signaling cascade downstream SUCNR1, which
enables their anti-inflammatory activity. This succinate-licensed
anti-inflammatory function of iINSCs/NSCs is mediated by the
secretion of prostaglandin (PG) E2, as well as by considerable
scavenging of extracellular succinate. Loss of Sucnr1 function
in NSCs leads to significantly reduced anti-inflammatory activ-
ities in vitro and in vivo after transplantation in EAE.

Our study uncovers a succinate-SUCNR1 axis that clarifies
how NSCs respond to inflammatory metabolic signals to inhibit
the activation of type 1 MPs in chronic neuroinflammation.

RESULTS

NSC Transplantation Ameliorates Chronic
Neuroinflammation and Is Coupled with Reduction of the
Immunometabolite Succinate in the Cerebrospinal Fluid
We first assessed the effects of the intracerebroventricular (icv)
transplantation at peak of disease (PD) of iINSCs or NSCs in
mice with MOG35-55-induced chronic EAE and compared it to
PBS-treated control EAE mice. Prior to transplantation, iNSCs
and NSCs were expanded, characterized (Figure S1), and
labeled with farnesylated (f)GFP in vitro. At 30 days post-trans-
plantation (dpt), INSC and NSC transplants survived, distributed,
and integrated within the EAE brain and spinal cord (Figure S2).
Only a minority of retrieved fGFP* cells (iNSCs: 2.1% + 0.9%;
NSCs: 1.7% + 0.1%) were proliferating (Figure 1A) or expressing
neuronal (Figure 1B), astroglial (Figure 1C), or oligodendroglial

(F) Behavioral outcome of INSCs/NSCs-transplanted EAE mice. Data are mean EAE score (+SEM) from n > 7 mice/group over n = 2 independent experiments.
EAE mice injected icv with mouse fibroblasts (MFs) or PBS were used as controls.

(G and H) Flow-cytometry-based ex vivo quantification of the expression levels of type 1 inflammatory (CD80) and anti-inflammatory (MRC1) markers in CX3CR1*
microglial cells (G) and CCR2* monocyte-derived infiltrating macrophages (H) from the CNS of INSC- and NSC-transplanted EAE mice at 30 dpt. Quantitative
data are shown on the left, whereas representative density plots are shown on the right. Data are min to max % of marker-positive cells from n > 4 pools of
mice/group.

(I) Representative confocal microscopy image and comparative histograms of a perivascular area with several fGFP* iINSCs in juxtaposition to F4/80* MPs. Low
iNOS and prevalent MRC1 expression is detected in F4/80" MPs close to f{GFP* iNSCs (inset on the left), whereas high iNOS expression is observed in the
remaining MP infiltrate (inset on the right). Nuclei are stained with DAPI.

(J) Expression levels (QRT-PCR) of pro- and anti-inflammatory genes in the brain and spinal cord of EAE mice. Data are mean fold change over HC fromn > 3
mice/group.

(K and L) Quantification and representative 3D reconstructions of spinal cord damage in iINSC- and NSC-transplanted EAE mice. Data are mean % of Biel-
schowsky negative-stained axonal loss (K) or Luxol fast blue (LFB) negative-stained demyelinated (L) areas/spinal cord section (+SEM) from n > 5 mice/group
over n = 2 independent experiments.

(M) Levels of CSF metabolites significantly changed during EAE (versus HC). Corresponding levels in matched plasma samples are also shown. Data are mean
a.u. (+SEM) from n > 3 mice/group.

The scale bars represent 25 um (A-E), 50 um (l), and 2 mm (K and L). *p < 0.05 and **p < 0.01 versus PBS; *p < 0.05 versus HC; dpt, days post-transplantation;
FI, fluorescence intensity; HC, healthy controls; PD, peak of disease. See also Figures S1, S2, and S3 and Table S1.
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(Figure 1D) lineage markers (Figure S2). The majority (~75%) of
iNSCs surviving to transplantation were found instead not to
be expressing any of the neural lineage markers tested and local-
izing around meningeal perivascular niche-like areas close to
F4/80* endogenous MPs (Figure 1E), as observed in somatic
NSC grafts (Cusimano et al., 2012; Pluchino et al., 2003). The
transplantation of iINSCs induced a significant and long-lasting
(up to 90 dpt) amelioration of EAE scores, which started from
15 to 20 dpt onward (Figures 1F and S2). Functional recovery
was also confirmed by computer-assisted automated gait anal-
ysis (Figure S2). Overall, icv-transplanted iNSCs were safe and
led to behavioral and pathological recovery.

