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1. Abstract

The lkaros family of transcription factors has been largely described in the context of
immune system function and immune system cells development. In the last years, some
of its members were found in neural cells, particularly during perinatal life, associated
with CNS development and proper function of some brain regions, such as the
hippocampus. Dysregulations of the Ikaros family members have been linked to a wide
range of immune-related disorders. However, the implication of the Ikaros family in brain-
related disorders remains a widely underexplored area.

Schizophrenia is a psychiatric condition affecting around 21 million people worldwide with
an annual associated cost of around 16.500€ per patient in Europe. Schizophrenia
symptoms are classified into three broad categories: Positive (e.g. hallucinations,
delusions and thought disorder), Negative (e.g. withdrawal and lack of motivation) and
Cognitive (e.g. deficiencies in executive functions and working memory). Some of the key-
affected brain regions in schizophrenia are the pre-frontal cortex and the hippocampus.
Genetic and environmental factors play a role in the risk of developing this condition and,
in many cases, these factors act through the immune system. Indeed, one of the most
prominent discoveries in schizophrenia research in the last years has been the
association of immune dysfunction with its pathogenesis, proposing an aberrant neuro-
immune crosstalk in this condition. In that context, two major ways the immune system is
proposed to contribute to the appearance of schizophrenia are: neuroinflammation and T
cells dysfunction.

Microglia cells are one of the main populations orchestrating neuroinflammation
processes within the brain. In schizophrenia, microglia density and cell number have been
shown to be generally increased while alterations in density and number of other glia cells
seem to be minor. Besides, many pro-inflammatory cytokines, such as IL-6 or TNF-a, have
been found to be increased in schizophrenia patients’ post-mortem brains. On the other
side, T cell mediated immunity dysregulations have also been proposed in schizophrenia,
with abnormal invasion of T cells within patients’ brains and possibly alterations of
dopamine-T cells crosstalk. Therefore, T cells population could be considered as a
candidate mediating the aberrant neuro-immune crosstalk in schizophrenia possibly
involving neurotoxic effects and contributing to neuroinflammation.

Previous studies have shown that Ikaros and Helios are essential for the proper function of
some immune cell types. On the other hand, SPNs of IKAROS gene have been found to be
related to the age of onset of schizophrenia and Helios protein deficiency have been
shown to alter molecular pathways which are also altered in schizophrenia. Furthermore,
preliminary data from our lab indicated that Ikaros and Helios are dysregulated in immune
cells of schizophrenia patients. Consequently, we aimed to evaluate the potential
involvement of Ikaros and Helios in the pathophysiology of schizophrenia.

In the first article, we have found downregulated levels of lkaros and Helios in PBMCs of
schizophrenia patients while their levels were not different from controls in post-mortem
brain samples. A doble mutant animal model mimicking the double downregulation of
Ikaros and Helios also showed schizophrenia-like behavior in the three categories of
symptoms. Using the secretome of the PBMCs from schizophrenia patients, we induced
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several schizophrenia-like phenotypes in in-vitro and in-vivo translational models. We
have characterized the molecular profile of the PBMCs secretome and we identified IL-4
and CXCL10 as possible candidates mediating its effects.

In the second article, we have identified lkaros as a factor involved in microglia
homeostasis, particularly in inflammation-associated conditions. Using an lkaros total
Knockout model we identified deficiencies linked to a hippocampal-dependent task.
Thereafter, we focused on the hippocampus. The Ikaros KO model presented microglial
morphological changes associated to inflammatory conditions such as elevated
expression of TNFa and NF-kB and long-term potentiation defects. Besides, we tested the
level of Ikaros in other conditions of neuroinflammation and we found augmented levels of
Ikaros in all of them. Correspondingly, microglia phagocytic activity was also disrupted
under the modulation of lkaros in vitro. The elevated levels of some inflammasome
members and alterations in the acetylation-methylation ratios found in the KO model give
some ideas about the mechanisms by which lkaros could modulate microglia function.
The final model about how the downregulation of lkaros and Helios in PBMCs of
schizophrenia patients could be contributing to the pathogenesis of the condition could
be summarized as follows: The combination of the downregulations of lkaros and Helios
in different PBMCs subsets possibly generates elevated levels of IFN-y and reduced
immune suppression capacity of Treg cells. IFN-y is priming microglia cells that upon
second immune stimuli generate oversimplified and neurotoxic inflammatory responses
over years deteriorating the nervous tissue until the manifestation of the first psychotic
episode. A possibility is that Ikaros dysregulation within microglia is exacerbating this
circuit.

Keywords: lkaros, Helios, Schizophrenia, PBMC, T cells, Microglia, IL-4

2. Resum

La familia de factors de transcripcié lkaros ha estat ampliament estudiada en el context
de la funcid i el desenvolupament de les cel-lules del sistema immunitari. En els darrers
anys, alguns dels seus membres s'han trobat en cél-lules neuronals, particularment
durant la vida perinatal, associats al desenvolupament del SNC i al funcionament
adequat d'algunes regions cerebrals, com l'hipocamp. Les desregulacions dels membres
de la familia Ikaros s'han relacionat amb una amplia gamma de trastorns relacionats amb
el sistema immunitari. No obstant aix0, la implicacié de la familia lkaros en trastorns
relacionats amb el cervell segueix sent un area ampliament inexplorada.

L'esquizofrenia és una afeccié psiquiatrica que afecta aproximadament 21 milions de
persones a tot el mén, amb un cost anual associat de 16.500 € per pacient a Europa. Els
simptomes de l'esquizofrenia es classifiquen en tres grans categories: positius (per
exemple, al-lucinacions, deliris i trastorn del pensament), negatius (com la retraccid i la
manca de motivacid) i cognitius (com les deficiencies en les funcions executives i la
memoria de treball). Algunes de les regions cerebrals més afectades en l'esquizofrénia
son el cortex prefrontal i 'hipocamp. Els factors genétics i ambientals juguen un paper en
el risc de desenvolupar aquesta afeccio i, en molts casos, aquests factors actuen a través
del sistema immunitari. De fet, un dels descobriments més destacats en la investigacio
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de l'esquizofrénia en els darrers anys ha estat l'associacié de la disfuncidé immunitaria
amb la seva patogeénesi, proposant una interaccié neuroimmunitaria aberrant en aquesta
afeccio. En aquest context, dues maneres principals en que es proposa que el sistema
immunitari contribueixi a l'aparicid de l'esquizofrenia sén: la neuroinflamacio i la
disfuncioé de les cel-lules T.

Les cél-lules microglials sén una de les principals poblacions que orquestren els
processos de neuroinflamacio dins del cervell. En l'esquizofrenia, s'ha demostrat un
augment general en la densitat i el nombre de cel-lules microglials, mentre que en altres
cel-lules glials aquestes alteracions semblen ser menors. A més, s'ha trobat que moltes
citocines proinflamatories, com ara la IL-6 o la TNF-a, augmenten en els cervells post-
mortem de pacients amb esquizofrenia. D'altra banda, també s'han proposat
desregulacions de la immunitat mediada per cél-lules T en l'esquizofrénia, amb una
invasio anormal de cel-lules T dins dels cervells dels pacients i possiblement alteracions
de la interaccié dopamina-cel-lules T. Per tant, la poblacié de céel-lules T es podria
considerar com una candidata que media la interaccid neuroimmunitaria aberrant en
l'esquizofrénia, possiblement involucrant efectes neurotoxics i contribuint a la
neuroinflamacié.

Estudis previs han demostrat que lkaros i Helios son essencials per al funcionament
correcte d'alguns tipus de cél-lules immunitaries. D'altra banda, els SPN d'IKAROS s'han
trobat relacionats amb l'edat d'inici de l'esquizofrénia i la deficiencia d'Helios ha
demostrat modificar els nivells d'una de les proteines normalment alterada en
l'esquizofrenia. A més, dades preliminars del nostre laboratori van assenyalar nivells
desregulats tant d'lkaros com d'Helios en cél-lules immunitaries de pacients amb
esquizofrenia. En consequiencia, ens vam plantejar com a objectiu avaluar la possible
implicacié d'lkaros i Helios en la patogénesi i els processos patoldogics associats a
l'esquizofrénia.

En el primer article, van trobar nivells disminuits d'lkaros i Helios en PBMC de pacients
amb esquizofrenia, mentre que els seus nivells no diferien dels controls en mostres de
cervell post-mortem. A més, un model animal de doble mutant que imita la doble
disminucié d'lkaros i Helios va mostrar un comportament semblant a 'esquizofrénia en
les tres categories de simptomes. Utilitzant el secretoma dels PBMC dels pacients amb
esquizofrenia, vam induir diversos fenotips semblants a l'esquizofrenia en models de
traduccio in vitro i in vivo. Finalment, vam caracteritzar el perfil molecular del secretoma
dels PBMC i vam identificar IL-4 i CXCL10 com a possibles candidats que medien els seus
efectes.

En el segon article, vam identificar lkaros com a factor implicat en 'homeostasi de la
microglia, particularment en condicions associades a la inflamacié. Utilitzant un model
de knockout (KO) total d'lkaros, vam observar deficiencies relacionades amb una tasca
dependent de 'hipocamp. A partir d’aquests resultats, ens vam centrar en l'hipocamp. El
model KO d'lkaros va mostrar canvis morfologics microglials associats a condicions
inflamatories, com ara una expressié elevada de TNFa i NF-kB i defectes de potenciacio a
llarg termini. A més, vam examinar els nivells d'lkaros en altres condicions de
neuroinflamacié i vam observar un augment dels nivells d'lkaros en totes elles.
Conseqlientment, l'activitat fagocitica de la microglia també es va veure alterada sota la
modulacid d'lkaros in vitro. Els nivells elevats d'alguns membres de l'inflammasomai les
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alteracions en les ratios d'acetilacié-metilacié observades en el model KO ofereixen
pistes sobre els mecanismes pels quals lIkaros podria modular la funcié de la microglia.

El model final sobre com la disminucio d'lkaros i Helios en PBMC de pacients amb
esquizofrenia podria contribuir a la patogenesi de la condicié es podria resumir de la
seguent manera: La combinacié de les disminucions d'lkaros i Helios en diferents
subconjunts de PBMC probablement genera nivells elevats d'IFN-y i una capacitat de
supressié immunitaria reduida de les cel-lules Treg. L'IFN-y prepara les cel-lules
microglials que, davant d'estimuls immunitaris secundaris, generen respostes
inflamatories sobresimplificades i neurotdoxiques durant anys, deteriorant el teixit nervios
fins a la manifestacid del primer episodi psicotic. Una possible explicacié és que la
desregulacio d'lkaros dins de la microglia estigui exacerbant aquest circuit.

Keywords: Ikaros, Helios, Esquizofrenia, PBMC, cel-lules T, Microglia, IL-4
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1l. Introduction






1. lkaros family

Ikaros (Ikzf1) is a zinc finger transcription factor and the founder member of the family
“lkaros zinc finger proteins” (lkzf). It was identified for the first time in 1992 displaying
involvement in lymphocyte development[1]. Over the next two decades, other four
members were identified, Helios (Ikzf2), Aiolos (lkzf3), Eos (lkzf4), and Pegasus (lkzf5).
Phylogenetically, lkaros-related proteins are found across different species from most
non-vertebrate animals to jawed vertebrates[2]. The lkzf family members play a crucial
role in the development and function of various immune cell types and are also known for
their involvement in maintaining the balance between proliferation and differentiation of
hematopoietic cells[3]. Through alternative splicing, the Ikzf genes can produce many
protein isoforms and interactions among isoforms and across family members can
generate several numbers of complexes that can act during transcription processes[4].

In most of the Ikzf isoforms is present a highly conserved pair of C2H2 zinc-fingers at the
C-terminal that allows dimerization with the members of the family, as well as to interact
with other transcriptional regulators. N-terminal domains with up to four zinc-finger
motifs are another common property shared by lkzf family members, these N-terminal are
responsible for mediating direct interactions with DNA (Figure 1). Through alternative
splicing, the number of N-terminal fingers can vary from one isoform to another one,
affecting their capacity to be involved in transcriptional activation.[4] The isoforms that
cannot bind DNA but maintain their capacity to dimerize are considered to act in a
dominant-negative manner[5]. lkaros members can also modulate gene transcription
indirectly by acting as histone deacetylases activity regulators[4], [6]. Another feature of
these family members is that they can be post-transcriptionally modified. For instance,
Aiolos can be phosphorylated after IL-2 stimulation, which induces its translocation from
the cytoplasm to the nucleus of the cell[7].

DNA binding domain Dimerization domain
ZF 1-4 ZF 5-6
1 2 3 4 -6 7T 8

8

1 23 4 5 6 7

8

12 3 4 5 6 7
IKZF3 (Aiolos) I:DI“.II I | lI |
1 2 3 4 5 7 8
SR | | | I

1 4

2 3
IKZF5 (Pegasus) [ | | I]ll ll:|

Figure 1. Adapted from[8]. Illustration of IKZF family structure. Numbers 1-8 represent exons, in gray coding
regions and in white no-coding regions. Zinc fingers (ZF) in red correspond to DNA binding domain and ZF in

blue correspond to Dimerization domain.
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1.1 lkaros family in hematopoiesis and immunity

lkaros, Helios and Aiolos are known for being related to the development processes of
lymphocyte lineages. Besides, lkaros, Helios and Eos are also present in megakaryocytic-
erythroid progenitors, and lkaros alone in myeloid progenitors and granulo-monocytic
progenitors. On the other side, the presence of Eos and Pegasus is restricted to the
myeloid lineage, such as granulocytic progenitor and megakaryocytic-erythroid
progenitors and Eos alone is also found in erythroid progenitors[9], [10] (see Figure 2).

Ikaros

Myeloid Lineage ‘) Lymphoid Lineage

Pemsus \

v
Ikaros CMP CLP

Ikaros Ikaros
Ikaros

Ikaros Aiolos Aiolos
v v
Pro-NK Pro-B Pro-T Pro-DC

°P ® 6 6 o
{Puw%s ! ‘

Granulocytes Erythrocytes
Macrophages Megakaryocytes Dendritic cells

Ikaros lkaros Ikaros
Ikaros

0s

Pegasus Aiolos Aiolos Aiolos

‘ . Natural Killer Bcells Tcells

cells

Figure 2. Adapted from [9]. Schematic representation of the participation Ikzf family members in cell
differentiation and/or maintenance. Hematopoietic stem cells (HSCs), Common Myeloid Progenitors (CMPs),
Common Lymphoid Progenitors (CLPs), Granulo-Monocytic Progenitors (GMPs), Megakaryocytic-Erythroid
Progenitor (MEPs), Granulocytic Progenitor (GP), Monocytic Progenitor (MP), Erythroid Progenitors (EP),
Megakaryocytic Progenitors (MkP), Progenitors for Natural Killer Cells (Pro-NK), Progenitors for B cells (Pro-B),
Progenitors for T cells (Pro-T) and Progenitors for Dendritic Cells (Pro-DC).

1.1.1 lkaros

The functions associated with Ikaros were initially confined to early stages of lymphoid
cells development, as the absence of functional lkaros was observed to lead to severe
alterations of T, B, and NK cell lineages[1], [11]. For example, total knock out (KO) models
of Ikaros displayed an absence of B cells and their precursors, accompanied by a lack of
fetal but not post-partum T cells[12]. Also, deficiencies in dendritic cells and NK cells
were found in this model[13].
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Later, studies including conditional knockout models of lkaros have expanded the
understanding of the implication of this factor in transcriptional processes mediated by
this family [14], [15]. For instance, a model expressing a dominant-negative form lkaros
displayed a total absence of T cells after birth[16] as well as a severe reduction of long-
term repopulation of Hematopoietic stem cells[17] indicating that |karos promotes
progenitor self-renewal. Another mutant model, where a substitution in the zinc finger 3
inactivates DNA binding but preserves some scaffold function, presented decreased
levels of erythroid cells in all developmental stages caused by a reduction of growth and
differentiation of erythroblasts[18]. Furthermore, these animals displayed augmented
quantity of megakaryocytes and platelets[19]. Finally, using a conditional genetic
inactivation model, lkaros was shown to be essential for normal NK cell lymphopoiesis
and its deletion resulted in total loss of peripheral NK cells[20]. Altogether, this showed
that lkaros is capital for a balanced production of immune and blood cells, affecting
processes like; cell growing, cell differentiation and precursor self-renewal.

Ikaros has also been shown to be implicated in the regulation of cytokines expressions.
For example, Ikaros has been reported to directly associate with the promoters to repress
IL-2, IL-12 and Interferon-gamma (IFN-y) expression in a subset of T-helper cells (Th1)[21].
In other T-helper cells subset (Th2), Ikaros positively promotes the expression of some
cytokines, including IL-4, IL-5, and IL-13. In the absence of lkaros, there is reduced
expression of these Th2 cytokines and an increase in IFN-y production. Therefore, lkaros
can act as a positive regulator of some cytokines and as negative regulator for others[5].

1.1.2 Helios

The functions linked to Helios were initially related to developmental stages of T cells,
with |karos-Helios complexes specifically localizing at centromeric regions within the
nuclei of immature T cells[22]. The fact that only a fraction of lkaros associated with
Helios in T cell nuclei suggested that Helios was involved in regulatory processes within
these cells acting as a rate-limiting factor of Ikaros function. Later, T cells differentiation
and activation processes were shown to be altered by overexpression of wild-type or
dominant-negative isoforms of Helios[23], suggesting a role of Helios in T cells
development and homeostasis. Although, the differentiation process and effector
functions of T cells were shown not to be altered after inactivation of the Helios gene by
homologous recombination[24], suggesting that Helios is not fundamental for T cells and
that its absence could be compensated by other members of the family.

In the last years, Helios' functions in mature T cell populations have been primarily
described within the context of T-regulatory (Treg) cell populations. It has been proposed
as marker to differentiate the thymus-derived Treg cells from peripherally-induced Treg
(pTreg) cells [25]. Nevertheless, pTreg cells may exhibit Helios expression and whether
Helios should be considered or not a specific marker of thymus-derived Treg cells is still
under debate[26]. The level of Helios expression positively correlates with the suppressive
function of Treg cells[27] and Helios is needed for the stable inhibitory role of both Treg
cell populations[28]. Moreover, ablation of Helios in fetal cells has been shown to hinder
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their differentiation into pTreg cells following T cell receptor (TCR) stimulation, showing
that Helios plays a role in this peripheral differentiation process. Furthermore, this model
also indicated that the loss of Helios is associated with impaired immunosuppressive
gene expression and a shift towards a pro-inflammatory phenotype[28].

Like lkaros, Helios has also been shown to be implicated in the modulation of cytokines
expressions. For instance, by forming complexes with other proteins Helios has been
implicated in the repression of IL-2 and IL-17 expression in Treg cells[29], [30]. In addition,
in the absence of Helios there is a rise in the expression of pro-inflammatory cytokines
such as IFN-y and Tumor necrosis factor-a (TNF-a)[28]. Hence, in T reg cells, the role of
Helios in modulating cytokines expression seems to be as a negative regulator.

1.2 lkaros family in the brain

Very little is known about the implication of the lkaros family in the brain. One of the first
reports was during a research of transcription factors that control the expression of
enkephalin gene during developmental stages[31]. It was found that Ikaros-1 and lkaros-2
isoforms are expressed in the embryonic striatum and that, through DNA binding,
participate in enkephalin gene expression and enkephalinergic differentiation. A bit later,
another study [32] described a role for Ikaros-1 in the generation of late-born striatal
neurons, particularly implicated in the second wave of striatal neurogenesis. Congruently,
Ikaros null mice displayed less striatal projecting neurons including enkephalin-positive
neurons. Furthermore, lkaros was also shown to promote early-born neuronal fates in the
cerebral cortex[33]. In this study, it was described a high expression of Ikaros in progenitor
cells during early stages of neurogenesis that thereafter declines over time. Consistently,
a transgenic model with sustained lkaros expression in cortical progenitor cells and
neurons displayed developmental anomalies, including the displacement of progenitor
cells within the cortical plate, heightened early neural differentiation, and disrupted
cortical lamination. These results showed that |karos plays a modulating role in the
development of different brain cell populations and that its presence tends to decrease
over time in the brain.

On the other hand, Helios has been shown to be pivotal for the proper development of
striatal medium spiny neurons. Helios, through its expression in neural progenitor cells,
was displayed as a regulator of the second wave of striatal neurogenesis resulting in the
generation of striatopallidal neurons. Correspondingly, Helios total KO mice exhibited a
reduction in the number of dorso-medial striatal medium spiny neurons in adult
stages[34]. Another study[35], focused on the expression of Helios during brain
development, showed that throughout embryonic development Helios is expressed by
many brain regions, including: the olfactory bulb, the hippocampus, the lateral ganglionic
eminence and the cingulated, insular and retrosplenial cortices. Further, during postnatal
cerebellar development, Helios expression was also detected in Purkinje cells. This study
also reported that Helios has an expression peak at E18,5 in the lateral ganglionic
eminence and that, thereafter, completely disappears during postnatal development. In
addition, it has also been shown that Helios is involved in the maturation and function of
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the hippocampal subpopulation Calbindin-positive CA1 pyramidal neurons[36]. Here, the
total genetic removal of Helios, which is specifically expressed in the developing
hippocampal calbindin-positive CA1 pyramidal neurons, generated alterations in spine
density and morphology, as well as deficiencies in spatial memory and synaptic plasticity.
As described for lkaros, these results also indicate that Helios has a role modulating the
development and maturation of diverse brain regions and that its presence tends to
disappear after perinatal life.

1.3 lkaros family and related disorders

The members of the Ikaros family seem to be capital for proper function of the immune
system. They have been found to act as inhibitors in various forms of lymphoma or
leukemia[8], [37] while being excessively expressed in other malignancies, such as
malignant plasma cells, monoclonal gammopathy of undetermined significance, and
multiple myeloma, where they support the proliferation and survival of cancer cells[38].
However, lkaros family deficiency is considered to be associated with a range of immune-
related disorders including immune thrombocytopenia, autoimmune hepatitis, systemic
lupus erythematosus, asthma, Hashimoto thyroiditis, systemic sclerosis, rheumatoid
arthritis, Graves’ disease and Parkinson disease, among others[39]. Also, the
development of other types of cancers, such as, pediatric B-cell precursor acute
lymphoblastic leukemia[40], lung cancer[41], among others, are associated with aberrant
expression levels of Ikaros family proteins.

1.3.1 lkaros family and brain-related disorders

When it comes to brain-related disorders, the involvement of the lkaros family in these
conditions remains a relatively understudied area. There is one case study[42] of a patient
with intellectual disability (1Q: 64), cognitive dysfunction, and obsessive-compulsive
behavior. The patient displayed a compound heterozygous missense mutation in the
Ikaros gene, leading to common variable immunodeficiency characterized by recurrent
infections, hypogammaglobulinemia, and severe B cell deficiency. The study suggests a
potential link between lkaros mutation and cognitive impairment, highlighting the need to
consider the impact of immune-related alterations on cognitive disorders.

Another research[43] proposed that the absence of Helios during neural development
induces adult schizophrenia-like behaviors. Using a Helios null model, they found a
constant augmentation of Wdfy7 gene expression in the hippocampus and the striatum,
that are key-affected brain regions in schizophrenia. Parallelly, they also observed
increased Wdfy1 protein levels in the hippocampus and the dorsolateral prefrontal cortex
of schizophrenia patients but not in the hippocampus of a cohort of Alzheimer’s disease
patients with an associated psychotic disorder. Congruently, mice lacking the Helios gene
exhibited various schizophrenia-like behaviors, which were associated with impairments
in the striatum and hippocampus. Finally, the study suggests that changes in the
molecular pathway Helios-Wdfy1 within neurons during the maturation of these crucial
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brain regions may have implications for the development of neuropsychiatric conditions
like schizophrenia.

Despite the critical role of the lkaros family in immune regulation and neural
development, its implication in brain-related disorders remains a widely underexplored
domain. This lack of research presents an opportunity for further investigation into the
potential implications of the lkaros family in mental diseases and brain-related altered
conditions.

2. Schizophrenia

Schizophrenia is a complex and debilitating psychiatric condition that impacts various
aspects of an individual's cognition, perception, and behavior. Its prevalence round
around 21 million people worldwide[44] [45]and accounts for an important health care
burden with an average of 16.500€ of annual associated costs per patient in Europe [46].
Schizophrenia symptoms are classically organized in three broad categories. Positive
symptoms, such as hallucination, delusions and thought disorder, are typically the motive
that brings patients to clinical assessment (Figure 3). Although, this condition is also
related to negative symptoms, such as social withdrawal and lack of motivation, and
cognitive symptoms, comprising deficiencies in executive functions, working memory and
processing speed[47]. Despite positive symptomatology is the most prominent feature of
schizophrenia, negative and cognitive symptoms utterly contribute to the long-term
burden linked to this condition[48]. The first psychotic episode normally appears in early
adulthood. However, a prodromal phase often precedes the firsts positive symptoms
manifestation (Figure 4) and, in fact, some evidence suggests schizophrenia pathogenesis
starts during neurodevelopment[49]. Life expectancy is also affected in people with
schizophrenia, with a mean of 15 years less than general population and around 8% more
of risk of death by suicide[50].
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DSM-5-TR diagnostic criteria for Schizophrenia

A. Two (or more) of the following, each present for a
significant portion of time during a 1-month period. At least
one of these must be (1), (2), or (3):

1. Delusions.

2. Hallucinations.

3. Disorganized speech (e.g., frequent derailment).

4. Grossly disorganized or catatonic behavior.

5. Negative symptoms (i.e., diminished emotional
expression).

B. For a significant portion of the time since the onset of the
disturbance, level of functioning in one or more major areas,
such as work, interpersonal relations, or self-care, is markedly
below the level achieved prior to the onset.

C. Continuous signs of the disturbance persist for at least 6
months. This 6-month period must include at least 1 month of
symptoms (or less if successfully treated) that meet Criterion
A (i.e., active-phase symptoms) and may include periods of
prodromal or residual symptoms. During these prodromal or
residual periods, the signs of the disturbance may be
manifested by only negative symptoms.

Figure 3. Adapted from DSM-5-TR[51]. Summatrizing the diagnostic criteria for Schizophrenia. Besides criteria
A, B and C the differential diagnosis must be fulfilled to dismiss other possible causes of the symptoms.

2.1 The neuropathology of schizophrenia

Schizophrenia was described for the first time by Kraepelin more than a hundred years
ago as a disease with a progressive cognitive alteration and deterioration[52]. However, as
he based his observations in a direct study, the descriptions of the organic brain
abnormalities arrived later.

One of the first organic aspects studied about Schizophrenia was the overall brain size. In
1962, 168 out of 278 patients were diagnosed with cerebral atrophy, suggesting the idea
of a brain size reduction during the course of schizophrenia[53]. Some years ago, meta-
analysis studies reported reductions of 2% in the total brain volume and in the total brain
weight[54], [65]. One of the most consistent features described in schizophrenia
underlying brain shrinkage is ventricles enlargement, especially lateral ventricles. These
enlargements correlate with patients age, diagnosis and illness severity and constantly
progress with aging[56], [57]. Another characteristic behind the brain size reduction in
schizophrenia is the overall loss of gray matter across the brain and the reduced cortical
thickness particularly found in frontotemporal regions[58], [59].
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2.1.1 Frontal Cortex

In the Pre frontal cortex (PFC) of Schizophrenia patients, some studies reported a
reduction of the neuronal density[60], whereas the opposite have been shown by
others[61]. However, the soma volume of the pyramidal cells and the density of
Perineuronal nets have been shown to be decreased in this area[62], [63]. Interestingly,
the spine density of the pyramidal neurons within the PFC have also been shown to be
decreased by some studies[64], [65]. Besides neurons, glia cells are also altered in the
PFC in Schizophrenia. A reduction in oligodendrocyte numbers was found in PFC of
patients, whereas the density of microglia was found to be augmented[66], [67]. At the
cellular level, a core feature of schizophrenia in PFC is the miscommunication of the
interneurons with the pyramidal neurons, suggested to be caused by the reduced number
of inhibitory interneurons or the deficient transport or release of GABA in these
regions[63], [68]. The upregulated number of post synaptic GABA receptors on the PFC
pyramidal neurons is considered a compensatory mechanism for this lack of
inhibition[68], [69]. Consistently, the levels of GAD67, Somatostatin (SST) and
Parvalbumin (PV) are reported to be reduced by around 30% in the PFC of patients.
Nevertheless, the number of inhibitory cells expressing the before mentioned markers
have been shown no to be altered, while their transcriptional activity seems to be
reduced[70], [71], [72]. Glutamate (GLU) concentrations also progressively decrease in
PFC of patients and the density of NMDAR and GluN1 are increased [73], [74]. Besides,
the activity of signaling cascades downstream of the NMDAR are also reduced[74].
Altogether this summarizes the altered phenotype of the PFC in schizophrenia possibly
contributing to cognitive symptoms and the appearance of psychosis[75].

Alike the PFC, the orbitofrontal cortex has also been shown to have a smaller volume in
patients than in controls and that particularly the grey matter is reduced[76], [77].
Although, the density and soma size of glial cells and neurons seems not be altered but
the spine density on pyramidal neurons has been shown to be considerably decreased
[67], [78].

2.1.2 Hippocampus

One of the most prominent traits of the hippocampus in schizophrenia patients is the
whole hippocampal decreased volume[79]. The reduction of the hippocampal volume has
been shown to be bilateral and it is believed to be a progressive phenomenon[80], [81].
Early studies have shown cell disarray at the CA of the hippocampus of patients, probably
raising the first ideas of the neurodevelopmental pathogenesis of schizophrenia[82].
Interestingly, later other studies observed that the hippocampal neuron density remained
unaltered in patients compared to controls[83], [84]. The number of pyramidal neurons
has been shown to be not particularly different across CA2-4 in schizophrenia. In
contrast, the CA1 displays a major reduction of pyramidal cells number of up to a third
compared to controls[82], [85], [86]. Besides pyramidal neurons, the number of non-
pyramidal neurons has also been shown to be reduced, in particular PV+ and SST+
interneurons[87]. Across CA1-CA4, the soma size of the pyramidal neurons has been
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shown to be decreased in patients by some studies[88], [89], whereas another study
displays results with no change of cell size in both pyramidal and non-pyramidal
neurons[90]. Along neural populations, glia cells are also affected, there is some data
reporting reduced numbers of oligodendrocytes in the hippocampus of patients[91], [92].
On the other hand, the quantity of astrocytes does not seem to be altered in the
hippocampus in schizophrenia[93] and the density of microglia is significantly enhanced
in the temporal area of patients[94].

Increased neuronal activity in the hippocampus is another general feature in the context
of schizophrenia[95], [96], [97], [98]. Some reports have related this phenomenon with
altered spine density, elevated post-synaptic density proteins and augmented blood flow
in the hippocampus of patients[96], [99], [100]. The specific origin of this enhanced
neuronal activity is not well understood. However, the dysfunction of inhibitory
interneurons and their reduced number in patients’ hippocampi have been suggested as
contributor factors to this dysregulation. The hypofunction of NMDARs (proposed by the
glutamate hypothesis of schizophrenia[101])on inhibitory interneurons would be leading
to hyperactivation of pyramidal neurons and increased release of GLU [87], [102], [103],
[104]. Consistent with the altered state of inhibitory neurons, several studies have
reported elevated levels of GLU in the hippocampus in schizophrenia[105], [106], [107].
Further, it has also been shown that subjects with clinical high risk for psychosis display
increased levels of GLU and that in patients this GLU alteration remains even after 6
weeks of treatment with risperidone[108], [109].

2.1.3 Amygdala

The amygdala is broadly divided into the basolateral amygdala (BLA) and corticomedial
amygdala, where the BLA is more pronouncedly affected in schizophrenia[104]. The total
volume of the amygdala have been shown to be bilaterally reduced and correlated with
disease duration in schizophrenia[110], [111]. In the BLA, the total number of neurons
have been shown to be reduced whilst the neuron density seems not to change[112].
Furthermore, it has also been reported a reduction of the Perineuronal nets in the BLA in
schizophrenia[113]. The activation of the amygdala is as well altered in schizophrenia,
some studies have shown enhanced amygdala activity when patients were shown fearful
faces and amygdala hypofunction has been related to empathetic deficits in
schizophrenic subjects[114], [115].

