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Abstract: For some time, it has been accepted that the 3-site APP cleaving enzyme 1 (BACE1) and the
y-secretase are two main players in the amyloidogenic processing of the 3-amyloid precursor protein
(APP). Recently, the membrane-type 5 matrix metalloproteinase (MT5-MMP/MMP-24), mainly
expressed in the nervous system, has been highlighted as a new key player in APP-processing, able
to stimulate amyloidogenesis and also to generate a neurotoxic APP derivative. In addition, the
loss of MT5-MMP has been demonstrated to abrogate pathological hallmarks in a mouse model
of Alzheimer’s disease (AD), thus shedding light on MT5-MMP as an attractive new therapeutic
target. However, a more comprehensive analysis of the role of MT5-MMP is necessary to evaluate
how its targeting affects neurons and glia in pathological and physiological situations. In this
study, leveraging on CRISPR-Cas9 genome editing strategy, we established cultures of human-
induced pluripotent stem cells (hiPSC)-derived neurons and astrocytes to investigate the impact of
MT5-MMP deficiency on their phenotypes. We found that MT5-MMP-deficient neurons exhibited
an increased number of primary and secondary neurites, as compared to isogenic hiPSC-derived
neurons. Moreover, MT5-MMP-deficient astrocytes displayed higher surface area and volume
compared to control astrocytes. The MT5-MMP-deficient astrocytes also exhibited decreased GLAST
and S100f3 expression. These findings provide novel insights into the physiological role of MT5-MMP
in human neurons and astrocytes, suggesting that therapeutic strategies targeting MT5-MMP should
be controlled for potential side effects on astrocytic physiology and neuronal morphology.

Keywords: Alzheimer’s disease; human-induced pluripotent stem cells; disease modeling; neuronal
differentiation; hiPSC-derived astrocytes; metalloproteinase; morphometry; whole-cell patch-clamp

1. Introduction

Alzheimer’s disease (AD) is a neurodegenerative brain disorder with no efficient cure
to date, which is typically characterized by a progressive cognitive decline [1,2]. Many
in vitro and in vivo studies have highlighted the BACE1-dependent abnormal formation
and intracellular accumulation of amyloid 3 (A) peptides as the initial cause of AD [34].
Therefore, BACE1 has been one of the most attractive targets for the treatment of AD for
many years. Accordingly, multiple BACE1 inhibitors (MK8931, AZD-3293, JNJ-54861911,
E2609, and CNP520) have been tested as potential therapeutic drugs to treat neurological
diseases [5-7]. However, the high failure rate of clinic-step BACE1 inhibitor candidates
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and their interference with the physiological processing of other substrates has stimulated
searching for novel therapeutic targets in AD [8-10].

Matrix metalloproteinases (MMPs), enzymes controlling intracellular and extracellular
amyloidogenic protein turnover, are associated with neurodegenerative diseases [11,12].
Recently, we shed light on MT5-MMP as just such a novel therapeutic target [12-14]. In
good health, MT5-MMP is a multifunctional MMP with N-cadherin substrate specificity
that is mainly expressed in developmental stages and remains high in adulthood in the
hippocampus and cerebellum [15-18]. It may play a functional role in neural plasticity via
interactions with the AMPA binding protein (ABP) and the glutamate receptor-interacting
protein (GRIP) [19,20]. Besides, the localization of the metalloproteinase in filopodia at
the tips of growth cones and in synaptosomes also supports the idea that MT5-MMP may
regulate axon pathfinding and synapse remodeling [21,22]. MT5-MMP also regulates the
activation of adult neural stem cells [23]. However, MT5-MMP is also relevant to disease,
since it promotes interactions between neurons and mast cells through the cleavage of N-
cadherin, required for the inflammatory response in a thermal pain model [24]. In addition,
MT5-MMP was found around senile plaques in the post-mortem brains of AD patients [15].
Furthermore, the physical interaction of MT5-MMP with APP and increased production of
AR /C99 also corroborate the idea that the proteinase is a new, full-fledged player in APP
metabolism, and hence a potential new target molecule in AD treatment [25,26]. Finally,
in vitro and in vivo studies revealed a novel physiological APP processing pathway, the
product of which is a proteolytic fragment An-« capable of reducing long-term potentiation
in hippocampal neurons in the CA1 pyramidal cell layer [27].

Analysis of bigenic mice, resulting from crossing the 5xFAD mouse model of AD and
MT5-MMP knockout mice, revealed several positive effects of MT5-MMP deficiency at early
stages of the pathology, compared to age-matched 5xFAD. These include the prevention of
deficits in long-term potentiation and learning and memory, decreased levels of A3 /C99,
interleukin-1p (IL-13) and tumor necrosis factor-oc (TNF-o), as well as decreased glial
reactivity [25,26]. Interestingly, MT5-MMP knockout mice showed no apparent phenotypes
until the organism was subjected to stressful conditions [3,23]. In this vein, MT5-MMP
knockout mice do not develop neuropathic pain, together with the absence of Af-fiber
sprouting after sciatic nerve injury [21], and they do not develop thermal hyperalgesia
during inflammation [24]. Besides, confocal imaging and qRT-PCR analyses of samples
after traumatic brain injury (TBI) and bilateral entorhinal cortical lesion revealed that
MT5-MMP inhibition attenuated ADAM-10 and N-cadherin [19].

Overall, MT5-MMP appears to be a pivotal enzyme in multiple physiological and
pathological pathways that affect both neurons and glial cells. Accordingly, we investigated
the influence of the MT5-MMP knockout state on the phenotype of human neurons and
astrocytes and their possible functional crosstalk in a non-pathological situation. Using
differentiated human neural derivatives from hiPSCs and CRISPR/Cas9 approaches, we
showed that MT5-MMP deficiency led to changes in neuron and astrocyte morphology,
characterized by the formation of more branched neurons and round-shaped astrocytes
with decreased expression of S100b and GLAST. These data corroborate the multifaceted
spectrum of MT5-MMP actions in the nervous system.

2. Materials and Methods
2.1. Cell Line
A commercially available human cell line was purchased from the Coriell biorepos-

itory, and originate from the CIRM iPSC Repository, under the reference CW70019. The
CW70019 hiPSC line was obtained from a donor being non-demented at the time of biopsy.

2.2. hiPSC Culture

hiPSCs were cultured and maintained undifferentiated in a chemically defined growth
medium (StemMACS™ iPS-Brew XF media; Miltenyi Biotec, Paris, France) onto growth-
factor-reduced Matrigel (BD Biosciences, Franklin Lakes, NJ, US)-coated plates (8.6 g/ cm?).
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In short, when reaching 70-80% confluency, hiPSCs were treated with an enzyme-free
solution (hereafter referred to as gentle dissociation solution) containing 0.5 mM EDTA
(Lonza, Basel, Switzerland), D-PBS (Gibco Life Technologies, Scotland, UK) and 1.8 mg/mL
NaCl (Sigma-Aldrich, st Louis, MO, USA). hiPSCs were incubated for 2 min in gentle
dissociation solution at 37 °C, and the colonies were dispersed to small clusters and lifted
carefully using a 5 mL glass pipette at a ratio of 1:3 or 1:4 for further amplification. When
necessary, differentiated areas were removed from hiPSC cultures prior to passaging, in
order to maintain the cultures as undifferentiated before proceeding to their differentiation.
hiPSC lines were maintained in an incubator (37 °C, 5% CO,) with daily medium changes.

2.3. CRISPR-Cas9 Plasmid Production

For the generation of CRISPR-Cas9 plasmids, we first modified the pSpCas9(BB)-2A-
Puro (PX459) V2.0 (Addgene plasmid # 62988, Addgene, Teddington, UK) [28] to replace
the CBh promoter with the EF1 alpha promoter by a subcloning strategy. The modified
plasmid was named cABO3 (i.e., pX459-pEF1 alpha), and further used to produce two
distinct plasmids, each containing a single guide RNA specific to the MMP24 sequence
(i.e., sgRNA containing crRNA + TracrRNA), aiming at generating insertions and deletions
within the exon 2. To that end, CRISPR sgRNAs were designed using the Zhang lab
design tool (http://CRISPR.mit.edu, accessed on 28 June 2021) and cloned into cABO3 as
previously described [28]. For the sgRNA, a 20 nt MMP24 specific sequence was selected,
sgRNA1: GATCCCGGTCACCGGTGTGT. Briefly, the selected MMP24 specific sequence
was cloned by Bbsl-mediated digestion of cAB03, followed by ligation using cohesive end
cloning. Plasmids were transformed into DH5« chemically competent cells (Thermo Fisher
Scientific, Waltham, MA, USA) and individual clones were first screened by PCR to verify
the insertion, then were ultimately validated by sequencing analysis.