We then analyzed the composition of CNS inflammatory infil-
trates via ex vivo flow cytometry in INSC- and NSC-transplanted
versus PBS-treated control EAE mice. The transplantation of
iINSCs or NSCs had no effects on the fraction of CNS-infiltrating
T cells, B cells, and total MPs, as well as in that of CD3*/CD4*
T cell subsets (including Th1, Th2, Treg, ThGM-CSF, and Th17
subsets) at 30 dpt (Figure S3). Instead, INSC- or NSC-trans-
planted EAE mice showed a significant switch in the activation
profile of CX3CR1™" cells with ~1.5-fold decrease of the CD80*
type 1 inflammatory microglia and parallel increase of the
MRC1* anti-inflammatory microglia (Figure 1G). Likewise,
CNS-infiltrating (monocyte-derived) CCR2* macrophages from
iINSC- or NSC-transplanted EAE mice underwent significant
phenotype switch with ~1.3-fold decrease of the CD80*
type 1 inflammatory macrophages and parallel ~1.8-fold
increase of the MRC1* anti-inflammatory macrophages (Fig-
ure 1H). This effect was accompanied by a significant reduction
of the expression of the type 1 inflammatory MP marker induc-
ible nitric oxide synthase (iNOS) by F4/80" MPs in vivo (Figures
11 and S83).

We then analyzed the expression levels of the main pro- and
anti-inflammatory genes in the whole CNS. iNSC- and NSC-
transplanted EAE mice both exhibited significantly reduced
levels of interleukin-1 beta (lI1b) in the brain and spinal cord
and increased levels of mannose receptor C type 1 (Mrc1) in
the spinal cord, both at 10 dpt (Figure 1J).

We found no significant differences in blood-brain barrier
(BBB) permeability at 30 dpt when comparing iNSC-/NSC-trans-
planted with PBS-treated control EAE mice (Figure S3).

Finally, iINSC- and NSC-transplanted EAE mice accumulated
significantly reduced axonal loss (Figure 1K) and demyelination
(Figure 1L) in the spinal cord.

Given the established importance of metabolism in regulating
the phenotype and function of MPs, we investigated whether
NSC transplants affected the neuroinflammatory metabolic
microenvironment. To this end, we performed an untargeted
metabolic profiling of polar metabolites by liquid chromatog-
raphy coupled to mass spectrometry (LC-MS) of matched CSF
and plasma samples (Table S1). PBS-treated control EAE mice
showed a significant increase of several CSF (but not plasma)
metabolites, among which succinate only peaked at 45 days
post-immunization (dpi) (corresponding to 30 dpt; Figure 1M).
EAE mice not subjected to surgery also showed a significant
increased succinate only in the CSF at 45 dpi (versus healthy
control mice), which was not different from the levels of succi-
nate in the CSF PBS-treated control EAE mice (Figure S3).

Whereas we did not detect any significant change in
plasma metabolite levels between INSC/NSC-transplanted and
PBS-treated control EAE mice (Table S1), we found that the
transplantation of iINSCs or NSCs led to a significant drop in
CSF succinate at 30 dpt (Figure 1M; Table S1).

Further, we found no significant differences in CSF succinate
when comparing PBS-treated EAE mice versus EAE mice
injected icv with mouse fibroblasts (MFs) as control cells
(Figure S3).

Thus, iINSCs and NSCs directly injected into the EAE CNS
induce a specific phenotype switch of MPs, which is associated
with reduction of the immunometabolite succinate in the CSF
only and amelioration of chronic neuroinflammation.

NSCs Reduce Succinate Levels and Reprogram the
Metabolism of Type 1 Inflammatory Mo In Vitro

We then investigated the molecular mechanisms through which
iINSCs/NSCs display anti-inflammatory activities on type 1 MPs,
using an in vitro system that recapitulates the interactions
between MPs and iNSCs/NSCs. Naive bone-marrow-derived
macrophages (Mo) were polarized into a type 1 inflammatory
phenotype with LPS (M¢-™®), as described (Tannahill et al.,
2013). Mo'"® were then co-cultured with iINSCs (Me-"S-INSCs)
or NSCs (M¢'"S-NSCs) in a trans-well system that avoids cell-
to-cell contacts (Figure 2A). Unpolarized M¢ were used as
controls.

Microarray gene expression profiling showed significant tran-
scriptional changes in Mo with 7,401 genes affected (versus
Me; adjusted p value < 0.1; Figure 2B; Table S2) and 51 genes
differentially expressed in Mg""S-iINSCs or M¢-"S-NSCs (versus

Figure 2. NSCs Reduce Succinate Levels and Reprogram the Metabolism of Type 1 Pro-inflammatory Mo toward Oxidative Phosphorylation

In Vitro
(A) Experimental setup for in vitro M¢'F® co-cultures with iINSCs/NSCs.