2.1.4 Striatum

Similarly to other subcortical areas, the striatum is also affected in schizophrenia. The two
main regions of the striatum, caudate and putamen, have been shown to have decreased
volume in schizophrenia and decreased volume only in the caudate has also been found
in first psychotic episode subjects[112], [116]. Besides, this shrinkage is considered to be
progressive, along with ventricles enlargement[117], [118]. The total number of neurons is
reduced in the striatum, while the spine density is increased. Furthermore, the caudate of
patients display altered spines shape and axon atrophy due to myelin sheath
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alteration[112], [119]. Overall, these changes are likely having an impact on neuron-
neuron and region-region communication, as for example the Nucleus accumbens
(NAcc), that is a gate of many inputs and outputs of the striatum.

The Nacc is considered to directly participates in the abnormal increase of dopamine (DA)
in schizophrenia[120]. Its size has been reported to be either, augmented, reduced, or
with no associated size change by different studies[121], [122], [123]. Although, elevated
excitatory inputs to the Nacc have been shown in schizophrenia[124]. This is from
particular importance, as the Nacc receives regulatory inputs from the hippocampus and
the Ventral tegmental area (VTA) and it indirectly projects to the VTA which, along with the
substancia nigra (SN), is an important source of DA[125].

2.1.5 Substancia nigra

The study of the SN in schizophrenia raised as the DA hypothesis of schizophrenia
proposed that DA dysfunction in subcortical areas(e.g. striatum) underpins many
symptoms, being the SN implicated via the SN-striatal pathway[126]. Correspondingly,
the synthesis of DA in the SN has been shown to be enhanced in schizophrenia. Plus, the
neural soma size and neural nucleolar volume have been found increased, whereas the
density of astrocytes has been found decreased in contrast to controls[127], [128]. Even if
the state of the SN is not totally clear in Schizophrenia, its role in DA production and
distribution makes it of particular interest in schizophrenia research.

2.1.6 Thalamus

The complexity of the division of the thalamus makes it challenging to summarize its
affectation in schizophrenia. The total volume of the thalamus has been shown to be
reduced by some studies[129], [130], whilst others found no volume change[131], [132].
Nonetheless, this disparity can be somehow explained by the fact that the thalamus is
deformed in schizophrenia[133], [134]. The medial, the lateral and the anterior group of
nuclei display a reduction of neurons number, but this reduction is lateralized only in the
left side for the lateral group[130], [135]. Moreover, the lateral zone presents a reduction
of PV+ thalamocortical projection neurons[136]. Finally, the geniculate nuclei zone also
shows total volume reduction but associated with age[137].

2.2 Schizophrenia risk factors
2.2.1 Genetic

Genetic studies in epidemiology have demonstrated that schizophrenia has a strong
hereditary component, even though it is more accurately characterized as having a
multifaceted root cause with a complex genetic makeup involving multiple genes[138].
Mounting evidence has shown the involvement of both common and rare genetic variants
in the genesis of schizophrenia[139]. Through Genome-wide association studies (GWAS),
more than 280 genetic risk loci have been significantly associated with
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schizophrenia[140], [141], and GWAS advancement has also made it possible to create
polygenic risk scores, offering a genetic risk overview of the condition based on an
individual's accumulation of risky alleles. Many of the risk loci related to schizophrenia are
also related to immunity functions. For example, the Human leukocyte antigen gene
complex (HLA), a highly polymorphic locus, encodes proteins associated with regulation
of immune-inflammatory processes and is also of particular interest in the study of
neuropsychiatric conditions, such as schizophrenia[142]. However, the genetic risk loci
are known to exert only a minor influence on the risk of developing schizophrenia[138].
Therefore, schizophrenia is considered a polygenic condition.

Besides, genetic deletions or duplications of DNA sections are associated with a more
elevated risk of developing schizophrenia, but they are only found in less than 4% of the
cases. For example, the deletion of megabases of DNA at chromosome 22g11.2 is
correlated with around 40% lifetime risk of developing schizophrenia[143]. However,
many of the genetic variations linked to schizophrenia may also be linked to other
psychiatric conditions (e.g autism, major depression disorder[47], [144]) and immune
diseases (e.g Crohn"s disease, multiple sclerosis, primary biliary cirrhosis, psoriasis,
rheumatoid arthritis, systemic lupus erythematosus, type 1 diabetes[145]), suggesting the
existence of shared risk factors and implicated mechanisms among them.

2.2.2 Environmental

Among identical twins, the pairwise concordance for schizophrenia is only around
50%[146]. This highlights the relevance of the environment in the risk of developing
schizophrenia. The range of environmental conditions affecting the risk of clinical
manifestations includes: early life challenges, substance abuse, minority and ethnic
backgrounds, time of birth, urban living conditions, and pregnancy or perinatal
issues[147]. For instance, a study reported that prolonged substance use was correlated
with elevated rates of positive symptoms expression[148] and that in particular cannabis
use is related to increased risk of presenting schizophrenic clinical manifestations[149].
Another study[150], reported that the status of ethnic minority was associated with
augmented reality perception alteration and the onset of negative symptoms.

Insults during pregnancy and childhood also correlate with a higher risk of developing
schizophrenia. For example, perinatal complications are associated with higher polygenic
risk scores, including obstetric complications, starvation during pregnancy, and maternal
infections [151], [152]. Furthermore, infections during childhood, including,
gastrointestinal-, skin-, genitourinary-, and respiratory infections, septicemia, and viral
hepatitis also increase the risk of schizophrenia[153], [154], suggesting that
immunological activation underpins, in part, schizophrenia risk caused by environmental
factors[155].
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2.2.3 Immune factors in schizophrenia

Over the past years, one of the prominent discoveries in schizophrenia research has been
the association of immune dysfunction with its pathogenesis. The increased frequency of
autoimmune diseases in patients stands for this assumption[156]. Furthermore, immune
dysregulations in schizophrenia were reported in many studies[157], [158], [159], [160],
and environmental and genetic risk factors of schizophrenia are often linked to immune
constructs, rising the importance of the immune system’s role in the pathogenesis of this
condition. Two major ways the immune system is proposed to contribute with the
appearance of schizophrenia are, neuroinflammation and T cells dysfunction [161], [162].
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Figure 4. Remade based on [47]. People that develop schizophrenia often show minor cognitive and,
sometimes, motor difficulties in childhood. During adolescence, negative and cognitive symptoms arise
continuing through the prodromal phase. The clinical diagnosis arrives normally with the first psychotic
episode. However, prodromal negative and cognitive symptoms are often already debilitating for the patient.
Positive symptoms are generally reduced by antipsychotics, but negative and cognitive symptomatology
shows less response and can even worsen over time. Genetic and environmental risk factors are also depicted
and particularly some immune factors are highlighted. Finally, neurobiological affectations considered to be
relevant in schizophrenia are shown.
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3. Neuroinflammation

Neuroinflammation is the body’s genuine reaction to potential threats by recruiting
immune cells to the affected site within the nervous system[163]. Microglia cells are a
non-neuronal population that, among other functions, orchestrate the neuroinflammation
process within the brain.

3.1 Microglia

Microglia, which are considered to be the brain parenchyma-resident macrophages, play
a crucial role in preserving the environment integrity in the brain and spinal cord[164].
Also, they functionally participate in various central nervous system (CNS) pivotal
functions as glio-, vasculo-, neurogenesis, synaptic stripping/remodeling, cell repair
processes, and myelination through their process motility, release of soluble factors, and
capacity for phagocytosis (Figure 5)[165] [166]. Microglia serve as vigilant monitors of the
environment actively scanning for potential threats. In response to stimuli such as
pathogens, injury, or neurodegenerative conditions, microglia go through phenotypic
changes and present augmented proliferation, changes in protein expression, and the
release of immune molecules, including cytokines, chemokines and pro-inflammatory
factors[167]. This process is often called microgliosis[168].

During neuroinflammation processes, microgliosis can take place in more than one way,
including through damage-associated molecular patterns (DAMPs) and pathogen-
associated molecular patterns (PAMPs)[169]. When cell damage occurs, the resulting
premature neuronal death triggers DAMPs to alert the immune system about a potential
threat. On the other side, in the presence of a foreign microbe, pattern-recognition
receptors (PRRs) are activated to sense PAMPs[170]. Ultimately, activated DAMPs/PAMPs
induce a signaling cascade that upregulate the transcription of cytokines leading to
neuroinflammation[171].
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Figure 5. Adapted from [165]. In the internal circle are depicted main properties of microglia. In the external
circle are shown biological functions microglia can participate, in this work we focused mainly on
neuroinflammation.

3.2 Neuroinflammation in schizophrenia

It has been suggested that schizophrenia’s early pathology is related to
neuroinflammation and that over time develops into neurodegeneration[172].
Neuroinflammation in patients with schizophrenia is often linked to augmented
transcription of inflammatory mediators in the CNS, microgliosis, and decreased GLU
receptors activity. These factors, in turn, contribute to a reduction in synapse numbers,
apoptosis of neurons and reduction of gray matter volume[173].

At the cellular level, microglia density and cell number have been shown to be generally
increased across the brain in patients compared to controls[94], [174]. The same result
was found when evaluated microglia density according to their morphology in frontal and
temporal lobes (e.i ramified microglia and rounded-shape microglia)[175] and also when
evaluated according to their location (e.i gray and white matter)[94], [174], [176], the
density of microglia seems to be generally elevated in schizophrenia. In contrast, in a
meta-analysis[94], no significant differences were found in the density nor in the cell
number of macroglia (astrocytes and oligodendrocytes) between patients and controls.
Furthermore, a recent study [177] found increased synapse elimination in patient-derived
neural cultures and isolated synaptosomes as part of microglia-mediated synapse
engulfment process. These results suggest a central role of microglia and other
macrophages during neuroinflammation in schizophrenia.

At the molecular level, many cytokines’ levels were shown to be altered in the brain of
patients. For instance, pro-inflammatory cytokines, such as IL-6, TNF-a, and IL-18 were
the most reported increased cytokines[94], [160], [172], [178], and elevated levels of
these cytokines were associated with reduced cortical gray matter volumes[179].
Otherwise, some studies found augmented levels of IL-6, IL-12, TGF-B in plasma samples
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of patients [94], [172]. Further, a systematic study found that increased levels of C-
reactive protein and IL-6 were related with exacerbation of psychotic symptoms[180].
Another systematic review[181], found a constant increase of CCL2 in patients.

Supporting the idea that neuroinflammation has a deleterious effect in schizophrenia
patients, a meta-analysis of clinical trials showed that patients diagnosed with
schizophrenia displayed a reduction in the severity of mental symptoms when treated
with anti-inflammatory drugs[182].

4. T cells

Within the immune system there are two fundamental ways to exert immune responses.
Innate responses take place to the same extent, no matter how many times an infectious
agent is found. In contrast, adaptative responses improve upon repetitive exposure to an
infectious agent. Adaptative Immune responses are carried out by two classes of
lymphocytes, B cells and T cells[183].

Two major types of T cells are broadly identified, T helper (Th) and T cytotoxic (Tc),
associated with the type of receptors their bear on their membrane, either CD4 or CD8
molecule-based respectively[184]. CD4+ T cells play a pivotal role in orchestrating the
cell-mediated immune response. They identify foreign antigens presented by antigen-
presenting cells (APCs), and, subsequently, they are activated and produce cytokines to
initiate immune responses from other white blood cells/other immune cells of cell-
mediated immunity (Figure 6). For instance, they activate macrophages and granulocytes
and help to activate B cells[185]. Upon pathogen presentation the CD4+ cells differentiate
into different Th cells (Th1, Th2, Th9 Th17, Th22 all differentiated by their cytokine
expression profile [186], see Table 1), Treg cells[187], follicular helper T cells[188] and
memory T cells over time. Treg cells have the main role to suppress excessive immune
response, memory T cells remain in the body for years and can elicit an immediate
adaptative immune response to the same antigen under repeated exposure and follicular
helper T cells help to enhance B cell activation.

Th1 TNF-a, IL2, IFNy
Th2 IL4, IL5, L9, IL13, IL25
Tho IL9, IL21

Th17 IL17, IL21, IL22

Th22 IL-22, IL-13, TNF-a
Treg IL 35, IL10, TGF-B
Tfh IL21, IL4

Table 1. CD4+ T cell subsets and some of the cytokines they release[189], [190], [191].
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Like CD4+ T cells, CD8+ T cells are also activated after interaction with APCs. Thereafter,
Tc cells can migrate and find their antigenic target in infected cells and use their killing
functions to eliminate these cells[192]. CD8+ T cells killing functions are mediated by two
mechanisms. Through the Fas/Fas Ligand mechanism CD8+ cells induce apoptosis of the
target cells. The second method involves the release of granzymes and perforin, similar to
the way NK cells do (Figure 6). Granzymes pass through the pores perforins generates on
target cell membrane and via caspases activation generates DNA fragmentation and
apoptosis[185].

Resting Activated
macrophages macrophages

Figure 6. A- Illustration of a T cytotoxic cell (CD8+) releasing granzymes and perforin to eliminate a cancer
cell. B- lllustration of T helper 1 cell (CD4+) releasing cytokines and activating macrophages

4.1 T cells dysregulation in schizophrenia

Through the last years, mounting evidence has consistently demonstrated T cells
mediated immunity alterations in schizophrenia. Some studies have reported reduced
numbers of T cells in patients compared to controls [193], [194], whereas other studies
have reported elevated percentage of T cells in schizophrenia cases[195], [196].
Furthermore, there is also evidence of no dysregulation of T cells number in schizophrenia
patients[197], suggesting that the quantity of T cells can vary among different patients and
cannot be taken as a congruent marker in schizophrenia. However, higher densities of T
lymphocytes in the hippocampus of schizophrenia patients have also been reported,
suggesting an altered infiltration of these cells through the brain-blood-barrier (BBB) into
the brain parenchyma[198]. Abnormalities regarding T cell populations have also been
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seen in animal models. For example, maternal immune activation in rodents (which is
consider a model of schizophrenia) has been shown to contribute to hyperactivated
immune response in the adult offspring through preferential development of Th17
cells[199] and increased proliferation of CD4+ cells[200].

The immune repertoire of T cells receptors has also been studied in the context of
schizophrenia. For instance, alterations in the distributions of the V segment in the
complementarity determining region-3 (CDR3) of T cells receptor-beta chains were found
in patients compared to controls[201]. Besides, a pilot study reported an increase in the
average length of functional T cell receptor-gamma chains in the CDR3 regions in groups
of schizophrenia-specific clonotypes compared with controls[202], suggesting a
dysregulation of both T cell receptors -beta and -gamma in patients.

Besides TCRs, DA receptors are also expressed on T cells surface and DA alteration is one
of the most prominent and consistent features of schizophrenia[47]. In the last years, it
has been shown that dopamine has immunomodulatory effects on T cells playing a role in
processes like migration, homing, and proliferation[203], [204]. Many studies have
reported the presence of several types of dopaminergic receptors on T cells surface
(D1,D2, D3, D4, D5) [205], [206], but the direct effect of DA on T cells are determined by
the context, the T cell activation status, the T cell type and subtype, DA concentration and
the specific DA receptor subtype that is activated[207]. For example, DA can activate
effector functions in resting T cells resulting in proliferation and cytokine release, whereas
in already activated T cells DA can act as an inhibitor[206]. Notably, it has also been
shown that activation of immune non CNS-resident cells is sufficient to generate
alterations in and loss of dopaminergic neurons[208]. Thus, as DA can exert modulatory
effects on T cells, the latter can also affect the state of dopaminergic neurons. In
schizophrenia, some studies have reported increased mRNA expression of dopaminergic
receptors in peripheral lymphocytes[209], [210], while other reports found reduced mRNA
levels of these receptors[211]. Interestingly, elevated percentages of CD4 + D4+,
CD8 + D4+, and CD8 + D2+ cells were detected in schizophrenia subjects and these
increases were shown to be related with schizophrenia severity[212]. Finally, one study
focusing in D3 receptors on peripheral lymphocytes found no differences in mRNA levels
between patients and controls, but significant variations among schizophrenia
subtypes[213]. Overall, these studies suggest a possible impact of the dopamine-T cells
crosstalk on the T cell mediated immunity in schizophrenia.

T cell mediated immunity has also been proposed to have both neurotoxic and
neuroprotective effects[162]. For instance, in an in vitro study[214], it has been shown
that T cells, co-cultured with astrocytes, induced a neuroprotective phenotype in
astrocytes, where T cells derived GLU induced the release of thiols (e.g. cysteine,
glutathione) and lactate from astrocytes. On the other hand, an expanding body of
evidence suggest the implication of T cells-mediated neuroinflammation in degenerative
CNS disorders[215], [216], [217]. Cytokines produced by abnormal quantities of T cells
have the potential to stimulate the release of pro-inflammatory cytokines, which can
trigger microglia activation and subsequently enhance T cell pro inflammatory response.
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For example, in an in vitro study[218], IL-1B and IL-23 secreted by microglia stimulated by
Toll-like receptor (TLR)-specific ligands induced activation of T cells, leading to the
generation of IL-17+ T cells with neurotoxic effects on neurons, and this effect was not
found when T cells were activated by other peripheral immune cells. In schizophrenia,
increasing evidence points towards a compelling involvement of T cells and microglia
together in neuroinflammation[162], [178], [219]. Collectively, with the abnormal levels of
T lymphocytes in the brain of schizophrenia subjects this suggest a possible neurotoxic
involvement of T cells in the context of schizophrenia[198].

Despite the available data being still insufficient to elucidate the precise role of T cells in
the pathogenesis of schizophrenia, an increased body evidence shows T cells
dysregulations from different perspectives, and possible T cells implication in
neuroinflammation and neurotoxic processes in the context of schizophrenia[162], [193],
[194], [195], [196], [202], [207], [212], [217]. This situation places the T cells population as
a candidate mediating the abnormal neuro-immune crosstalk in schizophrenia and keeps
the door open for further investigation regarding this matter.
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1. Hypotheses and Objectives






The primary purpose of this work is to generate fresh insights into the immune factors
contributing to the development of schizophrenia. Previous studies have shown that some
Ikzf family members are essential for the proper function of some immune cell types[8],
[10], [21], [27]. On the other hand, /KZF1 mutations such as rs116427960 and
rs186807222 have been linked to schizophrenia and SNPs of /KZF1 have been found to be
related to the age of onset of schizophrenia[220], [221]. Moreover, Ikzf2 deficiency results
in overexpression of WDFY1, an immune scaffold protein commonly elevated in
schizophrenia patients and IKZF2 dysregulation has been observed in individuals with
autism spectrum disorder, a condition with a prevalence in individuals with schizophrenia
of up to 52%[43], [222], [223]. Additionally, preliminary results from our lab indicated that
IKZF1 and IKZF2 are dysregulated in immune cells of schizophrenia patients. Altogether,
these data led us to think that Ikzf1 and Ikzf2 could be implicated in the pathophysiology
of Schizophrenia. Consequently, we aimed to evaluate the potential involvement of Ikzf1
and lkzf2 in the pathogenesis and associated pathological processes of schizophrenia.

To prosecute our investigation, we proposed the following Hypotheses:
- Alterations of some members of the lkzf family contribute to the pathogenesis
of Schizophrenia through the neuro-immune crosstalk.
- lkzf1 is implicated in neuroinflammatory processes and the regulation of

microglia homeostasis.

To address our hypotheses, we established the following Objectives:

Objective 1: To evaluate the levels of the lkzf family members in Peripheral
blood mononuclear cells (PBMCs) in a cohort of patients diagnosed with
schizophrenia.

- Objective 2: To mimic the potential alterations of lkzf family members in
patients using animal models.

- Objective 3: To perform in-vivo and in-vitro translational approaches (human
to mice) to assess the impact of immune cells secretome in the expression of

schizophrenia-like phenotypes.

- Objective 4: To characterize the molecular profile of the secretome of PBMCs
from the cohort of patients diagnosed with schizophrenia.

- Objective 5: To assess the role of lkzf1 within microglia in the context of
neuroinflammation.
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V. Articles






1. Alterations of the IKZF1-IKZF2 tandem in immune
cells of schizophrenia patients regulate associated
phenotypes
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Introduction
Schizophrenia is composed of a myriad of heterogene-
ous symptoms that challenges a unified description of the
disease. This represents a global burden, as schizophrenia
ranks within the top 10 causes of disabilities in developed
countries, with 24 million people affected worldwide
(GHDx). Furthermore, due to its early age of onset of
16-25 years [62, 79], the disease results in more than 12
million disability-adjusted life years annually. Behavioral
signatures of schizophrenia are broadly divided into three
categories: (1) positive symptoms (delusions and halluci-
nations); (2) negative symptoms (lack of pleasure, social
withdrawal), and (3) cognitive symptoms (impairment
of short-term working memory, attention deficit). Cur-
rent treatments only provide some symptomatic relief for
positive symptoms whereas treatments for cognitive and
negative symptoms remain elusive [75]. Notably, cogni-
tive and negative symptoms are responsible for a major
proportion of the disability associated with schizophre-
nia and are more constant over time [75, 95]. Also, the
current lack of insight into the disease is not only due to
the heterogeneity of the symptomatology [74], but also
due to the complexity of the causative factors underlying
the disease, including genetic and immunological [17].
Therefore, what is urgently needed are novel mechanistic
insights into the molecular paths underlying the negative
and cognitive symptomatology subtypes of the disorder.
Although schizophrenia has been classically observed
as a brain disease, current evidence points towards a
multi-system network underlying positive, negative, and
cognitive symptoms [12, 99]. In this sense, the communi-
cation between the immune and central nervous systems
has already been described to be altered in schizophre-
nia [65]. As illustrative example, it has been shown that
lymphocyte invasion is higher in patients with preva-
lence of negative symptomatology [9] and that levels of
inflammatory cytokines (TNF-a and IL-6 or C-reactive
protein) correlate with negative and cognitive symptoms
in schizophrenia [31, 45, 52]. However, what we know so
far is reduced to the description of circulating molecules
that probably serve as a molecular bridge between these
two systems [77]. Major mechanistic insights are still
lacking, especially regarding the regulation of these mol-
ecules, their aberrant release, and the specific targeted
neural circuits they affect. In this line, a highly promis-
ing target as a molecular bridge between the neural and
immune system is the Ikaros family of transcription fac-
tors (TFs), which include Ikaros zinc finger 1 (IKZF1 or
Ikaros) and Ikaros zinc finger 2 (IKZF2 or Helios). These
TFs have been largely described to be crucial for the
normal development of immune cells (T-cells, B-cells,
and monocytes) [27] and their function (e.g. production
of mb-1, CD3, IL2, IL4, and NFKB among others [64].
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Furthermore, evidence starts to emerge, that they could
play an important role in schizophrenia. For instance,
specific IKZF! single nucleotide polymorphisms (SNPs)
such as rs7805803 and rs10276619 have been associated
with changes in brain and ventricle volumes [23] and
with hippocampal atrophy [69], respectively—neuro-
pathological features heavily implicated in schizophrenia
[38]. Additionally, IKZF1 mutations such as rs116427960
and rs186807222 have been linked to schizophrenia and
associated executive function deficits [14, 40]. IKZFI lev-
els have also been related with the age of onset of schizo-
phrenia [78]. Regarding IKZF2, evidence, although more
limited, highlights its relevance. IKZF2 levels are highly
sensitive to treatment with lipopolysaccharides (LPS), a
widely used experimental model for schizophrenia [25].
Moreover, Helios deficiency results in overexpression of
WDFY1, an immune scaffold protein commenly elevated
in schizophrenia patients [81]. Finally, IKZF2 dysregula-
tion has been observed in individuals with autism spec-
trum disorder [2, 4], a condition frequently co-occurring
with psychosis. Nevertheless, the function of the IKZF
family in the communication between the immune and
neural systems during the development of schizophrenia
is practically unexplored.

In the present work, we hypothesized that immune
alterations in schizophrenia could be associated with
altered mRNA levels (and function) of IKZF! and IKZF2,
and that these potential changes could impact the com-
munication between the immune and central nerv-
ous systems during the progression of the disorder. To
address this hypothesis, we first confirmed the altered
state of the two transcription factors in human samples
(brain and circulating immune cells). Subsequently, to
validate their specificity and biological relevance, we used
genetically modified mice devoid of Ikzfi, Ikzf2, or both.
Finally, to evaluate the aberrant communication between
the immune and central nervous systems, we trans-
ferred the secretome of human circulating immune cells
(PBMCs) into the brains of living mice. In these mice, we
evaluated whether schizophrenia-like phenotypes were
induced in terms of behavior and histological markers.

Materials and methods

Human post-mortem brain samples

The brain samples from schizophrenia (SCH) patients
used in this study were provided by the Sant Joan de Déu
Brain Bank (Sant Boi de Llobregat, Barcelona, Spain).
The donation and obtention of samples were regulated
by the ethics committee of the institution. The sample
processing followed the rules of the European Consor-
tium of Nervous Tissues: BrainNet Europe II (BNEII).
All the samples were protected in terms of individual
donor identification following the BNEII laws. Clinical
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diagnosis of SCH in donor subjects was confirmed pre-
mortem with DMS-IV (Diagnostic and Statistical Manual
of Mental Disorders—4th edition) and ICD-10 (Interna-
tional Statistical Classification of Diseases and Related
Health Problems) criteria by clinical examiners. Most
donors were hospitalized for more than 40 years and
were re-evaluated every 2 years to monitor and update
their clinical progression. Case information can be
found in Supplementary Table 1. Control samples (hip-
pocampus, putamen, and dorsolateral prefrontal cortex)
were obtained from Banc de Teixits Neurologics (Servei
Cientifico-Técnics, Universitat de Barcelona, Barce-
lona, Spain) and the sample processing also followed the
BNEII rules. Case information can be also found in Sup-
plementary Table 1. All the procedures for the obtention
of post-mortem samples followed the ethical guidelines
of the Declaration of Helsinki and local ethical commit-
tees (Universitat de Barcelona: IRB0O0003099; Fundacio
CEIC Sant Joan de Déu: BTN-PSS]D, CER122306).

Immunoblotting

The tissue was lysed by sonication in 250 pl of lysis buffer
as described elsewhere [28]. After lysis, samples were
centrifuged at 12,000 rp.m. for 20 min. Supernatant
proteins (15 pg) from total brain region extracts were
loaded in SDS—PAGE and transferred to nitrocellulose
membranes (GE Healthcare, LC, UK). Membranes were
blocked in TBS-T (150 mM NaCl, 20 mM Tris—HCl, pH
7.5, 0.5 ml Tween 20) with 50 g I -1 non-fat dry milk and
50 g 1-1 BSA. Immunoblots were probed with the fol-
lowing antibodies: anti-Ikzfl (1:1000, D6N9Y, Cell Sign-
aling Technology, Danvers, MA, USA,#14859), anti-Tkzf2
(1:1000, GeneTex, California. USA, #GTX115630). All
blots were incubated with the primary antibody over-
night at 4 °C by shaking in PBS with 0.2 g I-1 sodium
azide. After three washes in TBS-T, blots were incu-
bated for 1 h at room temperature with the correspond-
ing horseradish peroxidase-conjugated antibody (1:2000;
Promega, Madison, WI, USA) and washed again with
TBS-T. Immunoreactive bands were visualized using the
Western Blotting Luminol Reagent (Santa Cruz Biotech-
nology, #sc-2048) and quantified by a computer-assisted
densitometer (Gel-Pro Analyzer, version 4, Media Cyber-
netics). For loading control, a mouse monoclonal anti-
body for actin was used (1:20,000; MP Biochemicals,
#0869100-CF).

Recruitment of patients

The sample of this study (NoPI17/00246, PI Belen
Arranz) was recruited in the Outpatient clinic located
in Cornella, Barcelona, Spain (Parc Sanitari Sant Joan
de Deu). Adult controls and patients with DSM-5 (Diag-
nostic and Statistical Manual of Mental Disorders)
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schizophrenia-spectrum disorder at any stage of the dis-
ease were included. The inclusion criteria for patients
were: (1) adults over 18 years of age; (2) ability to speak
Spanish correctly; and (3) signed informed consent.
Exclusion criteria were: (1) history of head trauma with
loss of consciousness and (2) organic disease with men-
tal repercussions; (3) presence of an acute inflammatory
process: (3.1) fever (>380C) or infection in the 2 weeks
prior to the baseline interview, or (3.2) have received vac-
cinations in the past 4 weeks. This study was conducted
following the ethical principles of the Declaration of
Helsinki and Good Clinical Practice and the Ethics and
Research Board from Parc Sanitari Sant Joan de Deu. All
participants provided written informed consent prior
to their inclusion in the study. Case information can be
found in Supplementary Table 2.

Human peripheral blood mononuclear cells (PBMCs)

and isolation of CD4 +and CD8 + cells

Human peripheral blood mononuclear cells (PBMCs)
were isolated from peripheral blood. The cell frac-
tion corresponding to red blood cells and granulocytes
(neutrophils, basophils, and eosinophils) was removed
from whole blood by density gradient centrifugation as
described elsewhere [47]. For this procedure, 10 ml blood
samples were diluted with 10 ml of phosphate-buffered
saline (PBS) pH-7.2. Consequently, 10 ml of diluted blood
were placed in 15 ml tubes filled with 4 ml of a density
gradient medium with p=1.077 g/ml (e.g. Ficoll-Paque
PLUS) and centrifuged at 500xg for 35 min at 20 °C
without brake. PBMCs were then transferred to 50 ml
tubes, the tubes were filled with PBS and centrifuged at
500xg for 10 min at 20 °C. PBMCs were then lysated
for mRNA (see next section) or plated. For PBMCs plat-
ing, after elimination of the supernatant, PBMCs were
resuspended in X-vivo medium (#BEBP02-055Q Lonza
bioscience, Maryland, USA) supplemented with pen/
strep 1%/1%, L-glutamine 1% and Hepes 0,02 M. Cells
were seeded in 24-well plates (1 ml per well at 4-10°
cells/ml) and left in an incubator at 37 °C, 5% CO2. After
24 h, PBMCs were treated with PMA (50 ng/ml, #P1585,
Sigma-Aldrich Chemical Co., St. Louis, MO, USA) and
Ionomycin (1 puM, #10634 Sigma-Aldrich Chemical Co.)
for 6 h, then we centrifuged the cultures to take sepa-
rately the supernatant and the pellet, both were stored
at — 80 °C. For the CD4 +and CD8 +isolation the Pan T
Cell Isolation Kit was used to isolate T cells from human
PBMC previously obtained through negative selection
following manufacturers instructions (Miltenyi, Cat.
#130-096-535). T cells were then subjected to further
magnetic labeling and separation to isolate CD4+and
CD8+cells. First, T cells were incubated with CD8
MicroBeads (Miltenyi, Cat. #130-045-201) for 15 min at
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4 °C and cell suspension was applied onto the magnetic
columns. The flow-through containing unlabeled cells
was collected and considered the CD4+ enriched frac-
tion. Then, labeled CD8 +cells were removed from the
column with buffer. Both fractions were centrifuged at
300 gx 7 min and the final cellular pellets were lysed with
the proper buffer for subsequent RNA extraction.

mRNA extraction and RT-qPCR

PBMCs were homogenized and total RNA was extracted
using PureLink RNA Micro Scale kit (#12183-016, Inv-
itrogen) according to manufacturer’s recommendations.
RNA purity and quantity were determined with Nan-
odrop 1000 spectrophotometer (Thermo Fisher). 500 ng
of purified RNA was reverse transcribed using the High
Capacity ¢cDNA Reverse Transcription Kit (Applied Bio-
systems, Cat. #436814). The cDNA synthesis was per-
formed at 25 °C for 10 min, at 37 °C for 120 min and a
final step at 85 "C for 5 min in a final volume of 20 pl as
instructed by manufacturer. Then, cDNA was analyzed
by quantitative RT-PCR using PrimeTime qPCR Assays
(Integrated DNA Technologies, Coralville, Iowa. USA).
Human assays: IKZFl (Hs.PT.58.25575505), IKZF2
(Hs.PT.58.2960172), and 18S (Hs.PT.39a.22214856.g).
Mouse assays: IKZF1 (Hs.PT.58.25575505), IKZF2 (Hs.
PT.58.2960172) and 18S (Hs.PT.39a.22214856.g). Quan-
titative PCR was performed in 12 pl of final volume on
96-well plates using the Premix Ex Taq (Takara Biotech-
nology, #RR037A). Reactions included Segment 1: 1 cycle
of 30 s at 95 °C and Segment 2: 40 cycles of 55 at 95 °C
and 20 s at 60 °C. All RT-PCR assays were run in dupli-
cate. To provide negative control and exclude contamina-
tion by genomic DNA, the PrimeScript RT enzyme was
omitted in the cDNA synthesis step and samples were
subjected to the PCR reaction in the same manner with
each probe. RT-PCR data were quantified using the com-
parative quantitation analysis program of 64 MxProTM
quantitative PCR software version 3.0 (Stratagene) and
18S gene expression was used as housekeeping gene. To
analyze the relative changes in gene expression, the 2(—
AA C(T)) method was used.