2.4. CRISPR-Cas9-Mediated Edition for the Generation of MMP24 Knockout hiPSCs

To generate MMP24 knockout hiPSCs from the CW70019 hiPSC line, cells were pre-
pared and electroporated as previously described [29]. After clonal isolation, for each clone
DNA, extraction was performed using a thermocycler with the following settings: 3 h at
55 °C and 30 min at 95 °C. Then, a 10 uL PCR reaction was performed using 1 pL of the
extracted genomic DNA and 9 pL of a PCR mix containing 1x of the 5x PrimeSTAR GXL
buffer (Takara Bio, Shiga, Japan), PrimeSTAR GXL DNA polymerase (0.25 U/10 uL), dNTPs
(200 uM each) and the following primers: MMP24For 5'-ACGGGCATCTGCGCTGCACTC-
3’ and MMP24Rev 5'-GCTGGGTGCCTGCATGTGCCTG-3' (0.3 uM each). PCR reaction
was performed using the following conditions: 1 min at 94 °C for one cycle, then 10 sec at
98 °C and 1 min at 55 °C for 35 cycles, and to finish, 5 min at 68 °C for one cycle. Upon
completion, the PCR product was digested using the restriction enzyme Alel (New England
Biolabs, Ipswich, MA, US), and run on a 2% agarose gel electrophoresis to analyze the size
of the amplicon for each individual clone (expected profiles: two bands for the wild-type
clone at 466 bp and 209 bp; one band for the homozygous clone at 675 bp; three bands at
675 bp, 466 bp and 209 bp for the heterozygous clone). Only knockout clones for MMP24
were kept and further confirmed by Sanger sequencing prior to amplification for further
experiments. Three knockout clones were produced for the experiment.

2.5. Derivation of NPCs from hiPSCs

hiPSCs were differentiated into neural progenitor cells (NPCs) following a mono-
layer culture method with a commercial dual SMAD inhibition-mediated neural induction
medium (STEMdiff™ SMADIi Neural Induction Kit, Stem Cell Technologies, Vancouver,
Canada), based on a previously published protocol [30]. NPCs were obtained following the
manufacturer’s instructions, with slight modifications. Undifferentiated cultures of hiPSCs
were treated with gentle dissociation solution for 4 min, then the solution was removed
and cells incubated in Accumax for 4 min. hiPSCs were then dislodged as single cells and
transferred into Dulbecco’s modified Eagle’s medium (DMEM)-F12 + 20% knockout serum
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replacement. Then, cells were centrifuged at 200x g for 5 min, resuspended in D-PBS,
counted and centrifuged once more at 200x g for 5 min. Lastly, cells were resuspended in
STEMdiff™ SMADI neural induction kit + 10 uM Y-27632 (Tocris Bioscience, Bristol, UK), a
Rho-associated protein kinase inhibitor, plated onto growth-factor-reduced Matrigel™ (BD
Biosciences, Franklin Lakes, NJ, USA)-coated plates (8.6 pug/ cm?) at 320,000 cells/cm?, and
maintained in an incubator (37 °C, 5% CO,) with medium changes every day. Between 6
and 9 days after induction, cells were harvested as single cells using Accumax, transferred
into DMEM-F12 medium, centrifuged at 200x g for 5 min, resuspended in STEMdiff™
SMADi medium + 10 pM Y-27632, plated onto growth-factor-reduced Matrigel-coated
plates (8.6 ug/ cm?) at 270,000 cells/cm? and maintained in an incubator (37 °C, 5% CO»)
with medium changes every day for 5 additional days. Then, cells were passaged one more
time following the same procedure. Five days after the last passage (i.e., between 16 to
19 days post-induction), differentiated cells were harvested as single cells using Accumayx,
centrifuged at 200x g for 5 min, before being resuspended in STEMdiff™ neural pro-
genitor medium (Stem Cell Technologies, Vancouver, Canada; hereafter referred as NPC
media) and seeded onto growth-factor-reduced Matrigel-coated plates (8.6 ug/cm?) at
125,000 cells/cm?. hiPSC-NPCs were maintained in an incubator (37 °C, 5% CO,) with
medium changes every day, and passaged with Accumax when reaching 80-90% confluency.

2.6. Neuronal Differentiation

hiPSC-derived NPCs were differentiated in accordance with a previously published
protocol [31]. In brief, hiPSC-NPCs were detached using Accutase, collected, centrifuged,
and gently re-suspended in NPC medium and plated onto poly-L-ornithine (PLO) (Sigma-
Aldrich, st Louis, MO, USA; P3655; 15 ng/mL)/Laminin (Life Technologies, Waltham, MA,
USA, 23017015; 10 pg/mL)-coated glass coverslips at a density of 50,000 cells/cm? and
incubated overnight (37 °C with 5% CQO,). Thereafter, the NPC medium was removed
and replaced by the BrainPhys™ neuronal media kit (Stem Cell Technologies, Vancouver,
Canada) composed of the BrainPhys neuronal maturation medium (StemCell Technologies,
Vancouver, Canada; #05793) supplemented with NeuroCult SM1 neuronal supplement
(StemCell Technologies, #05711) + N2 Supplement-A (StemCell Technologies, #07152) +
20 ng/mL BDNF (Peprotech, Rocky Hill, NJ, USA; #450-02) + 20 ng/mL GDNF (Peprotech;
#450-10) + 1 mM dibutyryl-cAMP (Sigma-Aldrich; D0627) + 200 nM ascorbic acid (Sigma-
Aldrich; A5960). Half of the medium was gently replaced two to three times a week for
8 weeks. The plates were kept in a humified incubator at 37 °C with 5% CO;. In all
experiments, the passage number (P7-P9) and the time in culture (8 weeks) were identical.

2.7. Astrocyte Differentiation

Differentiation of hiPSC-derived NPCs into astrocyte-like cells was performed using a
previously published protocol with slight modifications [32]. In short, hiPSC-NPCs were
dissociated with Accutase™ and seeded at 30,000 cells/cm? on growth-factor-reduced
Matrigel™-coated 6-well plates (8.6 ng/cm?) in astrocyte medium (ScienCell, Carlsbad,
CA, USA, 1801-b), containing 2% fetal bovine serum (0010), astrocyte growth supplement
(1852) and 10 U/mL penicillin/streptomycin solution (0503). Full medium changes were
performed every 72 h over a 30-day differentiation period. When cells reached 90-95%
confluence (approximately 5-7 days after initial seeding), they were passaged as single
cells into astrocyte medium and cultured onto growth-factor-reduced Matrigel™-coated
plates (8.6 pg/cm?) at 30,000 cells/cm?. The cells were plated onto a non-coated plastic
surface after 21 days (around 3—4 passages) to remove immature astroglial cells. The cells
were used for further experiments after 45 days of incubation in astrocyte medium. The
maturity of astrocytes was evaluated with immunocytochemistry (ICC) for ALDH1L1,
51003, GALST, and GFAP. In all experiments, the passage number (P7-P9) and the time in
culture (45 DIV) were identical.
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2.8. Immunocytochemistry

