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Abstract

Survival motor neuron (SMN) protein deficiency results in loss of alpha motor neu-
rons and subsequent muscle atrophy in patients with spinal muscular atrophy (SMA).
Reactive microglia have been reported in SMA mice and depleting microglia rescues
the number of proprioceptive synapses, suggesting a role in SMA pathology. Here,
we explore the contribution of lymphocytes on microglia reactivity in SMA mice and
investigate how SMN deficiency alters the reactive profile of human induced pluripo-
tent stem cell (iPSC)-derived microglia. We show that microglia adopt a reactive mor-
phology in spinal cords of SMA mice. Ablating lymphocytes did not alter the reactive
morphology of SMA microglia and did not improve the survival or motor function of
SMA mice, indicating limited impact of peripheral immune cells on the SMA pheno-
type. We found iPSC-derived SMA microglia adopted an amoeboid morphology and
displayed a reactive transcriptome profile, increased cell migration, and enhanced
phagocytic activity. Importantly, cell morphology and electrophysiological properties
of motor neurons were altered when they were incubated with conditioned media

from SMA microglia. Together, these data reveal that SMN-deficient microglia adopt
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1 | INTRODUCTION

Spinal muscular atrophy (SMA) is a devastating inherited neurological
disease resulting in muscle weakness and subsequent atrophy. Affect-
ing 1 in 11,000 live births worldwide, SMA was once considered one
of the leading genetic causes of infant mortality (Monani, 2005;
Simone et al., 2016). SMA patients have difficulty meeting develop-
mental milestones and, in the majority of cases, rarely survive past the
age of two if left untreated. SMA is characterized by deletions or
mutation in the SMN1 gene, resulting in insufficient production of the
survival motor neuron (SMN) protein (Lefebvre et al., 1995). Current
FDA approved therapeutics, Risdiplam (Evrysdi™), Nusinersen
(Spinraza®), and Onasemnogene ebeparvovec (Zolgensma®) aim to
increase levels of SMN protein (Groen, 2018; Mendell et al., 2017;
Mercuri et al., 2018; Messina & Sframeli, 2020). However, effective-
ness and toxicity vary among patients, suggesting that further thera-
peutic optimization is required. Combinatorial therapy tackling
multiple aspects of SMA pathogenesis is an emerging consideration.

The SMN protein is ubiquitously expressed in all tissues, and has
a well-established role in the assembly of small nuclear ribonucleopro-
teins (snRNPs), among many other functions (Liu et al., 1997;
Massenet et al., 2002; Paushkin et al., 2002; Pellizzoni et al., 1998;
Pellizzoni et al., 1999). snRNPS are essential for pre-mRNA splicing,
and have the potential to widely alter gene transcription (Yong
et al., 2004). Motor neurons in the ventral horn of the spinal cord are
most vulnerable to reduced levels of SMN protein (Burghes &
Beattie, 2009). Furthermore, depleting SMN in motor neurons alone
produces a milder disease phenotype suggesting contribution of glia
in SMA disease progression (Hua et al., 2011; Park et al., 2010; Simon
et al., 2017). There is growing evidence supporting SMA as a multi-
system disorder with peripheral and CNS immune cells contributing to
SMA disease progression (Deguise et al, 2017; Deguise &
Kothary, 2017; Martin et al., 2017; O'Meara et al.,, 2017; Rindt
et al,, 2015).

Within the CNS, glia maintain homeostasis and assist in neuronal
survival through pH buffering, ion exchange, glutamate recycling, syn-
apse structure stabilization, and clearance of debris (Hammond
et al., 2019). Oligodendrocyte development and CNS myelination
were normal in SMA mice suggesting oligodendrocyte function is
potentially unimpaired in SMA (Ohuchi et al, 2019; O'Meara
et al., 2017). Increased GFAP expression and altered astrocyte mor-
phology has been reported in SMA mice (Rindt et al., 2015). Interest-
ingly, selectively replacing SMN in astrocytes alone partially

attenuated their pro-inflammatory profile, improved neuromuscular

a reactive profile and exhibit an exaggerated inflammatory response with potential

impact on SMA neuropathology.

induced pluripotent stem cell, inflammation, microglia, spinal muscular atrophy, survival motor

circuitry, and extended life span of SMA model mice, suggesting that
glia may contribute to the SMA disease phenotype (Rindt et al., 2015).

As the main innate immune cell type in the CNS, microglia influ-
ence the outcome of many neurodegenerative diseases (Alliot
et al,, 1999; Li & Barres, 2018; Lively & Schlichter, 2013). Microglia
are highly dynamic cells that continually survey their environment for
potential threats. Alterations in the pathological condition can cause a
rapid response (Alliot et al., 1999; Li & Barres, 2018). Microglia func-
tion primarily through release of cytokines and trophic factors, recruit-
ment of adaptive immune cells, as well as clearing of cellular debris
and programmed elimination of neuronal cells (Hickman et al., 2018).
Interactions between adaptive immune cells and antigen presenting
cells are critical when responding to damage associated-molecular
patterns released after degenerating tissue and cell damage (Kigerl
et al., 2014; Schetters et al., 2017; Venereau et al., 2015). The adap-
tive immune response is generated by the presence of lymphocytes,
either T cells or B cells (Chaplin, 2010; Schenten & Medzhitov, 2011).
Once mature, lymphocytes express specific antigen pattern recogni-
tion receptors that dictate highly specialized cell-mediated responses
and travel to secondary lymphoid tissues and the CNS during neu-
roinflammation. In SMA model mice, hypoplasia of both the spleen
and thymus was observed (Deguise et al., 2017; Deguise et al., 2020;
Khairallah et al., 2017). The hypoplasia coincided with an increased
population of splenic B and T lymphocytes compared to controls,
potentially contributing to the increased inflammatory cell interactions
in SMA. Recently, SMA pre-clinical models suggested induction of
systemic inflammation (Schenten & Medzhitov, 2011; Wan
etal, 2018).

Previously, microgliosis was observed in the ventral horn of
severe SMA mice (Tarabal et al., 2014). Ibal, a marker for microglia,
was upregulated during late stages of disease progression in SMA
model mice. Interestingly, pharmacological depletion of microglia res-
cued proprioceptive synapses on motor neuron proximal dendrites,
improving SMA mouse motor function (Vukojicic et al., 2019). How-
ever, the reactive state of microglia during SMA progression is
unknown. Microglia can be neuroprotective or neurotoxic, depending
on the type of stimulus and other spatiotemporal factors. Complete
microglia ablation in an SMA mouse model did not prevent motor
neuron death (Vukojicic et al., 2019). However, it is possible, given the
spectrum of immune functions of microglia in health and disease, that
completely ablating microglia may obscure differential contributions
of microglia to SMA disease progression. In this study, we investigate
the effect of SMN deficiency on microglia reactivity in SMA model
mice and iPSC derived SMA microglia.



KHAYRULLINA ET AL.

GLIA WILEY_%¥

2 | RESULTS
21 | Microglia exhibit a reactive profile in
SMA mice

Microglia migrate to and adopt a reactive profile at the site of neuro-
nal loss in SMA model mice (Tarabal et al., 2014). What triggers this
migration is unknown but there is some evidence that lymphocytes
can cross the blood brain barrier during neurodegenerative conditions
resulting in proliferation and activation of microglia (Brochard
et al., 2009). Using flow cytometry, we evaluated the overall number
of microglia (CD11b™), monocytes (CD45%), and lymphocytes (CD3™)
in spinal cords extracted from unaffected and SMNA7 (SMN2+/*;
SMN A7**; Smn™") mice (Figure 1a-c), which have a lifespan of
about 14 days and display motor function impairment that correlates
with motor neuron loss (Le et al., 2005). At postnatal day 10, near dis-
ease end-stage in this mouse model, the number of microglia, mono-
cytes and lymphocytes were similar between control and SMA mouse
spinal cords (Figure 1a-c), suggesting no change in microglia prolifera-
tion or peripheral immune cell infiltration at disease end stage.

