GRADUATE PROGRAM IN BIOCHEMISTRY AND IMMUNOLOGY

FEDERAL UNIVERSITY OF MINAS GERAIS

SCHIZOPHRENIC PATIENTS hiPSC-DERIVED ASTROCYTES IMPAIR
SYNAPTIC MATERIAL ENGULFMENT BY INDUCED MICROGLIAL-LIKE

CELLS (iMGs)

PABLO LEAL CARDOZO

Supervisor: Dr. Fabiola M. Ribeiro (UFMG, Brazil)

Co-supervisor: Dr. Kristen J. Brennand (Yale University, USA)

BELO HORIZONTE, MG, BRAZIL

2022



PABLO LEAL CARDOZO

SCHIZOPHRENIC PATIENTS hiPSC-DERIVED ASTROCYTES IMPAIR
SYNAPTIC MATERIAL ENGULFMENT BY INDUCED MICROGLIAL-LIKE

CELLS (iMGs)

A Ph.D. Thesis submitted to the Biochemistry
and Immunology Graduate Program at the
Federal University of Minas Gerais (UFMGQG) in
Fulfillment of the Requirements for a Doctoral

Degree.

Supervisor: Dr. Fabiola M. Ribeiro (UFMG, Brazil)

Co-supervisor: Dr. Kristen J. Brennand (Yale University, USA)



Cardozo, Pablo Leal.

Schizophrenic patients hiPSC-derived astrocytes impair synaplic material
enguifment by induced microglial-ike cells (IMGs) [manuscrito] / Pablo Leal
Cardozo. — 2022,

117 -l ;29,5 cm.

Orientadora: Dr. Fabiola M. Ribeiro. Co-orientador: Dr. Kristen J. Brennand.
Tese (doutorado) — Universidade Federal de Minas Gerais, Instituto de
Ciéncias Biologicas. Programa de Pds-graduagio em Bioquimica e Imunologia.

1. Bioguimica e imunclogia. 2. Astrocitos. 3. Esguizofrenia. 4. Sinapses. 5.
Cuimiocina CX3CL1. 6. Receptor 1 de Quimiccina CX3C. 7. Microglia. |. Ribeiro,
Fabiola Mara. . Brennand, Kristen J. Ill. Universiade Federal de Minas Gerais.
Instituto de Ciéncias Biologicas. IV. Tiulo.

CDU:577.1

Ficha catalografica elaborada pela Bibliotecaria Fabiane C M Feis — CRB &/ 2680




1042

Universldads Federal de Minas Gerals
Curso de &m Bloguimica e Imunoiogla ICETFMG
A Cam,m—l:arrma

E-mail: pg-oiQEIch.Amg By (31)3400-2015

ATA DA DEFESA DA TESE DE DOUTORADO DE PABLO LEAL CARDOZO. Aos vinte e
trés dias do més de agosto de 2022 as 13:00 horas, reuniu-se de forma “on line™ utilizando a
plataforma “Zoom”, no Instituto de Ciéncias Biologicas da Universidade Federal de Minas
Gerais, a Comissio Examinadora da tese de Doutoradoe, indicada ad referendum do
Colegiado do Curse, para julgar, em exame final, o frabalho intitulade "Schizophrenic
Patients Hipsc-derived Astrocytes Impair Symaptic Material Engulfment by Induced
Microglial-like Cells (iMGS)", requisito final para a obtencio do gram de Doutor em
Ciéncias: Biologia Molecular. Abrindo a sessio, a Presidente da Comissio, Prof. Fabiola
Mara Ribeiro, da Universidade Federal de Minas Gerais, apos dar a conhecer aos presentes o
teor das Normas Regulamentares do Trabalho Final, passou a palavra ao candidato para
apresentacio de sem trabalho. Segnin-se a arguicio pelos examinadores, com a respectiva
defesa do candidato. Logo apés a Comissio se reunin, sem a presenca do candidato e do
piblico, para julgamente e expediciio do resultade final. Foram atribuidas as seguintes
indicacées: Dra. Veronica Alejandra Palma Alvarado (Universidad de Chile), aprovado; Dra.
Patricia Cristina Baleeiro Belirio Braga (Universidade de Sio Paule), aprovade; Dr. Bruno
Rezende de Souza (Universidade Federal de Minas Gerais), aprovado; Dr. Prof. Jader dos
Santos Cruz (Universidade Federal de Minas Gerais), aprovado; Dra. Fabiola Mara Ribeiro -
Orientadora (Universidade Federal de Minas Gerais), aprovado. Pelas indicacdes o candidato
foi considerado:

(X) APROVADO
{ JEEPROVADO

O resultado final foi comunicade publicamente ac candidato pela Presidente da Comissdio.
Nada mais havendo a tratar, a Presidente da Comissio encerrou a reunizio e lavrou a
presente Ata que serd assinada por todos os membros participantes da Comissio
Examinadora. Belo Horizonte, 23 de agosto de 2022,

Dra. eronica -!.Iegandra Pnln}_;,&hzradu (Universidad de Chile) "

Py et = Sk

| u“t
Dra. Pa Cristina Baleeiro Beltrio Braga (Universidade de Sio Paulo)

Dr. Bruno Rezende de Souza ['UT'MGJ

/__,.. ! .
o L I':-Iv\. ) "1."

Dr,"me Jad.er dos Santus Crm; ('L‘TMG]
[

Dra. ]"ahiu-]a Ham thElI‘l] - Orientadora (UFMG)




DEDICATION

I dedicate this work to my great-uncle Euripedes and my cousin Samuel, whose life
stories has driven me to seek for answers about schizophrenia unknown causes, and my aunt
Marilia, who, for a very long time, dedicated a substantial part of her life to take care of the

former with love and kindness.

I also dedicate this thesis to all my fellow graduate student peers, who has been the most
affected (financially and mentally) by the constant budgetary cuts, galloping inflation and
political attacks suffered throughout the last four years in Brazil. As citizens of good faith, we
should learn to value more the hard work and devotion of these scientist, as each step of our
career should be praised and not only the last ones. Otherwise, we are failing with our own kind
and failing our mission, as science must always be candle light that shines in the darkness,

especially for those who work day and night to keep this light always lit.



ACKNOWLEDGEMENTS

I'would like to thank my family, especially my parents Sergio and Ires, my brother Pedro
Henrique and my dogs Toquinho and Francisco, for always supporting me throughout my whole
life and my professional choices. It has not always been easy as choosing the academic life path
has a lot of struggles and uncertainties, but they never left my side and were always there for

me.

To my friends, Fernanda, Niedson, Carol, Sophie, Rafael, Max, Bruna, Lucas, Luis,
César, Mariana, Indyara, Mathias, Marcelo, Flavinha, Caixeta, Marcos, Elisa, Pitia, Kristina,
Novin, Sadaf, Sam, Maté, Joanna, Marcin and others (who I did not add to this list as it would
get very long, but are also dear to my heart), [ would like to thank for the memorable moments

we shared together, making life enjoyable, happy and easier to carry on.

To my PI, Dr. Fabiola Ribeiro, whose craziness matched mine when I proposed to work
with hiPSCs and schizophrenia, when we firstly lacked the experience to do so back in 2016,
my most sincere gratitude. I have grown as a scientist throughout this process and feel prepared
to even start my own laboratory, as this cumbersome path we have trailed together gave me an
experience I would not have had, had she not placed a bet on an unknown, yet motivated guy.

In the end, everything seems to have paid off.

[ 'am also grateful to Dr. Stevens Rehen and Dr. Kristen Brennand, who supervised and
allowed me to be trained in their laboratories during my Master’s and Ph.D., respectively, and
bring hiPSC and CRISPR technology back to UFMG. I am glad for this opportunity and all
advices I got from them throughout my journey. May the future be able to keep our

collaboration alive, whether in my own future lab or elsewhere.

To all my dear friends and colleagues from the Laboratory of Neurobiochemistry
(mainly, Juliana Paiva, Julia, Manu and Ton), RNAi, D’or Institute and Yale University, thank
you so much for every single time we spent together, either just having fun or when we were

doing science.

To my friends from Science Clubs Brazil, who every single year help to ignite my

passion about science and inspire young minds to become scientists.

And finally, to the funding agencies, CAPES, the Fulbright Commission, FAPEMIG
and CNPq that provided the grants to fund this work.



ABSTRACT

Schizophrenia (SCZ) is a neuropsychiatric disorder caused by the interaction between
genetic and environmental factors. SCZ individuals exhibit cognitive deficits, positive
(psychosis, hallucinations and delusions) and negative symptoms (depression, avolition and
anhedonia), as well as reduced gray matter volume. Microanatomical analyses suggest this
phenomenon occurs due to diminished dendritic spine density, which likely happens as a result
of exaggerated synaptic pruning. It has already been shown that the classical complement
cascade and CX3CL1/CX3CRI pathway play a direct role in this process, triggering synaptic
engulfment by microglia. Taking into account that pre-natal infection acts as an environmental
risk factor for SCZ, this work aimed at analyzing the production of synaptic pruning-related
modulators by TNF-a-stimulated astrocytes derived from induced pluripotent stem cells
(iPSCs) from both healthy control (HCP) and SCZ individuals. Results indicate that CX3CL1
transcripts are increased in TNF-a-stimulated SCZ-derived astrocytes relative to HCP-derived
astrocytes, while the classical complement components (C3 and C4) displayed similar
expression levels across both groups. Further validation indicates that secreted CX3CLI
(sCX3CL1) levels mirrored its transcript expression pattern and that its secretion is dependent
on ADAMI10 sheddase activity. In order to verify whether TNF-a-induced SCZ astrocytic
sCX3CL1 alters synaptic engulfment by microglia, HCP induced microglial-like cells (iMGs)
were incubated with astrocyte conditioned media (ACM) from both diagnostic groups, under
non-stimulated (N.S.) or TNF-a-stimulated conditions, and fluorescently labeled
synaptoneurosomes. Surprisingly, TNF-a HCP ACM, N.S. SCZ ACM and TNF-oa SCZ ACM
exposure led to lower synaptoneurosomal phagocytic engulfment by iMGs relative to N.S. HCP
ACM. In addition, iMGs appeared to be irresponsive to SCX3CL1 under these circumstances,
despite increased levels in TNF-a SCZ ACM, as astrocyte-secreted factors triggered
membrane-bound CX3CR1 downregulation in iMGs. Finally, it was shown that SCZ astrocytes
displayed an elevated pro-inflammatory profile upon TNF-a stimulation, which might explain
the aforementioned results. Altogether, these results indicate that SCZ astrocytes secreted

factors impair HCP iMG synaptic phagocytosis in vitro.

KEYWORDS: iPSCs; astrocytes; synaptic pruning; schizophrenia; CX3CL1; CX3CRI;

microglia; pro-inflammatory profile.



RESUMO

A esquizofrenia (SCZ) ¢ uma desordem psiquiatrica, cujas causas estdo associadas a
interacdo entre fatores genéticos e ambientais. Individuos com esquizofrenia apresentam
sintomas classificados como positivos (delirios, alucinagdes e psicose), negativos (depressao,
avolicdo e anedonia) e déficits cognitivos, além de reducao no volume da matéria cinzenta.
Andlises microanatOmicas sugerem que este fenomeno ocorre devido a diminui¢do na
densidade de espinhas dendriticas, o que provavelmente acontece como resultado de uma poda
sinaptica exacerbada. Interessantemente, foi demonstrado que a vias classica do sistema do
complemento ¢ de CX3CL1/CX3CRI1 apresentam um papel ativo neste processo, levando ao
engolfamento de sinapses pelas microglias. Levando em conta que a infec¢do pré-natal atua
como um fator de risco ambiental para a SCZ, este trabalho visou analisar a produgdo de
moduladores relacionados a poda sindptica por astrocitos estimulados com TNF-o que foram
derivados de células-tronco de pluripoténcia induzida (iPSCs) de individuos SCZ e controles
saudaveis (HCP). Os resultados indicam que o transcrito para CX3CL1 estd aumentado em
astrocitos SCZ estimulados com TNF-a comparado a astrocitos HCP, enquanto os fatores
classicos do complemento (C3 e C4) apresentaram niveis similares de expressao entre os dois
grupos. Validagdes posteriores indicaram que os niveis de CX3CLI1 secretada (sCX3CL1)
refletem os padrdes de expressdo observados para seu transcrito € que sua secre¢do ¢
dependente da atividade proteolitica de ADAM10. Com o intuito de verificar se a sSCX3CL1
induzida em astrécitos SCZ estimulados com TNF-a altera o engolfamento de sinapses em
microglias, células microglia-/ike induzidas (iMGs) de individuo HCP foram incubadas com os
meios condicionados de astrécitos (ACMs) de ambos grupos diagnostico, sob condi¢des nao-
estimuladas (N.S.) ou estimuladas com TNF-a, e com sinaptoneurossomas marcados com
fluorescéncia. Surpreendentemente, exposicdo a ACM HCP TNF-a, ACM SCZ N.S. e ACM
SCZ TNF-a levaram a um menor engolfamento de sinaptoneurossomas pelas iMGs em relacao
a0 ACM HCP N.S. Ademais, as iMGs parecem ser irresponsivas a sSCX3CL1 nessas
circunstancias, apesar dos niveis aumentados desta quimiocina em ACM SCZ TNF-a, tendo
em vista que fatores secretados por astrocitos promoveram a reducao no CX3CR1 associado a
membrana plasmatica nas iMGs. Por fim, foi demonstrado que astrécitos SCZ apresentam um
perfil pro-inflamatorio elevado apds estimulacdo com TNF-a, o que pode explicar os resultados
supracitados. Em conjunto, estes resultados indicam que os astrocitos SCZ secretam fatores que

prejudicam a fagocitose de sinapses por iMGs HCP in vitro.

PALAVRAS-CHAVE: iPSCs; astrocitos; poda sinaptica; esquizofrenia; CX3CL1; CX3CRI;

microglias; perfil pro-inflamatorio.
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1. INTRODUCTION

1.1. Schizophrenia as a neurodevelopmental disorder

Schizophrenia is a neurodevelopmental disorder, whose etiology is associated with
genetic and socio-environmental factors, affecting around 0.3-1% of the world population (Van
Os and Kapur, 2009; Perez and Lodge, 2014; Sigurdsson, 2016; Charlson et al., 2018). In that
sense, its prevalence in Brazil is estimated to range between 630,000-2,100,000 individuals.
Furthermore, in addition to the healthcare burden, schizophrenia also brings negative economic
impacts to the society, as indicated by Cloutier et al. (2016), whose report estimates a financial

loss of around US$ 155.7 million only in the United States in 2013.

Usually, symptoms onset between adolescence and early adulthood with males showing
a steep increase in incidence until reaching 25 years of age and females displaying a delayed
and smaller increase in cases, with also a second peak between 40-50 years of age, which is not
seen in male individuals. Disease onset at older age is markedly reduced in both sexes, although
still possible (Hafner et al., 1993). Schizophrenia symptomatology can be broadly divided into
three main categories: positive symptoms, including delusions, psychotic behavior and
hallucinations; negative symptoms, encompassing depression, distraught thoughts, impaired
speech and social withdraw; and cognitive deficits, such as deficits in working, verbal and short-
term memories, learning disabilities and attention deficits (Gejman et al., 2011; Perez and

Lodge, 2014; Cannon, 2015; Sakurai ef al., 2015; Sigurdsson, 2016).

Interestingly, anatomical studies using imaging techniques, such as functional magnetic
resonance and computerized tomography scans, have indicated severe brain alterations in
schizophrenic patients. These studies revealed augmented lateral and third ventricle volumes,
as well 2-3% gray matter content reduction relative to healthy-control individuals, especially in
the most affected regions, such as the hippocampus and prefrontal cortex, being this data

correlated with cognitive decline commonly observed in this disorder (Johnstone et al., 1976;



16

Keilp et al., 1988; Lawrie and Abukmeil, 1998; Vita et al., 2006; Faludi and Mirnics, 2011;
Bakhshi and Chance, 2015). Additionally, a reduction in white matter content in brain regions
involved with high cognitive processing and memory formation in the Central Nervous System
(CNS), like the hippocampus and prefrontal cortex, has also been observed (Levitt ef al., 2010;
Bakhshi and Chance, 2015; Cannon, 2015). It has been shown that white matter alterations can
be related to myelination defects and oligodendrocytes differentiation and maturation deficits
in schizophrenic individuals, as it was noticed by Uranova ef al. (2011) and Windrem et al.