The cells were fixed with a 4% paraformaldehyde solution (PFA) (Sigma-Aldrich;
158127) in PBS (Gibco, Scotland, UK) pH 7.4, for 10 min on a bed of ice. Thereafter, the
cells were incubated in a quenching solution (0.1 M aqueous glycine solution) for 5 min
and washed with PBS, pH 7.4, for 5 min. The fixed cells were then incubated in a blocking
solution (5% normal goat serum (Jackson ImmunoResearch, West Grove, PA, USA), 0.1%
Triton X-100 (Sigma-Aldrich; 2315025) diluted in PBS, pH 7.4 for 1 h at RT. The cells
were then incubated with the following primary antibodies diluted in blocking solution
overnight with gentle shaking at 4 °C: SOX2 (1:1000, Abcam, Cambridge, UK; ab97959),
PAX6 (1:1000, BioLegend, San Diego, CA, USA; 901302), Nestin (1:500, Merck Millipore,
Burlington, MA, USA; MAB5326), NeuN (1:500, Merck Millipore; MAB377), S100f3 (1:100,
Abcam; ab212816), vGluT1 (1:1000, Merck Millipore; AB5905), PSD-95 (1:500, Abcam;
ab12093), MAP2B (1:500, Abcam; ab5392), GLAST (1:120, Thermo Fisher Scientific; PA5-
34198), GFAP (1:100, Merck Millipore; AB5541), and ALDH1L1 (1:100, Abcam; ab190298).
The next day, the cells were thoroughly washed three times with 0.1% PBS-Triton X-100
and incubated with the following species-specific fluorochrome-conjugated secondary
antibodies diluted in PBS (1:1000) for one hour at RT: Alexa Fluor 405 anti-rabbit IgG
(Abcam; ab175651), Alexa Fluor 405 anti-mouse IgG (Life Technologies; A-31553), Alexa
Fluor 405 anti-chicken IgG (Life Technologies; A-11040), Alexa Fluor 488 anti-mouse IgG
(Life Technologies; A-11029), Alexa Fluor 546 anti-mouse IgG (Life Technologies, A-11030),
Alexa Fluor 546 anti-rabbit IgG (Life Technologies; A-11035), Alexa Fluor 568 anti-rabbit IgG
(Life Technologies; A-11036), and Alexa Fluor 633 anti-guinea pig IgG (Life Technologies;
A-21105). After rinsing three times with 0.1% PBS-Triton X-100, pH 7.4, the samples were
counterstained with the nuclear marker DAPI. Finally, coverslips were rinsed three times
with PBS, one more time with phosphate buffer (pH 7.4) and mounted with a mounting
medium (Sigma-Aldrich; M1289). Microscope slides with mounted coverslips were stored
at 4 °C until the next morning, when the mounting medium had dried. Then, the edges
of coverslips were treated with nail polish to prevent the samples from drying out. The
rest of the time, all samples were stored at 4 °C (no more than 4 days) until the imaging of
samples was completed.

2.9. Confocal Microscopy and Data Collection

Serial optical z-sections were carefully collected at 0.28 pum intervals using a Zeiss
Axio Imager 2 (Carl Zeiss GmbH, Jena, Germany), in combination with a Carl Zeiss
LSM 700 system equipped with an EC “Plan-Neofluar” 40x /0.75 M27 and EC “Plan-
Neofluar” 63 x /1.40 Oil DIC M27 objectives, and 405 nm, 488 nm, 555 nm and 633 nm laser
lines. Throughout all experiments, the pinhole was set to 0.5 Airy unit. The images were
collected using a bidirectional scan and two frames’ averages settings. The z-sections were
deconvolved using a fast iterative algorithm (five iterations) integrated into Zeiss software.
All images in this work were maximum intensity projections, which were analyzed using
Fiji Image]J, NIH, USA, 1.53c) or/and Imaris software (Bitplane AG, Zurich, Switzerland,
v.7.7.2).

2.10. Image Analysis

Fiji Sholl analysis (v.3.6.12) was utilized to describe neuronal arbors. For analysis,
the scale-corrected maximum intensity z-stack projection images of a single neuron were
obtained with EC “Plan-Neofluar” 63 x /1.40 Oil DIC M27 objectives. Thereafter, the images
were converted into an 8-bit grayscale format. The thresholding option was utilized to
obtain a mask of the neuron. The Otsu thresholding algorithm (v.1.17.2) was consistently
used throughout the Sholl image analysis. The neurites of neighboring neurons were
removed with the eraser tool. Using a “Line segment tool”, a single line from the center of
the soma of a neuron to its longest neurites was drawn. The concentric shell rings with
5 pm steps were drawn automatically. The first shell was defined 10 pm outside of the
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cell body to exclude the latter from the analysis. Thereafter, a repeated two-way ANOVA
was performed.

Quantification and comparison of the neurite structures were achieved with the
Neuron] plugin (v.1.4.3) for Fiji. For analysis, the maximum intensity projection two-
dimensional (2D) images were converted into 8-bit gray-scale type and loaded through the
Neuron] toolbar. Thereafter, the neurite structures were manually traced and binned into
two groups, referred to as “primary” and “secondary” neurites, for further
automatic analysis.

To quantify the GFAP cytoskeleton volume and surface area, images were subse-
quently analyzed with the Imaris software (Bitplane AG, Zurich, Switzerland) using the
“Surface tool”, as described elsewhere [33]. After that, the ratio between the surface area
and volume was calculated using Excel.

Analysis of fluorescent intensity of astroglia markers was done with Image], as de-
scribed elsewhere [33]. Shortly, the cells from five random fields of three random wells
of three independent differentiations were chosen for analysis. After deconvolution, the
average background fluorescence, calculated from three random regions of each field of
view, was subtracted. For comparisons, we used the value of mean integrated density
per cell, which was measured as raw integrated pixel density divided by the number of
immunoreactive cells.

2.11. Patch-Clamp Recordings

Whole-cell patch-clamp recordings of neurons were performed after 8 weeks in the
absence of any receptor antagonists, as described previously [31]. The coverslips with
neurons were transferred into a heated perfusion chamber with a constant flow (1 mL/min)
of warm artificial cerebrospinal fluid (ACSF: 121mM NaCl, 4.2 mM KCl, 1.0 mM MgSOy,
0.45 mM NaH;POy, 0.5 mM NapyHPO4, 29 mM NaHCO;3, 1.1 mM CaCl,, 20 g glucose,
all from Sigma-Aldrich), bubbled with carbon dioxide and maintained at 37 °C. Cells
were incubated at 37 °C in a perfusion chamber for 5 min before recordings, to minimize
the “transfer” effects. Patch pipettes were pulled from borosilicate glass capillaries and
had a resistance of 5-8 M() (in the whole-cell configuration). Patch electrodes were filled
with internal solution containing 130 mM K-gluconate, 6 mM KCl, 4 mM NacCl, 10 mM
Na-HEPES, 0.2 mM K-EGTA, 0.3 mM GTP, 2 mM Mg-ATP, 0.2 mMcAMP, and 10 mM
D-glucose (all from Sigma-Aldrich). The pH and osmolality of the internal solution were
7.3 and 290 mOsm, respectively. Currents were recorded with an EPC9 (HEKA Elektronik,
Lambrecht, Germany) patch-clamp amplifier. Electrode capacitances were compensated
online in the cell-attached mode. We maintained the cells in voltage clamp (VC) at —=70 mV.
Voltage-dependent Na* and K* channel properties were examined in response to stepwise
membrane depolarization, and the IV curves were computed. Spontaneous synaptic events
were recorded for at least 3 min at —70 mV (close to the C1~ reversal potential, suggesting
that the recorded events were EPSCs). Then we switched to current-clamp mode to evaluate
the ability of cells to generate action potentials. Data acquisition and quality were controlled
in real-time by PatchMaster software (HEKA Elektronik, Lambrecht, Germany) and saved
for further analysis.

2.12. Statistical Analysis

All statistical analyses were performed using GraphPad Prism version 9.0 for Windows
(GraphPad Software, San Diego, CA, USA). Each experiment was performed at least three
times. All the data are presented as mean + S.E.M. Results were considered significant if
p < 0.05. The results of Sholl analysis were evaluated with a two-way repeated-measures
ANOVA, followed by Bonferroni’s multiple comparison test (genotype/distance from
the soma). Neuronal morphology analysis was achieved with a nested ¢-test. Data were
analyzed by Shapiro-Wilks's test to determine normality. Thereafter, the log transformation
was used if the data were not distributed normally. Astrocyte morphology data were
analyzed with both two-way ANOVA (genotype/morphotype) and nested {-test (the same
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morphotype comparison between WT and MT5-MMP KO). Mean fluorescence intensity
per cell data were analyzed with a nested t-test (the same morphotype comparison in both
WT and MT5-MMP KO). The data collection was not genotype-blinded.

3. Results
3.1. MT5-MMP Deficient hiPSCs Preserve the Ability to Differentiate into Neuronal Cells

To accurately assess the impact of MT5-MMP deficiency on human neural cells, we first
decided to knock out the MMP24 gene from a hiPSC line that was previously generated
from a non-demented donor. Upon CRISPR-Cas9 genome editing, hiPSC clones were
evaluated for insertions/deletions in the targeted exon 2 (Figure 1A). PCR-based screening
(Figure 1B), further validated by Sanger sequencing, allowed us to select and confirm the
generation of several isogenic MT5-MMP knockout clones. Then, the loss of MT5-MMP
was further validated by genic analyses in those selected isogenic MT5-MMP KO hiPSC
clones. Indeed, MT5-MMP mRNA levels were barely detectable in the validated clones
by qPCR, which demonstrated CRISPR-Cas9-induced frameshift mutations, leading to
functional loss of MT5-MMP (Figure 1C).