We next investigated the reactive state of microglia in the
SMNA7 mice. Ramified quiescent microglia have a relatively small
soma and elongated processes. Once activated, the microglia adopt
an amoeboid morphology with an enlarged soma and retracted pro-
cesses (Fujita et al., 1996; Kozlowski & Weimer, 2012). We used
7 um thick spinal cord sections from the lumbar region (L1-L5),
where motor neuron death is prevalent in SMNA7 mice and deter-
mined microglia soma size and number of processes (Ling
et al.,, 2010; Mentis et al., 2011). Soma diameter of Ibal™ microglia
were significantly increased in symptomatic SMA mice compared to
controls (Figure 1d,e). Moreover, SMA microglia had fewer pro-
cesses compared to microglia in control mice (Figure 1d,f). Consis-
tent with the reactive morphology, SMA microglia expressed CD86,
a cell surface marker of activated microglia (Figure 1g). Together,
microglia in the SMNA7 mouse spinal cord appear to adopt a reac-
tive morphology with larger soma size, reduced processes, and sur-

face expression of a classic marker of activation.

2.2 | Lymphocyte ablation does not improve motor
function or survival of SMA mice

Under neurodegenerative conditions, lymphocytes can infiltrate into
the CNS and modulate immunological responses (Brochard
et al, 2009; Mietelska-Porowska & Wojda, 2017; Rezai-Zadeh
et al., 2009). While we saw no evidence of increased lymphocyte infil-
tration in the spinal cord of SMNA7 mice, lymphocyte-released mes-
sengers have been reported to activate microglial and influence the
progression of many neurodegenerative diseases, including
amyotrophic lateral sclerosis (ALS), multiple sclerosis (MS), Alzheimer's
disease (AD), and Parkinson's disease (PD) (Brochard et al., 2009;
Machado-Santos et al., 2018; Mietelska-Porowska & Wojda, 2017;

Roos et al., 2009). Here, we sought to assess if lymphocytes

contribute to SMA disease pathology. T cells are typically
subcategorized into two main classes, including the T helper cells
(CD4™") and cytotoxic T cells (CD8™) (Pennock et al., 2013). In the
SMNA7 mouse model, overt motor neuron loss starts at post-natal
day 5 and life expectancy is approximately 14 days making it difficult
to assess more subtle contributions to SMA pathology (Le
et al.,, 2005; Monani, 2005). Due to the relatively short life span of
the SMNA7 mice it is difficult to assess underlying immune irregular-
ities (Deguise & Kothary, 2017; Khairallah et al., 2017). To address

2B/~ mouse model, with an average

this, we used the less severe Smn
life span of 25 days and which has previous been reported to show
reactive gliosis (Bowerman et al, 2012; Cervero et al., 2018;
DiDonato et al., 2001; Eshraghi et al., 2016).

To assess if CD4" cells impact the SMA phenotype, we utilized
CD4 knock-out mice (Cd4tm*Mak. [Rahemtulla et al., 1991]) on the

n28/ —

Sm background and evaluated motor function and survival. We

found no improvement in motor function, as measured by the pen
test, inverted mesh grip test, and righting reflex test on Smn?®’~;
CD4~/~ double mutant mice compared to control (Figure 2a-c). More-
over, we found no significant improvement in weight (p = .582) or
survival (p =.083) of the double mutant mice (median survival
25 days) compared to controls (median survival 22 days) (Figure 2d,e).
Since CD4* T cells represent only a subset of lymphocytes, we next
addressed if ablating all lymphocytes, including T cells and B cells,
would alter the SMA phenotype. To do so, we used RAG1 knock-out
mice (Rag1t™™em [Mombaerts et al., 1992]) on the Smn?®/~ back-
ground. The lack of RAG1 results in B and T cell deficiency due to their
inability to mature (Mombaerts et al., 1992). We observed no
improvement in motor function in Smn?®/~;Rag1~’~ double mutant
mice compared to controls (p = .639;Figure 2f-h). Additionally, lym-
phocyte deficiency did not significantly improve the weight (p = .173)
or extend the life span (p = .316) of the Smn?®/~;Rag1~/~ (median sur-

2B/~ control (median survival

vival 24 days) mice compared to Smn
22 days) (Figure 2i,j). Next, we asked if loss of lymphocytes affected
the reactive morphology of SMA microglia. Similar to the SMNA7
mouse model, microglia from Smn?®/~ mice adopted a reactive mor-
phology with increased soma size and reduced number of processes
as observed in spinal cord sections (L1-L5) (Figure S1a). This reactive
morphology remained unchanged when Ragl was knocked out
(Figure S1b), strongly suggesting that lymphocytes do not contribute
to the reactive morphology of SMA microglia and likely does not sub-

stantially contribute to the SMA disease pathology.

2.3 | iPSC derived SMA microglia adopt a reactive
morphology

We and others have previously demonstrated that SMN deficiency
can alter the development and function of non-neuronal cells (Boyer
et al., 2014; Bricceno et al., 2014; Hayhurst et al., 2012; Khayrullina
et al, 2020; McCormack et al., 2021; Shafey et al., 2005; Sison
et al., 2017). To determine if SMN-deficiency contributes to microglia
reactivity, we generated microglia from a human SMA patient-derived
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FIGURE 1 Microglia adopt a reactive morphology in SMA mouse spinal cords. Monocytes were isolated from PND10 WT and SMNA7
mouse spinal cords (WT n = 11, SMNA7 n = 12). Total (a) monocytes (CD45+), (b) microglia (CD11b+), and (c) T-cells (CD3+) populations were
quantified by flow cytometry. Error bars represent mean + SEM. (d) Spinal cord sections from L1-L5 of PND10 SMNA7 and WT mice were
immuno-stained for Ibal. DAB staining was used to visualize antibody. Scale bars = 50 pm. (e) Soma diameter, and (f) number of branches were
analyzed using image J. (g) Histological quantification of the number of microglia per section co-staining with Ibal and CD86 (L1-L5 spinal cord).
Values represent mean + SEM.**p = .0081, ****p = <.0001, t-test, Ibal™ cells were evaluated from 3 wild type and 3 SMA mice

induced pluripotent stem cell (hiPSC) line and an unaffected control derived SMA microglia (Figure S2c). We confirmed expression of
(Figure S2a,b) using a modified protocol from (Haenseler et al., 2017). microglia specific genes including TMEM119 and TREM2 and surface
Given that gene expression patterns can change during iPSC differen- marker expression of Ibal, HLA molecules, CD45, and CD11b in the

tiation, we first confirmed that SMN levels remained low in the iPSC- control and SMA microglia (Figure S2d,e). To determine if SMN
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FIGURE 2 Depleting mature lymphocytes does not improve survival and motor function of Smn?®/~ mice. (a) Inverted mesh grip (starting at
PND13), (b) pen test (starting at PND19), and (c) righting reflex (starting at PND7) motor function tests were assessed in Smn?®* (black), Smn?%/~
(blue), Smn?5/+:CD4’~ (green), Smn?®’~,CD4~/~(red) mice (n = 11/group) (d) Mice were weighed to assess changes in body weight. (e) Kaplan-
Meier survival analysis of Smn?®’* (black), Smn?®’~ (blue), Smn?®/*;CD4’~ (green), Smn?®’~,CD4~/~(red). Motor function was assessed in Smn?5/*
(black), Smn?®’~ (blue), Smn?®’*;Rag1~/~ (pink), Smn?®’~;Rag1~"~ (yellow) mice (n = 7/group) by (f) inverted mesh grip (starting at PND13), (g) pen
test (starting at PND19), and (h) Righting reflex (starting at PND7). (i) SMA mice were weighed every other day to assess changes in body weight.
(j) Kaplan-Meier survival analysis of assessed. Survival curves were analyzed using a log-rank (Mantel-Cox) test. A P value <.05 was considered
statistically significant. Significance of behavior data was determined by two-way ANOVA. Mantel-Cox and Gehan Breslow-Wilcoxon analyses
were performed to determine significance between groups for all significant main effects and interactions. The same group for Smn?®/* and

Smn?®’~ control animal were used to measure the effect of CD4 and Rag1 KO on the Smn?®* mutant and do not represent two different set of
controls
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FIGURE 3 Microglia processes are retracted in iPSC derived SMA microglia. (a) Representative bright field images show control and SMA
patient iPSC-derived microglia at 10 days post differentiation. Scale bars = 100 um (left panel) and 50 pm (right panel). (b) Number of processes
(3 independent experiments were performed; a minimum of 45 microglia were counted per group). (c) Soma diameter (3 independent experiments
were performed; a minimum of 50 Ibal+ microglia were counted per group) were analyzed using Imagel. (d) Microglia derived from control cells
were treated with siRNA to SMN and SMN knockdown confirmed by RT-PCR and western blots. () Number of processes (3 independent
experiments were performed; a minimum of 45 microglia were counted per group) following SMN knockdown in control cells. (f) Soma diameter
(3 independent experiments were performed; a minimum of 50 Ibal+ microglia were counted per group) were analyzed using Image)J following

SMN knockdown in control cells. All groups were analyzed by unpaired t-test. ****p < .0001. Values represent mean + SEM

deficiency was sufficient to alter microglia morphology we examined
cell soma size and number of processes. Light microscope images of
unaffected and SMA patient iPSC-derived microglia were collected
(Figure 3a) and individual cell morphology analyzed using ImageJ. Our
morphological analysis revealed SMA microglia had a significantly
fewer processes compared to controls (Figure 3a,b). However, control
and SMA microglia had similar cell soma size, in contrast to what we
observed in SMA mice (Figure 3a,c), suggesting the microenvironment
likely contributes to some of the morphological features of SMA

microglia in vivo.