(2017), respectively.

In light of these findings, it was hypothesized that these ventricular volume and gray
matter alterations in the brain of schizophrenic individuals were related to severe morphological
alterations found in the neuropil rather than cell loss (Roberts et al., 1996; Boksa, 2012; Bakhshi
and Chance, 2015). Then, histopathological analysis from post-mortem brain samples of
schizophrenic individuals indicated a marked reduction in the number of dendritic spines in
neurons of several cortical and subcortical regions, such as the striatum, hippocampal
subiculum and pre-frontal, auditory and temporal cortex (FIGURE 1) (Roberts et al., 1996;
Garey et al., 1998; Glantz and Lewis, 2000; Rosoklija et al., 2000; Sweet et al., 2009;
Konopaske et al., 2014). Taking into consideration that dendritic tree complexity, which is
decreased in this disorder, and cell soma size are directly correlated, it was also reported a 9%
volume shrinkage in neuronal soma in schizophrenic individuals (Lewis, 2009; Faludi and

Mirnics, 2011).

In 1982, Feinberg proposed the hypothesis that schizophrenia could be caused by
excessive synaptic elimination. This process occurs physiologically during development,
peaking during adolescence in higher processing regions. It is responsible for synaptic
refinement, triggering removal of immature synapses and strengthening those that are capable

of more efficiently propagating neuronal stimuli (Lewis, 2009; Boksa, 2012; Cannon, 2015).
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This phenomenon, also known as synaptic pruning, seems to be aggravated in schizophrenic
individuals, leading to a greater diminishment in dendritic spine number, thus jeopardizing
proper neuronal cells connectivity. Furthermore, it has been suggested that excessive synaptic
elimination in schizophrenia is directly associated to the appearance of psychotic episodes later
in life, a marked characteristic of affected individuals (Feinberg, 1982; Glantz and Lewis, 2000;
Lewis, 2009; Faludi and Mirnics, 2011; Boksa, 2012; Bakhshi and Chance, 2015; Cannon,
2015). Even though Feinberg proposed his causal hypothesis for schizophrenia development
more than four decades ago, only recently, evidences regarding the mechanisms whereby

excessive synaptic pruning can be possible started to be revealed.

Figure 1 — Dendritic spine density of pyramidal neurons located in the 3" layer of the dorsolateral
pre-frontal cortex is reduced in schizophrenic patients. Compared to healthy control individuals
(top panel), schizophrenic patients dendritic branches (middle and bottom panels) bear greatly
diminished spine density, which can severely impact synaptic transmission and connectivity.
Reference: (Lewis, 2009).

1.2. Synaptic pruning molecular mechanisms

Until recently, mechanisms regulating synaptic pruning were poorly understood. In fact,
prior to the third millennium, it was only known that this physiological phenomenon relied on
neuronal activity, being impaired by tetrodotoxin application (Shatz and Stryker, 1988).

Notably, this scenario started to change after Huh and collaborators (2000) published their
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findings. These authors were the first to demonstrate the involvement of immune modulators
in synaptic elimination via activation of the Major Histocompatibility Complex class I (MHC-
I) molecular system. In this study, retinal ganglion cells (RGCs) axonal projections spatial
segregation into the dorsal lateral geniculate nucleus (ALGN) was chosen as a model to access
the molecular mechanisms involved in synaptic pruning. Authors, showed that, during the
critical developmental period on which synaptic refinement is most prominent (between the
fourth and eighth post-natal days), there is an increase in MHC-I gene expression in dLGN
(Huh et al., 2000). Beyond showing the expression of MHC-I for the first time in brain regions,
this research group also demonstrated that, in MHC-I deficient animals, impairments in RGCs
axonal terminals segregation are observed in the dLGN. Moreover, further studies indicated
that this phenomenon is phenocopied in PirB (MHC-I receptor) knockout mice with animals
displaying significantly increased dendritic spine number in both visual cortex and
hippocampus due to synaptic elimination deficits (Syken et al., 2006; Vidal et al., 2016;

Djurisic et al., 2019).

The classical complement component role in synaptic pruning has been better studied
since then. In a study conducted by Stevens et al. (2007), retinal ganglion cells, incubated with
immature astrocytes conditioned medium, showed increased gene expression of all three
complement component C1q subunits (namely, subunits A, B and C). Clq expression in the
brain is tightly controlled during development, peaking during synaptic remodeling critical
periods and being downregulated afterwards (Stevens et al., 2007). In addition, it was
demonstrated that both Clq and C3 (another complement factor, downstream of Clq in the
classical complement signaling cascade) tag inefficient synapses for elimination. When these
factors are knocked out in animal models, synaptic elimination is impaired, leading to excessive
accumulation of synaptic buttons and, hence, disturbed synaptic transmission (Schafer et al.,

2012). In addition, authors have shown that this phenomenon relies on sustained synaptic
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activity, since elevated synaptic elimination by microglial cells is observed in the dLGN of
animals that received intraocular tetrodotoxin injections. In this work, it was demonstrated that
C3 is recognized by microglia via its complement receptor 3 (CR3), which leads to further
engulfment of C3-tagged synapses (Schafer et al., 2012). Furthermore, recent data points to a
coupling of apoptotic-like mechanisms and complement-mediated synaptic elimination. It has
been shown that mitochondrial molecules can activate both caspase-2 and caspase-3, leading to
AMPA receptor internalization and phosphatidylserine exposure from the inner plasma
membrane leaflet. Upon exposure, C1q may bind to phosphatidylserine, tagging synapses for
elimination. In addition, this phospholipid can also be recognized by TREM?2, another
microglial receptor that has been shown to be involved in synaptic pruning. Finally, SRPX2, a
complement cascade inhibitor, has been shown to bind to Clq and act as a “don’t eat-me”
signal, thus, protecting tagged synapses from engulfment by microglia (Segawa et al., 2014;

Gyorfty et al., 2018; Scott-Hewitt et al., 2020; Faust et al., 2021).

Moreover, Paolicelli and colleagues (2011) demonstrated that animals deficient in
CX3CR1 (CX3CLI1 sole receptor), which in the CNS is expressed in microglial cells,
experience delayed synaptic refinement in the hippocampus. While in wild-type animals
synaptic elimination in the hippocampus is complete around post-natal day 15, in CX3CR1™
mice the number of dendritic spines only matches those observed for wild-type mice around
post-natal day 28. Even though dendritic spine density goes back to physiological levels later
in life, electrophysiological and behavioral alterations are long-lasting (Paolicelli et al., 2011;
Zhan et al., 2014). Recently, Gunner and others (2019) provided data indicating that
CX3CLI1/CX3CRI1 signaling is also necessary for synaptic refinement in the barrel cortex, an
event that also relies on the metalloproteinase ADAMI10 activity by promoting membrane-

tethered CX3CL1 cleavage and release in its soluble form.
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Additionally, the role of other immune system related molecules in synaptic elimination
have also been elucidated. For instance, Bjartmar et al. (2006) identified that animals without
neuronal pentraxins 1 and 2 and the neuronal pentraxin receptor display the same
electrophysiological deficits and impaired dLGN axonal terminal segregation deficits observed
in MHC-I knockout animals. Since neuronal pentraxins are proteins located at the synapses that
are homologous to the immune system pentraxins found in periphery, it was suggested that
these proteins opsonizes synapses tagged for elimination, leading to their phagocytosis by
microglial cells (Bjartmar et al., 2006). CD47 was also identified as playing a role in synaptic
elimination. This protein is part of the immunoglobulin superfamily and acts as a “don’t eat-
me” signal, preventing tagged synapses from engulfment by microglia. This protein is
preferably found at pre-synaptic terminals and interacts with the microglial receptor SIRPa,
thus preventing microglial phagocytosis (Lehrman et al., 2018). Also, IL-33, an IL-1 cytokine
family member, had its involvement in synaptic elimination suggested. This cytokine is
secreted by developing astrocytes and stimulates synaptic material uptake by microglial cells.
In that way, knockout animals for this cytokine were shown to display deficits in synaptic
elimination (Vainchtein et al., 2018). Notably, it was also demonstrated that astrocytes can
directly participate in synaptic elimination by engulfing synapses in a mechanism mediated via

MERTK and MEGF10 (Chung et al., 2013).

Taken together, these evidences indicate that synaptic pruning involves the participation
of several immune regulators and especially glial cells. Intriguingly, studies have also pointed
to synaptic pruning importance in other disorders, such as Alzheimer’s Disease, on which the
involvement of C1q and C3 complement components in synaptic loss, via increased microglial
phagocytosis, has been demonstrated (Chung et al., 2013). It is worth mentioning that synaptic
loss precedes neuronal cell death and correlates with cognitive decline in Alzheimer’s Disease.

Therefore, published data point that gene expression alterations of synaptic pruning related
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molecules, as well as the immune factors capable of modulating their expression, comprise
interesting targets to be investigated in the context of psychiatric disorders, such as

schizophrenia.

1.3. Risk factors and schizophrenia

Schizophrenia is widely recognized as a multifactorial disorder, on which a plethora of
genetic risk factors act cumulatively, making the affected individual susceptible to develop this
psychiatric illness (Schizophrenia Working Group of the Psychiatric Genomics, 2014; Muller
et al., 2015; Janoutova et al., 2016; Nimgaonkar ef al., 2017; Schrode et al., 2019; Hauberg et
al., 2020; Singh et al., 2022). Indeed, schizophrenia heritability, which is the degree to which
variation in a given trait can be explained by genetic factors, has been estimated in 80%,
highlighting the great impact of genetic risk factors in this disorder. However, without the
presence of risky environmental conditions, schizophrenia does not seem to develop, as seen
by a probability of around 13% for a parent with this illness passing it down to the offspring
(Janoutova et al., 2016; Nimgaonkar et al., 2017; Lipner et al., 2019). In that way, the “two-
hit” hypothesis poses that at least two environmental stressors are necessary for giving rise to
schizophrenia (FIGURE 2): the first one would trigger an inflammatory process around the
second trimester of pregnancy and could prime fetal glial cells to respond strongly later on in
life; the second stimulus would comprise a strong environmental stressor throughout post-natal
development, leading to an exaggerated response that could, then, trigger synaptic dysfunction
in susceptible individuals, possibly leading to excessive synaptic pruning (Muller et al., 2015;
Nimgaonkar et al., 2017; Lipner et al., 2019). Taking into consideration that prenatal maternal
stress, either due to maternal infection during pregnancy or other lifetime maternal stress, could
prompt the production of an elevated pro-inflammatory cytokine cascade that could later alter

neuronal connectivity in the unborn fetus, it would be interesting to investigate glial cells
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contribution, exposed to pro-inflammatory stimulants, in schizophrenia etiology (Muller et al.,

2015; Lipner et al., 2019).
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Figure 2 — The “two-hit” hypothesis of schizophrenia. The “two-hit” hypothesis of schizophrenia
poses that at least two environmental risk factors must be in place to lead susceptible individuals, bearing
several genetic risk factors, to fully develop the disease. The first “hit” would take place during the
second gestational trimester, triggering a strong proinflammatory or stress response that would
ultimately affect the unborn developing fetus, priming and altering its glial and neuronal cells later in
life. The second “hit” would happen during this individual post-natal life and lead to an exaggerated
response, permanently affecting brain development and triggering disease symptoms onset between
adolescence and early adulthood. Reference: (Lipner et al., 2019).

Regarding schizophrenia genetic variants that can increase a person’s susceptibility in
developing this disorder, it should be noted that almost none of them display high penetrance
and, individually, do not give rise to schizophrenia, exerting their effects in a convergent and
cumulative fashion. Among the main risk factors associated with schizophrenia, it is worth
mentioning those associated with synaptic connectivity, glutamatergic and dopaminergic
pathways and immunological response (Riley and Kendler, 2006; Bergen ef al., 2012; Wang et
al.,2015; Sekar et al., 2016; Schrode et al., 2019; Hauberg et al., 2020; Singh ef al., 2022). For
instance, Schrode and collaborators (2019) showed that gene expression activation/repression
using dCas9/CRISPR systems of four schizophrenia risk genes (FURIN, SNAP91, TSNARE
and CLCN?3) lead to pre- and post-synaptic abnormalities and impaired glutamatergic neuronal

transmission. Moreover, Singh and others (2022), upon analyzing ultra-rare coding variants,

which are very low frequency polymorphisms or mutations present in the general population
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that significantly elevates the chance for displaying a determined and often deleterious
phenotype, provided evidence supporting genetic association of the NMDA receptor subunit
GRIN2A and AMPA receptor subunit GRIA3 in schizophrenia. In this paper, authors pointed
these variants could lead to severe loss of function in those receptors’ subunits (either by protein
truncation or missense mutations). These protein coding changes could significantly impair
glutamatergic neurotransmission, strengthening the idea that glutamatergic system
abnormalities are central for explaining the synaptic dysfunction observed in this disorder
(Singh et al., 2022). In addition, Kim ef al. (2021) analyzed brain transcriptional co-expression
networks using C4A4 as seed and identified its negative association with synaptic pathways
differentially expressed genes, suggesting that synaptic disturbances, rather than the
complement cascade, is likely one of the driving forces for heightened genetic risk in

schizophrenia.

Interestingly, Sekar and others (2016), studying structural allelic variations centered at
the complement component C4 region of the extended MHC loci, verified that SNPs and high
copy numbers of the large C4A allele strongly associated with schizophrenia. In addition,
authors found these variations lead to elevated mRNA levels in schizophrenic brain post-
mortem samples. Moreover, authors also found that C4 colocalizes with synaptic markers.
Additionally, expression of both C4 isoforms (C4A and C4B) positively correlates with the
neuropil reduction observed in schizophrenic individuals (Prasad et al., 2018). Notably,
Sellgren et al. (2019) also showed a positive correlation between the number of C4A4 copies in
affected individuals and the degree of complement components deposition onto human-induced
pluripotent stem cells (hiPSC)-derived neurons, which, in turn, led to an increase in synaptic
material engulfment by microglial-like cells in vitro. It is still worth noting that polymorphisms

in the MHC-I loci, which is also associated with synaptic elimination, has been shown increase
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risk for developing schizophrenia (Schizophrenia Working Group of the Psychiatric Genomics,

2014; Sekar et al., 2016).

Remarkably, alterations in gene expression of other immune system molecules
associated with synaptic pruning in schizophrenia has been reported. For instance, Martins-De-
Souza et al. (2009) showed that SIRPa, CD47 receptor, is reduced in the pre-frontal cortex of
schizophrenic patients. This data is quite remarkable, as CD47/SIRPa signaling acts as a “don’t
eat-me” signal for microglia, thus preventing synaptic uptake. Moreover, a meta-analysis and
systematic review study conducted by Bergon et al. (2015) demonstrated that CX3CR1 levels
are diminished in both brain and blood samples of affected individuals. In addition, Ishizuka et
al. (2017) presented evidence indicating the existence of the CX3CR14%T as a risk factor for
schizophrenia in a Japanese patient’s cohort. According to authors, this variant can disturb
CX3CRI1 downstream signaling by rendering this receptor less stable in the cell membrane,

thus preventing CX3CL1/CX3CR1 proper signal propagation.

While the aforementioned studies have focused on immune factors associated with
synaptic elimination in schizophrenia, other studies have also shown pro-inflammatory
cytokines alterations in this disorder at both transcriptional and protein levels. Indeed, it has
been shown that TNF-a, IL-6, IL-12, TGF-B and the soluble TNF-a receptors 1 and 2 serum
levels are elevated in schizophrenic individuals (Watanabe et al., 2010; Fineberg and Ellman,
2013; Rodrigues-Amorim et al., 2018; Momtazmanesh et al., 2019; Mongan et al., 2020).
Meanwhile, augmented CXCL8 serum levels in pregnant women have been associated with
heightened risk for schizophrenia in the offspring later in life (Muller et al., 2015). Concerning,
IL-1pB, however, present data has been conflicting. While some studies indicated the existence
of genetic polymorphisms associated with this disorder and also elevated plasmatic and
transcriptional IL-1p levels in affected individuals, others have failed to replicate these findings

(Fineberg and Ellman, 2013; Wang et al., 2015; Momtazmanesh et al., 2019).
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1.4. Glial response to pro-inflammatory stimulation

As mentioned above, among the phenomena that could lead to alterations in the
expression of these immune modulators in schizophrenia, pre-natal infection can be highlighted
as a prominent and very important environmental risk factor. In that way, meta-analysis and
systematic reviews demonstrated that pathogenic infections during the second gestational
trimester by Rubella, Influenza and Herpes Simplex Viruses or Toxoplasma gondii intensifies
the risk for schizophrenia in the offspring. Taking into account the wide diversity of
pathological agents associated with schizophrenia and knowing that not all of them are capable
of crossing placenta, it has been suggested that their increased risk is actually mediated by pro-
inflammatory cytokine storm released upon maternal immune activation (Brown, 2006;

Fineberg and Ellman, 2013; Muller et al., 2015).