(B and C) Gene expression microarrays of Mo-"S-iINSCs/NSCs. (B) Venn diagram of differentially expressed genes (adjusted p value < 0.1). (C) Heatmap of genes
differentially expressed (adjusted p value < 0.1) in M"FPS-iINSCs or M¢-PS-NSCs.

(D and E) gRT-PCR independent validation of differentially expressed inflammatory genes as in (C). (D) Expression of genes related to type 1 inflammatory (E) and
anti-inflammatory Mo phenotypes relative to Actb. Data are mean fold change (+SEM) versus M-S from n > 3 independent replicates per condition.

(F) gRT-PCR of BV2-"S-iNSCs/NSCs (+SEM) from n > 3 independent experiments per condition. BV2 and BV2-"® are shown as controls.

(G and H) Extracellular flux (XF) assay of the oxygen consumption rate (OCR) (G) and extracellular acidification rate (ECAR) (H) in M@""S-iNSCs/NSCs. Data were
normalized on total protein content and are expressed as mean values (+SEM) from n > 3 independent experiments per condition.

(Iand J) Levels of significantly changed extracellular (EXTRA_Metab, I) and intracellular INTRA_Metab, J) metabolites in Mo""S versus M at 25 hr. Data are mean

a.u. (+SEM) from n > 2 independent experiments per condition.

(K and L) Hif-1a (K), PKM2 (K), and IL-1B (L) expression levels relative to B-actin. Data are mean fold change versus Mo""S (+SEM) from n > 3 independent

experiments per condition.
*p < 0.05 and **p < 0.01 versus Me-FS. See also Tables S2 and S3.
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Me'"S; adjusted p value < 0.1; Figures 2B and 2C; Table S2).
This latter set of genes was enriched in biological processes
related to positive regulation of leukocyte activation (GO:
0002696), myeloid leukocyte differentiation (GO: 0002761),
and immune system processes (GO: 0002376). Independent
gRT-PCR validation of selected M¢ pro-inflammatory genes
confirmed significant downregulation of the expression levels
of l112b, 1115, ll15ra, and Cd69, as well as the classical inflamma-
tory genes Nos2, tumor necrosis factor (Tnf), and l/1b in Me-FS-
iNSCs and M "S-NSCs (versus M¢"S; Figure 2D). This effect
was coupled with the concomitant upregulation of the expres-
sion levels of genes associated with an anti-inflammatory Mo
phenotype, such as uronyl-2-sulfotransferase (Ust) and bone
marrow stromal cell antigen 1 (Bst1) (Al-Shabany et al., 2016;
Martinez et al., 2015), as well as arginase 1 (Arg1) and Mrc1
(versus Mo"S; Figure 2E). When iNSCs/NSCs were co-cultured
with lipopolysaccharide (LPS)-activated mouse BV2 microglial
cells as before, significant reduction of the expression levels of
the pro-inflammatory genes Nos2 and //1b was also observed
(Figure 2F).

To link gene expression profiles with functional metabolic
states, we assessed the basal oxygen consumption rate (OCR)
and extracellular acidification rate (ECAR) of Mo'"® as readouts
of their tricarboxylic acid (TCA) cycle and glycolytic activities,
respectively. We found a significant reduction of OCR and a sig-
nificant increase of ECAR in Mo'"S (versus Meos). Instead,
M¢ePS-iNSCs and M "S-NSCs underwent significant restora-
tion of both OCR and ECAR values (versus Mo"S; Figures 2G
and 2H), as observed in M switching to an anti-inflammatory
phenotype (O’Neill and Pearce, 2016).

In an effort to clarify the metabolic determinants of these
anti-inflammatory effects, we performed an untargeted LC-MS
analysis of the extracellular and intracellular small-molecule
metabolite content of MeFS. As expected, LPS stimulation pro-
foundly changed the extracellular and intracellular metabolic
milieu of Mo (Me-"S) (versus M¢; Table S3). In co-cultures,
Me"PS-INSCs and M "S-NSCs both showed significant reduc-
tion of extracellular glutamate, GABA, and succinate (versus
M¢-FS; Figure 2l; Table S3). Furthermore, M¢""S-iINSCs and
M¢'PS-NSCs also displayed a significant reduction of intra-
cellular succinate and itaconate (versus Mo"S; Figure 2J;
Table S3).

Consistent with the reduction of succinate levels, we found
that Mo PS-iINSCs and Mo¢-"S-NSCs exhibited significantly
reduced levels of HIF-1a, of the upstream protein pyruvate
kinase isozyme M2 (PKM2) (Palsson-McDermott et al., 2015;
Figure 2K), as well as of IL-1p (versus Mo""S; Figure 2L).