24 | SMA microglia display an altered
transcriptome profile

To better understand the potential roles of SMN in microglia, we per-
formed an unbiased RNAseq analysis to assess global changes in gene
expression in one human control versus one SMA patient iPSC-
derived microglia ((Figure 4a; see mRNA-seq quality metrics Table S1).
Select genes described below were validated in microglia derived from
a second SMA patient iPSC line (GM23240) by gRT-PCR. Neverthe-
less, we cannot completely rule out bias due to genetic background of
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the lines selected lines. The transcriptome analysis confirmed expres-
sion of microglia specific genes (P2RY12, CSF1, TREM2, MERTK, C1q)

(Table 2). Transcriptome profiling and differential expression analysis

(a) Color Key

-2 012
Row Z-Score

o ./POUSF1.

50

Log, fold change

©

CCR1
IFNGR1
ARPC1B
MERTK
TLR4
EVL
TREM2
ARPC4
ARPC3
TLR2
RAC2
IFNGR2
CORO1A
CSF1
P2RY13
P2RY1
TLR5
P2RY12
TLR3
TIRAP
TICAM1
P2RY6
CCR5
WASF3
CTNNA2
WASF1
WAS
TLR6
TLR1
PFN2
C1QA
CCL2

Control

revealed 3664 differentially expressed genes between control and
SMA microglia transcripts, using a filter of log, fold change >0.585
and false discovery rate (FDR) <0.01 (Figure 4b). A gene set enrich-
ment analysis identified genes responsible lysosomal protein break-
down (Figure 4c), phagocytosis, cell migration and cytokine
production in SMA microglia compared to control (Table 1). We
found that key genes involved in cytokine signaling in innate and
adaptive immune response genes, cytokine and chemokine expres-
sion (CCL2, CCR1, CCR5, CXCL10, CXCL8), and activation of toll-like
receptors (TICAM1, TIRAP, TLR1-6) were upregulated in SMA iPSC
derived microglia compared to unaffected controls (Table 2). The
chemokine receptor CCR1 contributes to immune cell migration and
recruitment (Chou et al., 2010; Furuichi et al., 2008) which is consis-
tent with findings in mice. Importantly, our transcriptome analysis
supports the hypothesis that SMA microglia adopt a reactive profile
independent of cellular microenvironment or degenerating motor
neurons.

Genes involved in actin dynamics and ARP2/3 pathways (ARPC1b,
EVL, RAC2, WAS, WASF1, ROCK1, PFN2, CTNNA2), critical in
maintaining microglia morphology and surveillance activity, were
altered in SMA microglia (Table 3), supporting a previously reported
role for SMN in cytoskeletal dynamics (Bricceno et al., 2014; Kolb
et al,, 2007; Rossoll et al., 2003; Vukojicic et al., 2019). Changes in
actin filaments impact migration, chemotaxis, recruitment, as well as
phagocytosis in microglia (Blanquie & Bradke, 2018; Fan et al.,, 2017
Pinto-Costa & Sousa, 2020). Damaged neurons emit extracellular ATP
and ADP, which act as microglia chemoattractants. Chemotaxis
depends on both specific receptors and the cytoskeletal machinery,
suggesting that SMA microglia may be highly stimulated by these cues
(Y. Fan et al., 2017). Indeed, our analysis shows an increase in the P2Y
pathway associated genes (P2RY1, P2RY12-13, P2RY6) in SMA
microglia (Table 2). P2Y belongs to a purinergic G protein coupled
receptors that are critical in detecting extracellular ATP levels (Pinto-
Costa & Sousa, 2020). Intriguingly, sensory synapses have been
shown to be proteins to be

tagged with complement

FIGURE 4 The transcriptome profile of SMA microglia is altered
compared to controls. (a) Heatmap of the of the RNA-seq data based
on global mRNA expression from one SMA and one control line. Each
column represents an independent differentiation (7 control and

6 SMA). Expression values were standardized and depicted on a z-
scale with red indicating high and blue indicating low expression,
respectively. (b) Volcano plots illustrating fold-change (log base 2)
plotted against FDR-adjusted p value (— log base 10) of genes
differentially expressed between SMA and control microglia. A fold
change of 1.5 or greater was used as the initial selection criteria. A
total of 3664 transcripts were up- or down-regulated in SMA
microglia compared to controls. Dashed lines represent filter cutoff
values for log two-fold change of >1.5 (vertical) and FDR-adjusted

P value <.01 (horizontal). Transcripts with greater expression in SMA
as compared with control are on the right of the plot (red dots).

(c) Heat map of relative gene expression of select genes involved in
cell migration, phagocytosis, and inflammation
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phagocytosed(Vukojicic et al, 2019). Here we show that SMA
microglia are primed with increased expression of complement cas-
cade associated genes (C1gA-C, C5, C2), as well as apoptotic cell rec-
ognizing phagocytosis receptors (CD36, FCGR3B, CD206) (Gombash
et al,, 2015; Menke et al., 2008; Patitucci & Ebert, 2016). In summary,
microglia differentiated from SMA patient iPSCs have a unique trans-
criptomic profile, indicating that SMN may be a critical regulator of
multiple microglial functions, particularly enriched for genes involved

in cytokine release, cell migration and phagocytosis.

TABLE 1  Pathways enriched in SMA versus control microglia
FDR - adjusted p
Pathway value
Lytic vacuole 3.06E-13
Lysosome 3.06E-13
Cell adhesion 1.22E-12
Regulation of leukocyte activation 1.23E-11
Endocytosis 1.44E-06
Mpyeloid cell activation involved in immune 1.49E-05
response

Actin filament-based process 3.87E-05
Regulation of cytokine production 1.12E-4

Gene Log, fold change FDR-adjusted p value

CSF1 2.65056532 1.67E-10 v
TREM2 3.98063 3.24E-22 4
MERTK 2.52487 6.73E-10 v
ClQa 2.54305 1.98E-11 v
CCL2 2.02477 7.95E-4 v
CCR1 247138 1.71E-10 v/
CCR5 1.50768 1.132E-3 v
CXCL10 1.90763 0.02237

CXCL8 244424 3.81E-07 v/
TICAM1 1.04313 2.87E-07

TIRAP 1.27214 4.00E-18 v
TLR1 2.60297 2.81E-08

TLR2 2.81526 1.06E-10

TLR3 2.76389 2.47E-24 v/
TLR4 2.81633 3.02E-13

TLR5 3.21768 7.33E-17

TLR6 2.60581 1.51E-10

IFNyR1 241037 8.06E-12 v/
IFNyR2 1.88004 3.39E-10 v
P2RY1 2.04756 1.29E-10 4
P2RY6 221671 1.81E-08 v
P2RY12 3.70221 3.32E-06 v
P2RY13 2.361 1.11E-06

Confirmed in SMA line (GM23240)

2.5 | SMN deficient microglia display increased
migration and phagocytic activity