Treatments with antipsychotics in mice

Female and male adult (12-week-old) wild type mice
(C57BL/6 | strain) were purchased from Jackson Labo-
ratory (Cat. #000664). All mice (male and female, 50%
each) were sub-chronically (7 days) or chronically
(28 days, only for clozapine) treated (i.p.) with vehicle or
paliperidone (0.5 mg/Kg dissolved in PBS, 5% DMSO) or
clozapine (1 mg/Kg dissolved in PBS, 5% DMSO). Doses
were used following previous literature [57, 94]. One
day after the end of the treatments all mice were sacri-
ficed and blood samples were obtained by using a cardiac
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puncture as previously described [41]. Then, peripheral
blood mononuclear cells (PBMCs) were isolated as we
did for humans. Blood pools from two mice were used to
obtain enough PBMC mRNA concentrations.

Animals

Ikzfl deficient mice [101] were provided by Profes-
sor Katia Georgopoulos whereas Ikzf2 deficient mice
were provided by Professor Philippe Kastner [10]. Both
lines, with C57BL/6 background, were backcrossed to
obtain wild type (Ik*"*:He*'*), heterozygous for ikzfl
(Ik*He*'"), heterozygous for Ikzf2 (Ik'*:He*) and dou-
ble heterozygous mice (Ik*:He*). Adult males and females
were used. We also used the Egrl-CreERT2 mice [7].
These mice carry a bacterial artificial chromosome (BAC)
including the Egrl gene in which the coding sequence was
replaced by that of CreERT?2 fusion protein. They were
crossed with R26RCE mice (Gt(ROSA)26Sortm1.1(CAG-
EGFP)Fsh/Mmjax, Strain 004077, The Jackson Labo-
ratory), which harbor the R26R CAG-boosted EGFP
(RCE) reporter allele with a loxP-flanked STOP cassette
upstream of the enhanced green fluorescent protein
(EGFP) gene to create the double heterozygous mutant
Egrl1-CreERT2 x R26RCE mice for the experiments
related with characterization of neural populations upon
treatment with human secretomes. Single intraperito-
neal injections of 4-hydroxytamoxifen (4-HT; #H7904,
Sigma-Aldrich Chemical Co.) 50 mg/kg were adminis-
tered to induce conditional Cre-dependent recombina-
tion. The animals were housed with access to food and
water ad libitum in a colony room kept at 19-22 °C and
40-60% humidity, under an inverted 12/12 h light/dark
cycle (from 8 A.M. to 8 P.M.). All animal procedures were
approved by local committees [Universitat de Barcelona,
CEEA (136/19); Generalitat de Catalunya (DAAM 10786)
following the European Communities Council Directive
(86/609/EU).

Behavioral tests

Behavioral phenotyping was performed following widely
and previously detailed features of appropriate mouse
models of schizophrenia [70] addressing the three dimen-
sions of the symptomatology. First, free exploration and
then, evaluation of D-amphetamine-induced hyperlo-
comotion (D-amphetamine sulfate, 3 mg/kg; TOCRIS
2813), were both evaluated in the open field as described
elsewhere [81]. Next, sociability was assessed by using
the three-chamber social interaction test as previously
described [81]. Finally, object recognition long-term
memory was evaluated by performing the novel object
recognition test (NORT) as we previously reported [6]. In
all behavioral studies animals were tracked and recorded
with Smart junior 3.0 software (Panlab).
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Golgi staining

Fresh brain hemispheres were submerged and processed
following the Golgi-Cox method as described elsewhere
[28]. Two hundred microns sections were cut in 70%
EtOH on a vibratome (Leica) and washed in water for
5 min. Next, they were reduced in 16% ammonia solu-
tion for 1 h before washing in water for 2 min and fixa-
tion in Na25203 for 7 min. After a 2-min final wash in
water, sections were mounted on superfrost coverslips,
dehydrated for 3 min in 50%, then 70, 80 and 100% EtOH,
incubated for 5 min in a 2:1 isopropanokEtOH mixture,
followed by 1 x5 min in pure isopropanol and 2 x5 min
in xylol. Bright-field images of Golgi-impregnated stra-
tum radiatum dendrites from hippocampal CA1 pyrami-
dal neurons or from pyramidal neurons of the medial
prefrontal cortex (Layer V) or from medium spiny neu-
rons in the striatum, were captured with a Nikon DXM
1200F digital camera attached to a Nikon Eclipse E600
light microscope (X100 oil objective). Only fully impreg-
nated neurons with their soma entirely within the thick-
ness of the section were used. Image z-stacks were taken
every 0.2 mm, at 1024 x 1024-pixel resolution, yielding
an image with pixel dimensions of 49.25x%49.25 pm. Seg-
ments of proximal dendrites were selected for the analy-
sis of spine density. Only spines arising from the lateral
surfaces of the dendrites were included in the study.
Given that spine density increases as a function of the
distance from the soma, reaching a plateau 45 um away
from the soma, we selected dendritic segments of basal
dendrites 45 pm away from the cell body. The total num-
ber of spines was obtained using the cell counter teol in
the Image] software.

Quantitative proteomics

Proteins from secretome media were precipitated with
acetone, and pellets dissolved in 8 M Urea, 50 mM DTT.
Protein quantitation was performed with the Brad-
ford assay kit (Bio-Rad, Hercules, CA, USA). Protein
extracts (20 pg) were diluted in Laemmli sample buffer
and loaded into a 1,5 mm thick polyacrylamide gel with
a 4% stacking gel cast over a 12.5% resolving gel. The run
was stopped as soon as the front entered 3 mm into the
resolving gel so that the whole proteome became concen-
trated in the stacking/resolving gel interface. Bands were
stained with Coomassie Brilliant Blue, excised from the
gel and protein enzymatic cleavage was carried out with
trypsin (Promega; 1:20, w/w) at 37 °C for 16 h as previ-
ously described [87]. Purification and concentration of
peptides were performed using C18 Zip Tip Solid Phase
Extraction (Millipore). For LC-MS/MS, dried peptide
samples were reconstituted with 2% ACN-0.1% FA (Ace-
tonitrile-Formic acid) and quantified by NanoDropTM
spectrophometer (ThermoFisher) before LC-MS/MS
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analysis using an EASY-1000 nanoLC system coupled to
an Exploris 480 mass spectrometer (Thermo Fisher Sci-
entific). Peptides were resolved using a C18 Aurora col-
umn (75 pm X 25 cm, 1.6 pm particles; lonOpticks) at a
flow rate of 300 nl/min using a 60-min gradient (50 °C):
2% to 5% B in 1 min, 5% to 20% B in 48 min, 20% to 32%
B in 12 min, and 32% to 95% B in 1 min (A=FA, 0.1%;
B=100% ACN:0.1% FA). The spray voltage was set at
1.6 kv, and the capillary temperature at 275 °C. Sample
data was acquired in a data-independent mode (DIA)
with a full MS scan (scan range: 400 to 900 m/z; resolu-
tion: 60,000; maximum injection time: 50 ms; normalized
AGC target: 100%) and 25 periodical MS/MS segments,
applying 20 Th isolation windows (0.5 Th overlap; reso-
lution: 15,000; maximum injection time: 22 ms; normal-
ized AGC target: 3000%). Peptides were fragmented
using a normalized HCD collision energy of 30%. Data
were acquired in profile and centroid mode for full MS
scan and MS/MS, respectively. For data analysis of quan-
titative proteomics DIA data files were analyzed using
Spectronaut (v 17.3, Biognosys) by directDIA analy-
sis (dDIA). Sample raw data was first processed by the
Pulsar Spectronaut search engine to generate a spec-
tral library. Pulsar then searched MSMS spectra against
Uniprot-Swissprot isoforms Homo Sapiens database.
MS1/MS2 calibration and main search tolerance were
set to dynamic. The maximum precursor ion charge was
set to 4, and fragment selection to intensity-based. Car-
bamidomethyl (C) was selected as a fixed modification,
and Oxidation (M), Acetyl (Protein N-term), Deamida-
tion (N), and Gln- > pyro-Glu as variable modifications
(3 maximum modifications per peptide). The enzyme
was set to trypsin in a specific mode (two missed cleav-
ages maximum). The target-decoy-based false discovery
rate (FDR) filter for PSMs, peptide, and protein groups
was set to 1%. Once the Pulsar search was performed,
the Spectronaut DIA search engine algerithm initiated
the DIA search using the default settings (Proteotypicity
filter=Protein group Specific) and filtering the precur-
sors and protein groups by a 1% Q-value. The Perseus
software (version 1.6.15.0) [96] was used for statistical
analysis and data visualization. Identifications from the
reverse database, common contaminants and proteins
only identified through a modification peptide were
removed. Label-free intensities were then logarithmized
(base 2) and the samples were then grouped according
to the experimental design. A filter of 70% valid values at
least in one group was applied to the resulting matrix fol-
lowed by a logarithmic transformation (Log2). Then, data
were imputated based on the normal distribution and
normalized using the “Width adjustment” method. Sta-
tistical analysis was performed using “Two-sample tests”
for the T-test of two selected experimental groups, based
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on permutation-based FDR statistics (250 permutations;
FDR 14 0.07; SO 14 0.1). The resulting matrixes were
exported containing the p-value (-Log) and fold-change
(Log2) columns that, after its transformation into linear
scale, were filtered by p<0.05 and 30% of significance and
fold-change respectively.

Luminex assay

We measured a panel of 30 cytokines, chemokines and
growth factors in 14 supernatant samples by Luminex
using the Cytokine Human Magnetic 30-Plex Panel
LHC6003M from Life Technologies™. Briefly, 25 pl of
the sample were tested by applying a modification to
the manufacturer’s protocol by using half the volume of
all reagents including the standards. This modification
has been previously tested and showed no difference in
assay performance compared to the original protocol
and has been used in prior studies [1, 37]. Each plate
included 16 serial dilutions (twofold) of a standard sam-
ple with known concentrations of each analyte and two
blanks. Samples were acquired on a Luminex® 100/200
instrument and analyzed with xPONENT® software
3.1. Concentrations of analytes were obtained by inter-
polating the median fluorescent intensity (MFI) to a
5-parameter logistic regression curve fitted with the R
package (drLumi) [82]. If the algorithm did not converge,
a 4-parameter log-logistic model was fitted. Limits of
quantification (LOQ) were estimated based on the 30%
threshold value for the coefficient of variation (CV) of the
standard curve. Molecules outside the LOQ in more than
30% of samples were excluded from the study. For all
other markers, observations outside LOQ were imputed.
Results were reported as pg/mL. The Luminex assay
was performed in the Immune Response and Biomark-
ers Core Facility at ISGlobal (Barcelona, Spain).

Hippocampal primary cultures and immunocytochemistry
Hippocampal neurons were obtained from E17.5 C57Bl/6
mice. The hippocampus was dissected and mechanically
dissociated with a fire-polished Pasteur pipette. Cells
were seeded at a density of 50,000 onto 12 mm coverslips
placed in 24-well plates. Plates were previously precoated
with 0.1 mg/mL poly-D-lysine (Sigma-Aldrich Chemi-
cal Co., St. Louis, MO, USA) and neurons were cultured
in Neurobasal medium (Gibco-BRL, Renfrewshire, UK)
supplemented with 1% Glutamax and 2% B27 (Gibco-
BRL). Cultures were maintained at 37 °C in a humidi-
fied atmosphere containing 5% CO,. Primary neurons
were fixed with 4% paraformaldehyde solution in PBS
for 10 min and blocked in PBS-0.1 M glycine for 10 min.
Then, cells were permeabilized in PBS-0.1% saponin
10 min, blocked with PBS-Normal Horse Serum 15% for
30 min, and incubated overnight at 4 °C in the presence
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of the following primary antibodies: mouse MAP2 (1:500,
M1406, Sigma-Aldrich Chemical Co.) and rabbit PSD-95
(1:500, Cell Signaling, Ref: 3450S). Fluorescent secondary
antibodies: AlexaFluor 488 goat anti-rabbit (1:100) and/
or Cy3 goat anti-mouse (1:100; both from Jackson Immu-
noResearch, West Grove, PA, USA) were incubated for
1 h at RT. Nuclei were stained with DAPI-Fluoromount
(SouthernBiotech, Birmingham, AL, USA). Immuno-
fluorescence was analyzed using a Leica Confocal SP5-11
confocal microscope (Leica Microsystems CMS GmbH,
Mannheim, Germany). Images were taken using an HCX
PL APO lambda blue 63.0x140 OIL objective with a
standard pinhole (1 AU), at 1024 x 1024-pixel resolution,
0.2 pm thick, and 5.0 digital zoom.

Tissue fixation and i fluorescence

Mice were euthanized by cervical dislocation. Left hemi-
spheres were removed and fixed for 72 h in 4% para-
formaldehyde (PFA) in PBS. 40 pm coronal sections
were obtained using a Leica vibratome (Leica VT1000S).
Next, free-floating sections were washed three times in
PBS, treated with NH,Cl for 30 min, and washed again
three times with PBS. Floating sections were permeabi-
lized and blocked with PBS containing 3% Triton X-100,
0.02% Azide, 2% BSA, and 3% NGS (Ab buffer) for 1 h
at RT. After three washes in PBS, brain slices were incu-
bated overnight at 4 °C with anti-GFP (1:500, Synaptic
Systems, 132006) and anti-Parvalbumin (1:1250, Swant,
PV27). Sections were washed three times and incubated
for 2 h at RT with fluorescent secondary antibody Alexa
Fluor 488 or 647 (1:400; from Jackson Immuno Research,
‘West Grove, PA, USA). Nuclei were stained with DAPI-
Flucromount (SouthernBiotech, Birmingham, AL, USA).
Sections were analyzed using a two-photon confocal
microscope (Leica SP5). To stain microglia and astro-
cytes in the hippocampal CA1, anti-Ibal (1:500, Abcam,
#Ab5076) and anti-GFAP (1:500, Synaptic Systems,
#132006) were the antibodies employed respectively.
Morphometric analysis of GFAP-positive astrocytes and
Ibal-positive microglia were performed as described
elsewhere [81].

Imaging analysis

To evaluate neuronal morphology by using the Sholl
analysis we employed the protocol described elsewhere
[18]. For the experiments evaluating PSD-95-positive
puncta in primary cultures, we followed the protocol pre-
viously described [28]. For quantification of the number
of activated neural ensembles and the number of par-
valbumin-positive cells in the hippocampal CAl from
Egr1-CreERT2 x R26RCE mice, we used the procedure
previously reported by our group [80].
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3D Cell culture preparation

Tridimensional neurospheres networks were devel-
oped as previously described [72]. Briefly, E18
C57BL/6]OlaHsd pregnant mice were euthanized by cer-
vical dislocation. Hippocampus were dissected in Neu-
robasal (Gibco) ice-cold media and incubated in 0.25%
Trypsin—EDTA (Gibco) at 37 °C for 20 min, followed by
5 min DNAse I (1 pg/ml; Sigma-Aldrich Chemical Co.)
incubation at room temperature. Mechanical dissociation
of the dissected hippocampus was performed by repeated
pipetting with a fire-polished glass Pasteur pipette until a
homogenous cell suspension was obtained. Cell viability
was determined by Trypan Blue exclusion assay. The cell
solution was then centrifuged at 150 g for 10 min, and
the supernatant was removed. The resulting cell pellet
was resuspended in the culture media containing Neu-
robasal media, 2% B27, 1% N2, 0.5 mM Glutamate, and
1% Penicillin/Streptomycin (Gibco). Cells were infected
with AAV7m8.Syn.GCaMP6s.WPRE.SV40 virus (Unitat
de Produccié de Vectors, Universitat Autonoma Barce-
lona) for neuronal GCaMP6s calcium sensor expression.
The viral infection was made at 1:1000 dilution at the
single-cell suspension stage, just before seeding. For neu-
rospheres network cultures, 5.5 x 10 cells were seeded in
poly-dimethylsiloxane (PDMS) customized molds con-
taining an 18 mm? square well. PDMS molds were fab-
ricated in UV resin 3D printed cast (Formlab 3+ laser
3D printer) and polymerized overnight at 90 °C. Neuro-
spheres cultures were incubated in culture media at 37 °C
and 5% CO,. Imaging experiments were performed using
a wide-field fluorescence microscope (Inverted micro-
scope Zeiss Axio Observer Z1) and ZEN software (Zeiss)
was used for image acquisition. Time-lapse videos were
recorded at 25 Hz for 5 min at 37 °C and 5% CO, in cul-
ture media (Neurobasal media, 2% B27, 0.5 mM Gluta-
mate, and 1% Penicillin/Streptomycin (Gibco)). Videos
were acquired at DIV28. All computations and visualiza-
tions were done using the standard Python-based eco-
systems for scientific computing and data visualization
(NumPy, SciPy, Seaborn, SciKitLearn, Matplotlib). Statis-
tical significance was plotted using the stat annotations
package (https://github.com/trevismd/statannotations).
Video data was extracted from.czi files. For neurosphere
segmentation was done using the Otsu thresholding tech-
nique. A time series of mean intensity values of each neu-
rosphere was extracted. The signal was denoised using
a Butterworth filter. After normalization, peaks were
detected (prominence (1-mean)/3, height 0.5) and the
signal was binarized. Neurospheres without any detected
activity were discarded from the subsequent analysis.
From the binarized signal the following parameters were
computed: mean activity rate, mean peak duration, and
average pairwise Pearson correlation of neurospheres.
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Statistical significance between different conditions was
determined at DIV 28 by one-way ANOVA and Dunnett’s
as post-hoc test. A subset of neurospheres were fixed and
stained against Tujl (1:1000, #T8660; Sigma).

Mini-osmotic pumps implantation

Mice were deeply anesthetized with isoflurane (2%
induction, 1.5% maintenance) and 2% oxygen and
placed in a stereotaxic apparatus for osmotic minipump
(model 1004; Alzet, Palo Alto, CA, USA) implanta-
tion. A brain infusion kit (#0008663) was also used to
deliver into the lateral (left) ventricle (0.1 mm posterior
to bregma, + 0.8 mm lateral to the midline, and —2.5 mm
ventral to the parenchyma surface) 0.11 pl per hour of
supernatants obtained from cultured peripheral blood
mononuclear cells/PBMC at a protein concentration of
0,2064 pg/ul. Cannulas were fixed on the skull with Loc-
tite 454 (from Alzet). Minipumps, previously equilibrated
overnight at 37 °C in PBS, were implanted subcutane-
ously in the back of the animal. After recovery, the mice
were isolated to prevent detachment of the cannulas.

Statistics

All data are expressed as mean+SEM. Statistical analysis
was performed using the unpaired two-sided Student’s t
test (95% confidence), one-way ANOVA with Tukey's as
post hoc tests, or two-way ANOVA with Bonferroni’s
post hoc test as appropriate and indicated in the figure
legends. Values of p<0.05 were considered statistically
significant. All experiments in this study were blinded
and randomized. All mice bred for the experiments were
used for preplanned experiments and randomized to
experimental groups. Visibly sick animals were excluded
before data collection and analysis. Data were collected,
processed, and analyzed randomly. The experimental
design and handling of mice were identical across experi-
ments. Littermates were used as controls with multiple
litters (3—5) examined per experiment.

Results

IKZF1 and IKZF2 mRNA expression levels are specifically
downregulated in peripheral blood mononuclear cells

in patients with schizophrenia

Since we have previously reported that mice full knock-
out for fkzfl or Ikzf2 could develop brain-related defi-
ciencies [5, 29, 60, 61], we first aimed to assess IKZF]
and JKZF2 mRNA levels by RT-qPCR in different brain
regions strongly implicated in the pathophysiology of
schizophrenia, namely the hippocampus, dorsolateral
prefrontal cortex (DLPFC), and putamen. We evaluated
such mRNA levels in post-mortem brain samples from
patients with schizophrenia and control patients (Suppl
Table 1). We did not detect changes in IKZFI and IKZF2
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mRNA levels in either, the hippocampus (Fig. 1a, b) or
the DLPFC (Fig. 1c, d) or putamen (Fig. 1e, f) when com-
paring samples from schizophrenia patients with samples
from control subjects. The same results were observed
when protein levels were evaluated by western blot
(Suppl. Figure 1). We next hypothesized that, since IKZF1i
and /KZF2 in adult mammals are both more enriched
in circulating immune (lymphocytes) cells than in
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neural tissues [44] (see also in The Human Protein Atlas),
it would be conceivable that potential changes could be
easier to be detected there rather than in the brain. Thus,
we isolated peripheral blood mononuclear cells (PBMCs),
which are mostly ~70-90% lymphocytes [86], from con-
trols and patients with schizophrenia (Suppl Table 2). A
descriptive evaluation of these PBMCs showed no dif-
ferences in terms of cell density for either, neutrophils or
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Fig. 1 (KZFT and [KZF2 mRNA levels in the brain and circulating immune cells of patients with schizophrenia. Determination of iKZF1

and IKZF2 mRNA levels In different brain regions. Results from RT-qPCR of total IKZF 1 and IKZF2 mRNA levels in different brain regions namely
hippocampus (a and b respectively), dorso-lateral prefrontal cortex (DLPFC, ¢ and d respectively) and putamen (e and f respectively) from patients
with schizophrenia (SCH) or matched controls (CTR). Demographics of the samples are displayed in supplementary Table 1. Results from RT-gPCR
of total (g) [KZF1 and (h) KZF2 mRNA levels in peripheral blood mononuclear cells (PBMCs) isolated from patients with schizophrenia (SCH)

or matched controls (CTR). Highlighted black, biue and violet dots are the samples selected for the subgroups used in Fig. 4 onwards (CTR,

SCH et and SCH'Me~ groups respectively). () Results from RT-gPCR of total (KZF 1 and (j) (KZF2 mRNA levels In CD4 + cells solated from PBMCs
In i-j. Results from RT-qPCR of total (k) (KZF T and (1) (KZF2 mRNA levels in CD8+cells isolated from PBMCs in ij. Demographics of the samples

are displayed in supplementary Table 2. Data are means = SEM and they were analyzed using the two-talled Student t-test. *p< 005, *p<001

and **p <0001 vs CTR
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lymphocytes or monocytes when comparing control sub-
jects with patients with schizophrenia (Suppl Table 3).
We then extracted their mRNA and evaluated IKZFI
and IKZF2 mRNA levels. Interestingly, we detected that
IKZF1 (Fig. 1g) and IKZF2 (Fig. 1h) were both signifi-
cantly downregulated in PBMCs mRNA from patients
with schizophrenia compared to matched controls. As we
did for brain regions, we also confirmed these results at
protein levels for IKZF1 but not for IKZF2 (Suppl. Fig-
ure 1 and Suppl. Table 4). We then looked at isolated
CD4+and CD8 +cells from the same PBMCs. We found
that IKZFi (Fig. li) and IKZF2 (Fig. 1j) mRNA levels
were both downregulated in CD4+cells. In contrast,
IKZF1 (Fig. 1k) and IKZF2 (Fig. 11) mRNA levels were
normal in CD8 + cells. Next, to rule out the possibility of
unspecific effects mediated by the medications on these
changes we decided to sub-chronically treat wild type
mice for 7 days with the two most common administered
antipsychotics in our cohort of patients; paliperidone and
clozapine. We found that Ikzfl and Ikzf2 mRNA levels
in mouse PBMCs were not affected by such treatments
(Suppl Fig. 2). To further ensure this result we repeated
the experiment with a more chronic treatment (28 days)
focusing with the most employed antipsychotic in all
our cohorts of patients, clozapine. Again, no changes in
either Ikzfl or Ikzf2 mRNA levels in mouse PBMCs were
found (Suppl. Figure 2). Altogether, these results indicate
that the double reduction of IKZFI and IKZF2 mRNA
levels in PBMCs is localized in CD4+cells. These altera-
tions could play a role in the dysfunctions described for
this cell type in the context of schizophrenia [15].

Mimicking the double fkzf1 and Ikzf2 downregulation

in mice results in a myriad of several schizophrenia-like
disturbances

Although many different expressed genes (DEGs)
and proteins (DEPs) have been identified in patients
with schizophrenia, most of them have not been yet

(See figure on next page.)
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characterized or their role in the pathophysiology of
the disease remain, at least, controversial [77, 83, 91].
Therefore, we aimed to characterize the relevance of
this double reduction by mimicking it in mice. To do so
we crossed heterozygous mice for Tkgfl (Ik:Het'*, [61]
with heterozygous mice for Ikzf2 (Ik*'*:He*, [60]) to gen-
erate double mutant mice with a double reduction of
both, fkzf! and Ikzf2 (Ik*:He", Fig. 2a). Since both, adult
(4-5 months of age) Ik*:He™" and Ik*"*:He* mice dis-
played only some phenotypes compared to Ik**:He"'*
mice (Suppl. Figure 3), henceforth we focused on the
Ik**:He*™* and Ik*:He* genotypes (ak.a. Wild type mice
and double mutant mice) only. First, the appearance and
body weight (Suppl. Figure 4) were indistinguishable
between the two groups, thus suggesting a normal health
state in male and female Ik*:He* mice. Then, to evalu-
ate the potential schizophrenia-like phenotypes in our
mutant mice, we performed a broad behavioral charac-
terization aimed to evaluate positive, negative and cog-
nitive symptomatology as previously established [70].
Regarding the positive-like phenotypes, we first observed
that Ik*:He" females (Fig. 2b) and Ik*:He* males (Fig. 2c)
displayed increased basal locomotion/agitation in the
open field paradigm when compared with their matched
Ik"*:He*™* controls. Furthermore, both, Ik*:He* males
(Fig. 2d) and females (Fig. 2e) showed an increased sen-
sitivity to the D-Amphetamine in an open field arena.
Regarding the negative-like phenotypes, we observed
that in the three-chamber social interaction test there
was a consistent alteration in sociability showed by both
Ik*:He* males (Fig. 2f) and females (Fig. 2g) compared
with their matched controls. Finally, long-term declara-
tive memory was also assessed by subjecting the groups
of mice to the novel object recognition test (NORT).
First, females Ik™:He* were uncapable to recognize the
new object with respect the old one when compared to
Ik*"*:He** controls (Fig. 2h). Similarly, Ik**:He*"* males
showed preference for the new object whereas Ik*:He*

Fig. 2 Generation and characterization of the [k"He" double mutant mice a Schematic represeritation of the adult murant mice generated

and used. Ik and He* mice were crossed to generate the four genotypes; lk™He'"*, Ik*:He*, IktHe*"* and Ik*:He*. Since the behavioral
phenotype in Ik*** He* and lk*:He"* groups of mice were punctual compared to that In [k*"He*/* mice (Suppl. Figure 3), we focused

onthe controls [k™*:He'** and the double mutant Ik*He* mice. Basal locomator activity was evaluated In the two groups of mice separated into (b}

females (Genotype effect: F

=22,58, p<0.0001) and (c) males (Genotype effect:F; 535 =9518, p=0.0021) In a 15 min testing session of free

exploration in an open field. Induced agitation and sensitivity to the psychostimulant D-amphetamine was measured in a 45 min testing session
upon injection of 5 mg/Kg of D-amphetamine in (d) female (Genotype effect: Fuyg 1455 =20,37, p<0.0001) and (e) male (Genotype effect: F .,

1665 = 21,28, p<0.0001) mice from both groups. Sociability was evaluated in the three-chamber soclal Interaction test (TCSIT). Mice from the two
groups were subjected to the TCSIT and data were depicted for (f) females (Social preference effect: F, o, =8456, p=0.0051) and (g) males (Social
preference effect: F; ¢.,=19,36, p<0.0001). Recognition memory was evaluated in the novel object recognition test (NORT) 24 h after a training
session. Mice from two groups were subjected to the NORT and data were depicted for (h) females (NORT preference effect: F; 54, =5415,
p=00237) and (i) males (NORT preference effect: F; ., =18,35, p<0.0001). Data are means+SEM and they were analyzed using the two-way
ANOVA, *p <005, **p <0.001 vs Ik':He*"* mice In b, d and e. Inf, g, h, and i data were analyzed using the two-way ANCVA with Bonferroni's
post hoc test; *p<0.01 and **p<0.001 vs time exploring the stranger or the new object
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Fig. 2 (See legend on previous page.)

males did not (Fig. 2i), suggesting the presence of detect-
able cognitive deficits in both Ik*:He* males and females.

To further assess associated schizophrenia-like pheno-
types such as dendritic spine loss in several brain regions
as described elsewhere in post-mortem samples from
patients [30], we quantified spine density in hippocam-
pal CAl pyramidal neurons, in Medium Spiny Neurons

B Ik He*"

(MSNis) of the dorsal striatum and in pyramidal neurons
of the layer V in the medial pre-frontal cortex (mPFC) of
Ik**:He*™* and Ik*:He* mice. First, we identified a sig-
nificant reduction of dendritic spine density in the MSNs
of both, Ik*:He® males (Fig. 3a) and Ik“He* females
(Fig. 3b) compared with their respective Ik™*:He™'*
controls. In contrast, alterations in spine density of the
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Fig. 3 Characterization of structural synaptic plasticity in the IkHe™ mice. a, b Representative images (left panels) and quantification (right

panels) of spine density In dendrites from medium spiny neurons (MSNs) of the dorsal strlatum labeled with Golgi staining: Images were obtained
in a bright-field microscope in adult (a) male and (b} female Ik**:He*+ and Ik":He* mice. Scale bar, 5 um. ¢, d Representative images (left panels)
and quantification (right panels) of spine density In secondary apical dendrites from pyramidal neurons of the hippocampal CA1 labeled with Golgi
staining. Images were obtalned in adult (¢} male and (d) female 1k :He*'* and Ik:He* mice. Scale bar, 5 pm. e, f Representative Images (left panels)
and quantification (right panels) of spine density in dendrites from pyramidal neurons of layer Vin the frontal cortex labeled with Golgi staining.
Images were obtained Inadult (e) male and ) female k" *:He'"* and Ik*He* mice. Scale bar, 5 um. Data are means + SEM and they were analyzed
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genotype). Scale barina, 5 um

CAL pyramidal cells was only observed in Ik*:He* males
(Fig. 3¢), but not in Ik":He* females (Fig. 3d). Finally,
regarding to spine density in pyramidal neurons of the
mPFC, no changes were observed in any condition
(Fig. 3e-f). In conclusion, our newly generated double
Ik*:He* mutant mice mimic several features (behavio-
ral and histological) in mice that are also observed in
patients with schizophrenia and models.