Altogether, these in vitro data provide evidence that iINSCs/
NSCs reduce the accumulation of both intracellular and extracel-
lular succinate in co-cultures with type 1 inflammatory MPs,
reprogramming them toward an OXPHOS anti-inflammatory
phenotype.

Succinate Signals via SUCNR1/GPR91 in Mouse and
Human NSCs

Given the importance of succinate as immunometabolic signal,
we investigated whether succinate released by type 1 pro-in-
flammatory MPs could regulate the activity of surrounding cells
in situ, including that of transplanted iNSCs/NSCs.
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We found that transplanted iINSCs/NSCs detected in proximity
to meningeal perivascular areas (Figures 3A and 3B) and F4/80*
MPs (Figure 3C) expressed SUCNR1 in vivo in the CNS. SUCNR1
was also expressed at protein level on both iINSCs and NSCs
in vitro, but not in MFs (Figure 3D).

To further assess whether SUCNR1 in iINSCs/NSCs was func-
tionally activated by succinate, we investigated its downstream
signaling cascade in vitro. When exposed to succinate (Fig-
ure 3E; Rubic et al., 2008), 34.2% (+7.4%) of INSCs and 31.7%
(£6.5%) of NSCs showed a release of intracellular calcium stores
(Figures S4 and 3F). This response was followed by a significant
upregulation of the phospho-p38 mitogen-activated protein
kinase (Figure 3G), indicative of its activation. We confirmed
the expression of SUCNR71 and SUCNR1 also in human fetal
NSCs (hNSCs) and human iNSCs (hiNSCs) (Figures 3H and 3I).
As in mouse iINSCs, succinate-dependent p38 signaling was
evoked in hiNSCs, but not in hiNSCs pre-treated with the selec-
tive SUCNRT1 inhibitor 4c (Figure 3J).

Thus, mouse and human iINSCs and NSCs express functional
SUCNR1, which induces a signaling pathway downstream of its
stimulation with the immunometabolite succinate.

SUCNR1 Stimulation Initiates the Secretion of
Prostaglandin E2 by NSCs

To clarify the functional consequences of SUCNR1 signaling
in NSCs, we generated NSCs from mice lacking Sucnri
(Sucnr1~~ NSCs) (Rubic et al., 2008; Figure S4). Compared to
control NSCs, Sucnr1™~ NSCs showed similar growth curves
and differentiation in vitro (Figure S4). However, when exposed
to succinate at different time points and concentrations,
Sucnr1~/~ NSCs showed no upregulation of phospho-p38 (Fig-
ure S4). Stimulation with glutamate or ATP + thapsigargin
induced in Sucnr1~~ NSCs a calcium response similar to that
of control NSCs (Figure S4). On the contrary, succinate treat-
ment did not elicit release of calcium from intracellular stores
(Figure S4), which indicated a defective SUCNR1 signaling in
Sucnr1~~ NSCs.

We then performed a gene expression profiling microarray
following treatment with succinate in control NSCs and
Sucnr1~~ NSCs (Table S4). We found that prostaglandin-endo-
peroxide synthase 2 (Ptgs2), the key enzyme in PG biosynthesis
encoding the inducible PTGS2, was the most upregulated gene
in succinate-stimulated control NSCs (log, fold change 1.05),
but not in succinate-stimulated Sucnr1~'~ NSCs (log, fold
change —0.43; Figure 4A). We validated these results on Ptgs2
by qRT-PCR, confirming that its expression levels were signifi-
cantly upregulated (2.1- to 2.7-fold change) in succinate-stimu-
lated iINSCs and NSCs, whereas they were not in succinate-
treated Sucnr1 ™~ NSCs (Figure 4B).

Given the role of PGE2 as regulator of the immunosuppressive
effects of mesenchymal stem cells (MSCs) (Vasandan et al.,
2016; Yanez et al., 2010), we tested its accumulation in tissue
culture media from iINSCs, NSCs, and Sucnri~'~ NSCs after
stimulation with succinate. iNSCs and NSCs, but not Sucnr1 =/~
NSCs, showed significant (>2.5-fold) increase of their basal
release of PGE2 as early as 30 min after succinate. This succi-
nate-induced effect was abolished by pre-treatment with the
irreversible PTGS2 blocker SC-58125 (Figure 4C). As in mouse
iINSCs, exposure of hiNSCs to succinate elicited a significant
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Figure 3. Succinate Signals via SUCNR1 in Mouse and Human NSCs

(A-C) Representative confocal microscopy images of meningeal perivascular areas with transplanted fGFP* iNSCs (A) and NSCs (B) expressing SUCNR1 in the
brain of a mouse with EAE. The image in (C) shows transplanted SUCNR1* iNSCs in close vicinity to SUCNR1*/F4/80* MPs. Nuclei are stained with DAPI.
(D) SUCNRT1 protein expression relative to B-tubulin in vitro. Data are shown as mean (+SEM) of n > 3 independent replicates per condition.