Cell migration is a fundamental feature of immune cells like microglia,
which is essential to their role in tissue protection, repair, and regen-
eration. Migration can be quantified using several metrics. Velocity is
defined as the total distance that a cell migrates over a specific time,
while persistence describes a cell's ability to move in a consistent
direction without turning. Persistence (d/T) is measured on a scale of
0-1, with higher numbers indicating more persistence. To assess
migration dynamics, both unaffected and SMA patient-derived iPSC
differentiated microglia were fluorescently labeled with cell tracker
dye and migration was tracked using time-lapse widefield fluorescent
microscopy over 16 h. Velocity and persistence were calculated using
ImageJ software. We found that SMA microglia displayed significantly
higher velocity compared to control microglia (Figure 5a) consistent
with differential expression of genes involved in actin regulation,
including CORO1A, PFN2, EVL, ARPC1b, ARPC3, ARPC4, WAS, and
RAC2. Transiently restoring SMN by transfecting an SMN-GFP
expression plasmid into the SMA iPSC-derived microglia returned
their velocity to levels observed in control cell (Figure 5a). We found
no difference in persistence between SMA and control microglia
(Figure 5b), indicating that while cell velocity was altered by SMN-
deficiency, the directionality of movement was unaffected. We next
analyzed the impact of SMN deficiency on wound-stimulated

TABLE 2  Select immune related
genes upregulated in SMA versus control
microglia
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TABLE 3 .Select cytoskeletal-related Gene Log, fold change FDR - adjusted p value Confirmed in SMA line (GM23240)

genes altered in SMA versus control

microglia RAC2 246119 2.23E-09 v/
WAS 2.71399 2.18E-14 v
ARPC1B 1.80271 2.54E-11 v
ARPC4 1.311 2.91E-07 v/
ARPC3 1.25563 2.14E-05
EVL 2.51318 2.31E-36 v/
CORO1A 1.40784 547E-4 v/
PFN2 —4.733528 9.99E-30 4
CTNNA2 —7.772883 2.32E-24 v
WASF1 —3.935657 2.30E-47
WASF3 —4.070919 2.67E-21

Note: Top genes differentially expressed between SMA and control microglia. A positive fold change
indicates a gene whose expression is higher in the SMA microglia, and a negative fold change indicates a
gene whose expression is higher in the control microglia.

migration using a scratch wound assay (Figure 5c). Our results indicate
that SMA microglia migrated into and covered a higher percentage of
the wound larger area than control cells after 16 h (Figure 5d).

Another key microglia function is removing apoptotic cells, cell debris
and pathogens by phagocytosis. It was previously reported that Clqg
expression was increased in SMA, suggesting enhanced microglia phago-
cytosis of neurons in SMA model mice (Vukojicic et al., 2019). To deter-
mine if SMA microglia display greater phagocytic activity, we incubated
fluorescent-tagged beads with SMA and control microglia and measured
the fluorescent intensity, indicative of bead internalization, by flow cyto-
metry. We found that human SMA microglia have an enhanced phago-
cytic capacity compared to control microglia (Figure 6a).

The complement system and triggering receptor expressed on
myeloid cells 2 (TREM2) receptor pathways, established pathways
that trigger phagocytic activity in CNS immune cells (Noris &
Remuzzi, 2013; Yao et al, 2019; Zabel & Kirsch, 2013), were
upregulated in transcriptome of SMA microglia compared to control.
Both pathways have been implicated in neurodegenerative disease
such as ALS, Alzheimer's, frontotemporal dementia, and multiple scle-
rosis (Crehan et al., 2012; Garcia-Reitboeck et al., 2018; Kim
et al,, 2017; Lian et al., 2016). Here, we sought to determine if these
pathways were activated in SMA microglia. We first investigated if
the complement component 1g (Clga), a major constituent of the
complement Clq protein, was differentially regulated in the human
iPSC derived microglia. Indeed, C1qga expression was elevated in the
SMA microglia compared to controls (Figure éb). Expression of C3, a
protein critical to complement activation (Noris & Remuzzi, 2013),
was similar in SMA and control microglia suggesting that SMN-
deficiency affected expression of select complement proteins
(Figure 6c). We next explored whether TREM2, a key mediator of
phagocytosis in microglia, contributed to the increased phagocytic
activity of SMA microglia. We found that TREM2 transcript was
upregulated over 300-fold in the SMA iPSC-derived microglia com-
pared to controls confirming findings from the transcriptome analysis
(Figure 6d). To determine if the increased phagocytic activity of SMA
microglia compared to controls was TREM2-dependent, we knocked

down TREM2 using RNAI (Figure 6e) and measured phagocytosis
using a bead-based assay. Indeed, we observed reduced phagocytic
activity of SMA microglia, albeit still higher than control microglia
(Figure 6f). Altogether, we showed that cell migration dynamics and
phagocytosis are enhanced in SMA microglia, consistent with a role of

SMN in regulating key features or microglia reactivity.

2.6 | Conditioned media from SMN-deficient
microglia alters motor neuron physiology and
morphology

Studies in SMA cell and mouse models have demonstrated increased
excitability of SMN-deficient motor neurons (Arumugam et al.,, 2017,
Gogliotti et al., 2012; Mentis et al., 2011; Quinlan et al., 2019; Sun &
Harrington, 2019). However, there are limited studies describing the
non-autonomous and extrinsic contributions to the enhanced excit-
ability of SMN-deficient neurons (Fletcher et al., 2017; Taylor
et al., 2013). We next sought to determine if SMA microglia release
factors that regulate motor neuron function. iPSC-derived motor neu-
rons were generated using an inducible neuronal line as previously
described (Fernandopulle et al., 2018). Differentiated neuronal cells
were validated by electrophysiology and ChAT expression by immu-
nocytochemistry and qRT-PCR (Figure S3b,c). Using siRNA targeting
SMN, we generated SMN-deficient motor neurons with approxi-
mately 85%

(Figure 7a), which would be comparable to severe phenotypes seen in

reduced SMN expression compared to controls

both human and mouse models. We incubated wild type and SMN-
deficient motor neurons for 24 h in media from control and SMA
microglia (Figure 7b). Individual motor neurons were randomly chosen,
and electrophysiological recordings were performed under whole-cell
condition of the patch clamp technique (representative traces
Figures S4 and S5). Alexa 488 was added to the internal solution to
visualize the recorded cells to assess their morphology (glass capillary
used for recording and to inject dye for visualization.is denoted by the

white arrow, Figure 7b). The control iPSC motor neurons and SMN-
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FIGURE 5 Cell velocity is increased in SMA patient iPSC derived microglia compared to control. Velocity and persistence of control (n = 5;

minimum of 14 cells per group) and SMA patient iPSC derived microglia (n = 5; minimum of 14 cells per group) was performed using video
analysis over 16 h, with images taken every 10 min. (a) Velocity was significantly increased, **p = .0061. SMN levels were restored in SMA
microglia (n = 3; minimum of 50 cells per group) and velocity and analyzed. Transiently expressing SMN restored the cell velocity of SMA

microglia to control cell levels. ****p = <.0001. (b) No change in persistence was detected in SMA versus control microglia. Restoring SMN levels

did not alter persistence. All groups were analyzed by unpaired t-test. Values represent mean + SEM. (c) Representative photomicrographs

depicting unaffected and SMA iPSC-derived microglia plated in a monolayer following a scratch wound. A single wound was administered, and
cell chamber was imaged every 10 min for 16 h and (d) total area occupied by migrating cells and, (e) total distance covered over time (rate) was
quantified using ImageJ. (area covered **p = .0024; rate **p = .0051). Significance was determined by one-way ANOVA followed by post hoc

Tukey's test for multiple comparisons. Values represent mean + SEM

knockdown motor neurons exposed to SMA microglia media showed
increased numbers of evoked action potentials in comparison to incu-
bation in control microglia media (Figure 7c,f; Figure S5), highlighting
an effect of the SMN-depleted microglial secretome. The inward
sodium and the outward rectifying potassium currents remained simi-

lar throughout the groups for control motor neurons (Figure 7d.e),

however, the sodium (Figure 7g) and potassium (Figure 7h) currents
were exacerbated in SMN-knockdown motor neurons incubated with
SMN microglial media. This marked difference in the current between
control and SMN-knockdown motor neurons highlights the contribu-
tion from microglial secreted signals, but also the responsiveness

intrinsic to the SMN-depleted motor neurons to those signals.
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FIGURE 6 Phagocytosis is upregulated in SMA iPSC derived microglia compared to control. (a). Phagocytosis was analyzed by flow
cytometry. (n = 6) ***p = .002. Gene expression analysis of (b) C1qa, (c) C3, and (d) TREM2 were determined by qRT-PRC. (control n = 5, SMA
n = 5)**p =.0058, ***p = .0008 (e) TREM2 was knocked down using siRNA (control n = 3, SMA n = 3) and gene knockdown validated by qRT-
PCR. (f) Phagocytosis of TREM2 knockdown (control n = 3, SMA n = 3) was analyzed by flow cytometry. *p = .0443, **p = .0073, ***p = .0005.
All groups were analyzed by one-way ANOVA followed by post hoc Tukey's test for multiple comparisons. Values represent mean + SEM

Previously studies have reported aberrant growth and branching
of motor neurons in models of SMA (Akten et al, 2011; Fan &
Simard, 2002; McWhorter et al., 2003; Thomson et al., 2012). We
next explored if conditioned media from SMA microglia impacted the
morphology of motor neurons. Using Sholl analysis, we observed an
increase in the number of neurite branching and enhanced extension
of control and SMN-deficient motor neurons treated with conditioned
media from SMA microglia, but not conditioned from control microglia
(Figure 8a,b). Together, we show that factors released by SMA
microglia alter both the morphology and electrophysiological proper-

ties of motor neurons, further implicating glia in SMA pathology.