In the present study, both wild-type and isogenic MT5-MMP knockout hiPSCs were
successfully converted into neural progenitor cells (NPCs). Both cell lines were character-
ized by the expression of neuroepithelial markers PAX6 (Figure 2A,A”), SOX2 (Figure 2B,B’)
and nestin (Figure 2A,B). Microscopic observations revealed neither specific morphological
differences nor expression marker changes between control hiPSC-NPCs and their isogenic
MT5-MMP knockout counterparts. The neuronal differentiation capacity of MT5-MMP
knockout hiPSC-NPCs was similar to that of wild-type cells. After three days of neuronal
differentiation onset, multiple neurite-like protrusions were observed. At that early time of
the differentiation stage, MT5-MMP knockout cells showed indistinguishable morphology
as compared to wild-type cells (Figure 2C,D). Besides, both wild-type and MT5-MMP
knockout neuronal-like cells at DIV60 showed comparable expression of neuronal markers
NeuN and MAP2B (Figure 2E-H). These findings indicate that MT5-MMP deficiency does
not hamper the overall differentiation potential of hiPSCs toward a neural progenitor-like
phenotype and its neuronal derivatives. However, initial visual analysis of wild-type
and MT5-MMP knockout neurons after 60 days in maturation conditions revealed that
neurons exhibited distinguishable morphological features related to their arborizations
(Figure 2G,H).

3.2. MT5-MMP Deficient Neurons Exhibited Increased Branching of Primary and
Secondary Neurites

To describe morphological changes quantitatively, we conducted a morphometric
analysis of hiPSC-derived neurons. Using the Sholl analysis, we revealed that MAP2B-
positive MT5-MMP-deficient neuronal cells had a significantly greater number of dendritic
intersections in the interval ranging between 25 to 50 pm from neuronal soma, compared
to MT5-MMP wild-type neurons (two-way repeated-measures ANOVA with Bonferroni’s
post hoc test, N = 3 culture preparations, n = 82 neurons, F (1, 80) = 10.7, p = 0.002,
Figure 3A). Comparative analysis with a nested showed that MT5-MMP deficiency resulted
in an increased number of primary (N = 3, n = 111, F = 10.0, p = 0.03, Figure 3B) and
secondary neurites (N = 3, n = 111, F = 42.8, p = 0.003, Figure 3C). Next, we investigated
whether these changes in neurite numbers were also accompanied by changes in neurite
lengths. The average length of primary (N =3, n =111, F = 0.0126, p = 0.92, Figure 3D) and
secondary (N =3, n =111, F = 3.30, p = 0.14, Figure 3E) neurites was not different between
wild-type and MT5-MMP deficient neurons. Predictably, the total length—i.e., an average
sum length of all primary and secondary neurites per neuron—was significantly higher
for MT5-MMP deficient cells because of the increased number of neurites (N =3, n =111,
F =28.0, ** p = 0.006, Figure 3F).
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Figure 1. MT5-MMP (MMP24)-KO hiPSC generation by CRISPR/Cas9 genome editing.
(A) Schematic representation of the wild-type (WT) locus and the genome editing strategy used
to generate the knockout (KO) isogenic clones from a non-demented donor hiPSC line. (B) Rep-
resentative PCR-based screening for the editing of MMP24: WT (+/+), heterozygous (+/—) and
homozygous MT5-KO (—/—) clones. The F and R primers for MMP24 were designed flanking the
Cas9-cutting site. The PCR product was digested and run on an electrophoresis gel, to analyze the
size of the amplicon for each individual clone (expected profiles: two bands at 476 bp and 209 bp
(WT +/+); one band at 675 bp (restriction enzyme site obliterated, MT5-KO -/-) and three bands
at 675bp, 476bp and 209bp (heterozygous clones, +/—). (C) After Sanger sequencing validation of
MT5-KO clones (not shown), qPCR analysis revealed that MMP24 mRNA was barely detectable in
the newly generated MT5-KO clones.
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PAX6

NeuNS1008

Figure 2. Efficient derivation of NPCs and neurons from wild-type and MT5-MMP-deficient hiPSCs. (A,B) Wild-type and
MT5-MMP-deficient (KO) hiPSCs were efficiently differentiated into NPCs co-expressing the paired box 6 (PAX6, red)
and nestin (green) (A,A’), as well as the SRY (sex-determining region Y)-box 2 (SOX2, red) and Nestin (green) markers
(B,B’). Scale bar 20 um. (C,D) Representative bright-field images of wild-type (C) and MT5-MMP-deficient NPCs
(D) undergoing neuronal differentiation at DIV3, scale bar 50 um. Note that multiple neurite-like protrusions were
already observed at this early stage of differentiation, with no clearly distinct morphology between neurons of both
genotypes at this stage. (E-H) Representative images of immunolabeled hiPSC-derived neuronal cultures immunolabelled
with antibodies against the neuron-specific marker NeuN (green) and the astrocyte-specific marker S1008 (red) (E,F, scale
bar 50 um) after 60 days of differentiation (DIV60). In addition, cells expressed neuron-specific cytoskeletal protein MAP2B
(G,H, scale bar 20 um).
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Figure 3. MT5-MMP deficiency alters neurite outgrowth in hiPSC-derived neurons. NPCs derived from wild-type and
MT5-MMP KO hiPSCs were differentiated into neurons for 60 days before being subjected to the Sholl analysis. (A) Sholl
analysis of dendrites from neurons of both genotypes (as indicated) showing the total number of intersections of MAP2B
positive neurites with concentric rings, from the cell body to distal ends of dendrites (maximal distance of 110 pum, steps of
5 pm). MT5-MMP deficient neurons showed higher dendritic intersections in the 30 to 50 um distance from soma (two-
way repeated-measures ANOVA with Bonferroni’s post hoc test, N = 3, n = 82, F (1, 80) = 10.7, *** p < 0.001; ** p < 0.01;
*p <0.05). (B,C) Bar charts depicting the counting of the number of primary (B) and secondary (C) neurites using the Neuron]
plugin. Noticeably, analyses showed that MT5-MMP deficiency significantly increases the number of primary (nested t-test,
N =3,n =111, F =10.0, * p = 0.03) and secondary neurites (nested t-test, N = 3, n = 111, F = 42.8, ** p = 0.003). (D,E) Bar
charts depicting the average length of primary (D) and secondary (E) neurites. (F) Bar chart showing a significant increase
of total length for MT5-MMP knockout neurons (nested t-test, N = 3, n = 111, F = 28.0, ** p = 0.006). Data are presented as
mean + SEM.

3.3. MT5-MMP Deficiency Does Not Alter Neuronal Activity in hiPSC-Derived Neurons

Considering the morphological differences observed in MT5-MMP-deficient neuronal
cultures, we next sought whether such changes would also be accompanied by functional
alterations. The presence of vGLUT1/PSD95 positive synaptic-like structures at 60DIV
(Figure 4A,B) indicated that neurons could be involved in functional interactions. Therefore,
whole-cell patch-clamp recordings were conducted. Neurons of both genotypes had
relatively small intrinsic Na+ and K+ currents (Figure 4C,D) and generated only single-
action potentials in response to the depolarization steps (Figure 4E). Nonetheless, some
cells were characterized by the presence of inward spontaneous postsynaptic currents
(Figure 4F). We observed that the occurrence of postsynaptic currents was limited in the
generated hiPSC-derived neuronal cultures, independently of the genotype (wild-type:
n =9 cells out of 21; MT5-MMP knockout: n = 7 cells out of 23). Therefore, overall, we
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did not observe genotype-associated effects on the electrophysiological properties at the
studied developmental stage. However, we cannot rule out that more mature neurons
would display genotype-specific differences in their functionalities.