IKZF1 and IKZF2 mRNA levels in PBMC regulate

the molecular profile of their secretome in patients

with schizophrenia

Upon the observation that Ik*:He® mice mimicked
schizophrenia-like features, we next aimed to study
which is the underlying molecular bridge between the
circulating immune system and central nervous sys-
tem that induces these phenotypes. We hypothesized
that altered levels of IKZF1 and IKZF2 could impair the

transcriptional activity of secreted molecules (secretome)
by these circulating immune cells such as cytokines,
chemokines, growth factors and other molecules. These
impaired secretomes could, in turn, impair neural net-
works involved with the development of schizophre-
nia. To address these questions, we opted to use a more
translational approach (Suppl. Figure 5a). From patients
with schizophrenia studied in Fig. 1g, h, we generated
two sub-groups of patients; the first with normal lev-
els of IKZFI and IKZF2 (SCH™"* group) in PBMC
and the second with a double down-regulation of both,
IKZFI (>40%) and IKZF2 (>40%) in PBMC (SCH*~1e-
group) compared to control (CTR) patients (Suppl. Fig-
ure 5b-c). All groups were matched in terms of number
(n=4-5/group), age (Suppl. Figure 5d), sex, and the
PANSS general score (Suppl. Table 5). Also, the number
of circulating lymphocytes, neutrophils, platelets, and
monocytes were indistinguishable between sciitier
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and SCH'*"M¢~ groups (Suppl. Figure 5e-h). Addition-
ally, based on this criterion of>40% of reduction, it is
worth mentioning the proportion of patients for each
condition (Suppl Fig. 2); 6 of 35 patients displayed a dou-
ble downregulation of both, IKZFI and IKZF2 mRNA
levels. 6 of 35 patients showed reduction only in IKZFi
mRNA levels. Finally, 4 of 35 patients showed reduction
only in JKFZ2 mRNA levels. We then obtained and cul-
tured PBMC from all selected subjects and obtained their
supernatants (a.k.a. secretomes; Suppl. Figure 5a) con-
taining the secretome of such cells. We first performed
a protein expression screening in these secretomes using
a mass spectrometry approach. A principal component
analysis (PCA) revealed that the two groups of patients
with schizophrenia, scH¥+Het ynd sCH*-He= were dif-
ferent with respect to the CTR group (Fig. 4a). However,
PCA indicated that SCH*"+ and SCH™**¢= groups
were slightly different between each other (Fig. 4a). Venn
diagram representation indicated that 17 and 13 proteins
were specifically altered in the SCH*+He* and SCHK—He—
groups respectively compared to the CTR group. Also,
only changes in 9 proteins were observed to be shared by
both SCH* "¢+ and SCH™ M~ groups when compared
to CTR subjects (Fig. 4b, c). Proteins changing in this
same sense included TUBAS, PEN1, TUBB, and DEFAL
(Fig. 4c, d). In contrast, specific altered proteins in the
SCH"*He+ group comprised ACTB, COTL1, FLNA,
and PRTN3. On the other hand specific altered proteins
in the SCH*"*~ group involved ACTR3, SH3BGRL,
LUZPL, CFL1, CCL5 (RANTES), C1RL and RHOC. To
further complement these results from mass spectrome-
try we also performed a Luminex-based screen of several
cytokines and chemokines in the supernatants from the
three groups. Results indicated that some proteins were
downregulated only in the SCH'*"*~ group compared

(See figure on next page.)
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to the CTR group such as GMSF and IL-4 (Fig. 4f) or
MIP1A (Fig. 4g). Oppositely, CXCL10 was upregulated
only in the SCH'"""H¢~ group compared to the CTR group
(Fig. 4h). Finally, G-CSF and IL-10 were indistinguish-
able between groups (Fig. 4i). In summary, secretomes
from SCH®*Me and SCH™ M~ groups were signifi-
cantly different between them and also compared to CTR
secretomes.

IKZF1 and IKZF2 mRNA levels in PBMCs from patients

with schizophrenia modulate neuronal structural plasticity
in primary mouse hippocampal neurons

We observed that the secretomes of both, SCH¥+He+
and SCH™ M groups, displayed different molecu-
lar profiles between each other and also compared to
CTR subjects. Next, we aimed to evaluate whether such
changes could exert some impact on neuronal func-
tions. To do so, we first set up the safety of using such
secretomes from patients in mouse neuronal cultures.
‘We first pooled the secretomes for each group. All three
pools (CTR, SCH™* "¢ and SCH™"¢-) had a protein
concentration of 2,064 pg/ul. We then added two differ-
ent dilutions, 1:1 and 1:10 from the CTR secretome pool
to mouse hippocampal primary neurons at day in vitro
7 (DIV7, Fig. 5a). We also used two additional controls
in this experiment, namely a naive hippocampal primary
culture without any treatment and a culture only treated
with PBMC media X-Vivo (as a vehicle). We observed
that 24 h after treatments, the dilution 1:1 induced neu-
ronal degeneration per se whereas the dilution 1:10 did
not affect neuronal morphology as compared with the
two other controls (Fig. 5b and d). Thus, we used the 1:10
concentration henceforth for the ulterior experiments
using the three secretome pools due to its safety for
neuronal viability. Next, we evaluated the effect of these

Fig. 4 Molecular profile of PBMC secretomes from stratified patients with schizophrenia. From our results in Fig. 1g, h, we selected and stratified
patients as follows: Patients with schizophrenia but with unaltered mRNA levels in PBMC of both, IKZFT and IKZF2 respect to CTR subjects

{SCH™ e group; n=>5) and patients with a double reduction (= 40%) of IKZF] and IKZF2 mRNA levels In PBMCs (SCH*~M~ group; n=4). These
stratified patients were matched to control subjects with normal (KZFT and IKZF2 mRNA levels (CTR group; n=5), From these stratified patients,
supernatants of cuttured PBMC were collected and subjected to Mass Spectrometry. a Principal component analysis (PCA) for proteomics data
from PBMC supernatanits, The PCA plot represents the 14 subjects from the three subgroups (CTR i grey, SCH* ™+ in blue, and SCH"= in violet)
that Indicates subtle proteomics profile differences between such supernatants. b Venn diagram showing the total number of proteins differentially
expressed or DEPs in each of the SCH subgroups. The commaon DEPs (9) comparing bath groups (SCH " and SCH*Me) with respect to the CTR
group, the specific DEPs (17, blue) comparing SCH™**#* with CTR, and the specific DEPs (13, violet) comparing SCH*"~ with CTR are depicted. ¢
Table showing the specific down-regulated (green) and up-regulated (red) DEPs In each comparison extracted from b. d Volcano plot depicting
DEPs when comparing supernatants from the CTR and SCH**"* groups. Dashed horizontal line shows the p values cutoff, and the two vertical
dashed lines Indicate down/up requlated proteins. Red points Indicate significantly DEPs. Dark points indicate non-significant DEPs. e Volcano plot
depicting DEPs when comparing superriatants from the CTR and SCH*—"~ groups as we did for d. Analyte array measured by a Luminex assay
depicting the levels in pg/ml of (f) FGF IL-1B, 1113, IL-12, IL-17, GMCSF, IL-15, HGF, VEGF, IFNg, IFNa, TNFa, IL-17, IL-2R, MIG, IL-4 and (g) MIP1A, MIP1B,
IL-1RA, IL-8 and (h) Eotaxin, CXCL10 and (i) G-CSF and IL-10. The analytes are depicted in four (f—i) different graphs due to thelr huge variability

In terms of the range of concentrations. Data are means=SEM and they were analyzed using the one-way ANOVA and the Dunnet’s post hoc inf-i.

*p<0.05 vs CTR group
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Fig. 5 Effects of CTR, SCH* ™+ and SCH* " supernatants In neuronal structural plasticity. a The experimental design Is depicted. Supernatants
(aka conditioned media) from cultured PBMC were added to primary hippocampal neurons at DIVZ and 24 h later, thelr dendritic morphology
was assessed by using the Sholl analysis. b and d Different concentrations (1:1 and 1:10 supernatants from the CTR pool) and contrals (X-Vivo

media and naive primary neurons) were employed (Group effect: F ;

; =147,1, p<0.0001). The 1:10 concentration was selected as the one to be
used from c onwards because of Its safety when compared with Basal and %-Vivo control conditions (b and d). c and d Effects of CTR, SCH'+He+

and SCH*'* supematants on neuronal branching in primary hippocampal neurons using the selected (1:10) dose (Group effect Fr 80y=40,97,
p<0.0001). In b-d MAP2 staining was employed. e The experimental design to evaluate synaptic changes Is depicted. Supernatants (conditioned
media) from cultured PBMC were added to primary hippocampal neurons at DIV20 and 24 h later (f) the density of PSD-95 positive puncta per area
was assessed in the three groups. g Quantification of PSD-95-pasitive puncta/area from f (F, 5, =6,905, p=00152). Data are mean+5EM. In b (n=30
neurons/group) and ¢ (n=27-33 neurons/group) the two-way ANOVA was applied and Tukeys multiple comparisons test was used as a post hoc.

In g (n=4 cultures/group) one-way ANOVA was applied, and Dunnett's multiple comparisons test was used as a post hoc Scale bar in d, 30 um.

Scale barinf, 5 pm

secretomes in neuronal branching by treating neurons
at DIV7. While CTR and SCH**"+ secretomes did not
induce significant changes on neuronal morphology, the
SCH'* e~ secretome induced a substantial reduction in
the neuronal dendritic complexity (Fig. 5c, d). To further

deepen on these effects, we then repeated the experi-
ment but adding the secretomes from the three groups
(CTR, SCH'*He+ and SCH™*=#) to primary hippocam-
pal neuronal cultures at DIV20 (Fig. 5e). Then, 24 h later
we quantified the number of PSD-95-positive clusters
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(as an excitatory post-synaptic marker) in these cultures.
We observed a significant reduction of PSD-95-positive
clusters in primary cultures treated with the SCH*—He~
secretome but not in primary cultures treated with the
SCH'"*Het gecretomes compared with the CTR group
(Fig. 5f, g). We concluded that the different molecular
profile displayed by the SCH*=H*~ PBMC secretome
was probably the responsible for these specific effects on
structural synaptic plasticity.

The PBMCs secretome of patients with schizophrenia

modulate neuronal dynamics: role of IKZF1 and IKZF2

Our previous results indicated that PBMC secretomes
from patients with schizophrenia could play a role in
structural synaptic plasticity, probably via modulation
of synaptic components. To further explore this pos-
sibility, we benefit from a new approach called Modular
Neuronal Network (MoNNets, [72]) designed to identify
neural patterns (based on GcAMP6s-dependent calcium
activity) in primary neurons resembling those observed
in schizophrenia (Fig. 6a). Thus, MoNNets were gen-
erated, transduced with GcAMP6s and treated with
CTR, SCH'**M* and SCH'*"*~ PBMC secretomes at
DIV7, DIV14 and DIV21 (Fig. 6b). At DIV28 GcAMP6s-
dependent calcium activity was recorded for 5 min in
these MoNNets (Fig. 6b-c). Our results showed clear
changes in activity in both groups of MoNNets treated
with SCH'™He* and SCH™ M~ secretomes compared
to MoNNets treated with CTR secretome (Fig. 6d).
These visual changes in activity in the raster plot were
translated to a strong reduction in the average pairwise
correlation, a measure of neuronal synchrony [72], in
those MoNNets treated with SCH'* e+, op SCHIk—He—
secretomes (Fig. 6e), which mimics what is observed in
schizophrenia [97]. Interestingly, we also observed a
moderate decrease in activity rate in MoNNets treated
with the SCH'""M®* secretome, an effect even more
robust when MoNNets were treated with the SCH'*He~
secretome (Fig. 6f). Finally, only MoNNets treated with
the SCH'*="¢= secretome suffered a reduction in the

(See figure on next page.)
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mean peak duration compared with the CTR condition
(Fig. 6g). We concluded that, although both secretomes,
the SCH' e+ and the SCH™*"*~, induced a reduction
in MoNNets functional parameters (mainly synchrony)
the SCH'* e~ was the one that triggered the most severe
and global alterations.

IKZF1 and IKZF2 mRNA levels in PBMCs from patients

with schizophrenia modulate schizophrenia-like
phenotypes with a specificimpact on cognitive function
Our observations in primary neuronal cultures and
in MoNNets suggested that neural networks could
be influenced by an aberrant molecular profile in the
PBMC secretome from patients with schizophre-
nia. Also, our results indicated that IKZFI and IKZF2
mRNA levels modulate the severity of such impair-
ments. Additionally, since in the double heterozygous
Ik*:He* mice (Figs. 2-3) both genes, Ikzfl and Ikzf2,
have been genetically deleted (one allele) also in the
brain, it cannot be excluded that this general dele-
tion might have a direct effect on the synaptic plastic-
ity in the hippocampus or other brain regions at any
stage of their lifespans. Thus, we aimed to employ a
different strategy to address all these points. We used
a mouse line that allows a permanent tagging of neu-
rons activated by experience or relevant stimuli: the
double mutant mice expressing Egrl-CreERT2 and
R26RCE (Fig. 7a) [7, 54, 80]. We permanently and
intraventricularly treated these transgenic mice with
pooled secretomes from CTR, SCH'**Het  and the
SCH'™" e~ gubjects using mini-osmotic pumps for
25 days (Fig. 7b, c) at a delivery ratio of 2,5 pl/day to
the lateral ventricle. We performed a broad behavio-
ral characterization of these mice assessing the three
dimensions of schizophrenia-like phenotypes [70]
from day 5 to day 19 of the treatment. On day 20, mice
were treated with 4-HT to induce recombination and
permanent labeling of activated neural engrams due
to the treatments with the secretomes. This design
avoided the unspecific labeling of neural engrams due

Fig. 6 Impact of CTR, SCH"* ", and SCH'"*~ supernatarits In neuronal activity and synchrory. a Schematic overview of MoNNet approach (Left
panel). Primary hippocampal cells were infected with AAVZm8.Syn.GCalPes WPRE.SV40, and plated on @ PDMS maold for self-organized assembly
of MoNNet (a ka. neurospheres, Middle panel). Tuj-1 labeled MoNNets tright panel). Scale bar 250 um. b The experimental design s depicted
Pooled supernatants (ak.a conditioned media) from each group (CTR, SCH'*er, and SCH'He) of cultured PBMC were added to primary
hippocampal neurons at DIV7, DIV14, and Div21, At DIV28, their GcAMP6s-based activity was assessed. ¢ Maxima projection showing GcAMP6s
activity and Its subsequent filtering (Gaussian > binarized > and final mask). System-wide cellular-resolution Ca** imaging was performed at 25 Hz
We analyzed the activity of each neurosphere and compared it with the rest of neurospheres. d Representative raster plots from DIV28 recordings
in all three groups (CTR, SCH**"&*, and SCH*~"-). From the binarized signal the following parameters were computed: e average pairwise Pearson
correlation of MoNNets (one-way ANOVA; F, 831, p<0.0001), (f) mean activity rate (one-way ANOVA: F; 3,=10,22, p<0.0001) and (g)
mean peak duration (one-way ANOVA:F , 1. =3,893, p=0.023). In e-g one-way ANOVA was applied and the Dunnett's multiple comparisons test
was used as a post hoc. *p <005 and *4p <0001 vs CTR
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Fig. 6 (See legend on previous page.)

to the extensive behavioral characterization. Finally,
brains were processed for histological studies on day
25 of treatment (Fig. 7c). Regarding the results, first,
treated mice showed normal body weight (Fig. 7d) and

O @

& &

2
& &

appearance (data not shown) at the end of the study,
suggesting that this treatment did not induce sickness-
like states. Concerning the behavioral characterization,
both SCH™ "+ and the SCH* ™M groups showed
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no changes in agitation in the open field when com-
pared with the CTR group (Fig. 7e). In contrast, both
SCH'*"He* and the SCH™™ ¢~ groups showed a clear
and equal reduction in sociability compared to the
CTR group in the three-chamber social interaction test
(Fig. 7f). Finally, in the novel object recognition test,
the SCH'* M~ group but not the SCH 1+ group dis-
played specific alterations in novel object recognition
memory in comparison with the CTR group (Fig. 7g).
We then mapped the activation of potential aberrant
engrams due to these secretomes in fixed brains from
mice of the three groups. Since cognitive alterations
seemed to be highly specific to the mice treated with
the SCH*He~ gecretome, we quantified the number of
Egrl-dependent activated neural cells (GFP-positive)
in the hippocampal CA1 (Fig. 7h) as suggested to be a
core hippocampal sub-region in the physiopathology
of schizophrenia [102]. We observed that, although
both groups, SCH**"¢* and the SCH™~"*~ displayed
an apparent aberrant activation of the Egrl-dependent
activated ensembles, only the mice treated with the
SCH'*"He~ secretome suffered a significant increase
(Fig. 7h). Interestingly, increases on Egrl levels have
been previously reported in the auditory cortex [43]
and in peripheral tissues of schizophrenia patients
[11]. We then observed that altered structural syn-
aptic plasticity was only detected in our mice treated
with the SCH®Me~ secretome. In particular, spine
density in the CAl pyramidal neurons (Fig. 7i) but
not in medium spiny neurons of the dorsal striatum
(Suppl. Figure 6a) was increased in mice treated with
the secretome from SCH™*H¢~ patients compared to

(See figure on next page.)
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the CTR group. These differences, although a trend was
observed, were not significant in mice treated with the
SCH'**He* secretome. Such aberrantly increased num-
ber of Egrl-dependent activated ensembles correlated
with a decrease in the number of parvalbumin-positive
interneurons mostly observed in the SCH'* ="~ group,
but also in the SCH"*H* group when compared with
the CTR group (Fig. 7j). This reduction in parvalbumin
interneurons could mediate the Egrl-dependent hyper-
activation of CAl pyramidal cells due to a lack of their
inhibition [98]. Finally, because human secretomes
have the potential to activate neuroinflammatory pro-
cesses, we evaluated several morphometric parameters
in astroglia and microglia within the same CAl stratum
radiatum of the mice. While human secretomes from
schizophrenia patients did not alter the overall num-
bers of hippocampal astrocytes and microglia, they did
induce morphometric changes including increased cel-
lular solidity and increased GFAP staining (Suppl. Fig-
ure 7). Notably, the SCH "M~ group exhibited more
pronounced alterations compared to those observed in
the SCH™H* group (Suppl. Figure 7). These findings
suggest that astrocytes and microglia respond to these
pathological secretomes. Overall, these results indicate
that human secretomes from patients induce schizo-
phrenia-like phenotypes in mice and that IKZFI and
IKZF2 levels in PBMC modulate the secretome confor-
mation in a way that specifically impacts hippocampal
activated neural ensembles likely through a reduction
in parvalbumin interneurons function and ultimately
impairing structural plasticity and associated cognitive
skills.

Fig. 7 Schizophrenia-like phenotypes induced by the SCH*e* and SCH""="e~ supematants when intraventricularly administered in mice.

a Schematic representation of adult double-heterozygous-mutant Egr1-CreERT2 x R26RCE GFP mice used 1o label activated neural engrams
upon treatment with supernatants, b Schematic representation of the intraventricular infusion of CTR, SCH et and SCH &~ sypernatants,
Mini-osmotic pumgs infused 0,11 wlh of supernatants at a concentration of 0,206 ug/ul of protein. ¢ The experimental design is depicted. After
surgical intervention, mice recovered for 4-5 days and then they were subjected to a broad behavioral characterization. At day 19, this behavioral
characterization terminated and at day 20 mice were treated with 50 mg/kg of 4-hydroxytamoxifen (4-HT) to Induce recombination and labeling
(GFP) of activated neural ensembles. At day 25, mice were processed to evaluate neural engrams formation and labeling and to evaluate

spine density in the hippocampal CA1. d Body welght was monitored on the day of sacrifice. e Basal locomotion/agitation was evaluated

by using the open field In the three groups of mice (CTR, SCH' "+ and SCH'"7). In the same groups of mice, f sociability was measured

using the three-chamber social Interaction test/TCSIT (Group effect: F,

107 = 1843, p<0.0001). g The same groups of mice were also subjected

to the Novel Object Recognition Test/NCRT (Group effect: F; 155,=229,3, p<0.0001) where memory was tested 24 h after a training session. h
Double fluorescent staining (DAP! in blue, GFP in green) in hippocampal CA1 from mice treated with one of each supernatant [CTR, SCHE,

and SCH*"=), Graph tright-down) shows quantification of Egr1-dependent activated CA1 pyramidal cells (estimated number of GFP-positive cells/
area of 500 um?, Group effect: Fy, ,,,=3,926, p=0.034). Scale bar, 300 pm. | Representative images and quantification (right-down panel) of spine
density in secondary apical dendrites of the CA1 pyramidal neurons labeled with Golgi staining (n=72-121dendrites/group from 7 mice/groug).
Images were obtained ina bright-field microscope In the three groups of mice treated with CTR, SCH'* ™+, and SCH* "~ supematants (Scale

bar, 5 um). j Double fluorescent staining (left panels, DAP! in Blue, parvalbumin in red) in hippocampal CA1 from the same mice as in h. Graph
(right) shows quantification of parvalbumin-positive interneurons in the CA1 (estimated number of parvalbumin-positive cells/area of 500 um?,
Group effect: F; ,,=33,86, p <0001}, Scale bar, 300 um. Data are means=SEM. In d, h and I one-way ANCVA was applied, and Tukey's multiple
comparisons test was used as a post hoc. Ine, f, and g, two-way ANOVA was applied, and Bonferrorii's multiple comparisons test was used as a post
hoc. %p<0.05, vs CTR; ***p < 0.001, vs Empty orvs Old Object. CTR (n=18); SCH*** (n=20}; SCH* " (n=18). In j n=10In all groups
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Discussion

In the present work, we show for the first time that both,
IKZF1 and IKZF2, are downregulated specifically in
immune circulating cells, but not in the brains of patients
with schizophrenia. We also observed in mice that a
double ikzfl and Ikzf2 heterozygosis induced schizo-
phrenia-like symptoms in the three dimensions (posi-
tive—negative-cognitive) of symptomatology. Exploring
the secretome of these circulating immune cells, we
observed that high-order cognitive functions are the
most susceptible to be affected by the double JKZF1I and
IKZF2 reduction. Specific and acutely hyperactivated
hippocampal engrams, reduced number of parvalbumin
interneurons and altered neuronal synchrony were asso-
ciated with these phenotypes placing molecules such as
IL-4 and CXCL10 as potential core signals mediating
them.

First, we show that IKZFI and IKZF2 mRNA levels
are specifically downregulated in CD4+ cells but not in
CD8+ cells. Such specific double down-regulation could
induce changes on numbers of CD4+ cells and, in turn,
to provoke differences on CD4+/CD8 +ratios [16, 90].
Also, a double down-regulation of IKZF! and IKZF2
mRNA levels in CD4 cells could proveke an imbalance
between T helper cell type 1 (Thl) and type 2 (Th2)
which has been associated with schizophrenia [107].
Interestingly, this imbalance has also been associated to a
decrease on IL-4 expression in Th2 cells in schizophrenia
patients [68] which is in line with our results on IL-4 ley-
els. This imbalance reinforces the idea about the produc-
tion of aberrant secretomes by these immune cells (which
might be explained, at least in part, by this IKZFI1-IKZF2
double downregulation) and that it would correlate with
more severe symptoms and poor therapy outcomes [85]
as we observed in our mouse models.

Regarding the impaired secretomes, previous reports
have already addressed the molecular profile of PBMCs
in patients with schizophrenia [26, 103]. Despite these
previous studies and as far as we know, we show for the
first time a double down-regulation of IKZF! and IKZF2
mRNA levels. Interestingly, these and other studies have
found that WNT signaling is a core pathway affected in
these cells and that there is a correlation between WNT
signaling and cognitive impairment in schizophrenia
[103]. In this line, the WNT family strongly regulates the
IKZF genes in immune cells [104, 105], being a potential
source of this double affectation of IKZF1 and IKZF2.
Regarding the cause of this double down-regulation,
a plausible possibility is that alterations in IKZF1 and
IKZF2 mRNA levels are indirectly provoked by other
processes, such as immune and/or environmental chal-
lenges, as it has been proposed for the disorder [20]. Also,
it is noteworthy that secretomes specifically from CD4 +,
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the cell type suffering of the double IKZFi-IKZF2 down-
regulation, could be the major source of phenotypes
observed in our in vitro and in vivo models. This could be
a very promising future line of research.

To demonstrate the relevance of this double downregu-
lation as a potential underlying molecular mechanism
explaining the pathophysiology of schizophrenia, we have
used both, a genetic and a translational model. In the
genetic model, we have observed a highly schizophrenia-
like phenotype (with phenotypes in all three dimensions,
positive—negative-cognitive) in mice in terms of behav-
ior and neuronal changes. However, although our data
support the idea that an Ikzf1-Ikzf2 double reduction is
necessary to display a full three-dimensional schizophre-
nia-like phenotype, it is worth mentioning that heterozy-
gous Tk*:He™" and Ik*'*:He* mice also display some
specific schizophrenia-like phenotypes. This indicates
that the observed phenotypes induced by the double
reduction are partly synergistic but also partly additive.
Besides, in this mouse model, we have explored poten-
tial sex differences which were worse in males than in
females. Regarding these sex differences, it has been pre-
viously reported that in human beings, males and females
show differences in terms of pathology and prevalence
being worse in males [50]. Concerning cognitive dysfunc-
tion, male patients perform worse on measures of execu-
tive function, verbal memory and information processing
speed than female patients [63] which is in line with our
results in our mouse models. Thus, since there are also
sex-dependent immune alterations in schizophrenia
patients [39, 46, 108], probably the double IKZFI-IKZF2
double downregulation affects more males than females
in terms of some behavioral and neuropathological phe-
notypes. Regarding the translational model in which we
used PBMC secretomes from patients, we concluded
that an aberrant immune secretome with a double reduc-
tion of IKZF! and [KZF2 from schizophrenia patients
is enough to induce negative-like and cognitive-like
symptoms. These results are in line with the idea that
immune alterations are highly associated with such types
of symptoms [32, 58, 76]. Noteworthy, the fact we did
not observe differences in agitation in such translational
mouse models could be because PBMC’ secretomes
came from patients under treatment with antipsychotics.
Although this statement is just speculative, it is in line
with the large evidence stating that antipsychotics tar-
get principally positive symptoms whereas negative and
cognitive symptoms remain largely unaffected [58]. Shall
our hypothesis be true it would reinforce the fact of using
agitation in mice as a positive-like phenotype /parameter.

Since our human PBMC secretomes induced so many
schizophrenia-like phenotypes in terms of structural
synaptic plasticity [66], neuronal synchrony [72], and
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schizophrenia-like behaviors [70], we then explored their
molecular profile. We first found that levels of RANTES
(CCL5), an upregulated cytokine in schizophrenia [19,
22], depended on IKZFI and IKZF2 levels. However, the
role of RANTES in schizophrenia is largely unknown.
Another promising core molecule is IL-4. IL-4 rises as an
interesting molecule coordinating the specific neuronal
and cognitive symptoms observed in the induced SCH
lk=/He= i vitro and in vive models. IL-4 is an attractive
candidate since its levels are regulated by both, IKZFI
and IKZF2 in circulating immune cells [34, 53, 71, 106].
Second, [L-4 regulates hippocampal-dependent memory
[8, 24], and deficiency of its receptor, IL-4R, increased
network activity [36] similar to what we observed in the
hippocampus of our in vivo induced SCH *~H¢= mouse
model. In the context of schizophrenia, IL-4 has been
shown to be significantly decreased in chronic schizo-
phrenia-spectrum [35]. Furthermore, some single nucle-
otide polymorphisms (SNPs) in IL-4 have been related
to the disorder [84]. Additional studies have also shown
that IL-4 levels are not related to positive psychotic
symptoms [21] but, instead, they correlate with nega-
tive symptoms [88]. A third plausible candidate molecule
underlying the defects observed in our SCH *~M¢~ mice
is CXCL10 (IP10). Supporting this idea previous stud-
ies have observed enhanced neural activity accompanied
by increased firing rate and excitability and alterations
in synaptic network activity after chronic treatment
with CXCL10 [13, 67]. These changes were sustained by
reduced levels of GABA receptors, augmented levels of
glutamate receptors and increased sensitivity of NMDA
receptors [13, 67]. All these findings go in line with;
the enhanced hippocampal Egrl-dependent activated
ensembles in our SCH "¢~ mice, the basal hyperexcit-
ability normally seen in schizophrenia patients and the
reduced synchronized neural activity present in schizo-
phrenia patients and in our SCH %M€~ in vitro MoNNet
model. In this line, previous works [33, 89] have already
proposed the hyperexcitability of the hippocampus as a
core feature contributing to the three categories of symp-
toms seen in schizophrenia (Suppl Fig. 7a-c). We propose
that our Ik*:He® and SCH *"¢= madels provide key
underlying molecular clues, including IL-4 and CXCL10,
supporting this model. As it has been reported in patients
with schizophrenia [48], we also observed a reduction of
parvalbumin-positive interneurons (PV+) in the hip-
pocampal CA1 in our SCH M= model. This reduc-
tion could be provoked by aberrant levels of IL-4 and
CXCL10 from circulating PBMCs with decreased IKZFi
and IKZF2 levels. This altered secretome would induce a
reduction in PV +cells number and/or function since it
has been shown that IL-4 reduces the risk of hyperexcita-
tion [36] and CXCL10 over-expression reduces the levels
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of GAD65/67 [13] often accompanied of a ferroptosis
processes [51]. The reduced function of PV +interneu-
rons would provoke an hyperactivation of pyramidal
neurons in the CAl according to this circuit [98] and
ultimately inducing the deficits in structural plastic-
ity and impairments in cognitive function. However,
although we provide evidences for this model, we cannot
rule out other components allocated in these aberrant
secretomes such as small molecules (RNAs) or extracel-
lular vesicles [3, 42]. Future studies could address such
possibilities. Finally, although the main effect mediated
by the immune secretomes from schizophrenia patients
was observed in the parvalbumin interneurons, we also
observed some morphological changes in astroglia and
microglia suggesting that such changes could also play a
role in the synaptic plasticity alterations and associated
cognitive and social deficits observed in our intraven-
tricularly injected mice. Indeed, aberrant activation of
microglia [59, 100] or astroglia [93] could alter the func-
tion of parvalbumin interneurons in the hippocampus.

Our study has important limitations, particularly
regarding human samples. First, we focused on mRNA
levels in human PBMCs to evaluate I[KZFI and IKZF2
expression; however, the protein-level results for IKZF2
did not fully corroborate the mRNA findings. It is well-
established that discrepancies often arise when compar-
ing mRNA and protein levels [49, 73], potentially due to
greater variability in protein expression [56]. Therefore,
the role of IKZF2 in our findings should be interpreted
with caution. Still with human samples, there is a dis-
crepancy in the number of recruited controls (CTR) and
patients with schizophrenia (SCH) in the same experi-
ments using PBMCs, which could introduce bias. Also,
patients for the secretome experiments were matched
in terms of IKZF1-IKZF2 mRNA levels but medication
was not considered. Finally, we cannot rule out possible
effects on neural IKZF1 and IKZF2 levels during earlier
stages of the disorder since postmortem samples were
collected from very old individuals, whereas PBMCs were
collected from younger patients. In those same postmor-
tem samples, there were other potential limitations such
as differences in the postmortem time intervals and sex
discrepancies in terms of proportions in each group.
Therefore, although our results are supported by our
studies using in vivo and in vitro moedels, the human data
should be interpreted with caution.

Finally, our work fits with the idea that neural identi-
ties and probably function are both strongly modulated
by peripheral signals and influences [55, 92] as we sum-
marized (Suppl Fig. 8). One of them could be a double
down-regulation of IKZFI and IKZF2 mRNA levels in
immune cells, In this sense, our results also have poten-
tial clinical implications. First, they could contribute to
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a better definition and stratification of patients based
on their blood mRNA levels of IKZF1 and IKZF2, which
could be related to the severity of some symptoms. Addi-
tionally, it is tempting to speculate that different types
of therapeutic strategies (drugs, RNA probes, Adeno-
Associated Virus/AAVs) aimed at increasing mRNA lev-
els of these transcription factors in circulating PBMCs
could have positive therapeutic effects in patients with
schizophrenia. Therefore, we strongly believe that future
research should progress in the study of peripheral sig-
nals capable to play a role in the development of symp-
toms in schizophrenia and, probably, in other psychiatric
affectations.
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ARTICLE INFO ABSTRACT
Keywords: In the last two decades, microglia have emerged as key contributors ta disease progression in many neurological
Synaptic plasticity disorders, not only by exerting their classical immunological functions but also as extremely dynamic cells with
meFf e the ability to modulate synaptic and neural activity. This dynamic behavior, together with their heterogeneous

g roles and response to diverse perturbations in the brain parenchyma has raised the idea that microglia activation
Memory : 3 s : : i ;
el is more diverse than anticipated and that understanding the molecular mechanisms underlying microglial states

is essential to unravel their role in health and disease from development to aging. The Ikzfl (a.k.a. Ikaros) gene
plays crucial roles in modulating the function and maturation of circulating monocytes and lymphocytes, but
whether it microglial ions and states is unl Using genetic tools, here we describe that Ilzf1
is specifically expressed in the adult microglia in brain regions such as cortex and hippocampus. By character-
izing the Ik«fl deficient mice, we observed that these mice displayed spatial learning deficits, impaired hippo-
campal CA3-CAl long-term potentiation, and decreased spine density in pyramidal neurons of the CA1, which
coueh:tes with an increased co(presslon of synaptic markers within microglia. Additionally, these Ikzf! deficient
microglia exhibited a severe ab hology in the hippocampus, which is accompanied by astrogliosis, an
ZIbEJJ'll'lt i of the infl and an altered of di: iated microglia molecul
Interestingly, the lack of Ikzf1 induced changes on histone 3 acetylation and methylation levels in the lnppo
campus. Since the lack of Ikgfl1 in mice appears to induce the internalization of synaptic markers within
microglia, and severe gliosis we then analyzed hippocampal Ikzf1 levels in several models of neurological dis-
orders. Ikefl levels were increased in the hippocampus of these neurological models, as well as in postmortem
hippocampal samples from Alzheimer's disease patients. Finally, over-expressing lkzfl in cultured microglia
made these cells hyporeactive upon treatment with lipopolysaccharide, and less phagocytic compared to control
microglia. Altogether, these results suggest that altered Ikzfl levels in the adult hippocampus are sufficient to
induce synaptic plasticity and memory deficits via altering microglial state and function.