3 | DISCUSSION

The findings in this study are consistent with previous reports that
SMA microglia are reactive at the end stage of the disease in mouse
models. However, it was unclear if microglia behave similarly when

SMN is deficient in human cells and if peripheral immune cells

contribute to the reactivity morphology of SMA microglia. In this
report, we show that the inflammatory profile of microglia is minimally
affected by peripheral immune cells, which are not found in abnormal
numbers in the spinal cord. Using human iPSC-derived cells, we cor-
roborated that SMN-deficient human microglia adopt a reactive mor-
phology and transcriptome profile, while demonstrating enhanced
migration velocity and phagocytic activity. In addition, SMN knock-
down motor neurons exposed to human iPSC-derived SMA microglial
secretome shows altered electrophysiological properties coincident
with enhanced branching, suggesting that microglia likely play a com-

plex role in SMA pathology.

3.1 | Lymphocytes do not play a major role in SMA
disease progression

Recent studies have shown that SMN deficiency impacts the develop-
ment and spleen size of three major SMA model mice although the

role of these peripheral tissues on SMA pathology had not been fully
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characterized (Deguise & Kothary, 2017; Khairallah et al., 2017).
Given the reactive profile of microglia in SMNA7 mice, we examined

the impact of lymphocytes on the SMA pathology by genetically

(@)

preventing their lymphocyte maturation using CD4~"~ and Ragl™"~
mice crossed unto the Smn?®/~ transgenic mouse background. Several

recent studies have noted that the spleen and thymus were
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significantly smaller in the SMA mice, potentially contributing to the
lack of proper lymphocyte maturation and organ development. By
genetically inhibiting the production of mature lymphocytes, we rule
out the possibility that developmental abnormalities, such as imma-
ture or dysfunctional T cells, could impact the immune response in
SMA. We found that depleting T helper cells (CD4~"~) or complete
lymphocyte ablation (Rag1~~) did not improve the life span of these
animals or their ability to perform motor function. Importantly, we
show that the reactive profile of SMA microglia is unaltered by loss of

lymphocytes.

3.2 | Microgliain SMA: Helpful or harmful?
Although there is a growing body of evidence incriminating microglia
in neurodegenerative disease pathogenesis, very little is known on
how microglia regulate neuronal function and survival in disease
models. As the primary CNS line of defense, microglia are particularly
sensitive to immediate changes in their micro-environment and can
respond accordingly by either migrating to the site of injury, engulfing
the imminent danger, or releasing factors to recruit additional aid.
Microglia in SMA mouse models have been reported to adopt a pro-
inflammatory phenotype, with an increase in reactive oxygen species,
release of TNFa, as well as increased NFxB activity (Ando
et al., 2020). Additionally, SMN deficient microglia have an increased
phagocytic behavior in SMA mice compared to controls (Vukojicic
et al, 2019). Although our findings show no overall increase in
microglia population (Figure 1a), morphological assessment indicates
an increased soma and retracted processes, indicative of a reactive
morphology in the SMNA7 mouse spinal cord.

To test whether this pro-inflammatory phenotype is conserved in
a human model, we differentiated microglia from unaffected and SMA
patient iPSCs. We found that human IPSC-derived microglia had
increased phagocytic activity as previously reported in the mice
models of SMA. Moreover, we show that SMN-deficient microglia
migrated more readily than control cells. Previously, it has been shown
that the SMN protein plays a role in cytoskeletal dynamics
(Bowerman et al., 2007; Chaytow et al., 2018). These changes in actin

dynamics could account for the alterations in movement and

phagocytosis when SMN is deficient in microglia. Clg and
TREM2-dependent phagocytosis pathways have been implicated in
neurodegeneration. Similar to reports in SMA mice, we saw increased
expression of C1q in our human iPSC microglia suggesting this path-
way is activated when SMN-deficient. In contrast, we saw no change
in C3 expression between control and SMA microglia as reported in
mice. We suspect that the C3 increase previously documented in the
SMA mouse models is not a result of SMN-deficiency in microglia, but
potentially a response to injured neurons or other cells. CNS cells such
as astrocytes may be contributing to the activation of microglia.
In vitro co-culture and conditioned media experiments using iPSCs
could further clarify the contribution of astrocytes to microglia reac-
tivity in SMA.

TREM2, which stimulates phagocytosis and has been implicated
in astrocyte and microglia crosstalk, was highly upregulated in SMN-
deficient microglia. This suggests that SMA microglia may have an
enhanced phagocytic response due to both the complement pathway
and the TREM2 pathway. Intriguingly, TREM2 has not only been asso-
ciated with phagocytosis, but migration. Here, we provide evidence
that SMN deficient human iPSC derived microglia displayed increased
migration velocity, partly consistent with TREM2 upregulation. Based
on these findings, we hypothesize that SMA microglia respond quickly
to damaged motor neurons, leading to enhanced phagocytosis of spi-
nal cord motor neurons, potentially explaining the rapid deterioration
in motor function and clearance of motor neurons early in SMA path-
ogenesis (Swoboda et al., 2005).

3.3 | SMN deficient microglia release factors that
influences motor neuron excitability

The complex signaling between motor neurons and microglia in SMA
is not well understood. In the healthy condition, microglia help to
maintain neuronal homeostasis through phagocytosis and release of
inflammatory cytokines. We show that SMA microglia not only display
enhanced phagocytic activity but release factors that alter motor neu-
ron morphology and electrical properties. Cultured media from SMA
patient derived microglia significantly increased the excitability of

control motor neurons. Furthermore, SMN deficient motor neurons,

FIGURE 7

SMA microglia alter motor neuron excitability. (a) SMN knockdown in iPSC motor neurons was validated by western blot (n = 3).

Analyzed by t-test, **p = .0087 (b) control and SMN knock down motor neurons were exposed for 24 h to conditioned media. Representative
images of each group were taken. Yellow arrow indicates the motor neuron that was patched. White arrow denotes glass capillary used for
recording and to inject dye for visualization. Scale bar = 50 pm. (c) Number of action potentials was recorded in control motor neurons (control
motor neuron media n = 15, control microglia media n = 16, and SMA iPSC derived microglia conditioned media n = 8). **p = .0053. (d) Inward
sodium current was recorded in control motor neurons exposed 24 h to conditioned media (control motor neuron media n = 15, control microglia
media n = 16, and SMA microglia media n = 6). (e) Outward potassium current was recorded in control motor neurons exposed for 24 h to
conditioned media (control motor neuron media n = 8, control microglia media n = 9, and SMA microglia media n = 9). (f) Number of action
potentials were recorded in SMN knock down motor neurons (control motor neuron media n = 10, control microglia media n = 13, and SMA
microglia media n = 13). **p = .0026. (g) Inward sodium current was recorded in SMN knock down motor neurons exposed to conditioned media
for 24 h (control motor neuron media n = 10, control microglia media n = 12, and SMA iPSC derived microglia conditioned media n = 13).

*p = .0205 (h) outward potassium current was recorded in SMN knockdown motor neurons exposed 24 h to conditioned media (control motor
neuron media n = 10, control microglia media n = 13, and SMA microglia media n = 13). *p = .0213 **p = .0034. All groups analyzed by one-way

ANOVA. Values represent mean + SEM



ﬂLW] ]_Eyﬂ

(a)

| Control MN |

|| Control Microglia Media || Motor Neuron Media

SMA Microglia Media

i
50 ym

SMN KD MN

Motor Neuron Media

|[ Control Microglia Media

SMA Microglia Media

FIGURE 8

Legend on next page.