In that way, Mattei et al. (2017) carried out a maternal immune activation protocol using
animal models and found that microglia in the offspring display a long-lasting activation, which
is in line with previous brain imaging and post-mortem studies in schizophrenic patients
(Laskaris et al., 2016). Taking in consideration that microglial cells quickly respond to pro-
inflammatory insults (e.g., LPS, poly-I:C and peripherical cytokines), they may become
activated and respond by upregulating secretion of a wide range of immune factors, such as IL-
la, IL-1B, TNF-a, IL-6, IFN-y and complement component C1q (Liu et al., 2011; Liddelow et
al.,2017). Thereby, Liddelow and collaborators (2017) showed that activated microglia secrete
high levels of TNF-a, IL-1a and Clq, which, in turn, are capable of prompting quiescent
astrocytes activation into reactive Al astrocytes, whose phenotype is neurotoxic and can lead
to neuronal death, as well as synaptic degeneration. These reactive Al astrocytes promote
severe neuronal electrophysiological alterations triggered by synaptic loss, while also
producing elevated complement C3 levels, which might be involved in such synaptic

dysfunction.
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Additionally, pro-inflammatory cytokines derived from activated microglia were also
shown to induce gene expression of other immune modulators associated with synaptic pruning
signaling pathways. Indeed, it was verified that both TNF-a and IFN-y can induce CX3CL1
expression in human astrocytes (Yoshida et al, 2001). CX3CL1 is produced as a
transmembrane protein that can be shed from the plasma membrane by Cathepsin S and the
metalloproteinases ADAMI0 and ADAMI17 (Wolf et al., 2013). Moreover, both
metalloproteinases can also promote CX3CL1 proteolytic processing and release into its soluble
form under pro-inflammatory situations (Garton et al., 2001; O'sullivan et al., 2016).
Conversely, several other studies indicated that TNF-a, IL-1B, IL-6 and IFN-y can drive
classical complement components gene expression in cell culture systems and peripheric tissues
in in vivo models, such as Clq, C2, C3 and C4 (Laufer et al., 1997; Sheerin et al., 1997; Maranto
et al., 2008; Luo et al., 2011; Busch et al., 2013). Therefore, the investigation of astrocytes
involvement in synaptic elimination under pro-inflammatory conditions in schizophrenia would
comprise an interesting avenue of research to better elucidate the role of this glial cell in this

disorder.

1.5. Hypothesis

Despite several important functions of astrocytes in brain biology, including regulation
of synaptic plasticity, immune response, water metabolism, ion balance, release and uptake of
neurotransmitter, blood-brain barrier maintenance and regulation, among others (Sofroniew and
Vinters, 2010), very few studies employing hiPSC-derived astrocytes from schizophrenic
individuals have been carried out, as compared to studies using neurons. In one of such studies,
Windrem and others (2017) showed delayed and impaired proper astrocytes differentiation

using childhood onset schizophrenic patients cell lines.

In the present research, I have established in our laboratory protocols for generating

astrocytes from both healthy control and schizophrenic patients, differentiated from hiPSCs, to
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efficiently model schizophrenia, a disorder that has solely being described in humans. The use
of hiPSCs in neuroscience has been regarded as a major advance in understanding psychiatric
disorders offering greater advantages compared to currently employed animal models
(Brennand and Gage, 2011; Brennand et al., 2014). Due to hiPSC use, for example, Brennand
et al. (2011) were able to find that hiPSC-derived neurons from schizophrenic donors display

reduced neuronal connectivity.

In that way, in order to study the astrocytic role in synaptic elimination in
schizophrenia, hiPSC-derived astrocytes from both healthy control and schizophrenic donors
were generated in order to recapitulate the genetic complexity observed in this disorder, which
is not possible using animal models. In addition, these astrocytes were stimulated with TNF-a
to mimic one of the environmental risk factors capable of activating those cells upon
proinflammatory stimulation (e.g., maternal immune activation). In this work, I also aimed at
establishing an efficient in vitro synaptoneurosomal engulfment model to evaluate the effect of
soluble factors produced by schizophrenic patients-derived astrocytes in such phenomenon.
Surprisingly, it was shown here, for the first time, that SCZ astrocytes secreted factors actually
dampen synaptic material uptake by microglial-like cells, indicating that these glial cells can
promote significant biological alterations in synaptic biology driven by microglial cells in this

disorder.
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2. RESEARCH AIM AND OBJECTIVES

2.1. Aim

This research aims at investigating the role of hiPSC-derived astrocytes from
schizophrenic patients in synaptic elimination when subjected to pro-inflammatory stimulation

as a mean to modulate an environmental risk factor for schizophrenia.

2.2. Objectives

2.2.1. Analyze classical complement components and CX3CL1 expression in both
schizophrenic individual (SCZ) and healthy control (HCP) astrocytes after
stimulation with TNF-a;

2.2.2. Determine the contribution of the metalloproteinases ADAM10 and ADAM17
in CX3CL1 shedding in TNF-a-stimulated SCZ astrocytes;

2.2.3. Establish a reliable synaptoneurosomes engulfment assay to efficiently evaluate
the impact of SCZ astrocytes secreted factors in microglial-mediated synaptic
elimination;

2.2.4. Investigate the relative contribution of secreted CX3CL1 produced by TNF-a-
stimulated SCZ astrocytes in promoting synaptic material uptake by microglial-
like cells;

2.2.5. Identify possible molecular mechanisms related to microglial-like cells
irresponsiveness to secreted CX3CL1 produced by SCZ astrocytes;

2.2.6. Identify possible molecular mechanisms leading to reduced synaptoneurosomal
engulfment by microglial-like cells when exposed to SCZ astrocytes secreted

factors.
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3. MATERIALS AND METHODS

3.1. Ethics Statement

All experiments carried out throughout this work has been approved by UFMG
Institutional Review Board (COEP-UFMG; protocol number: 90424518.3.1001.5149) and
were executed following both Helsinki Declaration and National Health Council Resolution

466/12.
3.2. Neural Stem Cell Lines and Culture

Neural Stem Cells (NSCs) were generated from human-induced Pluripotent Stem Cells
(hiPSCs) as described by Yan et al. (2013). NSCs from both previously diagnosed
schizophrenic individuals (SCZ) and healthy controls subjects (HCP) were kindly provided by
Dr. Stevens K. Rehen (UFRJ/D’or Institute). All information regarding cell lines and donors
can be found in the SUPPLEMENTARY TABLE 1 (see SUPPLEMENTARY
MATERIAL). 2.5 x 10° NSCs (1.16 x 10° cells/cm?) were seeded in 60 mm dishes (Sarstedt,
83.3901), coated with 1% Geltrex (Gibco, 21103-049), as recommended by the manufacturer.
These cells were cultured in NSCs expansion media (NEM), comprised of 2 Advanced
DMEM/F12 (Gibco, 12634-010), 2 Neurobasal (Gibco, 21103-049), 2% Neural Induction
Supplement (Gibco, A1647801) and 1% penicillin-streptomycin (P/S; Gibco, 15410-122).
NSCs were kept at 37°C, 5% CO; atmosphere in a humidified incubator, with medium changes
carried out every other day, until reaching confluency 80-90%, when they were used for
downstream applications. All cell lines used in this study were screening for Mycoplasma spp
contamination, according to the protocol published by Molla Kazemiha et al. (2009), and only

Mycoplasma-free cell cultures were used in subsequent experiments (data not shown).

3.3. Astrocyte differentiation
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NSCs differentiation into astrocytes was carried out as described by Trindade et al.
(2020). Upon reaching 80-90% confluency, cells were washed twice with Phosphate-buffered
Solution without calcium and magnesium (PBS 1x”") and incubated for 5 min at 37°C with
Accutase Detachment Solution (Gibco, A1110501). After being completely detached, cell
suspension was collected in a conical 15 mL tube and centrifuged at 300 g for 4 min.
Supernatant was discarded and cells resuspended in Astrocytes Differentiation Medium
(ADM): DMEM/F12 (Gibco, 12400-024), 1% N-2 supplement (Gibco, 17502-048), 1% Heat-
inactivated Fetal Bovine Serum (FBS; Gibco, 12657-029) and 1% P/S. 1.25 x 10® NSCs (5.0 x
10* cells/cm?) were seeded in 25 cm? tissue culture flasks (Sarstedt, 83.3910.002), coated with
1% Geltrex, in ADM. Medium changes were performed every other day. Whenever
differentiating cells were close to reach 100% confluency, they were passaged (as already
described) to larger flasks, all coated with 1% Geltrex. After 3 weeks differentiating, immature
astrocytes were split 1:2 to 175 cm? tissue culture flasks (Sarstedt, 83.3912.002) coated with
0.5% Geltrex, and, after that, upon reaching > 90% confluency, to equal sized flasks without
Geltrex. This step is import to eliminate non-adherent undifferentiated cells. Furthermore, in
order to induce astrocytes maturation, medium was changed to Astrocytes Maturation Medium
(AMM), comprised of DMEM/F12, 10% FBS and 1% P/S. Cells were matured for 5 weeks and
medium changes were performed every 3-4 days. After this maturation period, astrocytes were
characterized by immunofluorescence for astrocytic markers (EAATI1, Vimentin, GFAP and
S100B) and used in further experiments (FIGURE 3). Cells were kept at 37°C, 5% CO:

atmosphere in a humidified incubator.
3.4. Mature astrocytes stimulation with TNF-a

After reaching 80-90% confluency, mature astrocytes monolayers were washed twice
with PBS 1x”~ and incubated with Trypsin/EDTA 0.125% solution (Gibco, 25200-072) at 37°C

for 5 min to detach. Afterwards, cells were collected in a 50 mL tube containing pre-warmed
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PBS 1x" and pelleted by centrifugation at 400 g for 5 min. The supernatant was discarded and
astrocytes resuspended in AMM, counted in the hemocytometer and plated at 1.2 x 10*
cells/cm? in either 6-well plates (Sarstedt, 83.3920.005) or 25 cm? tissue culture flasks. After 5
days in culture, cells were washed three times with PBS 1x”" to completely remove any FBS
trace and serum-starved for 24 h in DMEM/F12 with 1% P/S. After starvation, astrocytes were
stimulated for up to 24 h with 10 ng/mL Tumor Necrosis Factor a (TNF-a; Biolegend, 717904)
or its reagent diluent 0.1% Bovine Serum Albumin (BSA; Sigma, A7906) as non-stimulated
(N.S.) control. Once stimulation finished, astrocytes monolayer was either collected for total
RNA extraction using the TRIzol method (Thermo Fisher, 15596-018) as per manufacturer
instructions or lysed with RIPA Buffer (50 mM Tris, 150 nM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, pH 8.0) containing protease (Sigma, S8830) and phosphatase
inhibitors (0.1 mM NaVOs; Sigma, S6508) for 1 h on ice for total protein extraction.
Additionally, Astrocytes Conditioned Media (ACM) were also collected under sterile
conditions, clarified by centrifugation at 3000 g for 5 min to clear out cell debris, aliquoted on

ice and immediately frozen at -80 °C for further use.
3.5. Reverse transcription and quantitative Polymerase Chain Reaction (RT-qPCR)

Total RNA concentration was quantified and 1 pg used for reverse transcription in a
reaction mixture consisting of 15 ng/uL Random Primers (Thermo Fisher, 48190-011), 50 mM
Tris-HCI, 75 mM KCIl, 3 mM MgCl,, 625 uM dNTP (GE Healthcare, 28-4065-52), 10 uyM DTT
(Sigma, 43816) and reverse transcriptase in nuclease-free water. Reverse transcription reaction
conditions were the following: 70 °C for 10 min, 4 °C for 10 min, 42 °C for 60 min and 70 °C
for 15 min. The resulting cDNA was further diluted 1:10 in nuclease-free water and subjected
to quantitative PCR using Power SYBR Green PCR Master Mix (Applied Biosystems,
4367659) and 200 nM of forward and reverse primers (sequences available in

SUPPLEMENTARY TABLE 2) in QuantStudio 7 system (Applied Biosystems). Thermal
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cycling conditions were the following: 95 °C for 3 min; 40 cycles of 95 °C for 15 s, 60 °C for
15 s and 72 °C for 15 s; 95 °C for 15 s followed by melting curve analysis. Relative gene
expression of target genes was normalized by the average of housekeeping genes (RPLPO and

IPOS8) and calculated by the 22" method.
3.6. Enzyme-linked Immunosorbent Assay (ELISA)

5 days after being plated in 6-well plates as already described, astrocytes were pre-
treated with either 3 uM of ADAMI10 selective inhibitor GI254023X (Sigma, SML0789), 3 uM
of ADAM10/ADAM17 dual inhibitor GW280264X (Aobious, AOB3632) or vehicle (DMSO)
for 1 h before stimulation with 10 ng/mL TNF-a. 24 h after stimulation, ACMs were harvested
and clarified as already described and used to measure soluble CX3CL1 (sCX3CL1) levels by
ELISA (R&D Sytems, DY365), following manufacturer instructions. Briefly, capture antibody
was added to 96-well plates (Sarstedt, 83.3924.300) overnight at room temperature. In the
following day, capture antibody solution was removed and blocking solution (1% BSA) added
for 1 h at room temperature. Blocking solution was removed and wells incubated for 2 h at
room temperature with either CX3CLI1 standards or ACMs. ACMs were removed and detection
antibody added for 2 h at room temperature. After the detection antibody removal, Streptavidin-
HRP solution was added for 20 min, at room temperature and protected from light exposure;
then, this solution was replaced by 0.04% OPD (Thermo Fisher, 34005) solution for 30 min, at
room temperature and also protected from light exposure. Finally, 5.5% H>SO4 (Neon, 2629)
solution was added to each well to stop the chromogenic reaction and the plate immediately
read at 490 nm in the Multiskan GO plate reader (Thermo Fisher). Samples CX3CL1
concentration was determined by a formula derived from CX3CL1 best-fit standard curve.
Astrocytes monolayers of all lines were detached using Trypsin/EDTA 0.125% solution and

counted in a hemocytometer shortly after ACM harvest to normalize data by cell count.