Long-term potentiation

1. Introduction diverse roles in the healthy central nervous system (CNS) (Sterra et al.,
2019), including synapse monitoring and pruning, also known as “syn-

Microglia constitute 5-10 % of total brain cells and are the main CNS aptic survey” (Paolicelli et al., 2011; Schafer et al,, 2012), but the
parenchymal macrophages (Frost and Schafer, 2016). Microglia play functional significance of such microglia—synapse interactions in the
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adult brain remains largely unknown. Several studies have demon-
strated a direct role of microglia in neurodegenerative and neurclogical
disorders, which are usually accompanied by neuroinflammation, syn-
aptic and neuronal loss, and cognitive decline (Li and Barres, 2018).
Currently, microglia-related dysfunctions in neurodegenerative disor-
ders such as Alzheimer’s Disease (AD) is understood as the coexistence
of multiple altered microglia states in terms of morphology, genetic
profile and metabolic changes among others that may vary depending
on the disease type, its stage and tissue affected (Paolicelli et al., 2022).
For instance, in AD pathology, altered microglial functions have been
shown to promote its interaction with amyloid beta, and contribute toan
excessive synaptic and neuronal loss (El Hajj et al., 2019; Hong
2016; Puigdellivol et al., 2021; Rajendran and Paolicelli, 2018; st
2019; Yeh etal., 2017).

In response to an insult, mieroglia have the ability to shift into
different functional states, modifying its proliferation (Gomez-Nicola
et al,, 2013), morphology (Cundros, 1998), phagocytic activity (Sierra
et al., 2013), antigen presentation (Jimenez-Ferrer et al., 2017; McGeer
etal., 1958) and the release of inflammatory mediators such as cytokines
and chemokines (Kettenmann et al., 2011). Traditionally, macrophage
and microglial activation have been classified in two different and
opposite states: classic (M1 pro-inflammatory) and alternative (M2 tis-
sue repair). However, nowadays a broad array of activation profiles and
phenotypes have been described, especially in disease context (De Biase
etal., 2017; Keren-Shaul et al., 2017). The latter works suggest that the
microglial control of brain homeostasis is a very complex and thinly
process. However, the literature addressing the molecular pathways
related to intrinsic microglia homeostasis is still scarce.

A highly promising molecular mechanism that could regulate
intrinsic microglial homeostasis is Ikzf1 (a.k.a. Ikaros). Ikzfl is the
founding member of a family that was initially identified as an he-
matopoietic cell type-specific transeription factor (TF) (Georgopoulos,
2002; Yoshida et al., 2006). The family is composed of five members
(Ikaros/IKZF1, Helios/IKZF2, Aiolos/IKZF3, Eos/IKZF4 and Pegasus/
IKZF5) of TFs. These TFs have also been described to be crucial for the
normal development of immune cells (T-cells, B-cells and monocytes)
(Georgopoulos et al.. 1997) and their function (i.e. production of mb-1,
CD3, IL.2 and NF-kB among others (Molnar and Georgopoulos, 1994)),
Traditionally, it has been suggested that in the brain, Ikzfl members are
only expressed in developing striatal and cortical neurons (Agoston
et al., 2007; Alsio et al, 2013; Martin-Ibanez et al, 2010), but its
expression and function in microglia has never been addressed. More
recently, Tkzf] has been described to be important in coordinating the
complex macrophage transcriptional program in response to pathogen
challenges (Oh er al 18) and regulating epigenetic remodeling in
diseased monocytes (Faia et al., 2021) or playing a role in myeloid
precursors proliferation (Yagi et « 02). Altogether and given that
microglia are myeloid in origin, as monocytes and macrophages (Li aned
Barres, 2018), we hypothesized that Ikzfl could be expressed and play a
relevant role in microglial cells.

Using different tools, in the present work we show that Ikefl is
specifically expressed in adult cortical and hippocampal microglia. We
also showed that Tkzfl deficient mice show altered spatial learning,
hippocampal dendritic spines and long-term potentiation. We also
observed that mouse microglia devoid of Ikafl exhibit an abnormal
morphology concomitant with an increase of synaptic markers staining
within microglia, suggesting increased engulfment of synaptic material.
Molecular screening indicated that the inflammasome as well as epige-
netic alterations accompanied such alterations. Surprisingly, experi-
ments in several models of neurodegeneration and neuroinflammation
showed increases of Ikzfl levels in microglia, suggesting that altered
microglial Ikzfl expression led to dysfunctional microglia. Finally, in
order to address whether lkzf1 is important for microglia homeostasis,
we showed that cultured microglia over-expressing lkzfl was less
reactive to lipopolysaccharide (LPS}-induced inflammation and was less
phagocytic than control microglia, indicating that appropriate
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microglial Ikzfl expression is essential for microglial homeostasis.
2. Materials & methods
2.1. Animals

In the present study we used the Ikzf1-Cre mice provided by Pro-
fessor Michelle Cayouette. These mice are a BAC transgenic mouse line
expressing Cre recombi under the regulatory el of the Ikaros
(Tkef1) gene (Tarchini et al., 2012). Ikef1-Cre mice were used as het-
erozygous and crossed with R26RCE mice (B6 Cg-Gt(ROSA)2650rtm]14
(CAG-tdTomato)Hze/J, Strain 007914, alea. Ail14(RCL-dT)-D. The
Jackson Laboratory), which harbor the R26R CAG-boosted tdTomato
reporter allele with a loxP-flanked STOP cassette upsiream of the
tdTomato gene to create the double heterozygous mutant Ikzfl-Cre x
Ai14(RCL-dT)-D mice (Ikzfl-Cre:tdTomato™°* mice) for the experi-
ments related with characterization of neural populations expressing
Tkzf]. Tkefl deficient mice (Wang et al., 1996) were provided by Pro-
fessor Katia Georgopoulos and backerossed with C57BL/6 mice to obtain
hemizygous, heterozygous and wild type mice. In this study, we also
used the transgenic mouse line 5xFAD (MMRRG catalog #034840-JAX,
RRID:MMRRC_034840-JAX). 5xFAD mice (8 wt mice and 11 5xFAD
mice) overexpress the 695-amino acid isoform of the human amyloid
precursor protein (APP695) carrying the Swedish, London, and Florida
mutations under the control of the murine Thy-1 promoter. In addition,
they express human presenilin-1 (PSEN-1) carrying the M146L/1286V
mutation, also under the control of the murine Thy-1 promoter (Oalkley
et al. 2006). Genotypes were determined from an ear biopsy as
described elsewhere (Martin-lbanez et al., 2010). For genotyping of the
Cre transgenes we used standard PCR assays following The Jackson
Laboratory manufacturer’s instructions. All mice were housed together
in numerical birth order in groups of mixed genotypes (three to five mice
per cage). The animals were housed with access to food and water ad
libitum in a colony room kept at 19-22 °C and 40-60 % humidity, under
an inverted 12/12 h light/dark cycle (from 8 A.M. to 8 P.M.). All animal
procedures were approved by local committees [Universitat de Barce-
lona, CEEA (133/10); Generalitat de Catalunya (DAAM 5712); and
Animal Care Committee of the University of Paris (APAFIS #15638)], in
accordance with the European Communities Council Directive (86/609/
EU).

2.2, Chemical mouse models

For this study, we used pups (Postatal day 5, P5) and adult (10-
week-old) C57/BL6 males (MGI catalog #5657800, RRID:
MGI:5657800) in experiments related with treatments with lipopoly-
saccharide (LPS) and pilocarpine, respectively. First, mouse pups at P5
were intraperitoneally injected with 6 mg/kg of LPS (n = 3) or vehicle
(n = 3). Twenty-four hours later mice were saciificed, and brains fixed
for histological experiments.

Another cohort of adult (10-weeks-old) mice were subjected to the
lithium-pilocarpine model of temporal lobe epilepsy (TLE). Briefly, mice
were treated intraperitoneally with lithium (LiCl, 423 mg/kg, ip) 20-23
h prior to administration of scopolamine, an anti-muscarinic molecule
(1 mg/kg, ip). 30 min after the ad 1
animals (n = 7) were treated with pilocarpine (45 mg/kg, ip). Control
animals (n = 6) were injected with saline solution. Status epilepticus
(SE) was stopped after approximately 120 min with an intraperitoneal
injection of valium (10 mg/kg, ip). Only animals that displayed 120 min
of SE, survived and showed the following level of epileptic seizure were
selected: mouth and facial movement, tremors, head nodding and
forelimb clonus. The later chemical mouse models were approved by
local committees (University of Barcelona, 225/17 and Generalitat de
Catalunya, 404/18), in accordance with the European Communities
Council Directive (86,/609/EU).

ration with methyl-scop
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2.3. Behavioral tests

The animals subjected to behavioural experimentation were housed
with access to food and water ad libitum in a specialized room to
perform behavioral tests. The room was also kept at 19-22 °C and 40-60
% humidity, under an inverted 12/12 h light/dark cycle (from 8 A.M. to
8P.M.). The timeline of the behavioral experimentation was scheduled
following a seq of less-to anxiogenic tests allowing resting
days in between tests (Supp. Fig. 1). The light intensity was —40 Ix
throughout the arena and the room. The number of mice used were 14
Tkzf1'/", 15 Ikzfl '/ and 9 Tkef1”" throughout the behavioral testing.

SHIRPA assessment. To provide detailed general phenotype assess-
ment, mice were tested using a modified version of the primary screen
so-called Phenotype Assessment (SHIRPA) protocol (Giralt et al., 2013).
Briefly, we measured several parameters such as body weight (g) and
body length (cm), body pesition (curved or normal), tremors (present or
not), palpebral closure (eyes visible or visually closed), coat appearance
(presence or absence of piloerection), number of whiskers (present or
clearly reduced), defecations (presence of defecations or absence), lo-
comotor activity (number of 2.5 em? squares crossed during 30 s), touch
escape reflex (animal reacts or not to touching), corneal reflex (presence
or not of palpebral closure reflex when touching), biting behavior (an-
imal bites or not a pencil when placing it close to its mouth), vocaliza-
tion (the mouse screams or not) and muscular strength (animal keeps at
least 30 s in a turned wire or not).

Muscular strength: Neuromuscular abnormalities were analyzed by
the hanging wire test as deseribed elsewhere (Giralt etal, 2011) in adult
mice. A standard wire cage lid was used. To test balance and grip
strength, mice were placed on top of a wire cage lid. The lid was shaken
slightly to cause the mouse to grip the wires and then tumed upside
down for 60 sec. The number of falls of each mouse was recorded.

Open field: To check spontaneous locomotor activity and parallel
index we used the open field. Briefly, the apparatus consisted of a white
square arena measuring 40 x 40 x 40 cm in length, width and height
respectively. Dim light intensity was 60 Ix throughout the arena. Ani-
mals were placed on the arena center and allowed to explore freely for
30 min. Spontaneous activity and navigation were measured. At the end
of each trial, any defecation was removed, and the apparatus was wiped
with 30 % ethanol.

Balance beam: The motor coordination and balance of mice were also
assessed by measuring their ability to traverse a narow beam (Giralt
etal., 201 1). The beam consisted of a long wooden square (50 cm) witha
50 mm-square cross-section and a 1,5 mm-squared. The beam was
placed horizontally, 50 cm above the bench surface, with each end
mounted on a narrow support. Animals were allowed to walk for 1 min
along the beam, while number of slips and distance covered were
measured.

Novel object recognition test: The device consisted in a white square
arena with 40 em depth, 40 cm length and 40 cm high. Mice were first
habituated to the arena in the absence of objects (1 days, 15 min/day).
On the second day, two similar objects were presented to each mouse
during 10 min (A’A” condition) after which they were returned to their
home cage. Twenty-four hours later, the same animals were re-tested for
5 min in the arena with a familiar and a new object (AB condition). The
object preference was measured as the time exploring each object x
100/time exploring both objects. The arena was rigorously cleaned be-
tween animal trials in order to avoid odors.

Spontaneous alternation in a transparent Y-maze: A Y-maze apparatus,
made of clear Perspex, was used (Y-maze dimensions: arms, 35 em
length, 25 em height, 15 em width). Mice were placed in the stem arm of
the Y and allowed to freely explore for 10 min the three arms. Big and
highly perceptible objects were situated surrounding the maze at 20 cm.
Number of triads were quantified as previously reported (de Pins et al,,
2019). In all behavioral studies animals were tracked and recorded with
Smart junior 3.0 software (Panlab).
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2.4. Tissue fixation and immunofluorescence

Mice were euthanized by cervieal dislocation. Left hemispheres were
removed and fixed for 72 h in 4 % paraformaldehyde (PFA) in PBS. 40
pm coronal sections were obtained using a Leica vibratome (Leica
VT10008). Next, free floating sections were washed three times in PBS,
treated with NH4Gl for 30 min and washed again three times with PBS.
Floating sections were permeabilized and blocked with PBS containing
3 9% Triton X-100, 0.02 % Azide, 2 % BSA and 3 % NGS (Ab buffer) for 1
hatRT. After three washes in PBS, brain slices were incubated overnight
at 4 °C with anti-NeuN (1:1000, Chemicon, Ref: MAB377); anti-Ibal
(1:500, Synaptic Systems, Ref: 234008), anti-Ibal (1:500, Wako, Ref:
019-19741), anti-GFAP (1:500, Dako, Ref: Z0334), anti-Asc-tmsl
(1:500, Cell Signalling, Ref: D2w8u), TMEM119 (1:100, Synaptic Sys-
tems, Ref:400011), anti-CD206 (1:100, Biorad, Ref: MCA2235T), anti-
IL-1B (1:100, GeneTex, Ref: GTX636887), anti-NF-kB (1:50, Santa
Cruz Biotechnology, Ref sc-372), anti-Tkzfl (1:100, D6N94Y, Cell
Signaling, Ref: 14859), anti-GFAP (1:500, Dako, Ref: GA524), anti-TNFa
(1:100, Abcam, Ref: ab1793), anti-Midkine (1:500, Proteintech, Ref:
11009-1-AP) and anti-PSD-95 (1:500, Cell Signaling, Ref: 3450S). Sec-
tions were washed three times and incubated for 2 h at RT with fluo-
rescent secondary antibody Alexa Fluor 488 or 647 (1:400; from Jackson
Immuno Research, West Grove, PA, USA). Sections were analyzed using
a two-photon confocal microscope (Leica SP5).

2.5. Immunohistochemistry
For diaminob idi histochemistry experiments, endoge-
nous peroxidases were blocked for 30-45 min in PBS containing 10 %
methanol and 3 % Hz0». Then, nonspecific protein interactions were
blocked with normal serum or bovine serum albumin. Tissue was
incubated overnight at 4 “C with the following primary antibodies: anti-
NeuN (1:1000; Chemicon, Ref: MAB377), anti-parvalbumin (1:1250;
Swant, Ref: PV27) and anti-Calbindin 28 kDa (1:500; Swant, Ref: 300).
Sections were washed three times in PBS and incubated with a bio-
tinylated secondary antibody (1:200; Pierce) at room temperature for 2
h. The immunohistochemical reaction was developed using the ABC kit
(Pierce) and visualized with diamincbenzidine. No signal was detected
in controls in which the primary antibodies were omitted.

2.6. Imaging analysis

For the experiments using the Ikzf1-Cre:tdTomato mice, images (at
1024 x 1024-pixel resolution) in a mosaie format were acquired with a
Leica Confocal two-photon SP5 with a x 40 oil-immersion or x 20
normal objectives and standard (1 Airy disk) pinhole (1AU) and frame
averaging (three frames per z step) were held constant throughout the
study. For cell counting, we analyzed three sections from 4 different
mice, spaced 240 pm apart. The areas of analysis were, dorsal hippo-
campus (Antero-posterior axis: —1.5 to —2.22 from bregma), motor
cortex, sensory cortex, and cingulate cortex (Antero-posterior axis: 0 to
—0.7 from bregma). Unbiased blind counting of td Tomato-positive cells
(Ikzfl expressing cells) colocalizing with NeuN-positive (neuronal
marker) or Ibal-positive (microglia marker) or astrocyte-shaped
(tdTomato-positive) cells relative to condition was performed and
normalized to the area of counting. In experiments performed in Ikzf]
deficient mice and cultured microglia 1024 x 1024-pixel resolution
images were obtained using 40x oil-immersion objectives and standard
(1 Airy dise) pinhole (1 AU) and frame averaging (3 frames per z step)
were held constant throughout the study. For the morphological studies
carried out in microglia in vivo, the entire 3D stack of images was ob-
tained using the Z drive. Images were analyzed using the freeware NIH
ImageJ by Wayne Rasband (National Institutes of Health, Bethesda,
MD). Microglia were defined automatically following the application of
the IsoData mask and being selected by the wand tracing tool. Then the
shape descriptors already present in the software were applied. For the
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colocalization studies the freeware ImageJ was also used. Briefly, for
each section, the dendritic spine area (clusters) was delineated based on
positive pixels for PSD-95 on the one hand and the number of Ibal-
positive pixels inside each PSD-95-positive cluster were determined on
the other hand. Total number of PSD-95 positive particles, and the
number of double Ibal/PSD-95 positive pixels were quantified.

2.7. Electrophysiology

Mice (8 Ilzf1'/" and 5 Lkzfl”" mice) were anesthetized using iso-
flurane and decapitated. Brains were rapidly removed and placed in ice-
cold artificial CSF1 (aCSF1, in mM; 206 sucrose, 1.25 NaH,PO,4, 26
NaHCO;3, 1.3 Kcl, 1 CaCly, 10 MgS0,, 11 glucose, purged with 95 % Os/
5 %CO0,, pH: 7.35). Coronal slices (380um thick) were then obtained
with a vibratome (VT1200 S; Leica Microsystems, Wetzlar, Germany) in
the same cold solution. Slices were placed in an incubator beaker con-
taining aCSF2 (in mM, 119 Nacl, 1.25 NaH,PO,, 25 NaHCOs, 2.5 KCl,
2.5 CaCls, 1.5 MgS04, 11 glucose, purged with 95 % 0,/ 5 % CO5, pH:
7.35). Slices were kept at 34 °C for 1 h and subsequently at RT for at least
1 h before starting the recordings. Slices were transferred into a
measuring chamber continucusly perfused with aCSF2 at 27-29 °C for
field excitatory post-synaptic potential (fEPSP) recordings. A bipolar
stimulation electrode was placed in the Schaffer collateral pathway. The
recording electrode filled with aCSF2 was placed in the dendritic
branching of the CA1 region. A stimulus isolation unit A385 (WPI,
Hertfordshire, UK) was used to elicit stimulation currents between 25
and 155 pA. Before baseline recordings for long-term potentiation (LTP),
input-—output (I0) curves were recorded for each slice at 0.03 Hz. The
stimulation cwrent was then adjusted for each recording to evoke
fEPSPs at which the slope was at 50-60 % of maximally evoked fEPSP
slope value. After baseline recording for 30 min with 0.03 Hz, LTP was
induced by theta-burst stimulation (TBS; 10 theta bursts of four pulses of
100 Hz with an interstimulus interval of 200 ms repeated seven times
with 0.03 Hz). After LTP induction, fEPSPs were recorded for 1 addi-
tional hour with 0.03 Hz. Paired-pulse fEPSPs were measured directly
before LTP induction with 0.03 Hz and an interstimulus interval of 50
and 100 ms. All recordings were amplified and stored using amplifier
AxoClamp 2B (Molecular Devices, San Jose, CA). Traces were analyzed
using Axon pClamp software (Molecular Devices, version 10.6).

2.8. Golgi staining

Fresh brain hemispheres were submerged and processed following
the Golgi-Cox method as deseribed elsewhere (Giralt et al., 2017). Two
hundred-microns sections were cut in 70 % EtOH on a vibratome (Leica)
and washed in water for 5 min. Next, they were reduced in 16 %
ammonia solution for 1 h before washing in water for 2 min and fixation
in Na2S520s for 7 min. After a 2-min final wash in water, sections were
mounted on superfrost coverslips, dehydrated for 3 min in 50 %, then
70, 80 and 100 % EtOH, incubated for 5 min in a 2:1 isopropanol:EtOH
mixture, followed by 1 x 5 min in pure isopropancl and 2 x 5 min in
xylol. Bright-field images of Golgi-impregnated stratum radiatum den-
drites from hippocampal CA1 pyramidal neurons were captured with a
Nikon DXM 1200F digital camera attached to a Nikon Eclipse E600 light
microscope (x 100 oil objective). Only fully impregnated pyramidal
neurons with their soma entirely within the thickness of the section were
used. Image z-stacks were taken every 0.2 mm, at 1,024 x 1,024-pixel
resolution, yielding an image with pixel dimensions of 49.25 x 49.25
pm. Segments of proximal apical dendrites were selected for the analysis
of spine density. Only spines arising from the lateral surfaces of the
dendrites were included in the study. Given that spine density increases
as a function of the distance from the soma, reaching a plateau 45 ym
away from the soma, we selected dendritic segments of basal dendrites
45 pm away from the cell body. The total number of spines was obtained
using the cell counter tool in the ImageJ software. A total of 84-94
dendrites per group from 4 to 5 animals per genotype were analyzed.
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2.9. Immumnoblotting

Animals (n = 4-8 per group) were killed by cervieal dislocation. The
hippocampus was dissected out, frozen using CO, pellets and stored at
—80 “C until use. Briefly, the tissue was lysed by sonication in 250 ml of
lysis buffer as described elsewhere (Gialt et al., 2017). After lysis,
samples were centrifuged at 12,000 r.p.m. for 20 min. Supernatant
proteins (15 mg) from total brain regions extracts were loaded in
SDS-PAGE and transferred to nitrocellulose membranes (GE Healthcare,
LC, UK). Membranes were blocked in TBS-T (150 mM NaCl, 20 mM Tris-
HCl, pH 7.5, 0.5 ml Tween 20) with 50 g1 ' non-fat dry milkand 50 g1 !
BSA. Immunoblots were probed with the following antibodies: anti-Ikzfl
(D6N9Y, Cell Signaling Technology, Danvers, MA, USA. Ref: 14859),
anti-H3 (1:1000, Abcam, Ref: ab1791), anti-acetyl-H3-L14 (1:1000,
Millipore, Ref: 07-353), anti-methyl-H3-K9 (1:1000, Abcam, Ref:
ab9045), anti-3-methyl-H3-K9 (1:1000, Abcam, ab8898), ant-Nalpl
(1:1000 Santa Cruz, #sc-166368), anti-TREM2 (1:1000, Santa Cruz
Biotechnology, Ref: sc-373828), anti-Clec7a (1:100, Bioss Antibodies,
Ref: bs-2455R), anti-CX3CR1 (1:1000, Sigma, E3271-2B11), anti-SIRT1
(1:1000, Cell Signaling, #CST2028S) and anti-phospho-SIRT1-Ser47
(1:1000, Bioss, #BS-3393R). The inflammasome kit (Cell Signalling,
#20836) to detect protein levels of Nalp3, ACs/tms1, Aim2, Caspase-1,
cleaved Caspase-1 and IL-1B was also used in the same immunoblotting
experiments. All blots were incubated with the primary antibody over-
night at 4 °C by shaking in PBS with 0.2 g1 ' sodium azide. After three
washes in TBS-T, blots were incubated for 1 h at room temperature with
the corresponding horseradish peroxidase-conjugated antibody (1:2000;
Promega, Madison, W1, USA) and washed again with TBS-T. Immuno-
reactive bands were visualized using the Western Blotting Luminol Re-
agent (Santa Cruz Biotechnology) and quantified by a computer-assisted
densitometer (Gel-Pro Analyzer, version 4, Media Cyberneties). For
loading control a mouse monoclonal antibody for actin was used
(1:20,000; MP Biochemicals, #0869100-CF).

2.10. Human post-mortem samples

Postmortem hippocampal samples from Alzheimer's disease (n = 9)
patients and controls (n = 12) were obtained from Banc de Teixits
Neurologics (IDIBAPS, Barcelona, Spain). The donation and obtaining of
samples were regulated by the ethics committee of the Universitat de
Barcelona. The sample processing followed the rules of the European
Consortium of Nervous Tissues: BrainNet Europe II (BNEII). All the
samples were protected in terms of individual donor identification
following the BNEII laws. Case information can be found in Supple-
mentary Table 1. All the procedures for the obtention of postmortem
samples followed the ethical guidelines of the Declaration of Helsinki
and local ethical committees (Universitat de Barcelona ethical com-
mittee: [IRBO0003099).

2.11. Microglial cultures

Primary microglial cultures were obtained as previously described
(Saura et al., 2003). Briefly, glial hippocampal cultures from 2-day-old
C57BL/6 mice (Charles River, France) were obtained by mechanical
dissociation. Cell suspensions were seeded in 24-well plates at a density
of 78,000 cells/em? with supplemented DMEM (High glucose. Ref: 10-
013-CV, GIBCO) containing 10 % fetal bovine serum, 1 % pen-strept
and 1:500 Amphotericine B). Media was replaced once per weel. At
day in vitro 19 (DIV19) microglia were isolated by mild trypsinization
(Trypsin/EDTA 1:4) and the floating astroglia was removed. Microglial
cells were tiansfected at DIV20 with a control plasmid (pcDNA3-GFP,
(Giralt et al., 2017) or a plasmid to over-express Ikzf1 (pcDNA-IKZF1-
V2-V5. Addgene. Ref: 107390) using the Fugene kit (Promega, Ref:
E2311) following manufacturer's indications. Transfected microglial
cultures at DIV22 were treated with 100 ng/ml of lipopolysaccharides
(Sigma-Aldrich. Ref: 1L2630) and cells at DIV23 were fixed with
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Fig. 1. Ikzf1 expressing cells in the adult brain. (A) Upper panel: Schematic representation of double mutant adult Ikzf]-Cre:td Tomato™®* mice used in exper-
iments in B-D and E. Lower panel Al: representative mosaic depicting tdTomato signal in hippocampus and cortical areas from adult Tkefl-Cre:tdTomato™* mice.
Lower panel A2 and A3: Sensory cortical and hippocampal area insets from A1 depicting tdTemato signal. (B) Left panel, triple staining for microglia (Ibal-positive
cells, green), neurons (NeuN-positive cells, turquoise) and all cells that expressed Tkzf1 at some point (tdTomato-pasitive cells, red) in the mouse sensory cortex. Black
arrows are depicting punctual tdTomato-positive astrocytes. Grey arows are depicting double positive NeuN/tdTomato neurons. White arrows are depicting double
positive Ibal/tdTomato microglia. Right panel, double staining labeling microglia (Ibal-positive cells, green), and all cells that expressed Ikzfl at some point
(tdTomato-positive, red) in the hippocampal CAl. White arrows are depicting double positive cells for Ibal and tdTomato. Black arrows are depicting casual
tdTomato-positive cells with a typical shape from pyramidal neurons of the CA1. (C) Cell density quantification in three brain regions (hippocampus or Hipp; sensory
cortex or Se Ctx and Cyngulate cortex or Gy Ctx) of the three tdTomato-positive populations: Microglia (Ibal/TdTomato double positive cells), Neurons (NeuN/
tdTomato-positive cells) and astrocytes (tdTomato-astocyte-like shaped cells). (D) Percentage of Ibal-positive cells eolocalizing with tdTomato labeling. (E) Co-
staining of tdTomato (red) with Ikzfl (green) in the hippocampal CAl. Note Ikzfl has always a specific nuclear staining. White arrows are depicting double
labeled tdTomato/ibal microglia. Empty arrow is depicting a td Tomato-positive neuron but without Ikzf1 expression which is indicative of having expressed Ikzf1 at

some point of its devel but not in adulthood. (F) Co-staini
positive Tkzf1/Ibal cells. Scale bars: In B and E 100 um.

of Ikzfl (red) with Ibal (green) in the hippocampal CAl. White arrows are depicting double

paraformaldehyde (4 %) for immunofluorescence experiments. On the
other hand, another set of transfected microglial cultures at DIV22 were
treated with latex beads (see below) as previously described (Lian et al,,
2016). Cells at DIV23 were fixed for immunofluorescence experiments.
Coverslips were subjected to immunoflucrescence as previously
described (Rodriguez-Urgellés et al., 2022). Primary antibodies used
were anti-V5 (1:500, GeneTex. Ref: GT1078) or anti-GFP FITC-conju-
gated antibody (1:500, Abcam, ab6662). Secondary antibody used was
Alexa Fluor 555 goat anti-mouse (1:400; from Jackson Immuno
Research, West Grove, PA, USA). After incubation with secondary
antibody, coverslips were mounted with Mowiol and visualized in a SP5
two-photon confocal microscopy (Leica).

2.12. Microglial phagocytosis assay

Microglial phagocytosis assay was performed as previously described
(Lian et al, 2016). Briefly, the aqueous orange, fluorescent latex beads
(Cat: L9654, Sigma, St. Louis, MI, United States) were pre-opsonize with
fetal bovine serum (FBS) for 1 h at 37 °C. The ratio of beads to FBS was
1:5. Then, the bead-containing FBS were diluted with DMEM high
glucose (Cat: D5671, Sigma, St. Louis, MI, United States) to reach the
final concentrations for beads and FBS in DMEM high glucose of 0.01 %
(v/v) and 0.05 % (v/v), respectively. The microglial conditioned culture
media were replaced with beads-DMEM and the cultures were then
incubated for 1 h at 37 °C. Finally, the cultures were thoroughly washed
5 times with ice-cold PBS and cells were fixed with 4 % PFA for 15 min.
Phagocytosis was quantified as the number of beads per cell relativized
by their area only in transfected cells.

2.13. Statistics

Analyses were done using Prism version 8.0.2 for Windows
(GraphPad Software). Data are expressed as mean =+ SEM. Normal dis-
tribution was tested with the D’ Agostino and Pearson onibus test. If no
difference from normality was detected, statistical analysis was per-
formed using two-tailed Student’s t test or ANOVA and Tukey's or
Dunnett’s post hoe tests. If distribution was not normal, nonparametric
two-tailed Mann-Whitney test was used. In case of unequal variances in
the t-test the Welch's correction was applied. Also, the Chi-square (y2)
test was used in the case of qualitative variables. The p < 0.05 was
considered as significant.

3. Results

3.1. Ikzfl is specifically expressed in adult microglia of several brain
regions

1kzf1 protein has been widely studied in the immune system and, toa
lesser extent, in the developing CNS (Alsio et al., 2013; Boast et al.,
2021). However, it is unknown whether Ikzf1 is expressed in the adult
brain, in which cell type and which is its potential role. In order to

address these questions, we first crossed the Ikzf1-Cre mice (Tarchini
et al., 2012) with the Ail4(RCL-tdT)-D mice to obtain Ikzf1-Cre:tdTo-
mato™* mice (Fig. 1A). We then fixed brains from adult (7-weeks-old)
Izf1-Cre:tdTomato™®* miee (Fig. 1A). With this initial strategy we ex-
pected to identify all the neural cells that expressed Ikzf] at some period
of their life. Thus, we then performed colocalization studies to identify
colocalization of tdTomato signal (Ikzfl signal) with markers for neu-
rons and mieroglia.