# of Intersections

KHAYRULLINA ET AL

Control Motor Neuron

-e- Control Motor Neuron Media
=== Control Microglia Media
=~ SMA MG Media
'1 | | 1 1 1 L] L] L] L] L]
D oS D D P \,9 \,,_9 \@ '(\Q \Q,Q
Distance from Soma (um)
SMN KD Motor Neuron
-o- Control Motor Neuron Media
g === Control Microglia Media
" =~ SMA MG Media
o
9
£
L
[}
1®

Distance from Soma (um)



KHAYRULLINA ET AL.

GLIA WILEY_L %

when exposed to SMN deficient microglia conditioned media have
increased generation of action potentials due in part to increase
inward sodium current, as well as repolarizing outward current.
These findings are consistent with altered neuronal excitability in
including  ALS
et al,, 2019). One potential reason for the altered excitability is

other neurodegenerative diseases (LoRusso
increased arborization in both control and SMN deficient motor neu-
rons in the presence of media from SMA microglia. While the under-
lying molecular pathways remain to be elucidated, this may
represent a pathological compensatory mechanism to limit ongoing
damage. This is a novel finding as it shows that microglia in SMA
may have conflicting effects on motor neuron physiology, which
may not be fully appreciated in studies where microglia are

completely ablated.

4 | CONCLUSION

Overall, we have shown that loss of lymphocytes does not improve
SMA disease phenotype and likely does not contribute to the
microglia phenotype in SMA mice. SMN-deficient microglia displayed
an altered transcriptome profile, increased mobility and enhanced
phagocytic activity, which could modify the SMA phenotype. Further
studies using iPSC-derived microglia and neuron co-cultures will be
critical in establishing the different roles of microglia in SMA disease

pathology.
41 | Methods
411 | Animals

The generation and phenotypic characterization of the SMN-deficient
transgenic animals (Jackson, SMNA7;SMN2;Smn*/*) has been
described previously (Le et al., 2005). Transgenic and wild type litter-
mate mice were used at postnatal day 5 (PND5) and 10 (PND10).
Equal numbers of male and female mice were used. Tail snips from
offspring were collected at PND2 and genotyped using PCR assays.
The primers used for genotyping were 5-CAA ACA CCT GGT ATG
GTC AGT C-3' and 5-GCA CCA CTG CAC AAC AGC CTG-3 for the
SMN2 transgene, 5-GCC TGC GAT GTC GGT TTC TGT GAG G-3
and 5-CCA GCG CGG ATC GGT CAG ACG-3' for the mouse knock-
out allele, and 5-GTG TCT GGG CTG TAG GCA TTG C-3 and 5'-
GGC TGT GCC TTT TGG CTT ATC TG-3' for the Smn gene.

All procedures complied with the standards for the care and use
of animal subjects as stated in the Guide or the Care and Use of Labora-
tory Animals (NIH publication No. 85-23, revised 1996) and all proto-
cols were approved by the IACUC at the Uniformed Services
University of the Health Sciences. Smn?®? mice on the C57BL6
background were mated with C57BL6 wild type female mice.

The Smn?®/~:CD4~/~ and SngB/*;Ragl*/* mouse models were
generated using a complex breeding scheme. Cd4t™Mak (https://
www.jax.org/strain/002663) and Rag1t™Mom (https://www.jax.org/
strain/002216) were purchased from the Jackson Laboratory. Estab-
lishment of the line was aided by genotyping as indicated by the Jack-
son Laboratory protocols (Protocol —28818 Generic Cd4, Protocol
27761 Standard PCR assay - Ragl). Mice were kept in stepdown

facilities given their potential compromised immune system.

41.2 | Behavioral testing

Behavioral testing was performed as previously described in (Deguise
et al., 2020). Blinding was not possible given the obvious emergence
of the SMA phenotype. Briefly, righting reflex followed a similar pro-
tocol as previously described in Treat-NMD neuromuscular network
(SOP MD_M.2.2.002). The pen test followed a similar protocol as pre-
viously described in Treat-NMD neuromuscular network (SOP
SMA_M.2.1.001). A maximum of 30 s on the pen was defined as a
perfect score. The inverted mesh/wire grip test followed a slightly
modified protocol than previously described in Treat-NMD neuromus-
cular network (SOP SMA_M.2.1.002). Briefly, a mesh grip (hole of
1 mm?) was used from P13 to P19. At P21, the mesh grip was chan-
ged to a wire cage top to provide more space for the growing mice to
hold on to. Termination of this test was set at 60 s.

413 | Flow cytometry

To assess immune cell populations, spinal cords were extracted from
wild type and SMNA7 mice at PND10. Using an SMNA7 breeding
colony, mice pups were genotyped at PND2. Neural Tissue Dissocia-
tion Kit P (Cat No. 130-097-628, Miltenyi) was used for isolating a
single cell suspension for analysis. Tissue was flushed with HBSS with-
out Ca?" and incubated with enzymes provided in the kit. The
gentleMACS OctoDissociator protocol 37C_ABDK_01 was used to
carry out the mechanical and enzymatic digestion (Miltenyi). Cell sus-

pension was filtered over 70um filter and washed with cold HBSS

FIGURE 8 Motor neurons treated with SMA iPSC derived microglia conditioned media result in increased branching. Representative images
and plot of Sholl analysis of motor neurons treated with microglia conditioned media. Total number of crossings was counted at start radius of
10 pm, with a step radius 10 pm. Branching was recorded up to 200 um for all groups. Control motor neurons (a) and SMN deficient motor
neurons (b) were treated for 24 h in control motor neuron media (green), unaffected iPSC derived microglia media (blue), and SMA iPSC derived
microglia media (orange). Two-way ANOVA was used followed by post hoc Bonferroni for multiple comparisons to analyze the Sholl plots
between groups. Significance was determined when comparing unaffected iPSC derived microglia media to SMA iPSC derived microglia media.
(@) *p = .0131, *p = .0108, ***p = <.001 (left to right). (b) **p = .0037, ***p = .0007, **p = .041, ***p = .0006, left to right. Values represent

mean + SEM
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with Ca2*. Sample was centrifuged (300 g/10 min/4°C) and pellet
was re-suspended in PBS supplemented with 0.5% BSA buffer. After-
wards magnetic myelin removal beads Il (Miltenyi) were used for neg-
ative selection of myelin from the single cell suspension. Cells were
blocked with TruStain fcX (Cat. 101,319, Biolegend). CD11b (1:20,
Cat. 101,207, Biolegend), CD45 (1:20, Cat. 100,312, Biolegend), and
CD3 (1:20, Cat No. 100312, Biolegend) were used for positive fluo-
rescent staining of monocytes, microglia, and T-cells, respectfully.
Cells were read in cell staining buffer on BD Accuri C6 Flow
Cytometer CFlow Plus software. Cells were gated on live cells,
CD45", and further gated on CD11b" and CD3". Unstained cells
were used as a negative control. OneComp eBeads were used for pos-
itive controls (Cat. 01-1111-42, Invitrogen). All analysis was done
using the Flow Jo software (FlowJo, LLC, Ashland, OR).

414 | Immunohistochemistry

To analyze microglia morphology throughout the SMA disease pro-
gression, spinal cords (N = 8) were extracted from wild type and
SMNA7 at PND10. Mice pups were genotyped at PND2. Lumbar
regions were sectioned into 7-pm axial segments and probed with pri-
mary antibodies for Ibal (Wako), followed by 3,3'-Diaminobenzidine
(DAB) staining to visual stain. Outcome measures including branching,
image fluorescence and soma diameter was counted in ImageJ.

To analyze effects of SMN deficiency impacting cell morphology
and phenotype in vitro, SMA and control cells were fixed with 4%
paraformaldehyde on round coverslips. Standard immunocytochemis-
try (ICC) was performed. Cells were blocked for 30 min in PBS/10%
Goat serum/0.1% Triton X, at 4°C. Cells were then stained for primary
antibodies including Ibal (Wako) overnight at 4°C. Appropriate sec-
ondary antibodies linked to AlexaFluor dyes (Invitrogen, Carlsbad, CA)
were incubated on the fixed cells for 1 h at room temperature. Round
coverslips were mounted onto slides using mounting media containing
DAPI (Vector Labs, Burlingame, CA). Cells were imaged at 20x using a
Leica DM4000 B LED and corresponding software (Leica, Wetzlar,
Germany).