MAP2B vGLUT1 PSD-95 MERGE

A 4 . ROI
/ .
= | ,
= .
B
O
X

c D
200 pA ' 250 pA L
S 10 ms

4m

E <)\/Vs‘__’ }/\/‘
50 mV
40 ms
10 pA
200 ms

Figure 4. Synaptic connectivity and functionality of hiPSC-derived NPCs. (A,B) Representative images of wild-type
(A) and MT5-MMP-deficient (B) neuronal cultures at 8 weeks of differentiation. The cells were immunostained by antibodies
against MAP2B (blue), vGluT1 (green), and PSD-95 (red) as dendritic, pre- and postsynaptic markers, respectively. Scale
bar 20 um. The white rectangle depicts the ROI Note that the juxtaposed position of pre- and postsynaptic proteins,
vGluT1 and PSD95, characterized by a small area of overlapping colors, was observed for both genotypes. Scale bar 1 um.
(C,D) Representative traces from whole-cell patch-clamp recording showing that neurons were characterized by small
Na* and K* currents at 60DIV. (E) Representative traces showing that neurons at 60DIV exhibited single action potentials
in response to a depolarization step. (F) Representative traces from recorded neurons at 60DIV showed small inward

spontaneous currents.
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3.4. MT5-MMP Deficiency Induced Morphological Changes and Reduced the Expression of
GLAST and S100B in Astrocyte-Like Cells

We next sought to evaluate MT5-MMP knockout effects on the most abundant neural
cell type in the human brain, namely, astrocytes. To evaluate astrocyte features indepen-
dently of neurons, hiPSCs were differentiated using a previously published protocol [32],
with minor modifications. For both genotypes, we observed heterogeneity in cell mor-
phology of the astrocyte-like cultures. Using the previously published method [33], we
determined and binned all cells into three morphological categories for further analysis:
fibroblast-like, arborized, and arrowhead (Figure 5A). Detailed analysis showed differences
in the proportion of astrocytes falling into each category between genotypes, suggesting
that MT5-MMP deficiency could have an impact on astrocyte morphology (two-way re-
peated ANOVA with Sidak’s post hoc test, N = 3, n = 245, F (2, 8) = 38.7, p < 0.001). The
comparison of morphotypes between genotypes showed that the proportion of “arborized”
astrocytes was higher in wild-type astrocyte-like cultures (WT 53/131 vs. KO 14/114,
p < 0.01), meanwhile, the number of fibroblast-like cells was higher in MT5-MMP-deficient
cultures (WT 38/131 vs. KO 76/114, p < 0.05) (Figure 5B). A 3D IsoSurface reconstruction
from serial confocal z-stacks of GFAP cells, as well as the quantification of cell surface area
(SA), cell volume (Vol) and the SA:Vol ratio, revealed significant differences in cellular
morphology (Figure 5C-E). Analysis of the genotype effects for each of the morphotypes
(nested t-test, N = 3, n = 73; arborized, n = 33, F = 0.013, p = 0.92; arrowhead, n = 24,
F =125, ** p = 0.002; fibroblast-like, n = 16, F = 13.8, * p = 0.02) revealed that arrowhead
and fibroblast-like MT5-MMP KO astrocytes were characterized by a bigger surface area in
comparison to WT astrocytes of the same morphotype (Figure 5C). Quantification of cell
volume revealed significant differences between genotypes (nested t-test, N = 3, n = 73;
arborized: n = 33, F = 3.55, p = 0.13; arrowhead: n = 24, F = 13.8, *** p < 0.001; fibroblast-like:
n=16,F =8.98, p = 0.04). MT5-MMP KO astrocytes were characterized by increased volume
for arrowhead (*** p < 0.001) and fibroblast-like (* p < 0.05) astrocytes, in comparison to
WT ones (Figure 4D). However, the SA:Vol ratio was higher for arborized WT compared
to MT5-MMP KO astrocytes (nested t-test, N = 3, n = 73; arborized: n = 33, F = 9.60,
** p = 0.004; arrowhead: n =24, F = 4.75, p = 0.09; fibroblast-like: n = 16, F = 4.08, p = 0.06,
Figure 5E).

Astrocytes at the final stage of differentiation (45 DIV) exhibited the expression of
astroglia-specific markers—GFAP, GLAST, ALDH1L1, and S100B (Figure 6A). Quantifi-
cation of the fluorescence intensity of GFAP+ (nested t-test, N = 3, n = 245; arborized:
n=67,F=392,p=0.12; arrowhead: n = 64, F = 0.381, p = 0.57; fibroblast-like: n = 114,
F =0.433, p =0.55) and ALDH1L1+ cells (nested t-test, N = 3, n = 121; arborized: n = 36,
F =0.04, p = 0.85; arrowhead: n = 30, F = 1.86, p = 0.24; fibroblast-like: n = 55, F = 0.746,
p = 0.44) revealed no difference in intensity between genotypes (Figure 6B,C). However,
analysis of GLAST showed significantly decreased intensities for all three morphotypes of
MT5-MMP KO astrocytes, compared to WT cells (nested t-test, N = 3, n = 181; arborized:
n =057, F =312, ** p = 0.005; arrowhead: n = 32, F = 5.80, * p = 0.02; fibroblast-like:
n =92, F=14.0, * p = 0.019, Figure 6D). Finally, analysis of S100(3 intensity showed sig-
nificant difference between arborized MT5-MMP-deficient and wild-type astrocytes of
the same morphotype (nested t-test, N = 3, n = 139; arborized: n =49, F =9.67, p = 0.04;
arrowhead: n =42, F =1.48, p = 0.07; fibroblast-like: n = 48, F = 0.05, p = 0.83, Figure 3E).
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Figure 5. MT5-MMP-deficient astrocyte-like cells display morphological changes. (A) Representative images obtained
with 3D IsoSurface reconstruction from serial confocal z-stacks of GFAP-stained astrocytes, showing clear differences
in morphology, were binned into three categories: arborized, fibroblast-like, and arrowhead. (B) Bar chart showing the
percentage of cells belonging to each of the three morphotypes from wild-type and MT5-MMP knockout (KO) astrocyte
cultures. Note that MT5-MMP KO cultures showed a greater proportion of fibroblast-like astrocytes at the expense of
arborized astrocytes (two-way ANOVA with Sidak “s post hoc test, N = 3 culture preparations, n = 245 GFAP+ astrocytes, F
(2,239) =7.72,* p < 0.01; * p < 0.05). (C-E) Bar charts depicting the comparative quantification of astrocyte-like cell surface
area (nested t-test, N = 3, n = 73; arborized, n = 33, F = 0.013, p = 0.92; arrowhead, n = 24, F = 12.5, ** p = 0.002; fibroblast-like,
n=16,F =13.8,* p = 0.02, in (C), volume (nested t-test, N = 3, n = 73; arborized: n = 33, F = 3.55, p = 0.13; arrowhead: n = 24,
F =13.8, *** p < 0.001; fibroblast-like: n = 16, F = 8.98, p = 0.04, in (D) and SA:Vol ratio (nested t-test, N = 3, n = 73; arborized:
n =233, F=9.60, ** p = 0.004; arrowhead: n = 24, F = 4.75, p = 0.09; fibroblast-like: n = 16, F = 4.08, p = 0.06, in (E) between the
different genotypes. Data are presented as mean & SEM.
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Figure 6. MT5-MMP-deficient astrocyte-like cells display altered expression of several astrocytic markers. (A) Represen-
tative images of hiPSC-derived astrocyte-like cells from wild-type and MT5-MMP KO hiPSCs, immunostained at DIV
45 for different astrocytic markers as indicated (scale bar: 20 um). (B-E) Bar charts showing the quantification of the
mean fluorescence intensity for different astrocytic markers within each morphological category. MT5-MMP-deficient
astrocytes were characterized by no difference for GFAP (nested t-test, N = 3, n = 245; arborized: n = 67, F =3.92, p = 0.12;
arrowhead: n = 64, F = 0.381, p = 0.57; fibroblast-like: n = 114, F = 0.433, p = 0.55, in (B), ALDH1L1 (nested t-test, N = 3,
n =121; arborized: n = 36, F = 0.04, p = 0.85; arrowhead: n = 30, F = 1.86, p = 0.24; fibroblast-like: n = 55, F = 0.746, p = 0.44, in
(C). Meanwhile, the significant difference was observed for GLAST (nested t-test, N = 3, n = 181; arborized: n =57, F = 31.2,
** p = 0.005; arrowhead: n = 32, F = 5.80, * p = 0.02; fibroblast-like: n = 92, F = 14.0, * p = 0.019, in (D). Analysis of S1003
fluorescence intensity (nested t-test, N = 3, n = 139; arborized: n = 49, F = 9.67, p = 0.04; arrowhead: n =42, F = 1.48, p = 0.07;
fibroblast-like: nn = 48, F = 0.05, p = 0.83, in (E) reveals a significant difference between the arborized morphotype of WT and
MT5-MMP KO astrocytes. Data are presented as mean = SEM.