3.7. Neuronal differentiation
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CF1 and CF2 NSCs differentiation in neurons was executed according to the protocol
described by Espuny-Camacho et al. (2013) with modifications. 2.5-5.0 x 10* NSCs/cm? were
seeded into 100 mm dishes (Sarstedt, 83.3902) coated with 0.001% poly-ornithine (Sigma,
P4957) and 3.3 pg/mL laminin (Thermo Fisher, 23017-015) or 13 mm round glass coverslips
(Knittel Glass), coated with 0.1% poly-ethylenimine (PEI; Sigma, P3143) and 2% Geltrex in
Default Defined Medium (DDM), comprised of DMEM/F12, 2% B-27 supplement (Gibco,
0080085SA), 1% N-2 supplement, 1% Glutamax (Gibco, 35050-061), 1% MEM non-essential
amino acids solution (Sigma, M7145), 1 mM Sodium Pyruvate (Sigma, S8636) , 0.1 mM f-
mercaptoethanol (Sigma, M3148), 0.5 mg/mL BSA, 200 ng/mL ascorbic acid (Sigma, A4544),
1 pg/mL laminin and 1% P/S. After 5 days and at day O of differentiation, half of the media
was replaced by Neurobasal/B7 media (Neurobasal, 2% B-27 supplement, 1% Glutamax, 200
ng/mL ascorbic acid, 1 pg/mL laminin and 1% P/S). Half of the media was changed by an
1sovolumetric mixture of DDM and Neurobasal/B27 media each 3-4 days until day 60 of
differentiation. At each 15 days of differentiation, bright field microscopic images were taken
using the EVOS FLoid Cell Imaging Station digital microscope (Thermo Fisher). At the end of
differentiation, neurons were stained for B-tubulin III, MAP2, S100p3, MBP, Synaptotagmin 2
(Syt 2) and PSD-95 for characterization or used for synaptoneurosomes isolation (FIGURE 9).
Throughout the whole differentiation, cells were maintained at 37°C, 5% CO2 in a humidified

incubator.
3.8. Synaptoneurosomes isolation

After reaching 60 days of differentiation, media was removed from CF1 and CF2
neuronal cultures and replaced by non-stimulated ACM from their isogenic counterparts for 24
h. Once this incubation was finished, synaptoneurosomes isolation were extracted as described
by Sellgren et al. (2017) with modifications. Media was thoroughly removed from neuronal

cultures and cell monolayers washed twice with ice-cold PBS 1x". Then, 1 mL/100 mm dish
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of ice-cold synaptoneurosomes extraction buffer (10 mM HEPES, 1 mM EDTA, 2 mM EGTA,
0.5 mM DTT and protease inhibitors, pH 7.0) (Villasana et al., 2006) was added and neuronal
cultures scraped. This cell suspension was transferred to 1.5 mL tubes and centrifuged at 1200
g for 10 min at 4 °C. The supernatant (homogenate) was transferred to a new 1.5 mL tube and
centrifuged at 15000 g for 20 min at 4 °C. Finally, the supernatant (cytosolic fraction) was
removed and pelleted synaptoneurosomes resuspended in the aforementioned buffer with 5%
DMSO (Sigma, D8418), being frozen at -80 °C until further use. Aliquots of the pelleted cell
debris (in RIPA buffer with protease inhibitors), homogenate, cytosolic fraction and
synaptoneurosomes were stored at -80 °C for further characterization by Western Blot
(Syntaxin 1, Homer and Vinculin) or freshly used for immunofluorescence staining (Syntaxin
1 and Homer) on glass coverslips previously coated with 50 pg/mL poly-D-lysine solution

(Sigma, P6407).
3.9. Peripheral Blood Mononuclear Cells (PBMCs) extraction from whole blood

Whole blood was drawn from a healthy control individual (male, 45 years old) in sterile
vacuum tubes containing sodium heparin and transferred to 50 mL conical tubes, where blood
was 1:1 diluted in PBS 1x7. This diluted blood was gently layered onto 10 mL Histopaque
1077 gradient (Sigma, 10771) and centrifuged at 900 g for 25 min, room temperature, with
acceleration and breaking settings turned off. After blood fractionation, PBMCs were collected
using a sterile plastic Pasteur pipette to a new 50 mL conical tube. Cell suspension volume was
completed to 50 mL with PBS 1x™", gently mixed by inversion and centrifuged at 400 g for 8
min at room temperature. Supernatant was discarded and this washing step repeated once more.
After centrifugation, PBMCs were resuspended and frozen in liquid nitrogen in FBS + 10%

DMSO solution.

3.10. PBMC:s differentiation in induced microglial-like cells (iMGs)
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PBMCs were differentiated in iMGs as described by Ohgidani ef al. (2014) and Sellgren
et al. (2017). 5.0 x 10° PBMCs/well (2.78 x 10° cells/cm?) or 4.0 x 10° PBMCs/well (4.21 x 103
cells/cm?) were plated in 1% Geltrex-coated 24-well (with or without glass coverslips) or 6-
well plates for synaptoneurosomes phagocytosis, immunofluorescence characterization or cell-
surface biotinylation assay, respectively, in RPMI 1640 (Gibco, 31800-022), supplemented
with 10% FBS and 1% P/S. In the following day, media was carefully removed and replaced
by iMG induction media (iMG-IM), comprised of RPMI 1640, 1% Glutamax, 100 ng/mL IL-
34 (Biolegend, 577906), 10 ng/mL GM-CSF (Biolegend, 572903) and 1% P/S. After 9 days
differentiating, media was removed, cells washed twice with RPMI 1640 to remove cell debris
and fresh iMG-IM added. iMGs with 10-14 days of differentiation were used for further
experiments. Throughout the differentiation, cells were kept at 37 °C, 5% CO> in a humidified

incubator.
3.11. Immunofluorescence staining

Astrocytes, neurons, iMGs and synaptoneurosomes were fixed for 15 min in 4%
buffered paraformaldehyde solution (Sigma, 158127). Afterwards, samples were permeabilized
in 0.3% Triton X-100 diluted in PBS (PBST) solution for 10 min and blocked in 2% BSA
solution (diluted in PBST) for 1 h at room temperature. After blocking, samples were incubated
overnight at 4 °C with the following primary antibodies: anti-GFAP (1:500, Dako, Z033401-
2), anti-Vimentin (1:2000, Abcam, ab92547), anti-EAAT1 (1:100, Abcam, ab416), anti-S1003
(1:500, Abcam, ab52642), anti-f tubulin III (1:500, Sigma, MAB1637), anti-MAP2 (1:500,
Sigma, M4403), anti-MBP (1:500, Abcam, ab7349), anti-Synaptotagmin 2 (1:100, DHSB, znp-
1), anti-PSD95 (1:500, Invitrogen, PA5-21274), anti-Syntaxin 1 (1:100, Santa Cruz, sc-12736),
anti-Homer (1:200, Santa Cruz, sc-8921), anti-CX3CL1 (1:1000, Abcam, ab25088), anti-
CX3CRI1 (1:500, Abcam, ab8021), anti-Ibal (1:750, Invitrogen, PA5-21274) and/or Anti-Pu.1

(1:200, Cell Signaling, 2258S). In the following day, primary antibody solution was removed
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and samples incubated with the following secondary antibodies and staining solutions for 1 h
at room temperature and protected from light: Alexa Fluor 488 Anti-Mouse IgG (1:400,
Invitrogen, A11001), Alexa Fluor 488 Anti-Rabbit IgG (1:400, Invitrogen, A11008), Alexa
Fluor 546 Anti-Rabbit IgG (1:300, Invitrogen, A11010), Alexa Fluor 555 Anti-Goat IgG
(1:500, Invitrogen, A21432), Alexa Fluor 546 Anti-Rat IgG (1:300, Invitrogen, A11081), Alexa
Fluor 633 Anti-Mouse IgG (1:500, Invitrogen, A21050), Alexa Fluor 633 Anti-Rabbit IgG
(1:500, Invitrogen, A21070), Rhodamine Phalloidin (1:500, Invitrogen, R415), Alexa Fluor 633
Phalloidin (1:1000, Invitrogen, A22284) and/or Hoechst (1:1000, Invitrogen, H3570). After
secondary antibody incubation, coverslips were mounted onto clean slides using Hydromount
(National Diagnostics, HS-106) overnight at room temperature and protected from light. Images
were captured using confocal laser microscopy in the Nikon A1 microscope (CGB, UFMQG).

Images were analyzed on F1JI/ImagelJ (v. 1.53q).

3.12. Synaptoneurosomes phagocytosis assay

3.12.1. Protocol standardization

Sellgren et al. (2017) and Byun and Chung (2018) protocols were used as basis to
establish a synaptoneurosomal phagocytosis protocol by iMGs exposed to ACMs. Firstly,
synaptoneurosomes concentration was measured by the Bradford method (Bio-Rad, 5000006)
and adjusted to 0.25 pg/uL with PBS 1x”". Synaptoneurosomes were labeled with either 2 pM
(Invitrogen, C7000) as per manufacturer instructions (5 min at 37 °C under agitation followed
by 15 min on ice while protected from light exposure) and resuspended in RPMI 1640 media
by pipetting up-and-down 50 times. Later, CM-Dil-labeled synaptoneurosomes were added at
increasing amounts into 24-well plates containing differentiated iMGs up to 24 h to identify the
best synaptoneurosomal density to be used in subsequent experiments: 0 pg/cm? (0 uL/well),
0.69 pg/cm? (5 uL/well), 1.04 pg/cm? (7.5 pL/well) and 1.38 pg/cm? (10 pL/well). Bright field

and RFP channel images were acquired at 1 h, 5 h and 24 h using EVOS FL Cell Imaging
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System (Thermo Fisher). After 24 h of incubation, iMGs were fixed with 4% buffered
paraformaldehyde solution, counterstained with Hoechst and Alexa Fluor 633 Phalloidin as

already described and visualized by confocal microscopy (FIGURE 13).
3.12.2. Synaptoneurosomes phagocytosis by iMGs incubated with ACMs

Fully differentiated iMGs were pre-treated for 1 h with 5 uM of the CX3CR1 antagonist
AZD8797 (Axon Med Chem, 2255) or vehicle (DMSO). Then, half of media was removed and
replenished by pooled ACMs (1:1 ratio); AZD8797 (or vehicle) was also added to bring its
concentration back to 5 uM. As controls, iMGs were incubated with either 0.1% BSA or 2
ng/mL recombinant human CX3CL1 (Biolegend, 583404), instead of ACM and without drug
pre-treatment. After 1 h of incubation with ACMs, 1.04 pg/cm? CM-Dil-labeled
synaptoneurosomes were added to each well, plate was gently shaken for thorough
homogenization and incubated for up to 24 h at 5% CO; and 37 °C in the Cytation 5 Cell
Imaging Multi-mode Reader (BioTek; CAPI/UFMG), on which four image sets (bright field
and RFP channel) were captured every two hours per well. Experiments were conducted at least
twice with two replicates each to ensure reproducibility. After 24 h, images were retrieved and
analyzed using a combination of the following open-source softwares: Fl1JI/Imagel] for
brightness/contrast adjustments and denoising, fastER (v. 1.3.5; (Hilsenbeck ef al., 2017)) for
cell segmentation and CellProfiler (v. 4.2.1; (Mcquin et al., 2018)) for single-cell phagocytic
index quantification. Phagocytic index was calculated as the ratio of the red object area (um?)

inside a given cell by its total cell area (um?).
3.13. Cell-Surface Biotinylation Assay

Half of the media of fully differentiated iMGs in 6-well plates were replaced by pooled
ACMs (1:1 ratio) and incubated for 24 h. After incubation, plates were immediately placed on

ice, media removed and cells washed once with sterile-filtered ice-cold Hanks’ Balanced Salt



38

Solution (HBSS; 1.26 mM CacCla, 5.33 mM KCl, 0.44 mM KH2PO4, 0.50 mM MgCly, 0.41 mM
MgS0O4, 138 mM NaCl, 4 mM NaHCOs3, 0.30 mM NaxHPO4 and 5.60 mM D-Glucose). Then,
HBSS was discarded and cells incubated with cold 1 mg/mL EZ Link Sulfo-NHS-SS-Biotin
(Thermo Fisher, 21331) prepared in HBSS for 1 h on ice. Biotin solution was removed, cells
washed once with cold 100 mM Glycine (Sigma, 50046) prepared in HBSS and incubated for
30 min on ice with 100 mM Glycine to quench biotin excess. This solution was removed, iMGs
washed once with ice-cold HBSS and lysed with RIPA buffer (supplemented with protease and
phosphatase inhibitors) on ice for 30 min. Lysates were transferred to a 1.5 mL tube, centrifuged
at 13000 rpm, 4 °C for 15 min, the supernatant transferred to a new tube and total protein
concentration measured by the BCA method (Thermo Fisher, 23225). 140 ug/sample of lysate
was transferred to a new 1.5 mL tube, volume adjusted to 250 uL with RIPA buffer and
incubated on ice under agitation with 100 pL. Neutravidin Agarose Beads (Thermo Fisher,
29200) for 1 h. Afterwards, agarose beads were pelleted by centrifugation at 2500 g, 4°C for 2
min, the non-biotinylated fraction (supernatant) transferred to new 1.5 mL tubes containing
Laemmli Buffer 6x (LB 6x) and frozen at -80°C. The biotinylated fraction (agarose beads)
was washed once with ice-cold 1 mL Triton buffer (25 mM HEPES, 300 mM NaCl, 1.5 mM
MgCl, 200 uM EDTA, 0.1% Triton X-100), spun down by centrifugation as described above
and washed once again with 1 mL ice-cold PBS 1x”". The supernatant was carefully removed,
50 uL LB 6x added to the beads, vortexed, spun down and heated at 50 °C for 10 min to elute

biotinylated proteins from agarose beads. Samples were stored at -80 °C until further use.
3.14. Western Blot

Astrocytes lysates (50 pg), synaptoneurosomes fractions (25 ng) and iMG cell-surface
biotinylated and non-biotinylated proteins were subjected to 10% SDS-PAGE. Proteins were
transferred to nitrocellulose membranes, blocked with 5% BSA diluted in Tris-buffered

Solution with 0.1% Tween 20 (Synth, T1028) (TBST) for 1 h at room temperature, followed
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by overnight (4 °C, under agitation) incubation with primary antibodies in 3% BSA (in TBST)
solution: anti-CX3CL1 (1:500, R&D Systems, MAB3651-100), anti-B-actin (1:5000, Sigma,
A5316), anti-Syntaxin 1 (1:200, Santa Cruz, sc-12736), anti-Homer (1:500, Santa Cruz, sc-
8921), anti-Vinculin (1:10000, Abcam, ab129002) or anti-CX3CR1 (1:2000, Abcam, ab8021).
In the following day, primary antibody solutions were removed and membranes incubated for
1 h at room temperature and agitation with secondary antibodies solutions in 3% free-fat milk
(Molico, Nestl¢) in TBST: HRP-conjugated anti-mouse IgG (1:2500, Millipore, AP308P),
HRP-conjugated anti-rabbit IgG (1:2500, Bio-Rad, 1706515) or HRP-conjugated anti-goat IgG
(1:2500, Santa Cruz, sc-2354). After secondary antibody incubation was finished, membranes
were washed with TBST, incubated for 5 min with ECL Plus Western Blot Detection Reagent
(GE Healthcare, RPN2232) or Immobilon Western Chemiluminescent HRP Substrate
(Millipore, WBKLS0500) for chemiluminescence detection using the ImageQuant LAS 4000
(GE Healthcare) platform. Bands quantification was carried out by densitometric analysis using
FIJI and expressed as the ratio of target and housekeeping proteins (B-actin or Vinculin) as

percentage of non-stimulated HCP astrocytes.

3.15. Inflammatory Score

Inflammatory Score (IS) for non-stimulated and TNF-a-stimulated HCP and SCZ
astrocyte samples was calculated as described by Daniele et al. (2014) from RT-qPCR data for
pro-inflammatory and modulatory factors (IL-la, IL-1p, IL-6, IL-33, Clq, C3, CCL5,
CX3CL1, CXCL8 and TNF-0) and anti-inflammatory cytokines (IL-1RA, IL-4 and IL-10).
Briefly, each immune factor was stratified into quintiles and samples assigned scores ranging
from 0 to 4, being 0 assigned for the lowest quintile and 4 to the highest one. If transcripts for
a given factor were not detected in a sample, a score of 0 was automatically assigned. IS for
each sample was then calculated as the sum of scores for all pro-inflammatory and modulatory

factors subtracted by the sum of scores of all anti-inflammatory cytokines.
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3.16. Statistical Analysis

Plots were generated using GraphPad Prism 9 software and statistics done in STATA
14. Unless otherwise stated in figure legends, statistical analysis carried out were Two-way
ANOVA, Three-way ANOVA or Multilevel mixed-effects linear regression (fit via Maximum
Likelihood), followed by Sidak’s multiple comparisons test. Significance level was set at 0.05
(o = 0.05). Outliers were analyzed and removed either by ROUT Test (Q = 1%) or Grubbs’

Outlier test (o = 0.05) as appropriate.
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4. RESULTS

4.1. HCP- and SCZ-derived NSCs can be differentiated in mature astrocytes

hiPSC-derived NSCs from both healthy control subjects (HCP) and schizophrenic
individuals (SCZ) were subjected to astrocytes differentiation protocol for 3 weeks, followed
by an additional 5-week maturation period (FIGURE 3). After maturation, cells were fixed and
stained for EAAT1, GFAP, Vimentin and S100pB. As it can be seen in FIGURE 4, both HCP
and SCZ astrocytes (in this representative figure represented by 79A and 61B astrocytes,

respectively) stained positive for all markers, thus confirming their identity as astrocytes

(Sofroniew and Vinters, 2010).
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Figure 3 — Astrocytes differentiation from NSCs. Schematics of astrocytes differentiation from NSCs
and their stimulation with TNF-a for evaluation of complement components and CX3CL1 by RT-qPCR

and subsequent validations of gene expression at the protein level.
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Figure 4 — Differentiated astrocytes characterization. Shown are representative images of HCP (79A
cell line) and SCZ astrocytes (61B cell line). Following differentiation and maturation for 5 weeks,
astrocytes were fixed and characterized by immunofluorescence staining for EAAT1, GFAP, S1008 and
Vimentin. Nuclei were counterstained with Hoechst (in blue). Scale bar = 200 pm.