We first observed that in the sensory cortex and cingulate cortex
tdTomato signal was detected in punctual astrocytes (td Tomato signal in
astrocyte-shaped cells), which were GFAP-positive cells (Supp. Fig. 2).
TdTomato signal was also found in some neurons (NeuN-positive,
Fig. 1B-C). In both cases the frequency was <20 cells / mm’. In contrast,
tdTomato signal was detected in ~290-320 microglial (Ibal-positive)
cells / mm? (~15 times more in microglia than in neurons). In the
hippocampus, this difference was even bigger; almost no tdTomato
signal was detected either in neurons (<10 / mm?) or in tdTomato-
positive astrocyte-shaped cells in this brain region (Fig. 1B-C) whereas
tdTomato labeling was detected in ~400 microglial cells / mm?. Indeed,
almost 100 % of Ibal-positive microglia colocalized with tdTomato la-
beling in the motor cortex, sensory cortex, cingulate cortex and in the
hippocampus (Fig. 1D). Since with this approach we just quantified the
cells that at some point of their lives expressed Ikaf1, we then performed
1kzf] immunofluorescence in both, adult 1kzf]-Cre:tdTomatoFlox mice
(Fig. 1E) and in adult wild type mice (Fig. 1F). The later experiment
showed that Ikzf1 was expressed in all adult tdTomato-positive micro-
glia (Figz. 1E) as well as in all Ibal-positive microglia (Fig. 1F) in adult
hippocampi. In this line, Ibal-positive microglia highly colocalized with
Ikzfl in several brain regions namely striatum, septum, amygdala,
thalamus, hypothalamus and sensory cortical areas (Suppl. Fig. 3). Inthe
hippocampus Ikzf1 also colocalized with TMEM119 (Suppl. Fig. 4A-B),
another microglial marker, but, in contrast, Ikzf1 did not colocalize with
either, CD68 or CD206 (Supp. Fig. 4C-D), which are considered to be
markers for macrophages or monocytes. Interestingly, other neuronal
cells did not show Ikzf1 expression in the adult hippocampus from wild
type mice (Fig. 1E), supporting the idea that Ikzf] is expressed in other
particular subpopulations of neuronal cells only during their develop-
ment, but not during adulthood.

3.2. Ikzf1 deficient mice develop specific spatial memory deficits

Since Ikzfl is specifically expressed in practically all microglia
located in several brain regions such as the hippocampus and sensory
and motor cortieal areas of adult mice, we then decided to evaluate the
impact of such expression in high-order cognitive skills. To do so, we
used 7-weeks-old 1kzf1”~ mice. As previously described (Martin-Ibanez
et al,, 2010), we first observed that these mice were born with low body
weight but when they reach adulthood, although still smaller, the
appearance was normal (Fig. 2A). To further address the general health
state of these mice a SHIRPA characterization was performed comparing
Ikzf1”" mice with their age-matched wild type (lkzfl /') control mice
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Fig. 2. Behavioral characterization
of mice devoid of Ikzfl. (A) Repre-
sentative images of Thkzfl™/" (+/4),
Thzfl ** (4/-) and Izf17 (-/-) mice at
postnatal day 3, 15 and 40. (B)
SHIRPA characterization of Tkefl*"
mice compared with Ikafl1'/" mice.
Data was analyzed by Student’s t-test
in the case of countable values and by
the Chi-square test in the case of un-
countable values. (C) Body weight
measured in Ikzfl ™", Ikzfl™" and
Tkzfl ¥ mice. (C) Muscular strength
was measured in Ikzf1™", Ikzfl ™"
and Ikzf1”" mice with the hanging
wire test. Navigation pattern (E) and
locomotion/pathlength  (F) were
measured in Ikzfl ™", Tkzf1*" and
Izfl ** mice with the open field test.
Navigation pattem was mensured
using the parallel index and locomo-
tion using the covered distance (in
cm). Motor coordination was
measured in Ikzfl™*, Ikzf1* and
Tizfl ** mice by monitoring (G) num-
ber of slips and (H) distance traveled
in the balance beam test. (I) Long-
term  recognition memory was
assessed in the NORT test. In the
NORT, preference for an original ob-
ject A and a new object B was quan-
tified 24 h after training (old object as
Old, and new object as New). Graphs
show the percentage of object prefer-
ence in Ikzf1*", Tkef1* and Tkzfl "
mice. Two-way ANOVA, novelty ef-
fect, By, 70 — 35.14, p < 0.0001.
Group effect, Fia, 74y = 0.5, p=0.999.
(J) In the Y-maze, the spentaneous
alternation was measured (as triads)
in an 8 min trial in all four genotypes.
One-way ANOVA, By 3 = 1.109, P
= 0.0006. One-way ANOVA was also
performed in C—H. All mice were
tested from 6 to 7 weeks of age.
Values are means + SEM. Mice per
group; llezfl ¥ (n = 16), kzf1™ (n
=17) and Hefl” (o = 9). In I the
Tukey's post hoc test was used, * p <
0.05, ** p < 0.005, *** p < 0.001
compared with Old. In C and J the
Dunnett's post hoc test was used *** p
< 0.001 compared with Ikzf] */*,
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Fig. 3. Hippocampal characterization of Ikzf1”~ mice. (A) Representative images of labeled microglia (Ibal) in the CA1 region from Ikzf1 " and Ikzf1 " mice. (B)
Circularity of Ibal-positive microglia from A was measured in Ikzfl ' and Ikzf1”” mice. Mann-Whitney test, U = 565.5, p < 0.0001. (C) Intensity (I0D) of Ibal-
positive microglia from A was measured in Ikzfl ™" and Tkzfl * mice. Unpaired t-test: t = 7,200, df = 6, p = 0.0004. (D) Representative images of stained astrocytes
(GFAP, green) co-labeled with TNFu (red) in the CAl region from Ikzf1*/* and Tkzf1" mice. Yellow labelling depicts the GFAP,/TNFe colocalization. (E) Intensity
(10D) of GFAP-positive astrocytes from D was measured in Ikzf1 */* and Ikzf1”" mice. Unpaired t-test: t = 3,633, df = 6, p = 0.0109. (F) Intensity (I0D) of TNFx
staining in astrocytes from D was measured in Ikzfl ™" and Ikzf1"" mice. Unpaired t-test: t = 2,798, df = 6, p = 0.0301. (G) Left panel, representative images of
stained Midkine (green) in the CA1 region from Ikzfl ¥ and Ikzfl”" mice. Right panel, intensity (10D) of Midkine was measured in Ikzfl ™" and Ikzfl1*" mice.
Unpaired t-test: t = 3,666, df = 6, p = 0.0105. (H) Left panel, representative images of stained NF-kB (green) and Ibal (red) in the CA1 region from Ikzf1 ™" and
1kzf1”" mice. Right panel, intensity (IOD) of NF-kB was measured specifically in Ibal -positive microglia from Ikzf1 ™" and Tkzfl *~ mice. Unpaired t-test: t = 4,023, df
=9, p = 0.0030. (I) Immunoblotting analysis of Clec7a, TREM2 and CX3CR1 and actin as a loading control in 7-weeks-old in Iezf1 ™" and Ikzf1”" mice. (J)
Densitometry quantification of results as in L. Data were normalized to actin for each sample and expressed as percentage of Ikzf1**". Unpaired ttest for Clec7a: t =
2,337, df = 11, p = 0.0394. Unpaired t-test for TREM2: t = 5,542, df = 12, p = 0.0001. Unpaired t-test for CX3CR1: t = 3,543, df = 7, p = 0.0377. All hippocampal
samples were obtained from mice at 6-7 weeks of age. Values are means + SEM. N = 4-7 mice per group. In A-F three slices containing dorsal hippocampus were
used per mouse. Scale bars: In A-D 80 pm, in G 100 um, in H 25 pm.

(Fig 2B). No changes in many parameters were detected (Fig. 2B) except (Keren-Shaul et al., 2017; Wang et al., 2022). To further explore this
for a reduetion in the body weight (Fig 2C) in Ikzf1”" compared to possibility we extended our biochemical studies and observed an upre-
Tkzf1'/" mice. However, this difference in body weight in lkzf]l 7~ mice gulation in the expression of NF-kB, a factor that regulates the expres-
was not affecting their muscular strength (Fig. 2D). We also evaluated sion of many genes involved with DAM (Wang et al, 2022), in
navigation (Fig. 2E) and locomotion (Fig. 2F) in the open field, and no hippocampal microglia of Ikzf1”" mice compared with Ikzfl'/" mice
significant differences were detected. Furthermore, gross balance and (Fig. 3H). Furthermore, we observed an upregulation in Clec7a and
motor coordination were also similar between groups as assessed by TREM2 protein levels, accompanied by downregulated protein levels of
performing the balance beam test (Fig. 2G-H). We then tested higher CX3CR1 in total hippocampal lysates from Ikzf17" mice compared with
order cognitive functions such as recognition memory and spatial Ikzf1"/* mice (Fig. 31-J), supporting the idea that hippocampal micro-
working memory. We first observed that both, Ikzfl /' and Lzf1” glia devoid of Tkzf] exhibit a DAM:-like profile.

displayed normal recognition memory in the novel object recognition

test (Fig. 21). However, lkzf]l”~ mice exhibited a significantly impaired 3.4. Tkef1 deficient mice exhibit impaired hippocampal long-term

spatial working memory in the transparent Y-maze when compared with potentiation, reduced spine density, and increased internalization of
1kzf1"/* mice (Fig. 2J). We also noticed that Ikzf1'/~ mice were undis- synaptic material

tinguishable from Ikzfl'/* mice, so we decided to remove this experi-

mental group from the rest of the experiments. Altogether, the results Our previous results showed that lkefl”* mice display impaired
indicated that the major cognitive alteration observed in Ikzfl”" mice spatial working memory associated with changes in genes related with
was an impairment in spatial working memory, a function traditionally DAM (Paolicelli et al., 2022) such as increased Clec7a and TREM2 and
linked to the hippocampus. reduced CX3CR1 which in turn have been related with neurological
disorders such as Alzheimer's disease (Keren-Shaul et al., 2017; Silvin
et al., 2022). Therefore, we then tested whether such changes were also
related to alterations in structural and functional synaptic plasticity and
how impaired microglia could explain such phenomena. First, we found
that hippocampal CA3-CA1 long-term potentiation (LTP) was signifi-
cantly reduced in adult 7-week-old Ikzf1*~ mice when compared with
Ikzf1'/* mice (Fig. 4A-B). These alterations were not associated to a pre-
synaptic component since Ikzf1' /' mice showed a normal paired-pulsed
facilitation (Fig. 4C), indicating that the post-synaptic component is
most likely responsible for such synaptic plasticity alterations. To
address this hypothesis, we quantified spine density in apical dendrites
of pyramidal neurons in the CA1 in both Ikzf1”" and Ikzfl"" mice by
performing Golgi staining. We observed that spine density in CA1 py-
ramiidal neurons was reduced in Ikzf17" mice compared with Ikaf1*/*
mice (Fig. 4D). Given that microglia from 1kzf1”" mice exhibited a more
ameboid morphology than microglia from Ikzf1'/' mice, and such
morphology has been linked to highly motile microglia which partici-
pate in phagocytosis, we next tested whether the observed synaptic
plasticity deficits in lkzfl" mice could be triggered by an increased
internalization of synaptic markers. To do so, we performed a double
staining for Ibal and PSD-95 (a post-synaptic marker), and the density of
PSD-95-positive clusters as well as its co-localization with Ibal were
. i £ N analyzed. Co-localization between PSD-95 with Ibal was increased in
Il)m.ms of I'kz_fl:/- fmee Interestingly, ; we, found an increased G_FAP the CA1 of Ikzfl” mice respect to Ikaf1"/" mice (Fig. 4E-F). Accord-
m?nlunolmactxvlty in the CA1 nf‘lsz‘!' = mice (Fig. 3D-E), m)‘nmrmtant ingly, we also observed a reduction in the total number of PSD-95-
with an increase on TNFa levels in this l?“ﬂ.lcu{ﬂr cell type (Fig. 3D Bnd positive clusters in the 1kzf1*" mice (Fig. 4E and G), suggesting that
B. Thm, we SSSEFSEd the levels of Mldlme (z{.l(.a. M:D]q ), a multi- the lack of microglial Ikzf1 increases microglial phagocytosis of synapses
fu"ﬂmnal_ cﬁnl@e UPIEEUI‘"“tEd A5 néummﬂanmmfmn, netrns in the hippocampus. In summary, we showed that [kzf1”" mice exhibit
dege.nerat\on and Jsch.e.mlm (Tnl-.;m laetal ..25}20). Suppo.mng the rfasults impaired LTP and reduced spine density in the hippocampus, potentially
obtained for TNF.cr, Midkine mml.ununaactlvxty was qlso inereased in the by inereased microglial phagocytosis of synapses.

CA1 of Ikzf17" mice compared with Ikzf1"/" mice (Figz. 3G). These latter

results could be indicative of a disease-associated microglia (DAM)

signature, which has been related to some neurological disorders

3.3. Specific glial changes in the hippocampus of Ikzf1 deficient mice

We observed that Ikzfl”" mice show specific impairments on
hippocampal-related skills. Thus, we next aimed to characterize the
adult hippocampal conformation to detect possible structural de-
ficiencies that could explain such cognitive dysfunction. To rule out the
possibility that the loss of neurons in lkzf1 " mice is responsible for such
cognitive defects, we analyzed neuronal density and observed that
neuronal populations such as NeuN-positive neurons (Suppl. Fig. 5A),
Parvalbumin-positive neurons (Suppl. Fig. 5B) and Calbindin1-positive
neurons (Suppl. Fig. 5C) were unaffected in terms of cell density in
the CA1 subarea. Since Ikzf1 is specifically expressed in this cell type in
adult brains (Fig. 1F and Supp. Fig. 4B), we then evaluated microglial
morphology and their molecular profile in the hippocampus of Lzfl 7
and Ikzf] /" mice (Fig. 3A-C). We found that Ikezf1”* microglia exhibit
significantly more rounded shape than 1kzf1"/" microglia (Fig. 3A-B),
and Ibal expression levels analyzed by immunostaining were higher in
Tkzf1”" microglia than in Ikzf1'/" microglia (Fig. A and C). We next
wanted to test whether these phenotypic changes on Ikzf1”" microglia
were accompanied by changes in other glial cell types such as astroglia,
which could indicate a general spreading of neuroinflammation in the
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Fig. 4. Characterization of synaptic plasticity in Ikzf17" mice. (A) Time course of fEPSP slope (CA3-CA1 LTP) in hippocampal slices from Iczf1*/* and Tkzfl ™"
mice. Arrow indicates theta-burst stimulation (TBS). (B) 15-min average of fEPSP slope 100 min after TBS, normalized to the mean of last 10-min baseline. Unpaired
t-test: t = 2,381, df = 11, p = 0.0364. (C) Paired-pulse ratio at 50-ms interval and at 100-ms interval at the same synapses. N = 8-5 mice per group (one slice per
mouse). (D) Left panel, Golgi-Cox-stained apical dendrites of CAl stratum radiatum pyramidal neurons from Ikzf1 "/ and Ikzf1/~ mice. Scale bar, 3 pm. Right panel,
quantification of spine density in dendrites as in D. Unpaired t-test: t = 9,673, df = 168, p < 0.0001. N = 84-94 dendrites per group from 4 to 5 animals per genotype.
(E) Representative images of stained microglia (Ibal, red) co-labeled with PSD-95 (green) in the CA1 region from Ikzf1**" and Ikzf1” mice. Yellow labelling depicts
the Ibal /PSD-95 colocalization. (F) Density of double labeled Ibal /PSD-95-positive puncta as in E. Unpaired ttest: t = 3,267, df = 4, p = 0.0309. (G) Quantification
of single-labeled PSD-95 positive puncta as in D. Unpaired t-test: t = 3,608, df = 4, p = 0.0226. All hippocampal samples were obtained from mice at 6-7 weeks of
age. Values are means + SEM. N = 3 mice per group. In E-G three slices containing dorsal hippocampus were used per mouse. Scale bar in E 10 pm.
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Fig. 5. Biochemical ch ization of the infl and histone modifications in Ikzf1” mice. (A) Immunoblotting analysis of Aim2, 1L-1B, Caspase-1
(Casp1), cleaved Caspase-1 (c-Caspl), ASc/tms], Nalpl and Nalp3 and actin as a loading control in 7-weeks-old in Tkefl ' and Ikef1” mice. (B) Densitometry
quantification of results as in A. Data were normalized to actin for each sample and expressed as percentage of wild type. Unpaired £-test for Aim2: t = 3,077, df = 8,
p = 0.0152. Unpaired t-test for IL-1B: t = 4,428, df = 8, p = 0.0022. Unpaired -test for Casp1: t = 3,043, df =8, p = 0.016. (C) Left panel, representative images of
stained Asc-tms] (green) and Tbal (red) in the CA1 region from Hzfl ** and Ikzfl”* mice. Right panel, intensity (I0D) of Asc-tms] was measured in hippocampal
microglia (Ibal -positive) from Tkefl */* and Tkzf17" mice. Unpaired test: t = 3,548, df — 9, p — 0.0062. (D) Left panel, representative images of stained IL-1B (green)
and Ibal (red) in the CAl region from Ikzf1 " and Ikzfl " mice. Right panel, intensity (I0D) of IL-1B was measured in hippocampal microglia (Ibal-positive) from
1Ikzf1 ™" and Ikzf1"" mice. Unpaired t-test: t = 3,257, df = 9, p = 0.0099. (E) Immunoblotting analysis of total histone 4 (H4), acetylated H4 in lysine 5 (ac-H4-K5),
total histone 3 (H3), acetylated H3 in lysine 14 (ac-H3-K14), three-methylated H3 in lysine 9 (3-me-H3-K9), acetylated H3 in lysine 18 (ac-H3-K18), methylated H3 in
lysine 9 (me-H3-K9) and actin as a loading control in 7-weeks-old in Ikzf1 """ and Ikzfl”" mice. (F) Densitometry quantification of results as in E. Data were
normalized to actin for each sample and expressed as percentage of wild type. Unpaired t-test for 3-me-H3-K9: t = 2,330, df = 8, p = 0.00482. Unpaired ¢ test for ac-
H3-K18: t = 2,913, df = 8, p = 0.0195. (G) Immunoblotting analysis of total SIRT1 levels (SIRT1), phosphorylation levels at Serine 47 in SIRTI (p-SIRT1°"*) and
actin as a loading control in 7-weeks-old in Ikzf1*** and Ikzf1*" mice. (H) Densitometry quantification of results as in G for total SIRT1. (I) Densitometry quan-
tification of results as in G for p-SIRT1°*. Data were normalized to actin for each sample and expressed as percentage of wild type. Unpaired t-test for p-SIRT1°<":
t = 3,333, df = 7, p = 0.0125. Values are means -+ SEM. N = 5 mice per group. Scale bar in C 40 pm and in D 15 pm.

3.5. Alterations in the inflammasome composition and impaired histone 3.6. Ikzf1 levels are increased during hippocampal-induced inflanmation,
methylation are molecular signatures in the hippocampus of Ikzf1 deficient in temporal lobe epilepsy models and in Alzheimer’s disease
mice

Our later results indicated that a lack of Ikzfl expression in the

We have shown that Ikzf1” mice exhibited a strong phenotype in the hippocampus is associated with several processes of neuroinflammation
hippocampus. Interestingly, Ikzfl has been shown to regulate the from a reactive microgliosis to an altered composition of the inflam-
inflammasome response in stressed macrophages in the liver (Kadono masome. Therefore, we hypothesized that Ikzfl levels could be altered

et al., 2022), and regulate epigenetic changes in immune circulating in disease models with hippocampal dysfunetion. First, in order to
cells through multiple mechanisms (Kim et al., 1999; Koipally and generate a model of inflammation, we systemically treated wild type
Georgopoulos, 2000). Importantly, infl isregulated (WT) mice at postnatal day 5 (PN5) with LPS (6 mg/kg) and 24 h later

by epigenetic mechanisms involving histones acetylation/methylation their brains were fixed and stained with Ibal and Ikzf1 antibodies
rates (Poli et al., 2020). Given the DAM-like signature exhibited by (Fig. 6A-C). We observed that LPS induced a robust increase on Ibal and

1kzf17" mice, we next asked whether the inflammasome eomposition Ikzf] staining in the dorsal hippocampus as well as in their colocaliza-
could be altered in Ikzf1** mice hippocampi and whether epigenetic tion (Fig. 6A-C) since the majority, but not all, Ibal-positive cells were
changes were responsible, at least in part, for such inflammasome acti- also lkzfl-positive. However, the LPS model was not performed in adult
vation in microglia. mice. Due to this limitation, we then tested the levels of hippocampal

First, we evaluated several molecular components of the inflamma- 1kzf1 in a model of temporal lobe epilepsy (TLE) induced by pilocarpine
some by western blot in hippocampal total lysates from adult (7-week- (Fig. 6D-E) in adult mice. We observed a strong microgliosis in hippo-

old) kzf1*’* and Ikzf1”" mice. Interestingly, there were changes in campi from mice treated with pilocarpine (Fig. 6D), which correlated
different directions. First, Nalpl, Nalp3 and cleaved-Caspasel protein with increased expression levels of Tkzfl (Fig. 6E). Then, we evaluated
levels did not change between genotypes (Fig. 5A-B). However, protein 1kzf1 protein levels in a transgenic mouse model of Alzheimer’s disease
levels of Caspase-1, IL-1B, Asc-tms] and Aim2 were upregulated in (AD), the 5xFAD mouse model which is characterized by p-Amyloid
1lezf17" mice compared with Ikzfl /" mice (Fig. SA-B). We confirmed accumulation, microgliosis and astrogliosis (Oakley et al, 2006). We
that these changes were located in hippocampal microglia specifically found that Ikzfl levels were also increased in the hippocampus of 8-
for Asc-tms] (Fig. 5C) and IL-1B (Fig. 5D). These results indicated that months-old 5xFAD mice compared with their matched WT controls

several alterations in many components of the infl accom- (Fig. 6F). To further evaluate whether those changes in 5xFAD mice
panied the microglia phenotype observed in Ikzfl”~ mice. could also be observed in AD patients, we analyzed Ikzf] levels in post-
‘We then aimed to study whether such inflammasome activation in mortem hippocampal samples from human econtrol and AD individuals.

microglia correlate with epigenetic changes. Thus, we analyzed histone Similar to what we found in animal models, AD patients exhibited
3 (H3) and 4 (H4) total protein levels and its levels of acetylation and increased Ikef1 levels compared to control individuals (Fig. 6G). Alto-
methylation in different residues in hippocampal total lysates from adult gether, the present results indicated that models of inflammation and
(7-weel-old) Ikzf1 """ and Ikzf1”" mice by westemn blot. We detected neurodegeneration as well as samples from human subjects with de-
similar levels of total H4, total H3 and acetylated H4 in lysine 5 between mentia and neurodegeneration display a hippocampal increase of Ikzfl
adult Tkzf1"/" and Ikzf1”~ mice (Fig. SE, F). Next, we analyzed acety- levels.

lation levels of H3 in lysine 14, the three-methylation levels of lysine 9,

the acetylation levels of lysine 18 and the levels of methylation in lysine

9 (Fig. S5E-F). We found specific increases in the three-methylation levels 3.7. Over-expression of Ikzf1 in cultured microglia reduces their response
of lysine 9 and acetylation levels of lysine 18 in lkzf1*" mice compared to LPS and prevents microglial phagocytosis of beads

with Ikzf1 /" mice (Fig. SE-F).

It has been recently shown that Ikzfl regulates the inflammasome- Our results indicated that Ikef1 is enly expressed in microglia in the
pyroptosis response in stressed macrophages in a SIRT1-dependent adult brain, and that lack of microglial kzfl in mice induce significant
manner (Kadono et al., 2022). Therefore, we evaluated total and phos- changes in microglia morphology and function with several alterations
phorylation levels of SIRT1 in the hippocampi of Ikzfl "/* and Ikzfl* in synaptic plasticity and hippocampal-dependent memory. Also,

mice. We abserved that whereas total hippocampal SIRT1 levels were several models of neurodegeneration show an increase on Ikzf] levels.
similar in both genotypes (Fig. 5G-H), phosphorylation levels at serine Although collectively these data may appear contradictory, we hy-
47 of SIRT1 were reduced in Ikzf1 7~ mice compared with Ikzf1'/" mice pothesized that Ikzf] could act as a regulator of microglia homeostasis.
(Fig. 5G and I). These results suggest that lack of hippocampal ILkzfl To lﬁjrﬂaer Bupport this }_WPO"}_ESES» we pe.rfm'med 0"_91"57‘131’55510!1 ex-
expression is associated with changes in the levels of methylation and periments in lwh'-'l_Ed mier oglia. We Pmd{':“?d that, if lzf] Ie‘_’?—ls are
acetylation levels of the Histone 3 probably due to an alteration of the regulating microglia functional homeostasis as stated above, microglia
SIRT1-Ikzf] axes. over-expressing lkzfl would be unable to respond adequately to

different insults. We thus transfected microglia cultures with a plasmid
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Fig. 6. Ch ization of Ikzfl ion in models of it ion and d i (A) Left panels, representative images of labeled
microglia (Ibal) and Ikzfl (red) in the CA1 region from wild type mouse pups treated with vehicle or lipopolysaccharides (LPS 6 mg/kg). Mice were injected with LPS
6 mg/kg at postnatal day 5 and 24 h later their brains were fixed and processed for immunofluorescence. Right panels, inset from left panel for each condition
(vehicle or LPS). Black arrows show Ibal-positive microglia (green) with very low Ikzf1 {red) protein levels. White arrows are depicting high Iiczf1 (red) protein levels
in LPS exposed microglia (green). Note 1kzf] has a specific nuclear staining. (B) Number of Ikzfl-positive cells per area from D was measured in vehicle and LPS
treated mouse pups. Unpaired ttest: t = 8,663, df = 4, p = 0.0010. (C) Number of double positive Ikzfl/Ibal cells per area from D was measured in vehicle and LPS
treated mouse pups. Unpaired t-test: t = 6,314, df = 4, p = 0.0032. (D) Representative images of labeled microglia (Ibal) and Ikzf1 (red) in the CA1 region from adult
(12-weeks-old) wild type mice treated with vehicle or pilocarpine. Mice were injected with pilocarpine (45 mg/kg, see methods) at 10,5 weeks of age and 10 days
later their brains were fixed and pr d for i nce. (E) Left panel, i ing analysis of hippocampal Ikzf1 and actin as a loading control in
wild type mice treated with vehicle or pilocarpine from D. Right panel, densitometry quantification of results as in left panel. Unpaired t-test: t = 3,429, df = 11,p =
0.0056. (F) Left panel, immunoblotting analysis of hippecampal Ikzf] and actin as a loading control in wild type (WT) or in the mouse model of Alzheimer's disease
so-called 5xFAD mice. Blots were performed at 8 months of age at an age when these 5XFAD mice display clear cognitive and histopathological phenotypes compared
with WT mice. Right panel, densitometry quantification of results as in the left panel. Unpaired t-test: t = 2,967, df = 17, p = 0.0086. (G) Left panel, immunoblotting
analysis of hippocampal Ikzfl and actin as a loading eontrol in hippocampal postmortem samples from control patients (CNT) and patients with Alzheimer's Disease
(AD). Right panel, densitometry quantification of results as in the left panel. Unpaired t-test: t = 2,130, df = 17,54, p = 0.0476. In all blots data were normalized to
actin for each sample and expressed as percentage of wild type or control samples. Scale bars: In A 150 pm, in D 50 ym. Values are means + SEM. Number of samples
per group: In B and Cn = 3 mice per group, in En = 6-8, in Fn = 8-11,in G n = 912,

to over-express Ikzf1. Although microglia are difficult to be transfected, microglial phagocytosis was found to be compromised when Ikzf1 was

we performed several microglia cultures in order to achieve a satisfac- overexpressed in cultured microglia.
tory number of transfected microglia. As far as we know this is the first time demonstrating a specific
Cultured microglia were transfected with a control vector (CNT) or expression of Tkzfl in adult microglia, perhaps not surprising given that

with an Ikzf] over-expressing vector (Ikzf1). In a first set of experiments, microglia have a myeloid origin (Li and Barres, 2018) and Ikefl is also
we treated microglia with vehicle (Veh) or 100 ng/ml of LPS and expressed in circulating monocytes and other macrophages (Faia et al.,
analyzed the area and circularity of such cultured microglia. Interest- 2021; Oh et al., 2018; Yagi et al., 2002), all of them sharing a myeloid

ingly, while LPS-treated control microglia exhibited increase area origin. Importantly, our results change the traditional view in which it
(Fig. 7A-B) and circularity (Fig. 7A and C), microglia over-expressing was postulated that Ikzf1 is expressed in the brain, only during devel-
Ikzf1 showed no response when treated with LPS either in terms of opment and in a particular set of neurons namely medium spiny neurons
cell area (Fig. 7A-B) or in terms of circularity (Fig. 7A and C). In asecond of the striatum and some pyramidal neurons of the cortex (Agoston
set of experiments, cultured microglia were subjected to a phagocytosis et al,, 2007; Alsi6 et al, 2013; Martin-Ibafiez et al., 2010). Although we

assay using latex-based nano-beads. Interestingly, we found that have validated such expression using the lkzf1-Cre:tdTomatoFlox mice,
microglial phagocytosis of beads was significantly reduced in microglia our results demonstrate that the only cells in the adult brain of WT mice
over-expressing lkzfl compared with microglia transfected with the that expresses detectable levels of Ikzf1 are microglia.

control vector (Fig. 7D-E). Our results point out the possibility that when In order to investigate the possible relevance of Ikzf1 expression in
Ikzf] is over-expressed in in vitro microglia, these cells lose their ability the adult microglia we used the Ikzf1 deficient mice (Ikzf1”" miee).
to react in front of distinet perturbations. Microglia morphology in Ikzfl /- mice acquire a more round-ameboid
morphology and exhibit increased expression of Ibal compared to

4. Discussion control mice. Supporting a possible mechanism of ‘microglia respon-
siveness’ in these mice, we observed an increased expression of TNF,

In the present work, we show that Ikzf] is expressed specifically in NF-kB and MDK1, general markers of newroinflammation. However, we
hippoeampal adult microglia. We found that the lack of Tkzf] expression cannot rule out the participation of reactive astrocytes to such neuro-

in hippocampal microglia of Ikzf1"" mice triggers a variety of morpho- inflammatory signature, as Ikzf1”" mice also exhibit astrogliosis and
logical and functional changes in these cells, including a switch to a both TNFa and MDK] are also markers of reactive astrocytes (ICumar
more ameboid morphology, traditionally associated with higher activity et al., 2022; Takada et al., 2020; Zahedipour et al., 2022). Nonetheless,
and increased phagocytic capacity. Such changes were accompanied by our data strongly indicate that the lack of Ikzf1”" in the adult brain,
astrogliosis and variations in several associated-disease markers. Inter- expressed in microglia but not astrocytes or neurons, lead to neuro-
estingly, hippocampal dendritic spine density and CA3-CA1 long-term- inflammation. Thus, we postulated that Ikf1 could emerge as a modu-
potentiation (LTP) were reduced in lkzf1”" mice, probably due to an lator of microglial response in neuroinflammation and
aberrant microglia-mediated phagocytosis of PSD-95-positive p neuwrodeg ation. To test this hypothesis, we evaluated Ikzf1 levels in
clusters. At functional level, all these alterations were accompanied with a model of neuroinflammation (lipopolysaccharide or LPS), (Domi-
impaired spatial memory in lzf]l* mice. As a potential underlying nguez-Rivas et al, 2021), in a model of temporal lobe epilepsy with
molecular mechanism, we identified a significant alteration in the associated hippocampal neurodegeneration and sclerosis (Pilocarpine-
inflammasome composition and changes in epigenetic signatures, which based model) (Curia et al., 2008), and in a transgenic mouse model of
could explain the observed phenotype. To study whether altered AD (5xFAD mice) (Oaldey et al., 2006). Surprisingly, hippocampal Ikzf1
expression of Ikzfl could play a role in inflammatory and neurological levels were found to be increased in all studied disease-related models,
disorders characterized by neuroinflammation, and synaptic and and such increase was also found in hippocampal postmortem samples
cognitive dysfunction, we then analyzed lkzfl expression in several of AD patients. Therefore, we suggest that, if lack of lkzfl induces
models of neuroinflammation and neurodegeneration and found that neuroinflammation and Ikzf1 levels are increased in neurodegenerative
microglial Tkzfl levels were increased in all of them. Altogether we diseases, then Ikzf]l could be a potential regulator of microglia homeo-
suggest that Tkzf1 levels and function play a role in the control of stasis or even its increased expression levels in such neurological dis-
microglia homeostasis, and that adeq Ikef1 in microglia orders could play a compensatory or neuroprotective role. In this line,
is required for the appropriate expression of genes such as NF-kB, IL-1B we found that overexpression of Ikzfl in cultured microglia, abolished
and Asc-tmsl, as well as to maintain its shape and morphology. Ac- the response of these cells in astificial paradigms such as LPS or
cording to this hypothesis, we showed in in vitro assays that microglial phagocytosis of latex nano-beads, indicating that adequate levels of
responses (i.e. morphological changes) to an inflammatory-like stimulus Ikzf] are required to maintain appropriate microglial responses. For
(ie. LPS) was abolished when lkzf1 was overexpressed. Moreover, instance, microglial phagocytosis has multiple beneficial but also
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Fig. 7. Characterization of Ikzfl expression in models of i ion and neur tion. (A) Representative images of cultured and transfected
microglia treated with vehicle or lipopolysaccharides (100 ng/ml) for 24 h. Only microglia transfected with control vector er Ikzfl-overexpressing vector were used
for morphological analyses. (B) Cell area was estimated in transfected microglia from A. Two-way ANOVA, interaction effect, F(; o) = 19.34. Bonferroni's multiple
comparisons test was used as a post hoc test. (C) Circularity was estimated in transfected microglia from A. Two-way ANOVA, interaction effect, F(; 5 = 4.162.
Bonferroni's multiple comparisons test was used as a post hoc test. N = 18-23 transfected cells per condition. (D) Representative images of cultured and transfected
microglia with control vector or Ikefl-overexpressing vector. These cells were exposed to a bath application of latex nano-beads (green) and number of “phago-
cytosed” nano-beads was quantified (E) only in transfected (tag in turquoise) microglia (Ibal-positive in red) and normalized per area and per cell. Unpaired ttest: t
= 2,859, df = 45, p = 0.0064. N = 18-23 transfected cells per condition. Values are means -+ SEM. Scale bars in A and D = 25 pm.
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detrimental roles in inflammation and neurodegeneration, and this may
also change during disease progression (reviewed in Butler et al., 2021).
Thus, our novel results showing that Ikzf] is specifically expressed in
microglia in the adult brain and deregulation of its expression leads to
altered phagocytic capacity (both ways, by increasing and abolishing
microglial phagocytosis), present Ikzf1 as a novel indicator of microglia
homeostasis and a potential molecular target to normalize microglial
function (i.e. phagocytic function) in disease context.