4. Discussion

In the present study, we demonstrated for the first time the importance of human
MT5-MMP for the shape and physiology of neurons and astrocytes derived from hiPSCs.
Innovative approaches based on hiPSC technologies help to bridge the genetic and phe-
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notypic gap between animal models and humans for a better understanding of universal
biological pathways, therapeutic target discovery and disease modeling [34-36].

We found that MT5-MMP-deficient neurons exhibited more branched morphology
compared to wild-type neurons. In line with our data, Folgueras et al. showed that
DRG-neurons from MT5-MMP knockout neonatal mice exhibited an increase in neurite
ramification and varicosities compared to wild-type neurons, as well as in the number of
branching points and in the total number of secondary neurites per neuron [24]. These
data support the idea that MT5-MMP is pivotal in the developmental process of both CNS
and PNS neurons. Neuritogenesis is a highly dynamic process in which N-cadherin, a
substrate of MT5-MMP, participates in the stabilization of neurite branches [37]. There-
fore, changes in N-cadherin processing and distribution might modulate the branched
morphology of neurons. However, despite the fact that N-cadherin is an integral part of
neural synapses [38,39], we did not observe any gross abnormalities in synaptic develop-
ment between genotypes in a context where the electrophysiological analysis revealed the
immature state of neurons. Moreover, both wild-type and MT5-MMP-deficient neurons
displayed a low density of double-positive synaptic puncta even after 8 weeks in vitro,
which further emphasizes the relative immaturity of cells. Perhaps, for this reason, the
full phenotype of MT5-MMP-deficient cells in physiological conditions is not obvious at
the studied developmental stage. Trial analysis (unpublished data) of vGluT1 and PSD95
showed that the number of vGluT1 positive puncta was low, even at day 60. PSD95 was
detectable at early stages, i.e., at day 25-30 DIV, the expression peaked on DIV40 and
remained on the same level up to DIV60, when the cultures were used for morphological
analysis. In line with that, we speculate that MT5-MMP deficiency might affect axonal
differentiation, as was previously demonstrated in primary neuronal cultures from E18
mouse embryos [22]. This hypothesis should be confirmed in future works with more
mature human neurons derived from hiPSCs.

Astrocytes are fundamental components of the CNS. They constitute the most abun-
dant cell type in the human brain and exhibit various morphologies, whose correlation
with functional phenotypes is not yet well understood [33,40,41]. Neuron-astrocyte inter-
actions are critical for normal neuronal functioning since astrocytes are involved in the
guidance of neurons, and dynamically modulate synaptic transmission as part of the tri-
partite synapse [42—44]. Hence, we aimed to produce and analyze astrocytes derived from
MT5-MMP knockout human iPSCs. Analysis of the fluorescence intensities of astrocytic
markers, as well as of morphological features, revealed differences between wild-type
and MT5-MMP KO astrocytes. High levels of GFAP mRNA and protein are recognized
as a prominent feature of reactive astrocytes, although they may also reflect adaptive re-
sponses to physiological stimuli [45,46]. However, in our experiments, we did not observe
a significant difference in GFAP fluorescence intensity for all morphotypes, possibly indi-
cating a basal activation level of these cells, which is indistinguishable from the wild-type
one. However, GFAP is not an absolute marker of astrocyte phenotypic and functional
diversity [46]. That is why we conducted the analysis for other astrocytic markers, among
which S1004 is also a marker of reactivity [45,47] that turned out to be downregulated
in MT5-MMP KO astrocytes. The downregulation of S100f in human astrocytes might
explain an anti-inflammatory effect of MT5-MMP deficiency, which was previously shown
for the 5xFAD mouse model of AD lacking MT5-MMP [25,26]. Particularly, 5xFAD/MT5-
MMP KO animals showed significant reductions in key inflammatory mediators, such
as interleukin-1 beta (IL-13) and tumor necrosis factor alpha (TNFo), as well as reduced
astrocyte and microglia reactivity. Since reduced neuroinflammation was concomitant
with strong decreases in A} levels, we inferred a sequence of events where MT5-MMP
deficiency caused an Af3 reduction and subsequently less inflammation. Our current data
suggest that MT5-MMP can also control inflammation per se in a non-pathological state
in a human setting, but it remains an open question whether basal downregulation of
inflammatory markers predisposes astrocytes to decreased reactivity. In any case, our
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results reinforce the idea that MT5-MMP is not only an APP-cleaving enzyme but also that
its scope of activity goes far beyond that [12-14].

We found the expression of glutamate transporter GLAST is downregulated in all
three morphotypes. Previously, it was shown that reductions in GLAST expression have
been associated with a limited ability of astrocyte glutamate uptake from the extracellular
space [48,49]. Trial co-culturing experiments showed that MT5-MMP knock-out astrocytes
could not support neuronal viability, resulting in massive cell death (unpublished data).
We might infer that MT5-MMP deficiency impairs the ability of astrocytes to maintain
extracellular physiological levels of glutamate and, therefore, their ability to protect neurons
from excitotoxicity. The verification of this hypothesis should warrant further study in
neuron-astrocyte co-cultures. On the other hand, the stability of the metabolic enzyme
ALDHI1L1 between astrocytes of both genotypes possibly indicates the lack of MT5-MMP
effects on metabolic functions in these cells.

Analysis of astrocyte morphology also revealed differences between genotypes. The
round shape fibroblast-like morphotype prevailed among MT5-MMP knockout astrocytes.
In addition, MT5-MMP KO astrocytes were characterized by increased surface area and
volume, indicating a more “swallow” morphology. Meanwhile, the surface area/volume
ratio was higher for arborized wild-type cells that again indicates a more rounded mor-
phology of arborized MT5-MMP KO cells. We consider two possible hypotheses to explain
this phenomenon. The first concerns the ability of MT5-MMP to convert by proteolysis
the inactive pro-MMP-2 into the MMP-2 active form [50,51], and the fact that MMP-2
is a key enzyme for astrocyte migration and morphology [52]. Accordingly, Ogier and
colleagues demonstrated, in an in vitro model of 2D astrocyte migration, that a selective
MMP-2 inhibitor induced a round-like cell shape, coincident with impaired cell motility. In
contrast, untreated cells exhibited a more elongated shape with stress fibers, filopodia and
lamellipodia at the leading edge of migration [52]. Additionally, MMP-2 is considered as
an enhancer of the neuroinflammatory response through the regulation of cytokine activity
and release, notably in astrocytes [53]. Thus, taking into account these data, we suggest that
MT5-MMP knockout astrocyte morphology may be, at least in part, the result of MMP-2
processing abnormalities that eventually downregulate inflammation.

The second hypothesis concerns the possibility that MT5-MMP is involved in astrocyte
maturation, if we take into account the fact that MT5-MMP KO astrocytes are characterized
by the downregulation of S1003. In particular, it was previously shown that rat primary
astrocytes transiently downregulated S1003 expression when exposed to the differentiating
agent, db-cAMP, and re-expressed S100p at later stages of db-cAMP-induced differentia-
tion [54,55]. Therefore, simpler morphology and a decreased expression of S100b could be
the result of a developmental lag.

Opverall, our study provides the first experimental evidence that MT5-MMP may affect
some of the phenotypical features of cultured human neurons and astrocytes, which are
reminiscent of cells at early developmental stages. This places MT5-MMP as an important
enzyme in the control of neural cell development and warrants future work to identify more
precisely the molecular mechanisms at stake in physiological and pathological settings.

Author Contributions: Conceptualization, E.N., S.R. and A.D.; methodology, N.A., PB.-M., L.G.-G.,
L.A., L.G. and E.N; validation, E.N., S.R. and A.D.; statistical analysis, N.A.; investigation, N.A.,
PB.-M,, L.G.-G,, L.A. and L.G;; resources, E.N., L.G.-G. and L.G.; data curation, N.A.; writing—
original draft preparation, N.A.; writing—review and editing, A.D., EN. and S.R..; visualization,
N.A., E.N. and S.R; supervision, E.N., S.R. and A.D.; project administration, E.N., S.R. and A.D.;
funding acquisition, E.N., SR. and A.D. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the CNRS and Aix-Marseille Université, by CoEN grant
to S.R. and E.N., by CoEN grant to A.D., by the “Fondation Plan Alzheimer” to S.R. and E.N., by
Vaincre Alzheimer grants to S.R. and E.N., by public grants overseen by the French National Research
Agency (ANR) MADS5 to S.R., by a grant from “La fondation NR]-Institut de France” to E.N. and by
a grant from France Alzheimer to S.R. P.B-M. was granted an International NeuroSchool doctoral



Cells 2021, 10, 1705 17 of 19

fellowship. L.G-G. was granted by the ANR and by the “Fondation pour la Recherche Médicale” FRM
FDT201904008423. L.A.’s doctoral thesis was supported by the CoEN. This work also received the
support of the A*Midex Foundation and the French National Research Agency funded by the French
Government «Investissements d’Avenir» program (NeuroSchool, nEURo*AMU, ANR-17-EURE-
0029 grant).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are openly available in Mendeley
Data at DOI:10.17632 /bfj8pnxfh8.1.