4.2. SCZ astrocytes stimulated with TNF-a produce increased soluble CX3CL1

(sCX3CL1)

Mature HCP and SCZ astrocytes were stimulated with TNF-a for 1.5 h, 3 h,4.5h, 6 h
and 24 h in order to determine the mRNA expression kinetics of CX3CL1 and complement
components Clq, C3 and C4 by RT-qPCR (FIGURE 5). Gene expression changes were not
observed for C4 upon stimulation with TNF-a in both HCP and SCZ astrocytes, while Clq
expression was not detected in any condition analyzed. On the other hand, both C3 and
CX3CL1 mRNA levels were upregulated in a time-dependent manner in both HCP and SCZ
astrocytes. Interestingly, SCZ astrocytes displayed increased CX3CL1 mRNA levels compared
to that of HCP astrocytes upon TNF-a stimulation, while no differences were observed in the
case of complement component C3 (FIGURE 5). Since CX3CL1 protein presents two
biologically active forms (soluble and membrane-anchored) (Wolf et al., 2013), soluble
CX3CL1 (sCX3CL1) and non-secreted CX3CL1 (nsCX3CL1) levels were analyzed by ELISA

(FIGURE 6A) and Western Blot (FIGURES 6B-C), respectively.
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Figure 5 — SCZ astrocytes produce greater CX3CL1 mRNA levels than their HCP counterparts.
HCZ and SCZ astrocytes were stimulated with 10 ng/mL TNF-a during the indicated time-points and
complement components Clq (non-detected; data not shown), C3, C4 and CX3CL1 mRNA levels
analyzed by RT-qPCR. N = 5. Two-way ANOVA followed by Sidak’s multiple comparison test: * p <
0.05. Plotted data is represented by mean + SEM. Experiments were repeated at least twice and one
representative experiment is shown.

Notably, TNF-a stimulation leads to an increase in sCX3CLI, especially in SCZ
astrocytes, on which sCX3CL1 levels are greater than those observed for HCP astrocytes
stimulated with TNF-a (FIGURE 6A). On the contrary, nsCX3CL1 levels are unchanged

regardless of TNF-a stimulation or diagnostic group (FIGURES 6B-C).

In addition, in order to verify whether CX3CL1 would display altered cellular
localization due to either TNF-a stimulation or diagnostic, astrocytes were once again
stimulated for 24 h with TNF-a, fixed and stained for CX3CL1 and cortical actin (FIGURES
7A-B). Surprisingly, very few CX3CL1 puncta was located juxtaposed or above the cortical
actin cytoskeleton in all conditions and diagnostic groups analyzed. Moreover, upon close
inspection, it is possible to observe that, while CX3CL1 puncta were spread throughout the
whole cytoplasm, a substantial amount was confined around the perinuclear area, indicating
that the most likely source of nsCX3CL1 evaluated by Western Blot (FIGURE 6B) related to
what could be newly synthesized protein (perinuclear region) or proteins packaged into vesicles
scattered in the cytoplasm. Since CX3CL1 cellular distribution did not seem to be altered in
either HCP or SCZ astrocytes, regardless of their stimulation status, it is possible that the vast
majority of CX3CL1 produced upon stimulation with TNF-a are immediately cleaved and

released in its soluble form.
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Figure 6 — SCZ astrocytes produce greater sCX3CL1 protein levels than their HCP counterparts. (A) Astrocytes were pre-treated with ADAMI10
selective inhibitor (GI1254023X; 3 uM), ADAM10/17 dual inhibitor (GW280264X; 3 pM) or vehicle for 1 h and subsequently stimulated for 24 h with TNF-
a and sCX3CL1 levels in conditioned media analyzed by ELISA. N = 5. Three-way ANOVA followed by Sidak’s multiple comparison test. (B and C) HCP
and SCZ astrocytes were stimulated for 24 h with TNF-a and nsCX3CL1 levels analyzed by Western Blot. (B) Representative blot from HCP and SCZ
astrocytes showing nsCX3CL1 and B-actin protein bands; (C) Quantification by densitometry of blot shown in the left panel. nsCX3CL1 levels were
normalized by B-actin levels and expressed as percentage of non-stimulated HCP astrocytes. N = 5. Two-way ANOVA followed by Sidak’s multiple comparison
test. *** p < (0.001. Plotted data is represented by mean + SEM. Experiments were repeated at least twice and one representative experiment is shown.
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Figure 7—CX3CL1 cellular localization in HCP and SCZ astrocytes. (A and B) Immunofluorescent
staining for CX3CL1 (green) and actin (red) in N.S. and TNF-a-stimulated HCP and SCZ astrocytes.
Hoechst staining (nuclei in blue) was omitted in A for greater clarity. Images in B are orthogonal views
of z-stacks of insets (white dotted squares) in A. Scale bar =200 um.

4.3. ADAM10 and not ADAM17 is the main sheddase involved in CX3CL1 shedding

Since both ADAM10 and ADAM17 have been shown to cleave the membrane-anchored
CX3CL1 form, promoting its release to the extracellular milieu (Garton et al., 2001;
Hundhausen et al., 2003; Wolf et al., 2013; O'sullivan et al., 2016; Gunner et al., 2019), these
metalloproteinases transcript expression was analyzed in non-stimulated and stimulated HCP
and SCZ astrocytes for 24 h (FIGURE 8). Curiously, while ADAM10 mRNA was unchanged,
ADAM17 mRNA was upregulated exclusively in SCZ astrocytes stimulated with TNF-a. Thus,
in order to determine whether ADAM17 is involved in prompting increased sCX3CLI1 release,

astrocytes were pre-treated for 1 h with either ADAMI10 selective inhibitor (GI1254023X, 3 uM)
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or ADAM10/ADAMI17 dual inhibitor (GW280264X, 3 uM) before stimulation with TNF-a
and sCX3CL1 levels in Astrocytes Conditioned Media (ACMs) was analyzed by ELISA
(FIGURE 6A). Unexpectedly, pre-treatment with both inhibitors led to a marked decrease in
sCX3CL1 produced by SCZ astrocytes following TNF-a stimulation, restoring sCX3CLI1 to
non-stimulated HCP astrocytes levels. Therefore, this result suggests that ADAM10, but not
ADAMI17, is the main sheddase involved in SCX3CL1 shedding. Taken together, these data
indicate that the augmented sCX3CL1 levels observed in TNF-a-stimulated SCZ astrocytes is

a product of its mRNA upregulation compared to its HCP counterpart (FIGURE 5).
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Figure 8§ —- ADAM17, but not ADAM10, mRNA is elevated in TNF-a-stimulated SCZ astrocytes.
HCP and SCZ astrocytes were stimulated for 24 h with TNF-a and ADAM10 and ADAM17 mRNA
levels analyzed by RT-qPCR. N = 10. Two-way ANOVA followed by Sidak’s multiple comparison test.
** p < 0.01. Plotted data is represented by mean = SEM.

4.4. Characterization of hiPSC-derived neurons

As the CX3CL1/CX3CR1 pathway has been shown to partake in synaptic elimination
(Paolicelli et al., 2011; Gunner et al., 2019) in a mechanism dependent of microglial cells, I
sought to establish an in vitro synaptoneurosomal phagocytosis assay to elucidate whether
increased sCX3CL1 production by TNF-a-stimulated SCZ astrocytes would trigger greater
engulfment of synaptic material by human microglia. In that way, HCP NSCs (CF1 and CF2
lines) were differentiated in mature neurons as described by Espuny-Camacho et al. (2013),
with minor modifications (FIGURE 9). Throughout the first 30 days of differentiation, cells

expanded in number and displayed striking morphological changes, such as reduction of soma
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size while commencing neurite branching. In the last 30 days of differentiation, morphological
changes were less marked; however, neurite branching seemed to have increased, indicating

the existence of a larger connectivity network in cultured neurons (FIGURE 10A).

After 60 days of differentiating, neuronal cultures were fixed and characterized by
immunofluorescence staining. Neuronal cultures contained cells positive for B-tubulin III and
MAP2 markers, as well as some cells positive for S100B (astrocytes), but no MBP
(oligodendrocytes) positive cells, which is consistent with what was described by Espuny-

Camacho et al. (2013) (FIGURE 10B).

In addition, neurons positively stained for pre- and post-synaptic markers
(Synaptotagmin 2 and PSD-95, respectively) (FIGURE 10C). While pre-synaptic staining was
widespread, few post-synaptic puncta were observed. This is consistent with literature reports,
since post-synaptic structures take longer to mature in in vitro hiPSC-derived neuronal cultures
than pre-synaptic ones (Togo ef al., 2021). Nonetheless, the neuronal cultures generated were

considered mature enough for subsequent experiments and were used for synaptoneurosomal

isolation.
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Figure 9 — Neuronal differentiation from NSCs. Schematic representation of hiPSC-derived neurons
and their downstream applications, such as characterization by immunofluorescence and
synaptoneurosomal isolation
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Figure 10 — hiPSC-derived neurons display mature markers. (A) hiPSC-derived neurons display
striking morphological changes throughout differentiation. Bright field images were taken every 15
days of differentiation. Scale bar = 100 um. (B and C) After 60 days differentiating, neurons were
fixed and characterized by immunofluorescence staining. There are cells positive for mature
neuronal markers, such as B-tubulin III and MAP2 (green), as well as some S100B-positive cells
(red), but no MBP-positive (red) cells (B). In addition, 60 d neurons (phalloidin staining, magenta)
also stain positively for pre- (SYT 2, green) and post-synaptic (PSD-95, red) markers (C). Nuclei
was counterstained with Hoechst (blue).

Scale bar = 200 pm.
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4.5. Isolated synaptoneurosomes from hiPSC-derived neurons are enriched in pre-

and post-synaptic markers

After 60 days of differentiation, synaptoneurosomes were isolated from neuronal
cultures as described by Sellgren ef al. (2017). Fractions obtained during this procedure (pellet
containing cell debris, homogenate, cytosolic fraction and isolated synaptoneurosomes) were
characterized by Western Blot and immunofluorescence staining for pre- and post-synaptic

markers (FIGURE 11).

As it can be seen in Figures 11B-C, synaptoneurosomal isolates showed an increase in
both pre- and post-synaptic markers, Syntaxin 1 and Homer, respectively, while the cytoplasmic
predominant protein Vinculin was diminished. This data not only points out to the successful
isolation of synaptoneurosomes to be used in the synaptic engulfment assay, but also reinforces

that hiPSC-derived neurons used in this work possess functional synapses.
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Figure 11 — Synaptoneurosomes isolated from hiPSC-neurons are enriched in pre- and post-
synaptic markers. (A) Schematic representation of synaptoneurosomes isolation from hiPSC-derived
neurons. (B) Western blot of synaptoneurosomes preparation fractions indicating an enrichment in pre-
synaptic (Syntaxin 1) and post-synaptic (Homer) proteins in synaptoneurosomes. It is also possible to
observe a decrease in the cytoplasmic protein Vinculin in synaptoneurosomal isolates. (C)
Synaptoneurosomes were plated onto glass coverslips, fixed and stained for the pre-synaptic marker
Syntaxin 1 (STX 1, green) and the post-synaptic marker Homer (red). Scale bar = 100 pm.
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4.6. Induced microglial-like cells (iMGs) differentiated from PBMCs display

microglial markers

In order to establish a synaptoneurosomes phagocytosis assay, induced microglial-like
cells were differentiated from HCP PBMCs according to Ohgidani et al. (2014) and Sellgren et
al. (2017) protocols for up to 14 days in vitro (FIGURE 12A). As it can be seen in Figure 12B,
differentiating PBMCs started to display ramifications as soon as day 6 of differentiation. By
day 12, iMGs were fully ramified, resembling resting state, homeostatic microglial cells (Nayak
et al, 2014). Once differentiation was finished, cells were fixed and subjected to
characterization by immunofluorescence. iMGs displayed positive staining for the microglial

markers, CX3CR1, IBA1 and PU.1 (FIGURE 12C).
4.7. Synaptoneurosomes engulfment by iMG protocol standardization

With the aim to determine whether iMGs were capable of effective phagocytosis and to
establish the synaptoneurosomes engulfment protocol, iMGs were incubated with CM-Dil-
labeled synaptoneurosomes for up to 24 h with ascending amounts of isolated synaptic material
(0-1.38 pg/cm?). As it can be seen in Figure 13, iMGs effectively phagocytosed labeled
synaptoneurosomes, displaying the highest engulfment level at 24 h, compared to other time-
points (1 h and 5 h after synaptoneurosomes were added). Moreover, it was possible to verify
that addition of 1.04 pg/cm? of labeled synaptoneurosomes had the best cost-benefit, since its
visualization was bright enough even at earlier time-points to be seen inside the cells (5 h) at
lower magnifications, while 25% less synaptic material is used compared to incubation with
1.38 pg/cm? (FIGURE 13A). Finally, after performing z-stacking imaging, it could be easily
verified that phagocytosed synaptoneurosomes were located inside iMGs’ cytoplasm and not

attached to the cell surface (FIGURE 13B), indicating its complete engulfment.
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Figure 12 — Induced microglial-like cells (iMGs) characterization. (A) Schematic panel of PBMCs extraction from whole blood, their differentiation in
iMGs and proposed downstream use. (B) Differentiating PBMCs display short branches early during their differentiation into iMGs (day 6, left), culminating
in ramified microglial-like cells after differentiation day 10 (day 12, right),.

(C) After 12 days of differentiation, iMGs were fixed and stained for CX3CR1 (red, left), IBA1 (red, middle) and PU.1 (red, right). Nuclei was counterstained
with Hoechst (blue). Scale bar = 100 um.
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Figure 13 - Synaptoneurosomes engulfment by iMG protocol standardization. (A) CM-Dil-labeled
synaptoneurosomes were added at increasing amounts (0 pg/cm?, 0.69 ug/cm?, 1.04 ng/cm? and 1.38
ng/cm?) for up to 24 h. Images were taken at 1 h, 5 h and 24 h in both bright field and RFP
(synaptoneurosomes) channel. Scale bar = 200 um. (B) After 24 h of synaptic material engulfment,
iMGs were fixed and counterstained with phalloidin (green) for actin cytoskeleton visualization and
Hoechst (blue) and z-series image acquired. Scale bar = 100 pm.

4.8. Recombinant human CX3CL1 (rhCX3CL1) diminishes synaptic engulfment by

HCP iMGs

Intending to verify whether soluble CX3CL1 could trigger increased synaptic material
uptake by microglial cells, HCP iMGs were treated for 1 h with thCX3CL1 at a concentration
similar to that of TNF-a-stimulated SCZ Astrocytes Conditioned Media (ACM) (FIGURE 6A),
ie., 2 ng/mL, before addition of CM-Dil-labeled synaptoneurosomes. Bright field and

fluorescent live-images were taken every 2 h for up to 24 h and the phagocytic index quantified
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at the single-cell level (FIGURE 14). Surprisingly and contrary to in vivo literature reports
(Paolicelli et al., 2011; Gunner et al., 2019), in vitro thCX3CLI1 treatment led to diminished
synaptic material engulfment by HCP iMGs throughout the whole kinetics.
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Figure 14 — rhCX3CL1 treatment led to diminished synaptoneurosomal engulfment by HCP
iMGs. (A and B) HCP iMGs were incubated for 1 h with either vehicle (0.1% BSA) or thCX3CLI1 (2
ng/mL) prior to the addition of labeled synaptoneurosomes. (A) Data quantification; (B) representative
images at 24 h. N = 557-812. Scale bar = 100 um. Multilevel mixed-effects linear regression (fit via
Maximum Likelihood), followed by Sidak’s multiple comparisons test. *** p < 0.001. Plotted data is
represented by mean £ SEM.