By further addressing the relevance of lkefl expression in adult
microglia we found that Ilzfl " mice displayed impaired spatial mem-
ory, decreased spine density in CA1 pyramidal neurons accompanied by
reduced PSD-95-positive clusters and reduced long-term-potentiation
(LTP) in the same CA3-CA1 circuit. It is broadly accepted that normal
hippocampal spine density (Mahmmoud et al., 2015), expression of LTP
(Lynch, 2004) and appropriate PSD-95 levels (Caly et al., 2021) are all
necessary for adequate spatial memory. Interestingly, recent works have
shown that microglia can regulate or influence all of them. Thus,
microglia have been shown to regulate spine density and PSD-95
expression in disease conditions (Geloso and D Ambrosi, 2021;
Sellgrenet al., 2019), LTP expression (Zhou et al., 2019), and spatial
learning and memory (Cornell et al., 2022). Given that microglia are
able to regulate this wide range of processes and that lack of microglial
Ikzf1 in mice compromised all of them, our results suggest that Ikafl
could be a novel core molecule located in microglia capable to regulate
all these processes. To further support our hypothesis it has been shown
in genome-wide association (GWAS) studies that the IKZF1 gene has
been associated with hippocampal atrophy and Alzheimer’s disease
(Potkin et al., 2009; Schwartzentruber et al., 2021). However, despite
the evidence discussed above, we cannot rule out an indirect neuro-
developmental effect mediated by altered neurons from Ikzf1”* mice
since Ikzf1 is also expressed in some neurons during development (Alsio
etal, 2013; Martin-Ibanez et al., 2010).

Ata molecular level, we investigated how Ikzf1 levels could exert its
effects on microglial response and funetion. First, we investigated the
inflammasome composition since its role in microglial function during
neuroinflammatory challenges is crucial (Mata-Martinez et ol | 2022).
We found a significant alteration in several members of this protein
macro complex which could in tum induce the aberrant increased
microglial responses (Scholz and Eder, 2017) observed in Ikzf1/~ mice.
Indeed, microgliosis per se is associated to spatial memory deficits in
several models (Wadhwa et al, 2017), induding AD (Chesworth et al.,
2021). Also, alterations in several components of the inflammasome
have been linked to compromised spatial memory funetion (Cheon et al,,
2020; Sun et al, 2021). In particular, we found that Ikzfl”" mice
exhibited changes on hippocampal Aim2, involved in the inflammasome
assembly (de Rivero Vaceari et al.,, 2014; Lamkanfi and Dixit, 2014).
More importantly, we also found inereased caspase-1 and IL-1p in the
hippocampus of Ikzf1”~ mice. Since caspase-1 regulates the maturation
of pro-inflammatory IL-1f (Mangan et al., 2018), which is also up-
regulated in Ikzf1”" mice, those changes could orchestrate a possible
initiation of an inflammatory form of cell dysfunction, named pyroptosis
(Kayagaki et al., 2011; Mangan et al., 2018; Yi, 2017) which in turn,
could lead to hippocampal dysfunction and associated spatial memory
deficits observed in Ikzf1*~ mice. Such changes in protein levels of these
macro complexes could be due to variations in gene transcription. One
way in which Ikzf1 could modulate gene expression is through epige-
netic modifications, in particular the regulation of histone methylation/
acetylation rates (Song et al, 2016). Indeed, Ikzfl has been shown to
regulate the inflaimmasome response in stressed macrophages in the
liver (Kadono et al, 2022). Also, it is postulated that regulation of his-
tone acetylation/methylation rates plays erucial roles in memory fune-
tion (Levenson et al., 2004; Maity et al., 2021) and, more recently, in
modulating the expression of several components of the inflammasome
multiprotein eomplex (Raneros et al, 2021). In this line, we found a
specific increase on hippocampal 3-m-H3-Lys9 levels in Ikzfl* mice,
which agrees with Ikzf] ability to increase three-methyl levels of other
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H3 lysins such as Lys27 (Wang et al., 2016). Furthermore, previous re-
ports support our results by showing that increased 3-m-H3-Lys9 is
associated with spatial memory deficits and reduced BDNF levels (Wu
et al.. 2019). Finally, we also found that the lack of Ikzfl could alter the
SIRT1-Ikzfl axes which is an important mechanism for the deacetylase
activity in histones (Kadono et al., 2022). Also, such alteration in SIRT1
function could provoke an induetion of the inflammasome (Li et al.,
2017, Li et al., 2016). Thus, hippocampal changes in inflammasome
components and increased 3-m-H3-Lys9 levels likely induced by an
alteration in the SIRT1-Ikzf1 axes could be contributing to the presence
of spatial memory deficits in Tkzf1"" mice.

It is noteworthy that our study has some limitations. First, the lkzf1”~
mouse model is a full knockout mouse model, so we cannot rule out that
the effects observed were also due to different cells other than microglia
exclusively since during development Ilzf] is expressed in other brain
cells. Second, although the lack of Ikzf1 correlates with astrogliosis, we
do not know whether these neuroinflaimmatory processes (namely
microgliesis and astrogliosis) occur simultaneously or one triggers the
other one. Finally, the biggest challenge and limitation of our study is
the lack of current methods to appropriately transfect or infect microglia
in vive to modulate Ikzf1 levels, without altering microglia state due to
methodology.

In summary, we found that Ikzfl plays a key role in the maintenance
of microglial homeostasis and that alterations on its levels or function
have an impact in hippocampal neural plasticity and related cognitive
function.
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Schizophrenia is a complex psychiatric condition with a multifactorial etiology still not
totally understood. Even if it is not considered an immune disease, schizophrenia
pathogenesis is very sensitive to immune insults as many of the risk factors (genetic and
environmental) associated to this condition act trough the immune system[94], [173]. The
nervous and the immune systems interact in a myriad of ways and understanding how this
interaction is altered in schizophrenia could be very challenging. Neuroinflammationand T
cell mediated immunity are affected processes in schizophrenia and core candidates
involved in the altered neuro-immune crosstalk in this condition. We have shown that two
members of the Ikaros family are dysregulated in T cells in patients suffering of chronic
schizophrenia and we have demonstrated that the secretome of these cells can induce
several schizophrenia-like phenotypes in in-vivo and in-vitro models. On the other side, we
have also shown that one member of the lkaros family (lkaros) is involved in microglia
homeostasis in inflammation and, consequently, influences neuroinflammatory
responses.

1. Ikaros and Helios are downregulated in PBMCs but
not in the brain of patients diagnosed with
schizophrenia

Ikaros and Helios as well as other members of the |lkaros family are capital for proper
development and function of the immune system[4], [19]. Thus, in a condition where
deleterious mental outcomes are more susceptible to occur upon immune insults it is not
counter intuitive to imagine a possible participation of the lkaros family. However, even if
schizophrenia is widely considered a psychiatric condition, we have found that the levels
of both lkaros and Helios are not dysregulated in brain areas considered key-affected in
this condition. On the other hand, we showed for the first time that the level of both were
downregulated in PBMCs of patients and that particularly, when analyzing CD4+ cells and
CD8+ cells, both were downregulated in CD4+ cells but notin CD8+ cells.

The fact that lkaros and Helios present altered levels in immune cells but not in brain
regions implicated in schizophrenia represents a major point reinforcing the idea of the
implication of the immune system in the pathogenesis of this condition and, as previous
research proposed[162], dysregulations of T cells (the majority of PBMCs population) is a
plausible way the immune system is affecting the nervous system in schizophrenia.
Regarding possible causes of the downregulation of Ikaros and Helios, as far as we know,
GWAS have not identified any specific genetic variation of the members of the lkaros
family in schizophrenia. Nevertheless, a recent study[221] found that single nucleotide
polymorphisms (SNPs) affecting the IKZF1 gene were related to the age of onset of
schizophrenia. Besides, as schizophrenia is considered a polygenic and a multifactorial
disorder[224], we cannot rule out the possibility that the levels of Ikaros and Helios are
indirectly affected by other processes (e.g. immune or environmental challenges) and
ultimately contributing to the prognosis of the condition. For example, a recent study [225]
found a Helios active regulon in a transcription factors analysis of PBMCs of cattle in
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response to LPS stimulation (mimicking an immune challenge). Another possibility could
be the implication of the WNT signaling pathway. It has been shown that the activation of
the WNT gene influences the levels of lkaros in T cells [226] and that the WNT signaling
pathway is affected in PBMCs of patients and particularly in patients with cognitive
decline[227]. These ideas may provide some clues about the source of the dysregulation
of these members of the Ikaros family, further research could elucidate these possibilities.
The identification of the PBMCs subpopulations with altered levels of Ikaros and Helios is
of particular importance to try to clarify the possible effects of the downregulation of
Ikaros and Helios in PBMCs. We have identified a double downregulation of Ikaros and
Helios in CD4+ cells whereas their levels in CD8+ remain invariable. Even so, we cannot
assume a changelessness state in other PBMC subpopulations as we have not evaluated
all of them. Classically, CD4+ cells play a major role modulating the immune response by
releasing specific cytokines according to their specific T cell subset (see Table 1). In this
manner, every T cell subset has different effector functions that affect themselves, other
immune cells or even non-immune cells[183], [228].

Regarding the downregulation of lkaros, one possibility is that this reduction is taking
place in the Th1 and Th2 subsets. One of the main effector cytokine of the Th1 cells is IFN-
y and lkaros has been shown to negatively regulate IFN-y[21]. Among other functions, IFN-
y promotes the activation of macrophages and microglia which results in augmented
phagocytic activity[21]and could lead to inflammatory states. Abnormal expression of
IFN-y is also associated with auto-inflammatory and auto-immune disease[229] and
schizophrenia has been linked to increased frequency of autoimmune diseases in
patients[156]. Further, the production of IFN-y by Th1 cells promotes the differentiation of
naive Th cells into Th1 cells and reduce the differentiation into Th2 cells[228]. An
important effector cytokine of the Th2 subset is IL-4. IL-4 is one of the cytokines we found
to be reduced in the SCH'"e- secretome and this cytokine has been shown to be reduced
in chronic schizophrenia [230] (Further potential implications of IL-4 will be discussed
below). Consistently, the presence of lkaros in Th2 represses Th1 differentiation and
supports Th2 development by positive regulation of IL-4, as IL-4 act in paracrine and
autocrine ways on Th2 cells[21]. Hence, the reduction of lIkaros in Th2 cells could be, on
one hand, favorizing Th1 differentiation and, consequently, IFN-y expression, and, on the
other hand, reducing Th2 differentiation and, subsequently, IL-4 expression. The
expression of IFN-y is associated to the presence of viral infections and some bacterial
infections where it can inhibit viral replication and exert immunostimulatory and
immunomodulatory effects[229]. This is congruent with the fact that maternal immune
activation and childhood infections are prominent risk factors in schizophrenia[147] and
also somehow supporting the viral theory of schizophrenia[231]. Anyhow, even if the levels
of IFN-y have been shown to be elevated in first psychotic episode subjects[232], many
studies have found the opposite results in chronic patients [233], [234], [235], the levels of
IFN-y tend to be reduced. However, as many risk factors in schizophrenia, immune insults
happen at some points during life (particularly during early and perinatal life) and their
consequences are probably accounting and accumulating for the ulterior pathogenesis of
the condition[94]. Thereby, the down regulation of Ikaros could be implicated in the
abnormal expression of IFN-y at specific points of life upon immune challenges causing a
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dysregulated immune response, including excessive microgliosis and starting
neuroinflammation and the dysregulated levels of IFN-y are probably compensated later.
A plausible way IFN-y levels could be regulated is through medication. A substantial
proportion of the antipsychotics used nowadays are known to reduce IFN-y levels[236],
[237], [238]. Thus, consistent with the idea that IFN-y dysregulation could be linked to
immune insults in early life, the posterior pharmacological treatment after the clinical
diagnosis would be accounting for its downregulation. Indeed, these ideas go in line with
the fact that we did not find altered levels of IFN-y in any of the secretomes coming from
PBMCs of patients (i.e. SCH™**"* and SCH'*e*) as all the patients were under
pharmacological treatment.
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Figure 6. A- Simplified illustration of the differentiation of naive CD4+ cells into either Th1 or Th2 cells and the
effects of some cytokines these cells release. B- The impact of the possible downregulation of Ikaros in Th1
and Th2 subsets. Red arrows depict the outcomes that are promoted by the downregulation of Ikaros. Blue
arrows depict the outcomes that are reduced or inhibited by the downregulation of Ikaros. Possible cell
differentiation is depicted by —<.

Regarding the reduced levels of Helios, more limited knowledge is available about its
implication in Th subsets. It has been shown that Helios is markedly expressed in Th2
cells[21]. Nonetheless, unlike Ikaros, Helios seems not to be necessary neither for the
expression of Th2-associated cytokines nor for Th2 cells differentiation[21]. Wherefore,
the significance of reduced levels of Helios in Th2 cells would be hard to interpret.
Notwithstanding, a reduction of Helios in Treg cells could have relevant effects in the
context of schizophrenia. Treg cells main function is to regulate the immune system by
suppressing or downregulating the activation and reproduction of effector T cells[239].
They also provide tolerance to self-antigens and contribute to prevent local
inflammation[239]. Th activated cells release IL-2 which is sensed by Treg cells and
activates their suppression functions (e.g production of granzyme B that induces
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apoptosis of the effector cells) to maintain immune tolerance and to regulate
inflammation. Besides, activated T cells can also peripherally switch to a Treg
phenotype(pTreg) upon the presence of IL-2 and TGF-B to prevent inflammation[239].
However, these processes need the presence of Helios. Helios has been shown to be
necessary to stabilize the inhibitory role of Treg cells[27], and IL-2 is involved in the
differentiation of pTreg cells but maintaining that regulatory phenotype has been linked to
the presence of Helios[28]. Furthermore, it has also been shown that in the absence of
Helios, Treg cells are prone to swift towards a pro-inflammatory phenotype[28] and can
release pro-inflammatory factors such as IFN-y[28]. Thus, reduced levels of Helios in Treg
cells could be, for one side, lowering the downregulation of the effector activity of other T
cells and, for the other side, hindering the preservation of plTreg cells regulatory
phenotype. Altogether, this probably accounts for the maintenance of the chronic
inflammation observed in schizophrenia. Moreover, the quantity of Treg cells has been
shown to be increased in patients[240], a fact that could be showing a compensatory
mechanism for the dysregulation of Treg cells caused by the lack of Helios. Another
important consequence of the Helios-deficient Treg cells in schizophrenia could be the
elevated comorbidity of Schizophrenia with autoimmune diseases as preventing their
development has been largely described as part of the Treg subset function[30], [239].
Lastly, it is noteworthy that the population of Treg cells is a small percentage(around 5-
10%[241]) amongst the CD4+ population, and that Helios downregulation is very probably
not an isolated Treg subset associated phenomenon.
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The alterations of lkaros and Helios could also have synergistic effects. For instance, the
upregulated differentiation of Th1 cells caused by the lack of lkaros could be over
recruiting Treg cells that, in turn, are releasing IFN-y (caused by the lack of Helios) and
supporting the differentiation of Th1 cells. Thus, the lack of both Ikaros and Helios would
be reinforcing this loop and promoting a constant inflammation-prone state. From another
point of view, it has been shown that IFN-y binds to IFN-yR on, amid other immune cells,
Treg cells to cause their migration to sites of Th1-associated inflammation[242]. This
process is mediated by the expression of CXCR3 on Treg cells after IFN-y stimulation[239].
CXCR3 is a chemokine receptor that can induce, among other responses, chemotactic
migration[243], [244]. One of the major chemokines involved in chemoattraction of CXCR3
is CXCL10[245]. CXCL10 is one of the chemokines we found elevated levels of in the
SCH'He secretome and the CXCL10-CXCR3 pathway has been linked to perpetuation of
inflammation[246] (Further potential implications of CXCL-10 will be discussed below).
Considering that a dysregulation of lkaros in Th1 and Th2 subsets could be promoting
inflammation processes and that later IFN-y levels would be downregulated, as it is
reported in schizophrenia[233], the reduced levels of IFN-y could be diminishing the
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migration signaling pathway on Tregs, not allowing them to properly arrive to inflammation
sites. On the other hand, possible reduced levels of Helios in Treg cells could be, as
mentioned before, hampering the regulatory functions of these cells. Altogether, these
phenomena, generated by the synergistic effect of the dysregulations of Ikaros and Helios,
could be contributing to the sustained inflammation in Schizophrenia. Although, it is worth
mentioning that the release of CXCL10 by immune cells (e.g. CD4+Th1 and CD8+ cells) is
generally in response to IFN-y, and in a lesser degree in response to other IFNs[247], [248].
Therefore, mechanisms related to Ikaros-Helios reduction may account for this elevated
level of CXCL10 solely found in the SCH'*"* secretome. Future investigations could
address this possibility.
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Figure 8. Representation of the possible joint action effects of the downregulation of lkaros in Th1 and Th2
cells and Helios in Treg cells. Red arrows depict the outcomes that are promoted by the downregulation of
lkaros and Helios. Blue arrows depict the outcomes that are reduced or inhibited by the downregulation of
Ikaros and Helios. Possible cell differentiation is depicted by —< .

Finally, another important point about the downregulation of Ikaros and Helios affecting
the brain is how this communication is taking place. It has been shown that most
cytokines from the periphery can signal in the CNS, by trespassing the BBB or by
alternative ways[249]. Moreover, it has also been shown that under inflammatory
conditions the permeability of the BBB barrier can be largely disrupted allowing even more
traffic of peripherally secreted peptides and mononuclear cells[250]. On the other hand,
there is evidence showing that non CNS-resident immune cells can invade the brain
parenchyma, and particularly some studies reported elevated levels of lymphocytes in the
brain of subjects diagnosed with schizophrenia[198], [250]. Further, recent studies[251],
[252], have characterized a population of brain-resident Treg cells remarking their
immunosuppressing function and protecting role during neuropathologies within the
brain. Hence, one possibility could be that the immune signhaling is coming from the
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peripheral T cells and that with time, as the BBB permeability augments, the enhanced
traffic of both, T-cells and cytokines, contributes even more to the altered immune state
and inflammation in the brain. Otherwise, it could also be possible that, as there are brain-
resident Tregs cells and T cells can invade the brain parenchyma, the immune alterations
caused by the dysregulation of Ikaros and Helios are at some point "moving™ or mainly
taking place in the brain and, therefore, contributing to the genesis of a psychiatric
condition such as schizophrenia. Noticeably, the joint action of all possibilities is also a
very conceivable case scenario.

2.A murine genetic model Ik*: He*- displays
schizophrenia-like symptoms and spine density
alterations

The second approach to assess the potential implication of the downregulated levels of
Ikaros and Helios we found in PBMCs of patients was through a genetic model with a
double heterozygous mutation of both genes lkzf1 and Ikzf2 (Ik*: He*"). We have observed
that these animals displayed behavioral schizophrenia-like phenotypes in the three
categories of schizophrenia symptoms (positive, negative and cognitive) and spine density
alterations in key-affected brain regions in schizophrenia.

Regarding the behavioral characterization of the double mutant Ik”: He*" model, it is
important to mention that the animals with heterozygous mutation of only one of the
Ikaros family members (e.i. Ik"*: He* and |k": He**) also presented some, but not all, of
the schizophrenia-like behavior the Ik*: He*~ model displayed. This suggests that a
downregulation of one the members, either lkaros or Helios, can already have a minor
effect on the animals’ body and that other members of the family are probably not able to
compensate it. Nevertheless, the full schizophrenia-like phenotype was only found in the
animals with the double downregulation. Suggesting that the effects caused by the
alterations of both lkaros family members are probably synergistic but also additive.

When analyzing the positive-like symptomatology in the Ik*”: He" model we found
elevated locomotor activity, a parameter of agitation and augmented locomotor activity in
response to amphetamine, a parameter of sensitivity to psychotomimetic drugs. Among
the main outcomes of the psychoactive effects of Amphetamines are the augmented
levels of dopamine by direct induction of dopamine release and by inhibition of dopamine
reuptake[253]. In that sense, we found altered spine density in the striatum of the Ik
He" model, a result that could be underlying the sensitivity to amphetamine. Although,
striatal spine density after amphetamine stimulation in patients showed opposite
results[254], spine density was augmented whereas we found a reduction. A possible idea
to explain this could be that the spine density reduction is the outcome of a chronic
altered state of the dopaminergic system in the Ik”": He*"mutant model.
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To evaluate cognitive symptomatology, we used the Novel object recognition test (NORT)
as a measure of a general cognitive deficit. We found that the Ik*: He* model had
memory deficits that can be considered hippocampal-related. Surprisingly, when we
evaluated spine density in the hippocampus, we found alterations in male but not in
female mice. Even if it is challenging to relate these facts, the altered spine density state
detected in male mice could be somehow in accordance with the fact that male patients
can present a more pronounced cognitive decline than female patients [255] and that,
possibly, the NORT could not reflect that in mice.

A finally important remark about the Ik”": He*” model is that, as every other full KO model,
the genetic alterations are not specific for a region or a cell population. Consequently, we
cannot rule out the possibility that alterations of /karos and Helios in other cells of the
body (e.g. CNS cells) are playing a role in the deficiencies this model displayed. To address
this and further characterize the impact of the secretome of PBMCs with downregulated
levels of Ikaros and Helios we used translational models.

3. PBMCs secretome from schizophrenia patients
induced schizophrenia-like behaviors in an in-vivo
model and alterations in neuronal synaptic plasticity
and neuronal dynamics in in-vitro models

To evaluate how PBMCs secretome could be affecting the brain and contributing to the
pathogenesis of schizophrenia we relied on human-to-mice translational models. In that
line, to test the effect of the PBMCs secretome on neural circuits at the cellular level we
used some in vitro approaches. We treated cultured hippocampal WT cells with PBMCs
secretome to evaluate potential differences in neuronal branching and in synaptic
markers. Plus, we also evaluated neuronal activity/synchroneity using calcium imaging
with a 3D culture set up (a.k.a. MoNNet)[256]. When evaluating the neuronal branching,
we found that only the cultures treated with the SCH'"*"* supernatant showed reduced
arborization compared to the controls. This result is in line with other studies also
reporting reduced arborization in animal models of schizophrenia and with the dendritic
pathology associated to schizophrenia[257], [258]. Furthermore, when evaluating post-
synaptic density clusters, the results were similar, we found a reduction of PSD-95
positive clusters only in the cultures treated with the SCH'**"* secretome. This result is
also congruent with other research with similar results in animal models of schizophrenia
and with some studies reporting reduced PSD95 levels in the brain of patients[258], [259].
Besides, dysregulations of PSD95 have been shown to interfere with synaptic function
and, in schizophrenia, the molecular abnormalities of PSD95 in the CA1 have been
proposed to underly the cognitive dysfunction[260], [261]. Beyond the single-cellular
level, the MoNNets experiment shed light in the dysregulations at the synchroneity level
the PBMCs secretome induced, we found that the treatment with the PBMCs secretome of
patients generated reduced neuronal activity and reduced synchronized activity. The
reduced synchronized activity is congruent with the general desynchronized activity and
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altered gamma and theta oscillations seen in patients[262], [263], [264] and the reduced
activity rate could be contributing to it. However, even if the reduced neural activity could
seem contradictory in the context of schizophrenia, some studies have reported that
some deficiencies in schizophrenia are sustained by neuronal activity decrease[265].
Anyhow, these possibilities remain beyond the scope of this minimalist in-vitro
experiment. As a whole, these results point out the potential of the PBMCs secretome to
regulate very fundamental neural processes, such as neuronal branching, synaptic
plasticity, neural working synchroneity and in particular emphasize the influence of Ikaros
and Helios in the appearance of schizophrenia-like phenotypes as most of the results
were only associated to the SCH'*"e condition.

To assess the potential implications of the PBMCs secretome in vivo we directly injected
the secretome into mice brains. As a first step, we evaluated the possible consequences
in mice behavior, and we observed that the injection of the secretome coming from
PBMCs with downregulated levels of lkaros and Helios was sufficient to induce
schizophrenia-phenotypes at the behavioral level. We found decreased place preference
for a caged peer conspecific, depicting social withdrawal (negative symptom) and memory
deficits in the NORT, depicting a general cognitive deficit (cognitive symptom). These
results are may in line with previous studies that related cognitive deficits and the
appearance of negative symptoms (in the context of schizophrenia) with different immune
alterations such as altered peripheral immune cells numbers[266] and differences in
peripheral immune cell markers[267]. This reinforces the idea that dysregulations of T-
cells are a plausible way the immune system is contributing to the appearance of
schizophrenia. Although, the same animals did not display schizophrenia-like behavior in
the positive domain. This was perhaps an unexpected outcome, as positive symptoms are
the most prominent symptoms of schizophrenia, but it is may worth noticing that the
secretome the animals were treated with came from PBMCs from patients under
treatment with anti-psychotics and anti-psychotics are known to mostly alleviate the
positive symptoms in patients whilst negative and cognitive symptoms remain generally
unaffected. Furthermore, in the cohort of patients we used, the majority was under
treatment with clozapine and there is evidence associating dysregulated numbers of
dopaminergic receptors on immune cells with cognitive and negative symptoms in
patients treated with clozapine[266]. Altogether, this makes some room to think that the
dopaminergic cross-talk of T cells with the CNS could be mechanistically involved in the
manner T cells are implicated in schizophrenia.

Considering that alterations in the cognitive domain were the most closely linked to the
SCH'He secretome and that the hippocampus, and particularly the CA1, are crucial brain
areas implicated in the pathophysiology of schizophrenia[104], in the next step we
focused particularly in the CA1. The fact that the SCH'"** group showed elevated Egr1-
dependent pyramidal neuronal activation in the CA1 suggest, that those mice presented a
similar state to the one normally found in the hippocampus of patients, often referred as
“an hypermetabolic state”[268]. Further, when analyzing the spine density, the results
seem to be in the same line as only de SCH'**"* group displayed increased spine density
and, particularly, in the same neuronal population. These results are also congruent with
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the previous results in vitro, especially with the reduced levels of PSD95. The elevated
spine density could be associated with the augmented activity of the pyramidal neurons,
but at the same time could be an indicator of aberrant synapses formation (e.g. excess of
immature synapses) caused in patients by the dysregulation of PSD95[269], [270].
Alterations of PSD95 levels have been linked to erratic synapse plasticity, dysregulated
dendritic spine formation, and have been proposed to contribute to the cognitive
impairments in schizophrenia[261], [269]. Regardless of all possibilities, all these results
strongly suggest the implication of lkaros and Helios in the generation of these
phenotypes as they were only associated with the SCH'"*H*'secretome.

Within the context of schizophrenia, the heightened excitability observed in the
hippocampus is postulated to stem, at least partially, from the malfunction or scarcity of
inhibitory interneurons[98], [125], [271]. Correspondingly, we observed comparable
findings in the CA1 of the animals injected with patient-derived secretomes. The lack of
PV+ interneurons might explain the hyperactive state in the CA1 of the animals treated
with the secretome, aligning with previous research indicating decreased levels of PV+
interneurons in the hippocampus in schizophrenia[87]. Nevertheless, reductions of STT+
interneurons have also been reported in the same region in schizophrenia[87]. Thus, we
cannot dismiss the potential implication of different interneurons others than the PV+
ones in this context. Another possibility could be that, along with the reduced number of
these interneurons, their internal activity is also reduced. For instance, it has been
reported that in the PFC of patients the densities of SST+ and PV+ are not altered but
rather their transcript activity is[71].

4. The levels of lkaros and Helios differentially affect the
molecular profile of the PBMCs secretome

Considering all the schizophrenia-like phenotypes induced by the patients-derived SCH'™
He- secretome from different perspectives (in-vivo and in-vitro), we next analyzed their
molecular profile. One of the proteins we found altered is C1RL. C1RL is a complement
protein involved in immune defense against infection, it is also generally considered a
marker of gliobastoma[272]. Interestingly, in a longitudinal study[273], its alteration in
peripheral blood at the age of 12 was related with a posterior psychotic event at the age of
18. Moreover, the involvement of the classical complement pathway has already been
suggested in the context of schizophrenia[274]. Altogether this suggests that C1RL could
be considered as an immune marker of schizophrenia.

Another interesting protein is S100A9. This protein can regulate myeloid-origine cell
functions by binding to TLR4[275]. Some of its functions are related to inflammation
regulation and leukocyte recruitment[276]. Notably, a study [277]found augmented levels
of ST100A9 in the hippocampus of patients and, the same study, suggested that this
immune activation was affecting the PV+ interneurons and consequently contributing to
the cognitive deficits in schizophrenia.
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A third protein with an interesting profile is CCL5 (a.k.a. RANTES). CCL5 is a chemokine
involved in processes like, migration, proliferation and cytokines release[278]. Akin to our
results, its levels have been found to be upregulated in plasma of patients and its
expression can be regulated by Ikaros[279], [280]. Even if its implication in schizophrenia
is still poorly understood, it has been shown that it can have neurotrophic functions and,
notably, it could be involved in hippocampal synapses and memory formation[281].
Alterations of CCL5 let to impairments in learning memory and cognition in an animal
model, and these deficiencies were correlated with reduced hippocampal long-term
potentiation and defects in synapse structure[281]. Besides, alterations of CCL5 have also
been linked to Alzheimer's disease in humans[282]. Altogether, this makes CCL5 an lkzf1-
regulated candidate that could be contributing to the hippocampal pathology and the
appearance of cognitive symptoms in schizophrenia.