Acknowledgments: We thank Katrin Bohm for technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Moussa-Pacha, N.M.; Abdin, S.M.; Omar, H.A.; Alniss, H.; Al-Tel, T.H. BACE1 inhibitors: Current status and future directions in
treating Alzheimer’s disease. Med. Res. Rev. 2020, 40, 339-384. [CrossRef] [PubMed]

2. Sanabria-Castro, A.; Alvarado-Echeverria, I.; Monge-Bonilla, C. Molecular Pathogenesis of Alzheimer’s Disease: An Update.
Ann. Neurosci. 2017, 24, 46-54. [CrossRef] [PubMed]

3.  Garcia-Gonzalez, L.; Pilat, D.; Baranger, K.; Rivera, S. Emerging Alternative Proteinases in APP Metabolism and Alzheimer’s
Disease Pathogenesis: A Focus on MT1-MMP and MT5-MMP. Front. Aging Neurosci. 2019, 11, 244. [CrossRef]

4. Van Acker, Z.P; Bretou, M.; Annaert, W. Endo-lysosomal dysregulations and late-onset Alzheimer’s disease: Impact of genetic
risk factors. Mol. Neurodegener. 2019, 14, 20. [CrossRef]

5. Mullard, A. BACE inhibitor bust in Alzheimer trial. Nat. Rev. Drug Discov. 2017, 16, 155. [CrossRef]

6.  Piton, M,; Hirtz, C.; Desmetz, C.; Milhau, J.; Lajoix, A.D.; Bennys, K.; Lehmann, S.; Gabelle, A. Alzheimer’s Disease: Advances in
Drug Development. J. Alzheimers Dis. 2018, 65, 3-13. [CrossRef]

7. Haapasalo, A.; Hiltunen, M. A report from the 8th Kuopio Alzheimer symposium. Neurodegener. Dis. Manag. 2018, 8, 289-299.
[CrossRef] [PubMed]

8. Mullard, A. BACE failures lower AD expectations, again. Nat. Rev. Drug Discov. 2018, 17, 385. [CrossRef] [PubMed]

9.  Citron, M. Emerging Alzheimer’s disease therapies: Inhibition of beta-secretase. Neurobiol. Aging 2002, 23, 1017-1022. [CrossRef]

10. De Strooper, B.; Vassar, R.; Golde, T. The secretases: Enzymes with therapeutic potential in Alzheimer disease. Nat. Rev. Neurol.
2010, 6, 99-107. [CrossRef] [PubMed]

11.  Surguchev, A.A.; Emamzadeh, EN.; Surguchov, A. Cell Responses to Extracellular a-Synuclein. Molecules 2019, 24, 305.
[CrossRef] [PubMed]

12. Rivera, S.; Garcia-Gonzalez, L.; Khrestchatisky, M.; Baranger, K. Metalloproteinases and their tissue inhibitors in Alzheimer’s
disease and other neurodegenerative disorders. Cell Mol. Life Sci. 2019, 76, 3167-3191. [CrossRef]

13.  Zipfel, P; Rochais, C.; Baranger, K.; Rivera, S.; Dallemagne, P. Matrix Metalloproteinases as New Targets in Alzheimer’s Disease:
Opportunities and Challenges. J. Med. Chem. 2020, 63, 10705-10725. [CrossRef] [PubMed]

14. Baranger, K.; Khrestchatisky, M.; Rivera, S. MT5-MMP, just a new APP processing proteinase in Alzheimer’s disease? ].
Neuroinflamm. 2016, 13, 167. [CrossRef]

15. Sekine-Aizawa, Y.; Hama, E.; Watanabe, K.; Tsubuki, S.; Kanai-Azuma, M.; Kanai, Y.; Arai, H.; Aizawa, H.; Iwata, N.; Saido, T.C.
Matrix metalloproteinase (MMP) system in brain: Identification and characterization of brain-specific MMP highly expressed in
cerebellum. Eur. J. Neurosci. 2001, 13, 935-948. [CrossRef] [PubMed]

16. Itoh, Y. Membrane-type matrix metalloproteinases: Their functions and regulations. Matrix Biol. 2015, 4446, 207-
223. [CrossRef] [PubMed]

17.  Pei, D. Identification and characterization of the fifth membrane-type matrix metalloproteinase MT5-MMP. J. Biol. Chem. 1999,
274,8925-8932. [CrossRef]

18. Jaworski, D.M. Developmental regulation of membrane type-5 matrix metalloproteinase (MT5-MMP) expression in the rat
nervous system. Brain Res. 2000, 860, 174-177. [CrossRef]

19.  Warren, K.M.; Reeves, T.M.; Phillips, L.L. MT5-MMP, ADAM-10, and N-cadherin act in concert to facilitate synapse reorganization
after traumatic brain injury. J. Neurotrauma. 2012, 29, 1922-1940. [CrossRef] [PubMed]

20. Monea, S.; Jordan, B.A.; Srivastava, S.; DeSouza, S.; Ziff, E.B. Membrane localization of membrane type 5 matrix metalloproteinase
by AMPA receptor binding protein and cleavage of cadherins. ]. Neurosci. 2006, 26, 2300-2312. [CrossRef] [PubMed]

21. Komori, K.; Nonaka, T.; Okada, A.; Kinoh, H.; Hayashita-Kinoh, H.; Yoshida, N.; Yana, I.; Seiki, M. Absence of mechanical
allodynia and Abeta-fiber sprouting after sciatic nerve injury in mice lacking membrane-type 5 matrix metalloproteinase. FEBS
Lett. 2004, 557, 125-128. [CrossRef]

22. Hayashita-Kinoh, H.; Kinoh, H.; Okada, A.; Komori, K.; Itoh, Y.; Chiba, T.; Kajita, M.; Yana, I.; Seiki, M. Membrane-type 5 matrix

metalloproteinase is expressed in differentiated neurons and regulates axonal growth. Cell Growth Differ. 2001, 12, 573-580.



Cells 2021, 10, 1705 18 of 19

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Porlan, E.; Marti-Prado, B.; Morante-Redolat, ].M.; Consiglio, A.; Delgado, A.C.; Kypta, R.; Lépez-Otin, C.; Kirstein, M.; Farifias, L.
MT5-MMP regulates adult neural stem cell functional quiescence through the cleavage of N-cadherin. Nat. Cell Biol. 2014, 16,
629-638. [CrossRef]

Folgueras, A R.; Valdés-Sanchez, T.; Llano, E.; Menéndez, L.; Baamonde, A.; Denlinger, B.L.; Belmonte, C.; Juarez, L.; Lastra, A,;
Garcia-Suarez, O.; et al. Metalloproteinase MT5-MMP is an essential modulator of neuro-immune interactions in thermal pain
stimulation. Proc. Natl. Acad. Sci. USA 2009, 106, 16451-16456. [CrossRef]

Baranger, K.; Marchalant, Y.; Bonnet, A.E.; Crouzin, N.; Carrete, A.; Paumier, J.-M.; Py, N.A.; Bernard, A.; Bauer, C.;
Charrat, E.; et al. MT5-MMP is a new pro-amyloidogenic proteinase that promotes amyloid pathology and cognitive decline in a
transgenic mouse model of Alzheimer’s disease. Cell Mol. Life Sci. 2016, 73, 217-236. [CrossRef] [PubMed]

Baranger, K.; Bonnet, A.E.; Girard, S.D.; Paumier, ] M.; Garcia-Gonzalez, L.; Elmanaa, W.; Bernard, A.; Charrat, E.; Stephan, D.;
Bauer, C.; et al. MT5-MMP Promotes Alzheimer’s Pathogenesis in the Frontal Cortex of 5xFAD Mice and APP Trafficking in vitro.
Front. Mol. Neurosci. 2017, 9, 163. [CrossRef] [PubMed]