4.9. HCP iMGs exposed to SCZ ACMs display decreased synaptoneurosomes

phagocytosis and are irresponsive to sCX3CL1

Taking in consideration that TNF-a-stimulated SCZ Astrocytes produce greater levels
of sCX3CL1 (FIGURE 6A), I sought to investigate whether this increased sCX3CL1
production would recapitulate the decreased synaptic material engulfment observed when HCP

iMGs were treated with hCX3CL1 (FIGURE 14). To do so, HCP iMGs were first pre-treated
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for 1 h with the CX3CR1 antagonist AZD8797 (5 uM). 1 h later, cells were incubated with non-
stimulated or stimulated ACMs for an extra hour before addition of CM-Dil-labeled
synaptoneurosomes for 24 h. Once again, images were captured at each 2 h and the phagocytic

index quantified at the single-cell level (FIGURE 15A).

As it can be seen in Figures 15B-C, pre-treatment with AZD8797 indeed recapitulated
the phenotype observed in Figure 14. When iMGs were exposed to non-stimulated HCP ACM
(N.S. HCP ACM), antagonizing the CX3CRI receptor increased synaptoneurosomal uptake.
On the other hand, when analyzing iMGs exposed to other ACMs (TNF-a-stimulated HCP
ACM (TNF-a HCP), non-stimulated (N.S. SCZ) or TNF-a-stimulated SCZ (TNF-o SCZ)
ACMs), the same phenomenon was not observed. While all these ACMs did lead to an even
greater reduction in synaptoneurosomal phagocytosis by iMGs, pre-treating these cells with the
CX3CRI1 antagonist did not rescue their phagocytic capacity to control levels. On the contrary,
iIMGs were actually irresponsive to this drug pre-treatment under such circumstances,

indicating an alteration in iMGs’ CX3CRI1 capacity to respond to the sCX3CL1.

Additionally, since synaptoneurosomes engulfment was significantly diminished when
iMGs are exposed to TNF-a HCP, N.S. SCZ and TNF-a SCZ ACMs compared to N.S. HCP
ACM, this data suggests that when subjected to acute proinflammatory stimulation, HCP
astrocytes mirror SCZ astrocytes with respect to synaptic material uptake. Finally, these data
also point to other unknown secreted factors present in TNF-a HCP, N.S. SCZ and TNF-a SCZ
ACMs capable of triggering a greater reduction in synaptoneurosomes phagocytosis by HCP
iMGs, as antagonizing CX3CR1 did not rescue synaptoneurosomes engulfment back to control
(N.S. HCP ACM) levels even in TNF-a SCZ ACM-exposed microglial cells, on which

sCX3CL1 was the highest (FIGURE 6A).
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Figure 15 — SCZ ACMs promote decreased synaptoneurosomal engulfment by HCP iMGs and
render them irresponsive to sCX3CL1. (A) Schematic representation of synaptoneurosomes
phagocytosis assay. HCP iMGs were first pre-treated for 1 h with AZD8797 and then exposed to ACMs
for another hour before CM-Dil labeled synaptoneurosomes addition. This experiment was carried out
for 24 h, on which the CX3CRI1 antagonist, ACMs and synaptoneurosomes were kept the whole time.
Live-imaging phagocytosis was performed and bright field and RFP (synaptoneurosomes) images
captured at each 2 h. Phagocytic index for each cell was quantified for all time-point images were
acquired. (B-C) HCP iMGs were pre-treated with AZD8797 (5 uM) for 1 h and exposed to ACMs 1 h
before addition of labeled synaptoneurosomes. (B) Representative images; (C) Data quantification.
N = 355 — 744. Scale bar = 100 um. Multilevel mixed-effects linear regression (fit via Maximum
Likelihood), followed by Sidak’s multiple comparisons test. Plotted data is represented by mean + SEM.
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4.10. SCZ astrocytes display a heightened pro-inflammatory profile upon

stimulation with TNF-a

Interestingly, data from the literature shows that CX3CR1 gets internalized from the
plasma membrane in peritoneal macrophages stimulated with Lipopolysaccharides (LPS),
leading to sepsis-induced immunoparalysis worsening in mouse model (Ge ef al., 2016). In this
work, authors showed that CX3CR1 internalization is dependent on Toll-like Receptor 4
(TLR4) and renders these cells irresponsive to its ligand (CX3CL1). It is worth noting that
several cytokine receptors, such as those for TNF-a, IL-1a, IL-1B, IL-6 and even CX3CLI1,
trigger signaling pathways with substantial overlap relative to TLR4 signaling cascade and
could lead to a similar phenotype in HCP iMGs exposed to TNF-a-stimulated ACMs (Palsson-
Mcdermott and O'neill, 2004; Weber et al., 2010; Luo and Zheng, 2016; Holbrook et al., 2019;

Cormican and Griffin, 2021).

In that way, both HCP and SCZ astrocytes were stimulated again with TNF-a for 24 h
and pro-inflammatory, modulatory and anti-inflammatory factors gene expression measured by
RT-qPCR (FIGURE 16A). Remarkably, TNF-a stimulation increased gene expression of most
pro-inflammatory and modulatory immune factors (TNF-a, IL-1a, IL-1B, IL6, C3, CCLS5,
CXCLS8 and CX3CL1), while gene expression of anti-inflammatory mediators (IL-1RA, IL-4
and IL-10) and IL-33 was not detected. Notably, TNF-a-stimulated SCZ astrocytes showed
higher expression of 5 out of 8 pro-inflammatory immune mediators (IL-1a, IL-1, IL-6, CCLS5
and CX3CL1) and a strong trend towards augmented TNF-a transcription, compared to TNF-

a-stimulated HCP astrocytes (FIGURE 16A).

Moreover, to verify whether SCZ astrocytes display a heightened pro-inflammatory
profile upon stimulation relative to their HCP counterparts, an Inflammatory Score (IS) based

on these immune factors gene expression data was calculated. Indeed, TNF-a-stimulated SCZ



58

astrocytes displayed a higher IS compared to that of stimulated HCP astrocytes, indicating the

former has a stronger pro-inflammatory profile than the latter (FIGURE 16B).
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Figure 16 — TNF-o-stimulated SCZ astrocytes display stronger pro-inflammatory profile than
HCP astrocytes. (A) HCP and SCZ astrocytes were stimulated with TNF-a (10 ng/mL) and pro-
inflammatory, modulatory and anti-inflammatory immune factors gene expression analyzed by RT-
gPCR. Data is shown only for detected transcripts. (B) Inflammatory score was calculated based on
gene expression data for detected genes. TNF-a stimulated SCZ astrocytes show a greater pro-
inflammatory profile compared to TNF-a stimulated HCP astrocytes. N = 8-10. Two-way ANOVA,
followed by Sidak’s multiple comparisons test. * p< 0.05; ** p < 0.01; *** p < 0.001. Plotted data is

represented by mean = SEM.
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4.11. Membrane-bound CX3CRI1 levels are decreased in HCP iMGs exposed to

SCZ ACMs

Finally, in order to check whether SCZ ACMs could lead to CX3CR1 internalization in
HCP iMGs, these cells were incubated with non-stimulated and stimulated ACMs for 24 h and
subjected to cell-surface biotinylation assay followed by Western Blot for both membrane-
bound and intracellular fractions of CX3CRI. As it can be seen in Figure 17, preliminary data
indicates that exposure to TNF-oo HCP ACM, N.S. SCZ ACM or TNF-a SCZ ACM led to a
trend of approximately 50% reduction in CX3CR1 plasma membrane expression, as compared
to iMGs exposed to N.S. HCP ACM. On the other hand, no difference was observed in CX3CR1
levels found intracellularly. Taken together, this and the above-described data show that HCP
iIMG cells are likely irresponsive to SCX3CL1 contained in N.S. and TNF-a SCZ ACMs as a
consequence of diminishment in membrane CX3CR1 (mCX3CRI1) content promoted by the
action of unknown soluble factors. Furthermore, HCP astrocytes are only able to mimic these

effects when subjected to stimulation with TNF-a.
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Figure 17 - Membrane CX3CR1 levels is decreased in iMGs incubated with SCZ ACMs while
intracellular levels remain unchanged. (A and B) HCP iMGs were incubated for 24 h with non-
stimulated (N.S.) and TNF-a stimulated ACMs, subjected to cell-surface biotinylation and Western
Blot for CX3CRI1 and Vinculin. Exposure to TNF-a HCP, N.S. SCZ and TNF-a SCZ ACMs leads to a
trend in reducing membrane CX3CR1 content relative to N.S. HCP ACM (A), while intracellular
CX3CR1 levels remain unaltered (B). (C) Data quantification of blots shown in A (/eff) and B (right).
N = 3. Two-way ANOVA, followed by Sidak’s multiple comparisons test. Plotted data is represented by
mean = SEM.
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5. DISCUSSION

In this study, it has been shown that upon TNF-a stimulation, SCZ astrocytes produce
higher levels of CX3CLI1 (both at the transcriptional and secreted protein levels) compared to
HCP astrocytes, while complement components C3 and C4 do not display significant changes
between groups. Furthermore, exposure of HCP induced microglial-like cells to ACM produced
by SCZ astrocytes (regardless of stimulation with TNF-a or not) leads to synaptic material
engulfment impairment, an event only mirrored by HCP astrocytes when stimulated with TNF-
a. Lastly, this work has indicated that, even though sCX3CLI1 production is greater in
stimulated SCZ ACM, iMGs are irresponsive to this molecule, as other secreted factors,
possibly from immunological origin, deplete its receptor (CX3CR1) from the plasma

membrane.

The data presented here helps to elucidate the role of glial cells in schizophrenia biology.
While synaptic pruning has long been hypothesized as a possible cause for this disorder
(Feinberg, 1982), only with recent advances in synaptic plasticity knowledge it has become
possible to gather evidence, either in support or against this hypothesis. In that way, research
has pointed that the classical component C4 (variant C4A) (Sekar et al., 2016), located in the
extended MHC loci, whose statistical association is the strongest for schizophrenia (Woo et al.,
2020), is a relevant risk factor for this disease. Additionally, in the same paper, Sekar and
colleagues (2016) showed that the mRNA of C4A variant is increased in schizophrenia patients’
brain, which could in turn promote higher complement deposition at synapses, targeting them
for elimination. Furthermore, other genetic evidence suggests that CSMDI1, a complement
component inhibitor known for causing C3 and C4 degradation (Escudero-Esparza et al., 2013),
is also associated with schizophrenia, on which patients bearing the risk “A” allele in the single-
nucleotide polymorphism (SNP) rs105032253 perform poorly in general cognitive and working

memory tests, both schizophrenia’s well-known symptoms (Koiliari et al., 2014). Also, C3 and
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C4 were found to be increased in schizophrenic patients serum compared to euthymic bipolar

disorder and healthy control subjects (Santos Soria et al., 2012).

Despite these evidences in favor of a prominent role of the classical complement cascade
in schizophrenia etiology, the present work suggests the absence of astrocytes contribution in
such phenomenon. Indeed, whether upon TNF-a or no stimulation, mRNA expression of C3
and C4 complement components does not differ between SCZ and HCP astrocytes (FIGURE
5). On the other hand, Sellgren et al. (2019) provided evidence that C4 risk variants associated
with schizophrenia promote more C3 deposition on neurons, thus triggering increased synaptic
engulfment by microglial-like cells. In addition, authors showed that these C4 risk variants
upregulate C4A expression in neurons. Taken together with data shown here, it seems that
complement components from neuronal origin, rather than astrocytes, partake in synaptic
elimination in schizophrenia. It is worth noting, however, that neither Sellgren et al. (2019) nor
this work evaluated if complement components produced by other glial cells (namely, microglia
or oligodendrocytes) play a role in synaptic elimination in schizophrenia. Therefore, whether
other glial cell types promote excessive synaptic pruning in this disorder via the classical

complement cascade remains unknown.

While this thesis indicates that astrocytes do not contribute directly to increased
complement component production and accumulation in schizophrenia, they could still be
involved in complement deposition on synapses indirectly. One possible way Clq may tag
synapses for elimination involves local apoptotic-like mechanisms (Gyorffy et al., 2018).
Gyorffy and collaborators (2018) showed that Clqg-tagged synapses colocalize with active
caspase-3 and that sensory deprivation increased both proteins colocalization in a mouse model.
Active caspase-3 usually leads to further activation of ATP11A and ATP11C flippases, which
in turn promote phosphatidylserine externalization from the inner plasma membrane leaflet

(Segawa et al., 2014; Sokolova et al., 2021). Interestingly, exposed phosphatidylserine has been
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shown to promote Clq binding and its local externalization is also implicated in synaptic
pruning by microglial cells (Paidassi ef al., 2008; Scott-Hewitt ez al., 2020). This work indicates
that SCZ astrocytes display greater production of TNF-a and IL-1 upon stimulation compared
to its HCP counterpart (FIGURE 10A). Remarkably, these cytokines have been shown to
induce caspase-3 activation (Nesic et al., 2001; Zhao et al., 2001) and, hence, could lead to
downstream accumulation of C1q at the synapses. Even though data presented here show that
incubation of iMG with SCZ ACM promotes reduced synaptic material engulfment, it is not
possible to disregard the above discussed hypothesis, since experimental procedures employed
in this thesis aimed at identifying the effects exerted by SCZ astrocytes secreted factors on
microglial cells phagocytosis. For instance, further experiments aiming at investigating whether
complement components gene expression is altered in neuronal cultures exposed to N.S. or
TNF-a SCZ ACMs could show if SCZ astrocytes indirectly impact Clq deposition onto

synapses.

Also, another manner astrocytes could promote complement components upregulation
in other cell types is via their gene expression regulation. Intriguingly, data from this work and
others (Li et al., 2011; Busch et al., 2013; Fukuoka et al., 2013; Lubbers et al., 2017) have
shown that cells in the CNS and in peripheric tissues display increased complement components
expression upon pro-inflammatory stimulation with LPS, TNF-a alone or in combination with
other immune modulators. In such extent, one could speculate that the augmented
proinflammatory profile exhibited by TNF-a stimulated SCZ astrocytes trigger complement
expression in other CNS cell types, such as neurons and microglia, which could, in turn, foster

synaptic elimination.

In the present thesis, it was also found that CX3CLI1, a chemokine well-known for its
involvement in synaptic elimination during development (Paolicelli et al., 2011; Gunner ef al.,

2019), is augmented in TNF-o-stimulated SCZ astrocytes, both at the transcriptional and
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secreted protein level, compared to HCP astrocytes. At the present moment, this is the first
study to point at a prominent involvement of astrocytes-derived CX3CL1 in schizophrenia.
While research using rodent models attempting to mimic the “two-hit” hypothesis of
schizophrenia have shown augmented CX3CL1 expression in poly I:C challenged offspring, in
the frontal cortex and hippocampus (Chamera et al., 2021), this work has not dissected the
source of elevated CX3CLI1 in the rat brain. Moreover, maternal immune activation animal
models are not specific to schizophrenia, having been used to study autism, attention deficit
hyperactivity disorder and depression as well (Massrali ef al., 2022). In that way, the use of
hiPSC-derived astrocytes from both HCP and SCZ individuals provides a clear advantage to
dissect both the role of this glial cell type and CX3CL1 in schizophrenia. In addition, since most
differentiation protocols have shown that hiPSC-derived astrocytes transcriptionally resemble
human fetal astrocytes (Tcw et al., 2017; Leventoux et al., 2020), data presented here may be
better translated to what takes place in utero in genetically predisposed fetuses exposed to pre-
natal stressors compared to previously employed models, such as post-mortem brain analysis.
Therefore, it can be suggested that the augmented sCX3CL1 levels secreted by SCZ astrocytes
upon pro-inflammatory stimulation, as observed in this work, may lead to yet to be elucidated

long-lasting consequences in the individual’s life.