(E) Experimental setup for succinate treatment of INSCs/NSCs in vitro.
(F) Intracellular Ca>* response after treatment with 500 uM succinate (live stainin

g with Fluo-4AM). Representative images (baseline and during stimulation) are

pseudocolored with red/blue according to high/low fluorescence intensity. Data are mean changes in fluorescence intensity as AF/FO (+SEM) from n > 3

experiments.

(G) Phospho-p38 MAPK (P-p38) and total p38 MAPK (p38) protein expression after succinate treatment. Data are P-p38/p38 expression relative to B-tubulin and
expressed as mean fold change (+SEM) versus untreated cells over n > 3 independent experiments per condition.

(H) gRT-PCR of SUCNR1 basal expression in human cells. Data are normalized
independent replicates per condition.
(I) Representative blot of SUNCR1 basal protein expression in human cells.

on 78S and expressed as mean fold change (+SEM) versus NSCs from n > 3

(J) P-p38 and p38 protein expression after stimulation with succinate + pre-treatment with the irreversible inhibitor of the human SUCNR1 4c.
The scale bars represent 25 pm. *p < 0.05 versus 0’. hBJFs, human BJ fibroblasts; ND, not detected. See also Figure S4.

increase of PGE2 concentrations in tissue culture media,
whereas again pre-treatment with either SC-58125 or 4c pre-
vented its release (Figure 4D).

To further extend the relevance of these findings to co-cultures
between NSCs and M¢'"S, we analyzed the levels of PGE2 in tis-
sue culture media. We found that Me""S-NSCs accumulated
higher levels of PGE2 compared to M¢"S, whereas pre-treat-
ment of co-cultured NSCs with SC-58125 significantly reduced
PGE2 levels (Figure 4E). SC-58125 pre-treatment of NSCs was
also coupled with a significant increase of //17b expression in
M¢"“"S (Figure 4F) and with a reduction of OCR values indicative
of a pro-inflammatory phenotype (Figure 4G). However, we
noticed that NSCs pre-treated with SC-58125 retained some
residual anti-inflammatory effects on M-S compared to
Sucnr1~~ NSCs (Figure 4F). On the contrary, Sucnr? loss of
function in NSCs completely abolished their anti-inflammatory

effects on MeFS (Figures 4F and 4G). We also show that the
observed PGE2-dependent anti-inflammatory ability of NSCs is
conserved and relevant for human NSCs.

As such, hiNSCs induced a significant reduction of ll1b
expression in Mq>LPS in co-cultures (Figure 4H), which was
coupled with a restoration of OCR values (Figure 4l) and
increased PGE2 levels in tissue culture media (Figure 4J). These
effects were completely suppressed by pre-treatment of hiNSCs
with the selective SUCNR?1 inhibitor 4c (Figures 4H-4J).

Thus, the activation of SUCNR1 signaling pathway in mouse
and human NSCs triggers the release of PGE2 leading to anti-in-
flammatory effects on type 1 MPs.

However, inhibition experiments targeting either PTGS2
or SUCNR1 anticipate that additional SUCNR1-dependent—
PGE2-independent—mechanisms are likely to play a key role
in the anti-inflammatory effects of NSCs.
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Figure 4. SUCNR1 Expression Is Necessary for the Anti-inflammatory Effect of NSCs on Type 1 Pro-inflammatory Me In Vitro

(A) Heatmap showing the microarray expression profile of the 50 most upregulated genes in NSCs after treatment with succinate. Data are shown as Z scores.
(B) gRT-PCR independent validation of Ptgs2 expression as in (A). Data are calculated relative to Actb and shown as mean fold change (+SEM) versus untreated
cells over n > 3 independent experiments per condition.

(C) PGE2 secretion following 1 hr treatment with succinate + pre-treatment with the selective PTGS2 blocker SC-58125. Data are mean values (+SEM) overn > 3
independent experiments per condition.

(D) PGE2 secretion by hiNSCs treated with succinate + pre-treatment with either SC-58125 or 4c. Data are mean values (+SEM) over n > 3 independent
experiments per condition.

(E) PGE2 secretion in M@ co-cultures. Data are mean values (+SEM) over n > 3 independent experiments per condition.

(F) b expression relative to Actb in Mg co-cultures. Data are mean fold change versus M (+SEM) from n > 3 independent experiments per condition.
(G) XF assay of the OCR of Mo as in (E) and (F). Data are normalized on total protein content and expressed as mean values (+SEM) over n > 3 independent
experiments per condition.

(H) lI1b expression relative to Actb of Mg co-cultures with hiNSCs. Data are mean fold change versus Mg""S (+SEM) from n > 3 independent experiments per
condition.