Willem, M.; Tahirovic, S.; Busche, M.A.; Ovsepian, S.V.; Chafai, M.; Kootar, S.; Hornburg, D.; Evans, L.D.B.; Moore, S.;
Daria, A.; et al. n-Secretase processing of APP inhibits neuronal activity in the hippocampus. Nature 2015, 526, 443—447.
[CrossRef] [PubMed]

Ran, FA.; Hsu, PD.; Wright, J.; Agarwala, V.; Scott, D.A.; Zhang, F. Genome engineering using the CRISPR-Cas9 system. Nat.
Protoc. 2015, 8, 2281-2308. [CrossRef]

Rontani, P.; Perche, O.; Greetham, L.; Jullien, N.; Gepner, B.; Feron, F.; Erard-Garcia, M. Impaired expression of the COS-
MOC/MOCOS gene unit in ASD patient stem cells. Mol. Psychiatry 2021, 26, 1606-1618. [CrossRef]

Chambers, S.M.; Fasano, C.A.; Papapetrou, E.P; Tomishima, M.; Sadelain, M.; Studer, L. Highly efficient neural conversion of
human ES and iPS cells by dual inhibition of SMAD signaling. Nat. Biotechnol. 2009, 27, 275-280. [CrossRef]

Bardy, C.; van den Hurk, M.; Eames, T.; Marchand, C.; Hernandez, R.V.; Kellogg, M.; Gorris, M.; Galet, B.; Palomares, V.;
Brown, J.; et al. Neuronal medium that supports basic synaptic functions and activity of human neurons in vitro. Proc. Natl. Acad.
Sci. USA 2015, 112, 2725-2734. [CrossRef] [PubMed]

Tew, J.; Wang, M.; Pimenova, A.A.; Bowles, K.R.; Hartley, B.J.; Lacin, E.; Machlovi, S.I.; Abdelaal, R.; Karch, C.M,;
Phatnani, H.; et al. An Efficient Platform for Astrocyte Differentiation from Human Induced Pluripotent Stem Cells. Stern Cell
Rep. 2017, 9, 600-614. [CrossRef] [PubMed]

Jones, V.C.; Atkinson-Dell, R.; Verkhratsky, A.; Mohamet, L. Aberrant iPSC-derived human astrocytes in Alzheimer’s disease.
Cell Death Dis. 2017, 8, €2696. [CrossRef] [PubMed]

Penney, J.; Ralvenius, W.T.; Tsai, L.-H. Modeling Alzheimer’s disease with iPSC-derived brain cells. Mol. Psychiatry 2020, 25,
148-167. [CrossRef] [PubMed]

Shi, Y.; Inoue, H.; Wu, J.C.; Yamanaka, S. Induced pluripotent stem cell technology: A decade of progress. Nat. Rev. Drug Discov.
2017, 16, 115-130. [CrossRef] [PubMed]

Liu, G.; David, B.T.; Trawczynski, M.; Fessler, R.G. Advances in Pluripotent Stem Cells: History, Mechanisms, Technologies, and
Applications. Stem Cell Rev. Rep. 2020, 16, 3-32. [CrossRef]

Ye, B.; Jan, Y.N. The cadherin superfamily and dendrite development. Trends Cell Biol. 2005, 15, 64—67. [CrossRef]
Obst-Pernberg, K.; Redies, C. Cadherins and synaptic specificity. J. Neurosci. Res. 1999, 58, 130-138. [CrossRef]

Tanriover, G.; Kayisli, U.A.; Demir, R.; Pestereli, E.; Karaveli, S.; Demir, N. Distribution of N-cadherin in human cerebral cortex
during prenatal development. Histochem. Cell Biol. 2004, 122, 191-200. [CrossRef] [PubMed]

Ramos-Gonzalez, P; Mato, S.; Chara, ].C.; Verkhratsky, A.; Matute, C.; Cavaliere, F. Astrocytic atrophy as a pathological feature of
Parkinson’s disease with LRRK2 mutation. NP] Parkinsons Dis. 2021, 7, 31. [CrossRef] [PubMed]

Zhou, B.; Zuo, Y.X,; Jiang, R.T. Astrocyte morphology: Diversity, plasticity, and role in neurological diseases. CNS Neurosci. Ther.
2019, 25, 665-673. [CrossRef]

Chung, W.-S.; Allen, N.J.; Eroglu, C. Astrocytes Control Synapse Formation, Function, and Elimination. Cold Spring Harb. Perspect.
Biol. 2015, 7, a020370. [CrossRef]

Clarke, L.E.; Barres, B.A. Emerging roles of astrocytes in neural circuit development. Nat. Rev. Neurosci. 2013, 14, 311-321.
[CrossRef] [PubMed]

Johnson, M.A.; Weick, J.P; Pearce, R.A.; Zhang, S.-C. Functional neural development from human embryonic stem cells:
Accelerated synaptic activity via astrocyte coculture. J. Neurosci. 2007, 27, 3069-3077. [CrossRef] [PubMed]

Escartin, C.; Galea, E.; Lakatos, A.; O’Callaghan, J.P.; Petzold, G.C.; Serrano-Pozo, A.; Verkhratsky, A. Reactive astrocyte
nomenclature, definitions, and future directions. Nat. Neurosci. 2021, 24, 312-325. [CrossRef] [PubMed]

Escartin, C.; Guillemaud, O.; Carrillo-de Sauvage, M.A. Questions and (some) answers on reactive astrocytes. Glia 2019, 67,
2221-2247. [CrossRef]

Michetti, F.; D’Ambrosi, N.; Toesca, A.; Puglisi, M.A.; Serrano, A.; Marchese, E.; Geloso, M.C. The S100B story: From biomarker to
active factor in neural injury. J. Neurochem. 2019, 148, 168-187. [CrossRef]

Pajarillo, E.; Rizor, A.; Lee, ].; Aschner, M.; Lee, E. The role of astrocytic glutamate transporters GLT-1 and GLAST in neurological
disorders: Potential targets for neurotherapeutics. Neuropharmacology 2019, 161, 107559. [CrossRef]



Cells 2021, 10, 1705 19 0f 19

49.

50.

51.

52.

53.

54.

55.

Schousboe, A.; Scafidi, S.; Bak, L.K.; Waagepetersen, H.S.; McKenna, M.C. Glutamate Metabolism in the Brain Focusing
on Astrocytes. In Glutamate and ATP at the Interface of Metabolism and Signaling in the Brain; Parpura, V., Schousboe, A.,
Verkhratsky, A., Eds.; Springer: Cham, Switzerland, 2014; Volume 11. [CrossRef]

Llano, E.; Pendas, A.M,; Freije, ].P.; Nakano, A.; Knduper, V.; Murphy, G.; Lopez-Otin, C. Identification and characterization of
human MT5-MMP, a new membrane-bound activator of progelatinase an overexpressed in brain tumors. Cancer Res. 1999, 59,
2570-2576.

Garcia-Gonzalez, L.; Paumier, ].M.; Louis, L.; Pilat, D.; Bernard, A.; Stephan, D.; Rivera, S. MT5-MMP controls APP and
-CTF/C99 metabolism through proteolytic-dependent and -independent mechanisms relevant for Alzheimer’s disease. FASEB
J. 2021, 35, €21727. [CrossRef]

Ogier, C.; Bernard, A.; Chollet, A.M.; Le Diguardher, T.; Hanessian, S.; Charton, G.; Rivera, S. Matrix metalloproteinase-2 (MMP-2)
regulates astrocyte motility in connection with the actin cytoskeleton and integrins. Glia 2006, 54, 272-284. [CrossRef] [PubMed]
Hannocks, M.].; Zhang, X.; Gerwien, H.; Chashchina, A.; Burmeister, M.; Korpos, E.; Sorokin, L. The gelatinases, MMP-2 and
MMP-9, as fine tuners of neuroinflammatory processes. Matrix Biol. 2017, 75-76, 102-113. [CrossRef] [PubMed]

Sorci, G.; Bianchi, R.; Riuzzi, F.; Tubaro, C.; Arcuri, C.; Giambanco, I.; Donato, R. S100B Protein, A Damage-Associated Molecular
Pattern Protein in the Brain and Heart, and Beyond. Cardiovasc. Psychiatry Neurol. 2010, 2010, 656481. [CrossRef] [PubMed]
Raponi, E.; Agenes, F; Delphin, C.; Assard, N.; Baudier, J.; Legraverend, C.; Deloulme, J.-C. S100B expression defines a state in
which GFAP-expressing cells lose their neural stem cell potential and acquire a more mature developmental stage. Glia 2007, 55,
165-177. [CrossRef]