415 | Celllines

Induced pluripotent stem cells

Two SMA iPSC lines were used; CS77iSMA1-nxx from Cedar Sinai
from a 2-year-old male SMA Type | patient fibroblasts (homozygous
deletion of SMN1 and 3 copies of SMN2) and GM23240, purchased
from Coriell Institute from a 3 year old male SMA type Il patient fibro-
blast (homozygous deletion of SMN1 and 2 copies of SMN2). Two
male control iPSC lines, ATCC-BYSO112 Human (ATCC) and GM
25256 (Coriell Institute) were used. We obtained doxycycline induc-
ible microglia IPSCs from Dr. Michael Ward's lab (Drager et al., 2021).
Doxycycline inducible motor neuron iPSCs were also a generous
donation from the Dr. Ward (Fernandopulle et al., 2018). iPSC lines
were maintained in standard 6-well tissue culture plates were coated

with growth factor reduced Matrigel (Cat. 354277, Corning) diluted
1:100 in DMEM/F12 (Gibco) same day as iPSC plating. Maximum pas-
sage of 40 was used prior to experimentation. Frozen stocks of iPSCs
were thawed and plated on Matrigel coated plates in E8 and E8 Flex
(Gibco). iPSC lines were passaged using 0.5 mM EDTA in PBS without
CaCl, and MgCl, (Life Technologies). Cells were maintained at 37°C,
5% CO,. The iPSCs and differentiated cells were confirmed to be

mycoplasma negative.

41.6 | Transfection

Plasmid transfection of SMN-GFP (1 pg) on microglia was performed
using Lipofectamine 3000 (Invitrogen, cat 100022052) and P3000
(Invitrogen, cat 100022058) for 48 h according to the manufacturer
protocols as previously described (Khayrullina et al., 2020). The SMN-
GFP was generously donated by Dr. Greg Matera. SMN siRNA knock-
down was done using 40 pmol of pre-validated siRNA (IDT, cat
37206943) and RNAi Max (Life Technologies, cat 56532) per manu-
facturer protocol for 48 h. Opti-MEM (Gibco, cat 11058-021) diluent
was used in both protocols. Transfection was validated by
Western Blot.

4.1.7 | iPSC microglia differentiation

SMA and control patient iPSCs were differentiated into microglia as
previous described (Haenseler et al., 2017). iPSCs were maintained in
six well low adhesion plates (Thermo Scientific) and harvested using
Accutase and resuspend cells at 1 x 10° cells/ml in stem cell media
supplemented with BMP4 (50 ng/ml, R&D Systems), VEGF (50 ng/ml,
R&D Systems), and SCF (20 ng/ml, R&D Systems). Cells were allowed
to incubate at 37°C humidified incubator with 5% CO2 for 4 days to
allow for the formation of embryoid bodies (EBs). EBs were
transplanted to matrigel coated flasks with XVIVO15 media (Lonza)
supplemented with M-CSF (100 ng/ml, R&D Systems) and IL-3
(25 ng/ml, R&D Systems) and incubated for a week at 37°C, 5% CO,.
EBs were embedded and allowed to extent surrounding adherent
stromal cells to develop structures similar to cystic yolk-sac. After
1 week, microglia precursors could be collected from the supernatant
and plated on Matrigel-coated plates in microglia medium consisting
of Advance DMEM with N2 (1:100), IL34 (100 ng/ml, R&D Systems),
and GM-CSF (10 ng/ml, R&D Systems). Microglia-like cells were fed
every 3-4 days with microglia media. Cell based assays were carried
out after 7 days of incubation.

Doxycycline-inducible microglia iPSCs were grown in StemFlex
until reaching at least 50% confluency and were grown for at least
24 h without ROCK inhibitor. Cells were dissociated and centrifuged
as described above and pelleted cells were resuspended in Day O dif-
ferentiation medium containing the following: Essential 8™ Basal
Medium (Gibco) as a base, 10 nM ROCK inhibitor, and 2 mg/ml Doxy-
cycline (Clontech). Doxycycline inducible microglia iPSCs were coun-

ted and seeded onto double coated plates (Poly-D-Lysine-precoated
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Bio plates [Corning] + Matrigel coating) with 35,000 cells/well for
6-well plate. Media was replaced at Day 2 with differentiation media
containing Advanced DMEM/F12 Medium (Gibco) as a base medium
containing 1x Antibiotic-Antimycotic (Anti-Anti) (Gibco), 1x Glu-
taMAX™ (Gibco), 2 mg/ml doxycycline, 100 ng/ml Human L34
(Peprotech) and 10 ng/ml Human GM-CSF (Peprotech). On day 4, the
medium was replaced with Microglia medium, containing Advanced
DMEM/F12 as a base medium and 1x Anti-Anti, 1x GlutaMAX,
2 mg/ml doxycycline, 100 ng/ml Human IL-34 and 10 ng/ml Human
GM-CSF, 50 ng/ml Human M-CSF (Peprotech) and 50 ng/ml Human
TGFB1 (Peprotech). On Day 8, the media was replaced with fresh
Microglia medium. Microglia were cultured for up to 12 more days in
Microglia medium with full medium changes every 3-4 days. Cells

were assayed on day 9.

41.8 | Motor neuron differentiation
Motor neurons were differentiated per protocol as previously
described (Fernandopulle et al., 2018).

419 | Phagocytosis assay

To assess phagocytosis, we used carboxylate-modified microspheres
with an excitation emission spectrum of 580/605 (FluoSpheres,
F8821, ThermoFisher Scientific). FluoSpheres were prepared in a 3%
BSA, 25 mM Na2HPO4, pH 6.0 solution as previously described
(Moritz et al., 2017).5 x 10° control and SMA microglia precursors
were plated per well of a six-well plate. Phagocytosis assay was car-
ried out after a week of differentiation. Briefly, cells were washed
with 1x PBS, FluoSpheres (1:67 in Optimem) were added directly to
each well, and incubated for 15 min at 37°C. Unstained cells
received Optimem only. Cells were then washed three times with
1x PBS and gently scraped and centrifuged to 300 g at 10 min. Pel-
lets were resuspended in FACS buffer in polyethylene tubes and
submitted to flow cytometry (BD Accuri Cé, BD Biosciences, Frank-
lin Lakes, NJ). Unstained cells were used for gating control. A total
of 5000 cells were collected per group with the threshold of
1,000,000 to exclude debris. The mean fluorescence of all viable
cells was measured, and data were analyzed using unpaired Stu-
dent's t tests.

41.10 | Western blot

To assess protein level, cells were lysed and combined with Laemmli
sample buffer containing p-mercaptoethanol (1:1, Biorad, Cat.
1610737). Combined samples were boiled at 95°C for 5 min. A 35 pg
of samples were loaded on 4%-12% Novex WedgeWell Tris-Glycine
Gels and run according to manufacturer's instructions. Blots were
transferred to PVDF membranes using Biorad Trans-blot Turbo.

Enhanced chemiluminescence was used to acquire signal.

4111 | gPCR

RNA was isolated using the Qiazol and chloroform extraction method,
then purified with the Qiagen RNeasy kit (Qiagen, cat 74104). cDNA
conversion was performed using a Veriti thermal cycler and a high-
capacity cDNA conversion kit (Applied Biosystems). Gene expression
analysis was performed using pre-validated Tagman probes (Life
Technologies). Quantification occurred in a StepOnePlus gRT-PCR
machine (Applied Biosystems) using Universal Probes master mix

(BioRad) per manufacturer instructions.

4.1.12 | RNA sequencing

Total RNA was quantified via a fluorescence dye-based methodology
(RiboGreen) on a Spectramax Gemini XPS plate reader (Molecular
Devices, Mountain View, CA). RNA integrity was assessed using auto-
mated capillary electrophoresis on a Fragment Analyzer (Advanced
Analytical Technologies, Inc, Santa Clara, CA). Total RNA input of
200 ng was used for library preparation using the TruSeq Stranded
mRNA Library Preparation Kit (lllumina, San Diego, CA). Sequencing
libraries from 6 SMA and 7 control technical replicates were quanti-
fied by PCR using KAPA Library Quantification Kit for NGS (Kapa,
Wilmington, MA) and assessed for size distribution on a Fragment
Analyzer. Sequencing libraries were pooled and sequenced on a
NextSeq. 500 Desktop Sequencer (lllumina) using a NextSeq. 500 High
Output Kit v2 with paired-end reads at 75 bp length. Raw sequencing
data was demuxed using bcl2fastg2 Conversion Software 2.17 before
alignment using TopHat Alignment v1.0 and differential expression
analysis using Cufflinks Assembly & DE v1.1.0 on BaseSpace Onsite
(lllumina). Functional enrichment analysis was performed using the
PANTHER Classification System (Mi et al., 2019). Significantly over-
represented gene ontology biological processes at p < .01 were

adjusted using a Bonferroni correction for multiple testing.