Surprisingly, I found that treatment of microglial-like cells with recombinant human
CX3CL1 in vitro does not lead to enhanced synaptic engulfment (FIGURE 14), contrary to
what has been shown in the literature (Paolicelli et al., 2011; Gunner ef al., 2019). It could be
reasoned that these conflicting results are due to distinct functions exhibited by membrane-
bound and soluble CX3CLI, as observed in CX3CL1”" mice, on which transgenic expression
of each isoform was induced (Morganti et al., 2012; Winter et al., 2020). However, Gunner and
collaborators (2019) provided compelling evidence indicating that CX3CL1-driven synaptic

pruning in the somatosensory cortex is prevented upon ADAM10 pharmacological inhibition,
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mirroring their CX3CL1 and CX3CRI1 knockout mice findings. It is worth recalling that
ADAMIO is one of the metalloproteinases responsible by CX3CL1 shedding from the plasma
membrane both constitutively (Hundhausen ef al., 2003) and under proinflammatory conditions
(O'sullivan et al., 2016) (FIGURE 6A). Interestingly, evidence presented by Paolicelli et al.
(2011), Hoshiko et al. (2012) and Gunner ef al. (2019) clearly indicate that reduced microglial
influx into the hippocampus and the barrel cortex precedes synaptic pruning deficits in
CX3CR17" mice. While it is long known that CX3CL1 chemoattracts microglial cells via its
CX3CRI1 receptor (Wolf et al., 2013; Paolicelli et al., 2014; Sokolowski et al., 2014), it was
still not totally clear if this chemokine acted as an “eat-me” or “find-me” signal for synaptic
material engulfment. Data presented in this thesis argues against the former hypothesis, since
treatment with recombinant human CX3CL1 actually leads to diminished synaptoneurosomal
uptake by iMG, instead of stimulating this phenomenon (FIGURE 14). Remarkably,
Sokolowski ef al. (2014), using a combination of genetic tools and a model of ethanol-induced
neuronal apoptotic corpses phagocytosis, provided strong evidence in support for the “find-me”
role of CX3CL1 in mediating engulfment by microglial cells. During ethanol-induced
apoptosis, SCX3CLI1 is released by dying neurons, attracting microglial cells to the injury site.
Once there, microglial cells interact with apoptotic debris and engulf them; nonetheless, debris
clearance is greatly diminished in CX3CR1 knockout mice. In this work, Sokolowski and
colleagues (2014) showed that sCX3CL1, in reality, acts as a “find-me” signal, attracting
microglia to the injury site with a high precision, including guiding these cells to the apoptotic
corpses that need to be engulfed. Curiously, though, despite reduced microglial influx to the
injury site, those microglia capable of making contact with apoptotic bodies display normal
phagocytic capacity (Sokolowski et al., 2014). Altogether, CX3CL1 most likely acts as a “find-
me” signal directing microglial cells to those sites whereby pruning needs to take place without

tagging specific synapses for elimination. Additionally, the reduced synaptoneurosomal
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engulfment displayed by iMGs incubated with rhCX3CL1 in this work might reflect another
Fractalkine function upon microglial cells. It has been shown that CX3CL1 can also act as an
inhibitory signal, keeping microglia in a quiescent resting state, which could explain the
reduced synaptoneurosomal engulfment displayed by iMGs shown here (Biber et al., 2007;
Wolf et al., 2013). In the case of the paradigm employed in this thesis, microglia would not
need to move to the injury site, as synaptoneurosomes were added to the cultures as a whole,
making the “find-me” signal unnecessary. Thereby, the decrease in synaptic material uptake
observed upon treatment with exogenous CX3CL1 might simply reflect a microglial response
to this chemokine under physiological conditions, on which CX3CL1 acts as a tonic inhibitory
signal against microglial activation and, consequently, diminishing its basal phagocytic activity

(FIGURE 14).

In line with this evidence, iMGs treated with AZD8797, a CX3CR1 antagonist, and
exposed to non-stimulated HCP astrocytes conditioned media present augmented
synaptoneurosomes phagocytosis relative to vehicle-treated cells, indicating that sCX3CLI1,
even at the picogram/mL range, is able to dampen synaptic engulfment in vitro (FIGURES 6A
and 15B-C), under physiological conditions. Since TNF-a stimulated SCZ astrocytes secrete
greater amount of sSCX3CLI1, one would expect that synaptic material engulfment would be
reduced when healthy-control microglial cells are treated with its conditioned media due to
greater CX3CRI1 activation. Surprisingly, while synaptic material uptake by iMGs is indeed
diminished, blocking this receptor does not promote any changes in phagocytosis level relative
to vehicle-treated cells incubated with TNF-a SCZ ACM (FIGURE 9C). Moreover, this
phenomenon is also seen when iMGs are incubated with TNF-ao HCP ACM and non-stimulated
SCZ ACM. In that way, these data prompted the investigation of membrane CX3CRI1 levels in

microglial-like cells exposed to those astrocytes conditioned media.
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Interestingly, it was found that incubation of iMGs with TNF-a HCP, N.S. SCZ and
TNF-0 SCZ ACMs leads to around 50% reduction in CX3CR1 present at the plasma membrane,
compared to exposure to N.S. HCP ACM (FIGURE 11). Not only this data does provide a
reasonable explanation for iMGs irresponsiveness to CX3CL1 under such conditions, but also
it is in line with literature evidence regarding CX3CRI1 levels in schizophrenic individuals
(Bergon et al., 2015; Li et al., 2016; Fries et al., 2018). While these papers pointed to the
reduction of CX3CRI1 in blood mononuclear cells and post-mortem brain of schizophrenic
individuals at the transcriptional level, the present work is the first to date to show CX3CR1
decreased plasma membrane expression in cells resembling human brain microglia.
Furthermore, as schizophrenic patients iMGs do not show transcriptional and protein CX3CR1
alterations compared to their healthy-control counterparts (Ormel et al., 2020), this data
indicates that SCZ astrocytes (TNF-a-stimulated or not) secreted factors are required to
modulate mCX3CRI levels in microglial-like cells, a data only recapitulated by HCP astrocytes
when subjected to proinflammatory stimulation. Additionally, Ishizuka et al. (2017) carried out
coding exon-targeted resequencing of CX3CR1 in a Japanese cohort of schizophrenic and
autism-spectrum disorder patients and found a statistically significant association of both
disorders with the AS5T CX3CRI risk variant. Upon in silico and in vitro validation, authors
found this mutation destabilizes this receptor helix 8 conformation and its interaction with a
heterotrimeric G protein, disrupting CX3CL1/CX3CR1 downstream signaling cascade. Taken
together, these data show that both intrinsic genetic and external proinflammatory stimulation

on SCZ astrocytes can impair proper CX3CR1 signaling in microglial cells.

While not yet explored in the current study, literature data often indicate that CX3CR1
deficiency in the brain is quite detrimental. As already mentioned, deficits in synaptic
elimination, transmission and neuronal connectivity are observed in CX3CR1”" animals

(Paolicelli et al., 2011; Rogers et al., 2011; Hoshiko et al., 2012; Zhan et al., 2014; Gunner et
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al., 2019). These effects were shown to be long-lasting, leading to impaired Long-term
Potentiation (LTP) mediated by increased IL-1P secretion, motor learning deficits (Rogers et
al., 2011), defective social interaction and increased repetitive-behavior (Zhan et al., 2014).
Also, microglial CX3CR1 deficiency has been shown to affect dendritic spine dynamics in adult
new-born neurons in murine olfactory bulb (Reshef ez al., 2017). In this paper, authors indicated
that CX3CR1”7" mice have overall reduced spine density and size, as already demonstrated in
the aforementioned works; nonetheless, Reshef and others (2017) further provided evidence for
an impairment in synapses turnover ratio in knockout animals, i.e., in adult new-born neurons
fewer synapses are formed and lost. Thereby, disruption in microglial CX3CL1/CX3CR1
signaling in adult brain, past the usual critical developmental periods, may also lead to
diminished numbers of dendritic spines. While the present thesis aimed at evaluating synaptic
phagocytosis by iMGs using an acute model, it could be speculated that long-lasting mCX3CR1
reduction driven by SCZ astrocytes secreted factors might impair synaptic turnover in the long-

term, thus promoting a decrease in dendritic spine numbers in adult SCZ individuals.

CX3CLI1/CX3CR1 axis also play significant roles in modulating inflammatory response
and neurotoxicity. As already mentioned above, CX3CL1/CX3CR1 play important roles in
keeping microglial cells in their quiescent surveillant state (Biber et al., 2007; Wolf et al.,
2013). For instance, both CX3CL1"- and CX3CR1”" animals display increased TNF-a and IL-
6 levels during ethanol-induced apoptosis compared to wild-type animals (Sokolowski et al.,
2014). Consistently, microglial activation and pro-inflammatory cytokine production by LPS
was shown to be reduced by CX3CL1 (Zujovic et al., 2000; Mizuno et al., 2003; Cardona et
al., 2006; Lyons et al., 2009) and CX3CR 17~ microglia display increased neurotoxicity in LPS-
treated animals and in Parkinson’s disease and Amyotrophic Lateral Sclerosis mouse models
(Cardona et al., 2006). Conversely, LPS-activated microglia exhibit a pro-inflammatory profile,

which is accompanied by reduced CX3CR1 mRNA expression (Wynne et al., 2010; Inoue et
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al., 2021). Also, as mentioned earlier, LPS treatment stimulated CX3CR1 internalization in
peritoneal macrophages, an event dependent on TLR4 and that aggravated sepsis
immunoparalysis in mouse models (Ge ef al., 2016). In Alzheimer’s Disease mouse models,
for instance, CX3CR1 deficiency prompted neurotoxic accumulation of oligomeric amyloid 3,
severe neuritic dystrophy, loss of post-synaptic densities, neuronal loss, heightened ROS
metabolism and increased pro-inflammatory gene expression (Wolf et al., 2013; Pawelec et al.,
2020; Puntambekar et al., 2022). While a complete investigation of the CX3CL1/CX3CRI1 role
in schizophrenia is beyond the scope of this work, the reduction in mCX3CR1 observed in
iMGs exposed to SCZ ACM could have other deleterious effects in schizophrenia biology,
including a disturbed ability in keeping microglial cells at its resting state, rendering these cells
activated throughout the entire course of this disorder. This hypothesis is in line with clinical
data, whereby authors have shown increased microglial activation and reactivity in the brains

of affected individuals (Laskaris et al., 2016; Uranova et al., 2021).

In this work, I attempted to address the reasons encompassing the reduced mCX3CR1
in IMG cells incubated with SCZ ACMs. As described by Ge and others (2016), LPS
stimulation leads to CX3CRI1 internalization via TLR4. This receptor signals via two
independent mechanisms: MyD88-dependent (which occurs early) and MyD88-independent
mechanisms (via TRIF and TRAM adapter proteins). MyD88-dependent mechanism depends
on its interaction with Mal and leads to early activation of NF-xB, IRF3 and MAPK (via JNK
and p38) pathways, driving the expression of several pro-inflammatory genes. On the other
hand, late phase TLR4 signaling (MyD88 independent) rely on the adapter proteins TRIF and
TRAM, triggering activation of TRAF6 and TBK 1, ultimately driving gene expression also via

NF-«B and IRF3 (Palsson-Mcdermott and O'neill, 2004).

Remarkably, the downstream signaling cascade for receptors of some pro-inflammatory

cytokines, which have been shown to be increased in serological data from schizophrenic
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individuals or during maternal immune activation during pregnancy (Muller et al., 2015;
Mongan et al., 2020; Chamera et al., 2021), including TNF-a, IL-1 and IL-6, possesses
substantial overlap with signaling pathways downstream of TLR4 (Weber et al., 2010; Luo and
Zheng, 2016; Holbrook ef al., 2019). Among these signaling pathways, it is worth mentioning
NF-kB and MAPK, which is involved in promoting gene expression after stimulation with these
three aforementioned pro-inflammatory cytokines. Upon stimulation with TNF-a, it was
verified that both diagnostic group astrocytes display upregulated TNF-a, CX3CL1, C3, and
CXCLS8 mRNA levels, while SCZ astrocytes also show increased expression of IL-1a, IL-1,
IL-6 and CCL5 when stimulated (FIGURE 16A). Recently, data from Trindade and others
(2022), using the same experimental procedures and cell lines employed in the present thesis,
corroborated most of these results at the protein level. Surprisingly, authors also showed that
SCZ astrocytes already secrete higher levels of pro-inflammatory and modulatory cytokines
under non-stimulated conditions and also confirm that HCP astrocytes are only able to mirror
the pro-inflammatory profile of their SCZ counterparts upon stimulation with TNF-a. Together
with data presented here, it is feasible to suggest that this heightened pro-inflammatory cytokine
expression and secretion displayed by SCZ astrocytes (both at baseline levels and when
subjected to pro-inflammatory stimulation) might be responsible for triggering plasma
membrane CX3CRI internalization in iMGs exposed to SCZ ACMs. Moreover, it is also
possible to speculate about the existence of altered post-transcriptional and/or post-translational
mechanisms in non-stimulated SCZ astrocytes regulating pro-inflammatory cytokines
production, as Trindade and collaborators (2022) showed their increased secretion while my

data indicates their transcription remains at baseline levels.

This data can also be used to explain why synaptoneurosomal phagocytosis is reduced
in iIMGs exposed to either SCZ ACMs or TNF-a-stimulated HCP ACM. For instance,

proinflammatory cytokines (namely, TNF-o, IL-1p, IFN-y, MCP-1 and CD40L) have been
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shown to attenuate fluorospheres microglial phagocytosis induced by fibrillary amyloid B or
the complement component receptor 3, but not IgG stimulated phagocytosis (Koenigsknecht-
Talboo and Landreth, 2005). Also, Hickman et al. (2008) showed that IL-1p and TNF-a mRNA
expression in a Alzheimer’s Disease mouse model inversely correlates with Amyloid B
clearance by microglial cells. Moreover, authors validated this data by showing that microglial-
like cells stimulated with TNF-a display decreased amyloid 3 uptake. Based on this data, it can
be suggested that elevated SCZ astrocytes proinflammatory cytokines production evidenced by
this thesis and Trindade et al. (2022) are responsible for the impaired synaptic material

engulfment by HCP iMGs.

Nonetheless, the mechanism behind this event is still unclear. One route currently being
investigated by our laboratory relates to TREM2. TREM2 is a promiscuous transmembrane
receptor, solely expressed in microglia in the brain parenchyma, whose intracellular signal
propagation is carried out through the adaptor protein TYROBP, with downstream effects
including inhibition of pro-inflammatory cytokines and apoptosis-related gene expression, as
well as promotion of cell growth and phagocytosis (Walter, 2016). TREM?2 loss of function
mutations and risk variants have been associated with a wide range of neurodegenerative
diseases, including Frontotemporal Dementia, Nasu-Hakola Disease and Alzheimer’s Disease
(Walter, 2016; Carmona et al., 2018; Li and Zhang, 2018). Interestingly, it has been shown that
microglial TREM2 is necessary for proper synaptic elimination during early brain development,
as TREM2 knockout animals display an augmented dendritic spines number in hippocampal
neurons, which is accompanied by electrophysiological deficits, ultimately leading to abnormal
neuronal connectivity and socialization deficits, resembling those observed in autistic
individuals (Filipello et al., 2018). Curiously, TREM2 can be cleaved by both ADAM10 and
ADAMI17 at the H157-S158 peptide bond, prompting its ectodomain release from the

transmembrane stalk, which can further prevent its activation and constitutes one of its
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regulatory mechanisms (Feuerbach et al., 2017; Deczkowska et al., 2020). In that way, an
Alzheimer’s Disease-associated TREM2 coding variant found in the Han Chinese population
(H157Y) has been shown to lead to elevated ectodomain shedding by the ADAM
metalloproteinases family, reducing its cell surface full-length expression, ultimately

dampening TREM2-dependent phagocytosis (Schlepckow et al., 2017).

While no TREM2 risk variants have been reported for schizophrenia to date, this work
and Trindade et al. (2022) have shown that: (1) SCZ astrocytes possess elevated pro-
inflammatory profile expression, either under non-stimulated or TNF-a stimulated conditions;
and (2) TNF-a stimulated SCZ astrocytes display upregulated ADAM17 mRNA expression,
relative to its HCP counterpart (FIGURE 8). In addition, Yang et al. (2020) have indicated that
ADAMI10 and ADAMI17 display enhanced sheddase activity upon pro-inflammatory
conditions; meanwhile, Liu et al. (2020) provided data indicating that TREM2 is
transcriptionally suppressed in microglia subjected to LPS stimulation. Taken together, these
evidences indicate a favorable scenario for explaining the impaired synaptoneurosomal
engulfment by iMGs exposed to SCZ ACMs, whereby its increased pro-inflammatory
cytokines secretion could dampen TREM2 gene expression and at the same time stimulate its
ectodomain shedding via ADAM10/ADAM17. In case either one of these two mechanisms is
in place (or even both), membrane TREM?2 levels would be greatly diminished and could

dampen synaptic material uptake by microglial cells.
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6. CONCLUSION

In this study, hiPSC-derived astrocytes from both HCP and SCZ astrocytes were used
to model the effect of proinflammatory stimulation, similar to what would be observed in pre-
natal infection, on synaptic engulfment by microglial cells, an event that is suggested to be
exaggerated in schizophrenia, peaking between adolescence and early adulthood in the most
affected brain regions and is termed to be highly associated to this disorder neurodevelopmental
alterations. Additionally, in order to understand which secreted factors produced by astrocytes
could be involved in this phenomenon in schizophrenia, this work investigated complement
component Clq, C3 and C4 and CX3CLI1 production by hiPSC-derived astrocytes upon TNF-

a stimulation, immune modulators well known for their role in synaptic pruning.