() XF assay showing the OCR of M¢ as in (H). Data are normalized on total protein content and expressed as mean values (+SEM) over n > 2 independent
experiments per condition.

(J) PGE2 secretion in Mo co-cultures as in (H) and (l). Data are mean values (+SEM) over n > 3 independent experiments per condition.

*p < 0.05 versus untreated cells (B); *p < 0.05 and **p < 0.01 (C and D); *p < 0.05, **p < 0.01, and **p < 0.001 versus M¢-"S (E-J); *p < 0.05 and *p < 0.01
versus M¢-"S-NSCs (E-G) or versus Mo -"S-hiNSCs (H and I). See also Figure S4 and Table S4.
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SUCNR1 Stimulation Triggers the Uptake of Succinate
by NSCs

Gene expression arrays of succinate-stimulated NSCs revealed
that, besides Ptgs2, NaCT/Slc13a5 was among the most upre-
gulated genes in wild-type (WT) NSCs (log, fold change =
0.49), but not in Sucnr1™~ NSCs (log, fold change = —0.12).
SLC13A5 is a dicarboxylate co-transporter known to be involved
in succinate transport (Srisawang et al., 2007). Given the consis-
tent depletion of succinate found both in vivo in the CSF of INSC-
or NSC-transplanted EAE mice and in vitro in co-cultures with
Mo"S, we hypothesized that iINSCs/NSCs would activate
SLC13A5 to scavenge succinate.

We found that the expression of SLC13A5, as well as of the
high-affinity dicarboxylate co-transporter SLC13A3, were signif-
icantly increased in iINSCs and NSCs, but not in Sucnr1™~
NSCs, upon succinate stimulation (Figure 5A). Similarly, hiNSCs
exposed to succinate upregulated the protein expression levels
of both these SLC13 co-transporters in vitro (Figure 5B).

We next investigated the role of these co-transporters by
measuring succinate uptake in iINSCs and NSCs. We found
that both INSCs and NSCs significantly accumulated ['“C]-
succinate (Figure 5C) while reducing the amount of extra-
cellular ['*C]-succinate in tissue culture media (Figure 5D).

MPs, we show that treatment with active

recombinant ()SDH complex subunit
A is able to significantly reduce the expression of //1b in M¢-"S
(Figure S5).

Thus, SUCNRT signaling in NSCs prompts the uptake of the
immunometabolite succinate, thereby depleting the available
extracellular pool sustaining the autocrine and paracrine activa-
tion of type 1 MPs.

Transplantation of Sucnr1 Loss-of-Function NSCs
Shows Impaired Ability to Ameliorate Chronic
Neuroinflammation In Vivo

To confirm the role of the succinate-SUCNR1 axis in mediating
the response of NSC grafts to succinate in vivo, we assessed
the effects of the icv transplantation of Sucnri™~ NSCs in
mice with chronic EAE.

At 30 dpt, Sucnr1~~ NSCs survived, distributed, and inte-
grated within the EAE brain and spinal cord with no significant
differences compared to control NSCs (Figure S6). However,
the transplantation of Sucnr?~'~ NSCs induced only a slight
recovery of EAE behavioral deficits versus PBS-treated control
EAE mice (EAE score—Sucnr1 '~ NSCs: 2.9 + 0.2; PBS: 3.6 +
0.4), which was significantly less pronounced (50% of the effect)
than that observed in EAE mice transplanted with control NSCs
(EAE score—NSCs: 2.1 = 0.3; Figure 6A).
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Figure 6. Transplantation of Sucnr1 Loss-of-Function NSCs Shows Impaired Ability to Ameliorate Chronic Neuroinflammation In Vivo

(A) Behavioral outcome of EAE mice. Data are mean EAE score (+SEM) from n > 5 mice/group.

(B and C) Flow-cytometry-based ex vivo quantification of the expression levels of type 1 inflammatory (CD80) and anti-inflammatory (MRC1) markers in CX3CR1*
microglial cells (B) and CCR2" monocyte-derived infiltrating macrophages (C) at 30 dpt. Quantitative data are shown on the left, whereas representative density
plots are shown on the right. Data are min to max % of marker-positive cells from n > 4 pools of mice/group.

(D and E) Pathological outcomes of experiments as in (A). Data are mean % Bielschowsky negative-stained axonal loss (D) or LFB negative-stained demyelinated
(E) areas/spinal cord section (+SEM) from n > 4 mice/group. The scale bars represent 400 pm.

(F) PGE2 levels in the CSF and plasma of EAE mice at 30 dpt. Data are mean values (+SEM) from n > 3 samples/group.