4.1.13 | Migration assay

Cellvis 8-Chamber glass preparation

To assess baseline migration, Matrigel (Corning) ECM was prepared at
1:100 concentration in DMEM/F12 media. A 400 pl of ECM was
added to a chamber. The chamber glass was then incubated at room
temperature for 30 min, followed by 37°C for 1 h. The chamber glass
was stored in an incubator until cells were ready to be transferred to

the chambers.

Cell transfer to chamber glass

Media was aspirated off cells, and 3 ml of 1:6000 Invitrogen Cel-
ITracker Green CMFDA dye in 1x PBS was added onto the dish. The
CellTracker dye was allowed to incubate on the cells at room temper-
ature for 5 min before it was aspirated. Then, 3 ml of cold 0.5 mM
EDTA (MediaTech, Inc.) was added to the dish. The dish was placed at
4°C for 10 min. After, EDTA was aspirated, and 1 ml of macrophage
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media was added to the dish. The dish was placed at an angle, then a
Corning Cell Lifter was used to scrape cells into the media. The cells
in media were then transferred to a 15 ml NEST conical and vortexed.
A cell count was taken with a Marienfeld hemocytometer. A total of
5000 cells were added onto each ECM component in a Cellvis
8-Chamber glass slide.

Live cell microscopy

The chamber glass was transferred to an environmental chamber
attached to an Olympus IX83 Inverted Light Microscope. The environ-
mental chamber is INU (Incubation System for Microscopes) Tokai
Hit, and the stage conditions were set to 40°C Top Heater, 39.5°C
Stage Heater, and 38°C Bath Heater. DI water was used for the bath.
The camera used was Hamamatsu digital camera C13440-20CU.
Excelitas Technologies X-cite 120 LED Boost was used for fluorescent
imaging. Olympus is based in Tokyo, Japan, Hamamatsu is based in
Hamamatsu, Japan, Tokai Hit is based in Fujinomiya, Shizuoka Prefec-
ture, and Excelitas Technologies is based in Waltham, MA. The cham-
ber glass was left in the environmental chamber for 2 h to allow the
microglia to spread and settle on the ECM components. Olympus
CellSens software was then used to select positions on the chamber
glass. Both Relief Contrast and GFP images were taken for each posi-
tion. Each condition had seven positions selected, one picture was
taken every 10 min, over a 16-h time course.

Migration assay analysis

Olympus video files were opened in ImageJ with the OlympusViewer
Plugin. The GFP and Relief Contrast channels were split and only the
GFP channel was utilized. The TrackMate Plugin was then used for
automated tracking of the macrophages, which are recognized by
their contrast from the background. Each frame the cell moves, the
program creates a track throughout all 97 frames. From this, the data
output includes cell number, frame number, and X-Y position. These
values are saved and utilized by the Chemotaxis Tool plugin, which
calculates velocity each cell based on the track generated by
TrackMate, as well as persistence (d/T), which is the propensity of a
cell to continue in the direction that it is already moving instead of
changing directions. “d” represents the displacement of a cell
(in microns) as measured from its starting and ending position. “T” is
the total length (in microns) that the cell traveled during the imaging
experiment. Therefore, if d/T = 1 the cell is moving in a straight line
without turning. The closer the d/T value is to 1, the greater the per-
sistence. Velocity and Persistence values for all the cells in each condi-

tion are collected and the mean is determined for each category.

Scratch wound assay

Cells were plated on the previously prepared Cellvis 8-Chamber Glass
to 100 percent confluency. Cells were serum and cytokine starved
24 h prior to running assay. Day of experiment, 1:1000 Invitrogen
CellTracker Red dye was administered in cell media. The CellTracker
dye was allowed to incubate on the cells at 37°C for 1 h before. After
incubation, media was aspirated, and a scratch wound was made using
a pipette tip. The Hamamatsu digital camera C13440-20CU and

Excelitas Technologies X-cite 120 LED Boost was used for fluorescent
imaging. The chamber glass was left in the environmental chamber for
30 min prior to selecting positions (Olympus CellSens software). Both
Relief Contrast and GFP images were taken for each position. Each
condition had three positions selected, one picture was taken every
10 min, over a 16-h time course.

4.2 | Electrophysiological recordings

Motor neurons were differentiated on round glass coverslips in 24 well
plates at a plating density of 250,000 cells/well for 14 days. Cells were
pre-treated 24 h before recording in desired media condition and the
coverslips were transferred to the recording chamber on a Zeiss 7 MP
microscope system. (Zeiss, Oberkochen, Germany). Electrophysiological
recordings were performed with an Axon Multicalmp 700B amplifier
and 1440A Digidata unit connected to a PC running pClamp10 soft-
ware (Molecular Devices, San Jose, CA). Electrodes used for recording
were pulled on a horizontal pipette puller (P-97; Sutter Instrument
Company, Novato, CA) from thin wall borosilicate glass capillaries with
filament (Warner Instruments, Holliston, MA) to a pipette resistance of
3-6 M Ohm when used with the solutions below. Cells were perfused
in the recording chamber with an extracellular bath solution (135 mM
NaCl, 5 mM KCl, 2 mM CaCl,, 1 mM MgCl,, 20 mM glucose [dextrose
anhydrous] and 10 mM HEPES, adjusted to pH of 7.3 with 1 M NaOH)
throughout the duration of the experiment. The pipette solution con-
tained in mM: K-gluconate 130, KCI 15, HEPES 5, EGTA 1, Mg-ATP
4, and Na-GTP 0.3. The pH was adjusted to 7.3 with a 1 M KOH solu-
tion. Additionally, 15 uM Alexa Fluor 488 Hydrazide, sodium salt
(Thermo Fisher Scientific) was added to the internal solution for visuali-
zation of recorded cells. Cells were recorded in whole-cell mode which
was achieved by brief suction pulses after obtaining a giga Ohm seal.
Cells with an access resistance over 50 M Ohm were discarded. For
current voltage relationship measurements cells were held at —70 mV
and the membrane potential was stepped in 5 mV increments from
—50 to +45mV for 100 ms. To gauge cell excitability, cells were
recorded under current clamp conditions with a current injection to
hold the membrane potential at —70 mV. A pulse protocol depolarized
the cell successively by current injections in 2-5 pA steps to elicit
action potentials (AP). An active voltage response was deemed an AP if
it crossed O mV. The maximum number of APs per cell was determined.
After recording electrophysiological measures, small z-stacks at optimal
z-step size were acquired in ZEN software (Zeiss) with the infrared laser
(Vision 2, Coherent, Santa Clara, CA) tuned to 800 nm and utilizing a
40x, 1.0 NA water immersion objective. Maximum intensity projections
of the acquired stacks were used to determine morphology of the

recorded cells.

4.3 | Motor neuron morphological assessment

The number of neurites branching from the soma was determined by

Sholl analysis using the Image J software (NIH, Bethesda, MD). All
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tracings and analysis were performed with the experimenter blinded
to the condition. Images were acquired from the electrophysiology
assessments for all groups. Conditions where the dye was not prop-
erly injected into the soma prior to imaging was discarded. Briefly,
images were converted to grayscale and scaled to appropriate size
bar. The Sholl analysis was used under the following parameters from
the chosen soma center point: start radius 10 pm, step radius 10 pm.

Branching was recorded up to 200 um for all groups.

43.1 | Statistics

All data was analyzed using the GraphPad Prism software (GraphPad,
San Diego, CA). All behavior data was analyzed by two-way ANOVA
followed by Sidak's multiple comparisons test to determine signifi-
cance between groups. Flow cytometry and cell culture data between
a control and SMA group was analyzed with a student's t-test. Two-
way ANOVA was used followed by post hoc Bonferroni for Multiple
Comparisons to analyze the Sholl data between groups. Student t-test
was used to analyze the mean dendrite number between groups. For

all statistical tests, a p value of <.05 will be considered significant.
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