The results presented here indicate that CX3CL1 mRNA and its secreted protein form
is indeed elevated in TNF-a stimulated SCZ astrocytes compared to HCP astrocytes and that
its secretion depends mainly on ADAMI10 sheddase activity. Astonishingly, when healthy-
control induced microglial-like cells were incubated with SCZ astrocytes conditioned media
and synaptoneurosomes, synaptic material uptake was impaired compared to non-stimulated
HCP astrocytes. Moreover, the augmented sCX3CL1 levels observed in TNF-a SCZ astrocytes
do not contribute to the synaptoneurosomal impaired phagocytosis, since iMGs exposed to its
secreted factors were shown to downregulate membrane-bound CX3CRI, rendering them
irresponsive to CX3CL1 stimulation. Finally, aiming at understanding the reasons
encompassing disturbed synaptic material uptake by HCP iMGs exposed to SCZ astrocytes
conditioned media, the inflammatory profile of stimulated HCP and SCZ astrocytes were
evaluated. Data found here show that stimulated SCZ astrocytes display elevated
proinflammatory profile compared to HCP astrocytes, which might be able to explain the

phenomena described above.
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8. SUPPLEMENTARY MATERIAL

SUPPLEMENTARY TABLE 1 — hiPSC-derived NSC Cell Lines Donor data

Cell Line Diagnostic Age | Sex | Parental Cell Line Source
CF1 HCP 37 M Fibroblast In-house
reprogrammed
(Sendai Virus)
CF2 HCP 31 M Fibroblast In-house
reprogrammed
(Sendai Virus)
ADHD?2 HCP 31 M Urinary Epithelium In-house
reprogrammed
(Sendai Virus)
79A HCP 36 F Fibroblast Coriell Institute
C15 HCP 16 Urinary Epithelium In-house
reprogrammed
(Sendai Virus)
60B SCZ (paranoid) | 26 M Fibroblast Coriell Institute
61B SCZ 27 F Fibroblast Coriell Institute
(schizoaffective
disorder)
62B SCZ (paranoid) | 23 M Fibroblast Coriell Institute
EZQ3 SCZ 45 M Fibroblast In-house
reprogrammed
(Sendai Virus)
EZQ4 SCZ (paranoid) | 45 M Fibroblast In-house
reprogrammed

(Sendai Virus)

106



107

SUPPLEMENTARY TABLE 2 -qPCR Primer Sequences

Target
Gene Forward Sequence Reverse Sequence
CX3CL1 CGGTGTGACGAAATGCAACA CTCCAAGATGATTGCGCGTT
Clq AGGTGAGGAGGGCAGATACA TTGCCAGTGCTCGTGTCATA
C3 CTGCCCAGTTTCGAGGTCAT CGAGCCATCCTCAATCGGAA
C4 TTCCGCAGTACCCAAGACAC TGGGACTTGAACCCATTCCG
ADAMI10 ATGGATTGTGGCTCATTGGT TGCCTGGAAGTGGTTTAGGA
ADAM17 CTGTGGTGCAAAAGCAGAAA TGCCAAATGCCTCATATTCA
TNF-a CTGCACTTTGGAGTGATCGG TGAGGGTTTGCTACAACATGGG
IL-1a AGATGCCTGAGATACCCAAAACC | CCAAGCACACCCAGTAGTCT
IL-1B CACGATGCACCTGTACGATCA GTTGCTCCATATCCTGTCCCT
IL-1IRA | ATGGAGGGAAGATGTGCCTGTC | GTCCTGCTTTCTGTTCTCGCTC
IL-4 CCGTAACAGACATCTTTGCTGCC | GAGTGTCCTTCTCATGGTGGCT
IL-6 AGAGGCACTGGCAGAAAAC TGCAGGAACTGGATCAGGAC
IL-10 TTCCATTCCAAGCCTGACCA ATTTGTAGCAGTTAGGAAGCCC
IL-33 GTGACGGTGTTGATGGTAAGAT | AGCTCCACAGAGTGTTCCTTG
CCL5 CCATATTCCTCGGACACCAC TTTCGGGTGACAAAGACGAC
CXCL8 GAGAGTGATTGAGAGTGGAC GAATTCTCAGCCCTCTTCAAA
[POS TCCGAACTATTATCGACAGGACC | GTTCAAAGAGCCGAGCTACAA
RPLPO TTAAACCCTGCGTGGCAATC ATCTGCTTGGAGCCCACATT
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do comphememio. Alm diessy, o mala condiclonads das IMGe de individuos com DA, DH & ssquizofrenia
sl adicionado a esirbclaos darivedon da ciulss-ronco neurale {N3Ca) de pessoas saudivels oom o
ohjethva de averiguar an fakres produridos peles NG serlam capazes de Induzir & raatividede Senmes
snirdciow. Roullnabo arda o co-culiun de MGe doe diversos pecerios com nourtnios derthaxdon do NSCe
visardo svallar 3s MG darhvades dessas peciemias sarlam oepaoss de promover Um BuTHeTD de poda

sindptca, quando comparadn IMGs de Individung contnoks.

Objative da Pasculsa:

OBJETTVO GERAL: Avallar o papol dis microgiias doruadas do pachontol com doonga da Alhelmer,
dosnca da Hundington m ssquircienis na neucinfiamacio, neurndegsnerapiic a poda sindplios.
QRJETIVOS ESPECIFICOS:
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1. Dwenciar & caactotaar misroglas nduziias (MG & part do FEMGe ds ndividuos sauddvols
{porrolsa’ & panieniss acometidow pais donrge de Alrbairmer {DA), doarge da Huringlon (DH] &

s izolrania (GCF).

Z Averiguer B sxprosslo de ciccines pré-inlemativiee, entHnfamaidiss, quimicocings o Eiores do
oompiamanin nes IMGCa dos paslamss som DA, DH & SCZ (narls Otimn oses, arimuladss oom THF-).

3. Invoatiger a capacidads de mela condiclonads das IMGe ds indhiducs com DA » DH am Induzr &
raniivideds ds awinSchos derdvedos de célussironoo neurals (NSCa) du pssscas saudivels.

d. Verificar oa nivals da sxpressdic da chocines & fatores do compemants am IMGs da controles &
koot i el 0 rrlo Sonmdlckonmds de aolrdckon subsmetidon & sslirvulo com THF- [10 ngimlL),
bam oomo & capsaldeds dex IMGs am promover & poda sindptos ds naurénics necies dmunstinoles.

5. Datarminer e a co-cultura o8 IMGs doe dversos pacienios com reurinioes dervados de NG promovs
um aurmentc da pode siniplics, quandas compardo IMGe ds individuos controle.

Jovalagks don Risoon & BaneiTolos:

Rlacxon:

A polstn don dedos dos volunbirios saudivels o paciamies sa derd rirevls: de [vrs consant manta dos
M, $a0E0 m Imkarrnac e coliimdan mantid e ach algho pels pasquinad oras snvohico,
rvaguardando o ancnimaio dos participerise w feculisndo-hee, & quaiquer momento, sua el mede da.
partoipagin neats projain de pesquiss. An fim do masmo, os dardos colsisdos nos formuliirios ansxados
SOIE0 Gotru 0w Ap5e @ Concitdo dosts: Projoit S0 poaguied & pUblkcacdo o dadkl Molo vitido. Em
reiacio i colwia do sangun destes Individuos, 1 meama sard reslbade por profssionals reinadon na reine
i inhormtiirins de el oiinican sy de CUNCSC vannow am condioses ansiptices, imorands daccs
mirimos padinonion @ roting do il eBoraicriake. Todss il madidas. vdiam minimioir qus ks
risons ineranina sox parkc pantss nesis
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prejots,
Banefialos:

Ente prodata da pessopims nfia trand banedTeios imesdiatey aok vol i ey sauddsls o paclartss. Confudo, o
rasulisdos nole obtidos, poderko per ulliizados futuremenis coma base da conhscimonio para o
desarnvoivimants de noves sairskipise tempiutinas qus Vaam malhorar & condiols de vida doa Indvicduna
afwtadon reslan dosir:as aaludadas.

Comenbirion » Conniderncian sohre o Pescpian:

Projoin roknaatis s drdl do Clorcis Biologica o da Badds, wod-tros oo il
Bloguimioa/Naurcoll nolas.

& hipdbeen aprasenisdes & qus o desarmehvinents de culura de micmpies indurkdes (WGs) a perir de
PEMCa da iIncividuos asudivela » pacienies acomatidos pela dosnca de Alzhaimer, dosnga de Huntingicn &
saquizoiranis nk parmiir & alucicdeplc dos mecanis mos ssanoadeadox pale sthvaglio micogiial neaass
paiologhae, Prommverta nourolniamesio, hoUndagonoracdd o poda sindptica cbecorieada.

Tamanho du amasire: O nilmaro de ceson (s conssquarisments de coniroles) senl deperdenis da
dinpankbilands don pacherien atandidan no Hoopital dan Ciinkoan de LFWEG palon mibdicon, Pral. Or. Radign
Micolaho (e oo i SCZ o DAY & Prof. Dr. Franchess Curdoms: {no tomt 38 DHY A sepachathe & qus
oonalgam wh 2C osans & 20 sommiax.

ETAPAS DA PESOLISA

1. Colsln du daxdon dow participanies cda pescuisa.

2. Colale do mangus, prooassamanto & putiosgla dan PEMECA.

3. Cullhvd o difovencicio cos PEMCE orm MG,

4, Exparimantos com IMGa (soqpressin de cicoinex, quimicaines = fsiores do camplamerio; satimulsplic
oM nplos condiclonady; snsaln da pode sindptica ).

€. Aniilas dos dadow.

Previaiin da lrming do projain: 3142520440,

AProbeita Cronognans o6 ccuco & Proviedo du cUsIo TGN,

Conslderagfiss sohme oo Termos de spreaaniagie obrigatirie:
Ow Tormmcs owtho adequidon o U apnser oo, formm arreaion:
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rformactos Baskam do projobe:

-Frojeio aompieta;

eclamcin RM (Anubncia da Depto ca S4ude Mental) FMAUFIAG;

-Dodarsgio FC (Anudncla do Barvigo Eapacial de Nourciogia) HCRFMO;

-Daclamgln de Anudcla da Gardnda da Pasquisa da Ensiro & Pasquisa do HCAFAG;

-Pamschr Consubatarciads da Climan do Departantents & Baquimics » munalogha do RCEAIFAS;

-TCLE Pademis;

=TCLE Controls;

-Folta oo Rowto,

=Carta Resposis dx dliiginoles spomisdas por asts CEP, zollohandn inolslmemis oonz/ard-es, spszar do
b o reapoata |4 tar aldo axplria;

JAsiiicamon o isrmos resporddkio da diigincias por e lmmos recebikdo qualquer noificegiio por smal
20bre m1 pandinoias a saram neschizian

Rebrcoikich S reoconva ol |kaciss:

- Favor adequar o namemn de paolaniss 2 ser svalisdo ncs objslivox das Informagise bisicss do prmjeio
{aprcadmacamants 20 cesaon ¢ 15 contrala} com & descrichn & ndnena da Indkfducs no meama formuliio
carca do 105 w na folha de rowtc 150:

Raaposta: O nimam da oomiroles ne seeslo Masiodoiogs proposie” ol sHemdo da 16 pare 1. Tambdm fol
ajusiaic o “tenaho amostsl no Brasl® de 105 para 120, Em conclusdo, pretandarmos. utiizar 20 conirolos
(00 no botal).

~Aprprigr uentinndric oo pergusmine notasdonms (rus inforrnaciey bisices da projeto)

Rosposin: Ax pergunise norisadorse foram sdicionades na miging 10 do projeio {informacias bimlcas do
projato].

Mo TCLE:

= Comagar o TCLE sm forma de cards comdia;

= Imbarmar oncls. on dedon don quastiondeon sk guardadon & por qusmic tampo skl a desinichn;

- Acrepconiar qus ‘O patidparts & o pasquisador sesireBs duss viae kgual, Toands uma v sorm 0
parlopanis & & ouira som o pasquissdor”;

= Fawor deboar noads clare na redacio do TCLE, qualde siia o riscns insrantss & colsim de Sangue » da Coleta
du dedow dow pachie ¥ qualy ou procadimenios 3 sem omados pam. minimizer ssses riscon.

Rasposta: Todas as akerapias forem realbedar noc TCLE, aando qua uma nova varslo do TCLE fol
armads & Plataforme Brasll. Ay modficacios ne TGLE oailld subiinhode om ameke,
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Funnomarscingfine:

Raocomerda-se @ Bl do projok do pobdguiss, Ko ontankd solkiia-so sones um ajusto nos TCLES,
Iniplado-ors oom oarte oonvits Vool sshl sande oomvidede a partiolpar dests pesquiss._.".

Conohmfes ou Perddinolss & Lists da Insdesuuapfias:

Conekdornrdo-se Qo tades wi JEINCIHN provianonto vankadss Tranm aietdides polol propnentos, S
oy favorisl & aprovacho do projein Thulo da Pesquisarwesiigeacho do papsl de oblules microglis-lke
Inchuriden (MG} na finlopatalogla da doancss neuraligicas.

Puequisedar Resporssivel: FABIOLA MARA RIBEIRG.

Consideragfiss Finsln a aritdric do CE

Tondds am viwta a loglolagds vigants (Rowolugho GNY 4588M12), o CEPUFMG resomenda aod
Peacuisadarss: comunicar incde & quaiquer shemglic do prolsio 1 do o da consantimaric vis smands ne
Plataforma Brall, Informar (need|atanssied quakjuer swants. ach md otomida durants o dasamabinmemia da
poequise {via documenial encaminheda em papal), apresentsr e foma do nolificegic relabbrios parclale do
andamanto do masmo & cada 08 [ssls) mexes & so thrmino de pesquise snoaminher & exta Comitk um
oumdrio dos resuliados do projolo (rolatirks dnal).

mmmmum“mmmm

[ Tipo Ducumanio | F'HI?I'I’I Aulor Shuagin
Imormacim Birican| WE mlmjo_l’ MAN2C13 Acelio
doProfety | 14558 | _
Racurso Ansomde | Carts Resposts pdf MHM2C1E | FABKOLA MARA Acelin
polo Pesquisgdor | 141532 IRBEIRD
Projuio Cuinhado /! | ProjeioCOEF201 8 pdf MH2012 | FABKOLA MARA Acelin
Brochwm 14:1438 |RIBEIRO
| imvasliondor —_— - —
TCLE/Tamos de | TCLE_conmirole. paf MAX2C13 |PABLO LEAL Acelin
Assontiments f 141117 |CARDOZD
Jusifioarthve e
| Ausioc N _ I I
TCLEfTermosde | TCLE_pacheris pdr MHN2C1E |PABLO LEAL Acelin
Assantiments f 141036 | CARDOZD
Jusdifl ot de
| Ausioc _ N I I _
Daclarscho de DacisrcaoRN. padf 24082018 | FABKOLA MARA Acslin
| Pranguleadoras _ I 142151 IRBEIRD
Daclaracio de DaciarcanFC. padf SANNC13 | FABKOLA MARA Acslin
| Promduy | secoreon 14175 |RBEIRD
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ZAGIZ01E | FABIOLA MARA, Acelin
14:15:18 |RIBEIRD
ZADG2C1E | FABIOLA MARA Acelia
14:12:48 |RIBEIRD
ZADGZOTE | FABIOLA MARA Acelia
1420436 | RBEIRD

Hiuaslo do Parecar

Aprovado

Meconalia Apreciecio da CONEP:

Nl

BELO HORLZONTE, 22 du Cutubro de 2018

Axsinadin por
Elana Crisiina da Frelies Rooha
[Coordanadera)]
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