(G) Succinate levels in the CSF and plasma of EAE mice at 30 dpt. Data are mean values (+SEM) from n > 4 mice/group. Kruskal-Wallis followed by Mann-

Whitney post-test is shown.

*p < 0.05, **p < 0.01, and **p < 0.001 versus PBS; *p < 0.05 versus NSCs. See also Figure S6.

Ex vivo flow-cytometry-based analysis of the composition of
CNS inflammatory infiltrates showed that transplantation of
EAE mice with Sucnr1 ™~ NSCs failed to shift the proportions
of type 1 inflammatory and anti-inflammatory MPs—including
CX3CR1* microglia and CCR2* monocyte-derived infiltrating
macrophages—in contrast with the effects of control NSCs (Fig-
ures 6B and 6C). Post mortem tissue pathology further
confirmed the reduced tissue-protective effects of Sucnr1 ™/~
NSC grafts (Figures 6D and 6E).

We then investigated the levels of PGE2 and succinate in
matched CSF and plasma samples from NSC-transplanted
and PBS-treated control EAE mice. We found that both
Sucnr1~~ NSCs and control NSCs failed to induce significant
changes of the levels of PGE2 in the CSF. Plasma PGE2 signifi-
cantly increased in EAE mice only (versus healthy controls), with
no treatment effect observed (Figure 6F). Importantly, whereas
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transplantation of control NSCs reduced CSF succinate (HC:
5.524 x 107 a.u. + 0.19; PBS: 9.35 x 107 a.u. + 0.14; NSCs:
5.64 x 107 a.u. + 0.44), Sucnr1~'~ NSC grafts showed no effects
(Sucnr1~’~ NSCs: 10.40 x 107 a.u. + 2.59; Figure 6G).

These data confirm the requirement of a functional SUCNR1
signaling pathway in the regulation of the anti-inflammatory
and neuroprotective effects of NSC transplants in vivo and
underline the importance of succinate scavenging as a predom-
inant anti-inflammatory mechanism of action of NSCs.

DISCUSSION

There is an unmet clinical need to develop cellular and molecular
approaches to target core drivers of the pathophysiology of
chronic neuroinflammatory conditions that include progressive
forms of MS (Volpe et al., 2016). In principle, stem cells possess
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a therapeutic potential that is distinct from that of small mole-
cules and biologics and extend far beyond the classical regener-
ative medicine arena. Part drug and part device, stem cells could
work as biological disease-modifying agents (DMAs) that sense
diverse signals, migrate to specific sites in the body, integrate
inputs to make decisions, and execute complex response be-
haviors in the context of a specific tissue microenvironment
(Fischbach et al., 2013). All these attributes could be harnessed
to treat several disease processes, including the persistent
MP-driven inflammation and tissue degeneration that occur in
progressive MS.

Here, we used accessible, autologous, and stably expandable
iINSCs (Thier et al., 2012), as well as somatic NSCs, to investigate
the effects of brain stem cell transplantation in a mouse model of
chronic neuroinflammation, which mimics the inflammatory
cascade observed in progressive MS.

We found that the transplantation of INSCs into the CSF circu-
lation of EAE mice promotes equivalent outcomes to those
previously observed in mice transplanted with somatic NSCs
(Pluchino et al., 2003). Transplanted iNSCs or NSCs induced sig-
nificant clinical amelioration, as well as reduced axonal and
myelin damage, with no significant reduction of BBB permeability
at 30 dpt. Further studies will help clarify whether changes of BBB
permeability or recruitment of inflammatory monocytes to the
CNS occur immediately following the transplantation of iINSCs/
NSCs. Whether such an effect is likely to change the main clinical
outcomes of diseases with high prevalence of CNS infiltration by
inflammatory cells, such as EAE/MS, is hard to anticipate.

Instead, we found that our paradigm of transplantation was
associated with a specific switch in the activation profile of
both CX3CR1* microglial cells and CCR2" monocyte-derived
infiltrating macrophages with a decrease of the CD80" type 1
inflammatory MPs and parallel increase of the MRC1* anti-in-
flammatory MPs. Transplanted iINSCs/NSCs distributed and sur-
vived in the CNS of EAE mice, while preferentially accumulating
at the level of meningeal perivascular areas in juxtaposition to
endogenous MPs. Altogether, these findings would imply the
presence of some yet unknown mechanisms of intercellular
coupling between grafted stem cells and inflammatory MPs.
Whether this INSC/NSC-MP communication in vivo takes place
only in perivascular niches or also at the level of other emerging
immune sensor-like structures of the brain that include the
choroid plexus remains to be addressed (Ge et al., 2017).

We then investigated the underlying immunological mecha-
nisms driving the beneficial effects of NSCs on MPs during
chronic neuroinflammation. Untargeted small molecule analysis
of matched CSF and plasma samples revealed profound meta-
bolic changes in the CSF of EAE mice, with differences between
the early and the delayed phases of disease.

Carnitine, leucine + isoleucine, citrulline, allantoin, ornithine,
and uric acid were all significantly increased in the PBS-treated
control EAE mice at the peak of disease. Our findings are consis-
tent with published evidence showing that leucine, as well as uric
acid and its by-product allantoin, are all increased in the CSF of
subjects with MS (Amorini et al., 2009; Hooper et al., 1998;
Monaco et al., 1979). Whereas increased CSF carnitine has not
been reported in MS, important increases have been described
in non-MS inflammatory conditions of the CNS, such as enceph-
alitis (Wikoff et al., 2008) and meningitis (Shinawi et al., 1998).

Conversely, only succinate showed a delayed (i.e., 45 dpi) in-
crease in the CSF of PBS-treated control EAE mice. Succinate is
becoming a valuable in vivo biomarker of metabolic distress and
inflammatory activity (Littlewood-Evans et al., 2016; Mills and
O’Neill, 2014). Importantly, we found that succinate was signifi-
cantly decreased in the CSF of INSC-/NSC-transplanted mice.
The reduction of CSF succinate following iNSC or NSC trans-
plantation was of interest and might have a prominent role in
interfering with chronic neuroinflammation.

Succinate released from type 1 inflammatory MPs is a key in-
flammatory signal that interacts with its specific G-protein-
coupled receptor SUCNR1. SUCNR1 acts as an early detector
of metabolic stress in several physiological and pathological
conditions, including renin-induced hypertension, ischemia/
reperfusion injury, inflammation, platelet aggregation, and retinal
angiogenesis (de Castro Fonseca et al., 2016; Gilissen et al.,
2016). Notably, we found that the expression of SUCNR1 is
required for the therapeutic effects of transplanted NSCs in vivo.

Succinate-mediated activation of SUCNR1 on rodent and hu-
man iNSCs and NSCs activates calcium signaling and mitogen-
activated protein kinase (MAPK) phosphorylation in vitro, thus
eliciting the acquisition of a concerted anti-inflammatory pheno-
type in NSCs. On the one hand, SUCNR1 activated the secretion
of PGE2, a well-established pleiotropic immune modulator,
whose function targets multiple cell types within the inflamed
microenvironment, including MPs (Kota et al., 2017; Vasandan
et al., 2016). On the other hand, succinate-SUCNR1 signaling
in INSCs and NSCs led to the upregulation of two members of
the SLC13 family of co-transporters (i.e., SLC13A3 and
SLC13A5) and uptake of extracellular succinate.

In vivo, we demonstrate effective scavenging of extracellular
local succinate by NSCs injected in EAE mice through the CSF
circulation, which is predominant, compared to the secretion
of PGE2. The loss of SUCNR1-dependent signaling in trans-
planted NSCs led to significant reduction in their anti-inflamma-
tory and neuroprotective effects, whereas Sucnr1~'~ NSC grafts
showed no difference of survival, distribution, and differentiation
versus control NSCs.

We then hypothesize that the extracellular succinate secreted
by type 1 inflammatory MPs initiates a scavenging behavior that
transplanted NSCs adjust in response to increased substrate
availability (Srisawang et al., 2007). This novel intercellular meta-
bolic coupling fits well with the available literature showing that,
within specific microenvironments, cells compete for available
nutrients, affecting each other’s function and fate (Pearce and
Pearce, 2013).

We anticipate that succinate depletion by SUCNR1-express-
ing INSCs and NSCs might play a crucial role in reducing the
availability of a key metabolic signal in inflammatory contexts
where the interactions between transplanted stem cells and
host immune cells become complementary (Pluchino and
Cossetti, 2013). More generally, our findings are in line with the
provocative, yet still emerging, concept of NSCs as ancestral
guardians of the brain capable of exerting several complemen-
tary immune modulatory and tissue trophic effects (Martino
and Pluchino, 2007).

Additional studies are needed to further characterize the
function of the succinate-SUCNR1 axis in neuro-immune inter-
actions, provide additional insights on the critical role of cellular
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metabolism for neural stem/progenitor cells (Knobloch and
Jessberger, 2017), and develop complementary pharmacolog-
ical interventions targeting this pathway in the chronically
inflamed brain.

In conclusion, we show here that NSCs sense the extracellular
succinate that accumulates in the chronically inflamed CNS to
ameliorate neuroinflammation via succinate-SUCNR1-depen-
dent mechanisms. Our work identifies a novel anti-inflammatory
mechanism that underpins the regenerative potential of somatic
and directly induced NSCs, thus paving the way for a new era of
personalized stem cell medicines for chronic inflammatory and
degenerative neurological diseases.
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