We also identified dysregulations of growth factors. For example, GM-CSF is a white blood
cell growth factor that functions as a cytokine[283]. Amid its functions, it is strongly
associated with inflammation modulation and it has been previously linked to
schizophrenia pathogenesis[284]. Supporting our results, in a recent study[285], its levels
were found to be decreased in patients who relapsed. Furthermore, in an investigation
using and in-situ protocol [286], it has been shown that through microglia modulation,
GM-CSF had the potential to induce neuronal network dysfunction, suggesting that its
alteration could be participating in the cognitive decline and the neural oscillations
desynchrony in schizophrenia.

Another promising molecule we found downregulated is IL-4. The levels of IL-4 in
circulating immune cells can be regulated by both, lkaros and Helios[21], [287]. Similar to
our results, IL-4 levels have been shown to be decreased in schizophrenia[230]. Further,
SNPs of the IL-4 gene have been associated to the risk of developing the condition[288].
Besides of its immune functions, it has also been described that IL-4 exerts roles linked to
high cognitive functions, such as regulating hippocampal-dependent memory[289]. In that
line, a study showed that alterations of IL-4R in an animal model, can lead to augmented
neural activity in the hippocampus[290]. All this, is consistent with the cognitive
deficiency and the enhanced hippocampal activity observed in our SCH'**** model and
correlates, at least in part, with the hippocampal hyperactive state in patients[104]. An
additional feature of IL-4 in schizophrenia is that its levels have been correlated with
negative symptoms and patients with enduring negative symptoms have been shown to be
cognitively worsen compared to other schizophrenia patients[291], [292]. Altogether,
these data make IL-4 a reasonable candidate contributing the schizophrenic phenotype of
our SCH™™*"* model. Nonetheless, there is another plausible candidate underpinning the
SCH"*He model phenotype, CXCL10. In that sense, previous studies have observed
enhanced neural activity accompanied by increased firing rate and excitability and
alterations in synaptic network activity in hippocampal cells after chronic treatment with
CXCL10[293], [294]. These changes were associated with reduced levels of GABA
receptors, reduced levels of GAD65/67, augmented levels of glutamate receptors and
increased sensitivity of NMDA receptors Besides, another study[295] reported a microglia
mediated reduction of GABA receptors through CXCL10 in hippocampal cultures after LPS
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treatment, suggesting that the CXCL10 elevated levels were associated with the cognitive
impairments caused by LPS. All these findings go in line with the enhanced hippocampal
activity in our SCH'*"*- model, the basal hyperexcitability normally seen in schizophrenic
patients and the reduced synchronized neural activity present in schizophrenia patients
and in our SCH'**"* model. Moreover, the joint action of all the possible effects of the
augmented levels of CXCL10 could be also contributing to the cognitive decline in the
context of schizophrenia. As a whole, this data raises IL-4 and CXCL10 as the most robust
candidates mediating the phenotype of our SCH'™*He model, particularly, the
hippocampal-hyperactive state and cognitive deficits.

One way IL-4 could be implicated with the observed phenotypes is by regulating synaptic
transmission. It has been shown that IL-4 acts directly on neurons, regulating synaptic
vesicles release and, subsequently, participating in synaptic homeostasis[290]. Thus, IL-4
disruption could lead to network dynamics disfunction (e.g. network hyperactivity).
Another possibility is that IL-4 is acting through a mediator. For instance, it has been
shown that astrocytes of IL-4 KO mice do not release brain-derived neurotropic factor
(BDNF) after a learning task in contrast to what occurs in WT mice[296]. BDNF is
associated to neuronal growth and survival, increased arborization of dendrites and its
presence promotes learning[297]. Therefore, the lack of IL-4 could hinder the astrocyte-
mediated release of BDNF and ultimately affecting the cognitive performance.
Noteworthy, the collective action of both is likely a possibility as well. On the other hand,
the effects of CXCL10 could also be in both ways, by directly affecting neurons or through
a mediator. The possibility that CXCL10 is directly affecting neurons could be mediated by
CXCRB3 receptors. It has been reported that hippocampal neurons exposed to CXCL10
display augmented intracellular Ca2+ leading to increased neuronal firing[294]. Besides
inducing elevated intracellular Ca2+, activation of CXCR3s can also activate MAPK
pathways that, in neurons, can affect synaptic plasticity[298]. In line with this, a
study[299] found that hippocampal slices exposed to exogenous CXCL10 exhibited
altered synaptic plasticity, revealed by augmented synaptic fatigue in a paired-pulse
facilitation protocol, and decreased post-tetanic potentiation and long-term potentiation
(LTP), in contrast to slices from CXCR3 KO mice that did not present alterations in synaptic
plasticity. Moreover, in the same study[299], a transgenic line with chronic astrocytic
production of CXCL10 also showed no considerable alterations. This, for one side,
supports the idea that CXCL10 could be directly affecting neurons through CXCR3 and, for
the other side, suggests that PNS-derived CXCL10 is may needed to elicit synaptic activity
alterations as CNS-derived CXCL10 seems to be insufficient. Notwithstanding, other
study[300], showed that in pathological conditions (i.e. excitotoxicity) WT hippocampal
slice cultures exhibited neuronal death in the CA1-3 subfields while mice devoid of either
CXCL10 or CXCR3 displayed considerable reduced neuronal death. Furthermore, they
also found that in the absence of microglia the differences in neuronal vulnerability were
totally abolished. Hence, this suggests that the CXCL10 deleterious effects can be
mediated by microglia, particularly, in pathological conditions. Taken together, these data
exhibit some ways by which IL-4 and CXCL10 could be playing a role in the phenotype of
the SCH™"e- model. The cooperative action of the different possibilities is also probable.
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Regarding possibilities where, either of both, IL-4 or/and CXCL10 acts through a mediator,
it is worth considering microglia as a plausible candidate for many reasons. First, as
mentioned before, CXCL10 neuronal toxic effects can be microglia-mediated. Second, it
has been shown that IL-4 can attenuate neuro-inflammatory states through microglia,
placing also microglia as possible mediator of IL-4 effects[301]. Third, related to the
former reason, microglia are one of the pivotal cell-populations orchestrating
inflammation-related processes within the brain and schizophrenia is known to be a low-
grade chronic inflammation condition[167], [178]. Forth, IL-4 and CXCL10 have been
related to neuroinflammation processes[246], [289]. Last, microglia are myeloid-origine
cells and, alike other macrophages, lkaros is involved in their development process,
thereby, it is not counter intuitive to think that Ikaros could be involved in the regulation of
some microglia functions[4], [9].

5. lkaros is implicated in the regulation of microglial
responses in heuroinflammation conditions

Besides T cells alteration, central neuroinflammation is another way the immune system
is proposed to be involved in the pathogenesis of schizophrenia[160], [172]. Although, the
origine of the chronic neuroinflammation state in schizophrenia is still uncertain. Whether
it is a secondary problem to a primary one or a primary problem itself is still yet to be
determined. In any case, the implication of microglia seems to be undeniable[172], [178].
In that sense, lkaros, that is known to regulate immune functions in other immune
cells[10], [38], also participates in the regulation of microglia in neuroinflammation-
associated conditions.

One of the important facts about lkaros in the brain is where it is expressed. |karos has
been largely studied in the immune system and in the developing CNS[8], [32]. We
demonstrated, to our knowledge, for the first time that lkaros is expressed in the adult
brain and that its presence is exclusive, at least in the forebrain, within microglia
population. Therefore, the alterations discussed in this section are microglia mediated.
The first step to assess the involvement of lkaros in microglia function was through an
Ikaros total KO model (lkaros null). We behaviorally characterized this model using
different tests and, as we found deficiencies linked to a hippocampal-depended task, all
our next experiments focused on the hippocampus.

The lkaros null model presented a microglial ameboid morphological state normally
associated to inflammation conditions[165]. This idea was confirmed by the elevated
expression of some inflammatory markers, such as TNFa , Nuclear factor kappa B (NF-kp)
and MDK. Despite the fact we also observed astrogliosis and that TNFa and MDK can also
be released by astrocytes during inflammation process[302], our results strongly suggest
that the inflammation state in this animal is primary associated to microglia as the
absence of Ikaros in the adult brain is affecting primordially microglia cells. Thus, if the
enhanced levels TNFa and MDK are astrocytic-dependent, this is probably a secondary
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outcome mediated by the primary microglia dysregulation. These results let us think that
Ikaros was possibly regulating microglial response in neuroinflammatory conditions.
Consistently, when we tested the level of lkaros in many conditions with an associated
neuroinflammatory state we found augmented levels of Ikaros in all of them. Hence, if
Ikaros is upregulated during neuroinflammation conditions and the absence of lkaros
induced an inflammatory-like state, lkaros is possibly regulating microglia homeostasis.
One possibility is that Ikaros presence within microglia negatively regulates the expression
of pro-inflammatory factors, similarly to its functions within T cells[21]. In the same way,
Ikaros could also be involved in neuroprotective processes promoting the release of anti-
inflammatory factors such as IL-10[303]. A deeper characterization of microglia under
modulation of Ikaros could elucidate these ideas.

Besides releasing soluble factors, phagocytosis is another function of microglia[165]. We
found that, by enhancing the expression of lkaros within microglia, the phagocytic activity
was reduced, suggesting that adequate levels of lkaros are required within microglia to
elicit normal phagocytic activity. Phagocytosis can be beneficial or have detrimental
consequences in a context-dependent fashion[304]. Congruent with that idea, the Ikaros
null model displayed reduced spine density and decreased PSD-95 positive clusters,
possibly due to an exacerbated phagocytic state (i.e. synaptic engulfment) of microglia
cells. Probably, these alterations were translated, physiologically, into the LTP defects and
ultimately, behaviorally, into the impaired spatial memory deficits this model exhibited.
However, we cannot rule out the possible implication of other processes such as
neurotoxicity, secondary implication of astrocytes, and/or neuronal neurodevelopmental
defects as lkaros is expressed in some neuronal populations during neurodevelopment.
Regarding the mechanisms by which lkaros could modulate microglia functions, when
analyzing the lkaros null model at the molecular level, we found upregulated levels of
some inflammasome members, dysregulated levels at the acetylation-methylation axis
and downregulated levels of the phosphorylated version of the protein SIRT1. In this line, a
possibility is that the augmented expression of the inflammasome members is mediated
by the altered epigenetic state of the cells. Consistently, the interaction SIRT1-lkaros has
been associated to the deacetylase activity in histones[305]. Thus, the alteration of these
two pathways, regardless they are additive or synergistic, could be ending up by enhancing
the inflammasome response that would be, then, contributing to the microgliosis this
model displays. Nonetheless, why some members of the inflammasome are
overexpressed whilst others are not, remains unclear. Another possibility is, as mentioned
before, that lkaros is participating, either as a positive or negative regulator, in the
regulation of the cytokine expression profile of microglia. Microglia can synthesize a
myriad of soluble factors[306], and dysregulations in this function could impact neuronal
populations in different ways, such as altering synaptic function, network connectivity or
even leading to neuronal death[307], [308].

In summary, we provided evidence showing that Ikaros play a role modulating microglia

response in neuroinflammatory conditions. Notwithstanding, the functions through which
microglia is acting and how lkaros is modulating internal mechanisms that coordinate
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these functions remain not fully described. These qualms could be the foundations of
future research.

6. General discussion

Working on these projects over the last years has brought us many results and
conclusions. On one side, we have seen dysregulations of Ikaros and Helios in circulating
immune cells and that the secretome of these cells can induce several schizophrenia-like
phenotypes. These results led me to think that lkaros and Helios, and probably also other
members of the lkzf family, by influencing effector cell functions in peripheral immune
cells, participate in the pathogenesis of schizophrenia. On the other side, we have seen
that the absence of lkaros induces inflammatory signatures in microglia and that Ikaros is
over expressed in inflammatory-associated conditions in microglia. Besides, we have also
observed that Ikaros can modulate microglia essential functions such as phagocytosis.
These results let me think that the immune modulatory roles of lkaros go beyond
peripheral immune cells populations and that lkaros, and maybe also other members of
the lkzf family, is/are playing an active immune modulatory role in the CNS. Altogether,
these results and ideas are congruent with previous propositions of other researchers.
Specifically, that dysregulation of T cells and neuroinflammation are two main ways
through which the immune system contributes to the pathogenesis of schizophrenia[160],
[162], [178]. Nevertheless, even if | consider we have contributed with an extensive new
knowledge regarding the implication of the lIkaros family through the immune system in
the context of schizophrenia, many gaps remain to be addressed to comprehensively
understand the whole picture.

For instance, it has been proposed that the hyperexcitability of the hippocampus is a core
feature of schizophrenia contributing to the three categories of symptoms [125], [309](See
supplementary figure 8 of the first article). This prompts the inquiry of why the
hippocampal region is hyperactive in schizophrenia. In line with our results, one of the
most prominent findings in schizophrenia post-mortem brains is the loss of PV[310]. PV
allows neurons to fire at high frequencies, which is one of the reasons why it is necessary
for the generation of high-frequency evoked gamma rhythms, which are capital for
complex cognitive functions. Notably, evoked gamma rhythms are shown to be altered in
schizophrenia[311]. Thereby, as discussed in section 3, a possibility is that the reduction
of PV+ interneurons is leading to a general reduction of pyramidal neurons inhibition and,
consequently, to a disruption of the rhythmic activity along with an hyperactivation state.
In the first article, we proposed that IL-4 and CXCL10 were possibly playing a role in the
reduction of PV+ cells. However, the processes that could lead to this outcome were not
included. Following the idea that lkaros may be downregulated in Th1 and Th2
subpopulations, as explained in section 1, this would lead to over expression of IFN-y by
Th1 cells and, at the same time, less expression of IL-4 by Th2 cells. The elevated levels of
IFN-y and the reduced levels of IL-4 would synergistically lead to promotion of Th1
differentiation and repression of Th2 differentiation, acting as a constant positive
feedback loop. IFN-y is known to induce the production of, among other chemokines,
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CXCL10, that in fact is a.k.a. interferon gamma-induced protein 10 (ip-10). This could
initially underlie the altered levels of IL-4 and CXCL10. In addition, a downregulation of
Helios on Treg cells would reduce the capacity of Treg cells to modulate inflammation and
hindering the capacity of pTreg cells to maintain their phenotype. Wholly, these CD4+ T
cells alterations could easily propitiate a pro-inflammatory state stemmed by the
downregulations of Ikaros and Helios in those CD4+ T cells. However, how this peripheral-
immune state could be translated to the brain, where schizophrenia mostly takes place, is
unclear. A very strong candidate possibly mediating this peripheral-to-central connection
in this context is microglia.

Microglia are a key cell population orchestrating inflammation within the brain
parenchyma. They can sense a wide variety of soluble factors, such as cytokines, as well
as to react to DAMPs and PAMPs, such as TLR-ligands[165]. Yet, how microglia react to
these signals and how these reactions impact on neuronal function and survival can
widely vary depending on the context. For instance, emerging evidence has shown that
priming of microglia by the soluble factor IFN-y can have many effects in microglia[312],
[8313], [314]. After in-situ exposure to IFN-y, microglia can go through hypertrophy,
reduction of ramification (ameboid shape) and enhanced proliferation[314]. Besides, IFN-
y also moderately elevates activation markers such as, inducible nitric oxide synthase
(iINOS) and IL-6[314], [315]. Interestingly, some studies reported that neuronal gamma
oscillations decreased in frequency after IFN-y exposure[314], [8316]. This dysregulation
was not mirrored neither by IFN-a nor by IL-17, suggesting an unique function of IFN-y in
microglia[314]. In summary, IFN-y priming can induce significant microglia proliferation,
release of pro-inflammatory factors, and moderate activation that can affect neuronal
networks. On the other hand, exposure of microglia to PAMPs, like LPS (a TLR4 ligand) also
generates some effects. For instance, upon LPS exposure, microglia can exhibit
morphological changes, release of pro-inflammatory cytokines and show moderate
upregulation of iINOS[316], [317]. Noteworthy, this microglia phenotype is not associated
with alterations in neuronal excitability, gamma oscillations and/or short-term synaptic
plasticity[316], [318]. Wherefore, the individual effects of either IFN-y or TLR4 ligands
(e.g.LPS) on microglia seem not to elicit a critical inflammatory response. Nonetheless, a
pivotal aspect of priming in macrophages is the over amplified cellular response to a
secondary inflammatory stimulus such as viral of bacterial components[312], and IFN-y
priming followed by TLR4 stimulation in microglia is not the exception.

It has been shown that paired stimulation by IFN-y and LPS results in a neurotoxic
microglia phenotype[312], [314], [316]. This was displayed in-situ by amoeboid-Llike
morphology, downregulated levels of “surveillance-associated” genes, and release of
many pro-inflammatory factors (e.g.IL-6, IL-1, TNF-a) after paired IFN-y +LPS
stimulation[316], [318], [319]. Besides, the upregulation of INOS expression was
significantly intensified and correlated with the excessive generation of nitric oxide (NO)
[316], [318], [319]. Substantial production of superoxide and enhanced aerobic glycolysis
were also associated to this phenotype [320], [321]. Noticeably, the IFN-y +LPS
stimulation generated strong electrical activity dysfunction along with inflammatory
neurodegeneration[316], [318]. IFN-y priming on microglia seems to generate unique
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effects, as other factors such as GM-CSF or IL-17 did not replicate its priming effects[286].
In the same line, paired exposure involving IFN-y and TLR4 ligands seems to be a more
aggressive phenotype when compared to other TLR ligands (e.i. TLR2-and TLR3)[322].
Finally, an in-vivo study reported that priming by IFN-y generated impaired hippocampal
neurogenesis that likely let to cognitive deficiencies[313]. Collectively, this suggests that
IFN-y priming is crucial to elicit TLR-sensed microglia into a neurotoxic phenotype driving
to oxidative and energetic stress, strong neuronal network dysregulation and
neurodegeneration, primarily due to release of oxidants.

Microglia priming by over-expressed IFN-y followed by TLR stimulation is a plausible way
the alterations of Ikaros and Helios in CD4+ cells are generating an inflammatory state
within the brain. It has been shown that IFN-y is able to pass the BBB in an intact form,
similarly to other cytokines[323], [324]. Besides, BBB leakage have been shown to be
enhanced during infectious and inflammatory states[325], [326]. These infiltrations
account for soluble factors such as IFN-y and immune cells such as T cells. Thereby, in
the context of schizophrenia, the augmented levels of IFN-y could be leading to elevated
primed-microglia that upon an immune challenge during early life is driving to an over
amplified immune response in the brain. Not surprisingly, infections by toxoplasma gondii
are among the highest in risk of developing schizophrenia later[327], possibly, given that it
is sensed by TLR4 (the more aggressive primed-microglia phenotype). With enhanced
amounts of IFN-y and decreased capacity of Treg cells to regulate inflammation states,
the situation is probably affecting the person’s CNS progressively during years (see figure
X) until the first psychotic period appears. After pharmacological treatment, besides
remission of positive symptoms, the levels of IFN-y are also generally downregulated, this
is probably contributing to a less sensitive CNS immune reaction. Thereafter, the chronic
low-grade inflammation state described in schizophrenia could be stemmmed by the still
deficient Treg cells. Consistently, the increased frequency of autoimmune diseases in
patients could be also linked to that permanent Treg cells deficiencies.

During the inflammation states that involve the IFN-y primed microglia, one possibility is
that the hippocampus is one the most affected areas. As it has been proposed before, the
oxidants from microglia in this context are probably generating alterations in neuronal
energetic metabolism, synaptic transmission, inhibition-excitation equilibrium and
neuronal survival[312], [320]. Besides, an increased body of evidence has reported that
IFN-y can negatively impact on hippocampal inhibition[316], [328], [329], [330]. Hence,
the disbalances in excitation-inhibition could be driving to the reduction of activity of PV+
cells and ultimately also to their reduction[310], [331]. That possibility could explain the
hyperactive hippocampus contributing to three kinds of symptoms of schizophrenia.
However, it is equally possible that other brain areas are being affected along the
hippocampus during IFN-y+TLR4 ligand activated microglia inflammation and that these
affectations are primarily contributing to the generation of the symptoms. Another
important fact about microglia responses in neuroinflammation that could be worth taking
into account in the context of schizophrenia is the involvement of Ikaros. Considering that
microglia are immune cells that invade the brain during development[332], it would not be
counter intuitive to ponder that lkaros, and perhaps other Ikzf family members, are
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dysregulated in microglia, similarly to its situation in PBMCs. Based on our results of the
second article, downregulated levels of Ikaros could be provoking a more inflammatory-
engaged microglia, likely with a more phagocytic phenotype and releasing pro-
inflammatory cytokines that could be secondarily affecting other immune and glia cells.
This tendency to a more inflammatory-engaged microglia generated by the dysregulation
of lkaros could drive to a more exacerbated microglia response in a IFN-yR+TLR
stimulation context. Further, an lkaros-downregulated microglia could also be implicated
in the maintenance of the chronic low-grade inflammatory state of schizophrenia, as
microglia would be constantly prone to exhibit an inflammatory profile. Certainly, the
implication of lIkaros-downregulated microglia in both situations could be also taking
place.

The dysregulated levels of IL-4 and CXCL10 could also play a role by directly acting within
the brain parenchyma. For instance, as discussed in section 4, altered levels of both can
have an impact in synaptic plasticity and in network function[290], [294], [298].
Furthermore, the presence of IL-4 has been related with decreased microglia-associated
inflammation[301], thus, its reduced levels could also contribute to enhance microglia
responses in inflammatory conditions. Similarly, high levels of CXCL10 have been shown
to have neurotoxic effects likely mediated by microglia[299], [300]. Moreover, the presence
of CXCL10 has been related to inhibition of angiogenesis during inflammation
processes[333], [334], a reduction of vascularization could hinder the ability of the
organism to manage severe inflammatory periods followed by chronic low-grade
inflammation states.

Based on our results, the available literature about the topics and on my personal insights,
my proposed model about the implication of the lkaros family in the pathogenesis of
schizophrenia could be summarized as follows(see Figure 9): The dysregulated levels of
Ikaros acting in Th1 and Th2 cells generates elevated levels of IFN-y and reduced levels of
IL-4, the elevated levels of IFN-y induce, in turn, augmented release of CXCL10. On the
other hand, the downregulated levels of Helios in Treg cells produces, in the same cells,
abridged inflammatory-modulation capacity, difficulties maintaining a regulatory
phenotype and maybe expression of IFN-y. IFN-y is leaking into the brain parenchyma
(equivalently possible that activated T cells are also leaking), driving to a general IFN-y
primed-microglia state. Upon immune challenges like Toxoplasma gondii infection, an
over amplified immune response is generated affecting neuronal functions and ultimately
leading to neuronal death. This circuit is repeated during life upon different immune
insults and in between remains a constant tendency towards developing inflammatory
states. Besides IFN-y priming, inflammatory states are also underpinned by deficient Treg
cells and perhaps by downregulation of lkaros within microglia. As a result of the
combination of these factors over years, the brain tissue is gradually affected until the
manifestation of the first psychotic episode. A possibility is that some brain regions, such
as the hippocampus, are more pronouncedly affected. After pharmacological treatment,
IFN-y is downregulated. However, the reduced levels of Helios in Treg cells and the
possibly reduced levels of lkaros in microglia are still contributing to the low-grade
inflammatory state in the brain. Other soluble factors such as IL-4 and CXCL10 are
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perhaps directly acting on neurons and/or on glia cells contributing to inflammation
spreading and neuronal dysfunction.

The perspective presented is perhaps an oversimplification of the intricate neuroimmune
interactions related to the pathogenesis of schizophrenia. Furthermore, many other
variables implicated (e.g. genetic alterations) in schizophrenia pathogenesis should be
taken in consideration to comprehensively understand such a complicated psychiatric
condition. Nonetheless, | truly hope this work can contribute to and inspire the
development of future research regarding this matter.
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VI. Conclusions






The transcription factors Ikaros and Helios are downregulated in PBMCs and in
CD4+ cells of a cohort of patients diagnosed with schizophrenia.

The animal model presenting a double downregulation of lkaros and Helios
(Ikaros™: Helios™" presents schizophrenia-like behavior in the three categories of
symptoms.

PBMCs-derivate secretome from schizophrenia patients with downregulated
levels of lkaros and Helios can induce in-vitro and in-vivo schizophrenia-like
phenotypes.

Some cytokines levels like IL-4 and CXCL10 are specifically altered PBMCs-
derivate secretome from schizophrenia patients with downregulated levels of
Ikaros and Helios.

The presence of lkaros in adult mice is exclusive within microglia cells in the
Forebrain.

Ikaros regulates microglia homeostasis in inflammation and neurodegeneration

and its alteration can impact memory-associated processes like LTP or synaptic
plasticity.
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VIILI. Annex






1. Supplementary data of “Alterations of the IKZF1-
IKZF2 tandem in immune cells of schizophrenia
patients regulate associated phenotypes”:

143






Supplementary figures and tables
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Supplementary figure 1. Determination of IKZF1 and IKZF2 protein levels in
different brain regions and in circulating PBMCs. Results from western blot of total
IKZF1 and IKZF2 protein levels in different brain regions namely putamen (a and b
respectively), dorso-lateral prefrontal cortex (DLPFC, ¢ and d respectively) and
hippocampus (e and f respectively) from patients with schizophrenia (SCH) or matched
controls (CTR). Demographics of the samples are displayed in supplementary table 1.
Results from westemn blot of total IKZF1 and IKZF2 protein levels in peripheral blood
mononuclear cells or PBMCs (g and h respectively) from patients with schizophrenia
(SCH) or matched controls (CTR). Demographics of the samples are displayed in
supplementary table 4. Data are means + SEM and they were analyzed using the two-

tailed Student t-test.
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Supplementary figure 2. Effects of antipsychotics on lkzf1 and Ikzf2 mRNA levels
in mice PBMCs. Timeline of experimental design for sub-chronic treatments (a). Mice
were treated with vehicle (n = 20), 1 mg/Kg Clozapine (n = 20) or 0.5 mg/Kg Paliperidone
(n = 20) i.p. for 7 days. On day 8, all mice were sacrificed and blood samples were
obtained by cardiac puncture. Mice were pooled in groups of two to obtain enough
peripheral blood mononuclear cells (PBMCs). PBMC were obtained and /kzf1 (b) and
lkzf2 (c) mRNA levels were determined for each sample. The final “n” was 10/group.
Timeline of experimental design for chronic treaments (d). Mice were treated with vehicle
(n =20) or 1 mg/Kg Clozapine (n = 20) i.p. for 28 days. On day 29, all mice were sacrificed
and blood samples were obtained by cardiac puncture. Mice were pooled in groups of
two to obtain enough peripheral blood mononuclear cells (PBMCs). PBMC were obtained
and lkzf1 (e) and lkzf2 (f) mRNA levels were determined for each sample. The final “n”
was 10/group. No differences were observed by 7-days treatments either in /kzf1 mRNA
levels (one-way ANOVA, Fz 27y = 0,3250, p=0.725) or /kzf2 mRNA levels (one-way
ANOVA, F2 on = 0,0471, p=0.954). Similarly, no differences were observed by 28-days
treatment either in /kzf1 mRNA levels (T-test, t=0,1024, df=17; p = 0.91) or /kzf2 mRNA
levels (T-test, t=0,2373, df=17; p = 0.81). Data are means + SEM.
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Supplementary figure 3. Generation and characterization of the Ik*:He**

and

Ik**:He* mutant mice. Basal locomotor activity was evaluated in the three groups of
adult mice (Ik**:He*", Ik*:He** and Ik**:He*" mice) separated in (a) males (Genotype
effect: Fp,48) = 2.574, p = 0.087) and (b) females (Genotype effect: F(» 25y = 0.1940, p =
0.8244) in a 15 min testing session of free exploration in an open field. Induced agitation
and sensitivity to the psychostimulant D-amphetamine was measured in a 45 min testing
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session in an open field upon injection of 5 mg/Kg of D-amphetamine in (c) adult male
(Genotype effect: Fi2 45y = 3.457, p = 0.0401) and in (d) adult female (Genotype effect:
F, 38 = 21,58, p = 0.8069) mice. Sociability was evaluated in the three-chamber social
interaction test (TCSIT). Mice from the three groups were subjected to the TCSIT and
data were depicted for (e) males (Social preference effect: F(1 102 = 53.58, p < 0.001)
and (f) females (Social preference effect: F1,74) = 3.482, p = 0.066). Recognition memory
was evaluated in the novel object recognition test (NORT). Mice from the three groups
were subjected to the NORT and data were depicted for (g) males (Novel object
preference effect: F1, 02) = 48,68, p < 0.001) and (h) females (Novel object preference
effect: F(1,74)= 4.296, p = 0.0417). Data are means + SEM. Results were analyzed using
the two-way ANOVA with Bonferroni's post hoc test. **p<0.001 vs Ik**:He** mice in c.
*p< 0.05, **p< 0.01 and ***p<0.001 vs time exploring the new object or vs time exploring
the empty cage in e, f, and g. Male mice: Ik**:He** (n = 16), Ik":He** (n = 19) and
Ik"*:He*" (n = 16). Female mice: k**:He** (n = 16), lk*":He*"* (n = 8) and Ik**:He*" (n =
13).

148



Body weight males
40

@
-

Body weight (g)
5 B8

o

B

Body weight females
40

Body weight (g)
nN
2

Supplementary figure 4. Body weight of Ik**:He** and Ik":He*" mice. (a) Body
weight measured in adult males Ik”*:He** (n = 17) and Ik*:He*" (n = 21) mice. (b) Body
weight measured in adult females Ik"*:He** (n = 17) and Ik":He™ (n = 15) mice. Data
are means + SEM. Results were analyzed using the two-tailed Student t-test.
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Supplementary figure 5. Characterization of CTR, SCH'**He* and SCH!k-He-
supernatants. (a) Schematic representation of the experimental design. First, patients
were stratified according to whether they displayed significantly reduced (240% IKZF1
and IKZF2 mRNA levels (SCH'**) or not (SCH'**He*) These patients were matched
with controls (CTR). Peripheral blood mononuclear cells (PBMCs) from the three groups
of patients were isolated, cultured and stimulated (with lonomycin and PMA) to obtain
their secretomes (a.k.a. supernatants or conditioned media). Those supernatants were
subjected to comprehensive characterization (Mass spectrometry, in vitro and in vivo
studies, Multiplex cytokines analysis). As indicated, the three groups of patients were
selected based on their psychiatric affectation (schizophrenia or not) and based on their
(b) IKZF1 and (c) IKZF2 mRNA levels in PBMCs. Patients were matched by sex (Suppl.
Table 3) and age (d). To determine that both groups, SCH**"¢" and SCH*"* are
homogeneous and comparable, the number of circulating neutrophils (f), number of
circulating platelets (g), and number of circulating monocytes (h) were proven to be
similar. Data are means + SEM. Results were analyzed using the one-way ANOVA with
Dunnett's post hoc test in b, ¢ and d. Results in e, f, g, and h were analyzed using the
two-tailed Student t-test. **p< 0.01 and ***p<0.001 vs CTR group. CTR (n =5), SCHk"He+
(n = 5) and SCH**- (n = 4).
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Supplementary figure 6. Characterization of striatal structural synaptic plasticity
in mice intraventricularly administered with CTR, SCH%*He* and SCH!k-He-
supernatants. (a) Representative images (left panels) and quantification (right panels)
of spine density in dendrites from medium spiny neurons (MSNs) of the dorsal striatum
labeled with Golgi staining. Images were obtained in a bright-field microscope in adult
male mice intraventricularly administered with CTR, SCH'*He* and SCH'%-He-
supernatants. Scale bar, 5 ym. Data are means + SEM and they were analyzed using
one-way ANOVA and Tukey's multiple comparisons test was used as a post hoc. N =
55-71 dendrites/genotype (from 7 mice/genotype).
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Supplementary figure 7. Morphometric changes in glial cells induced by the
SCH'""He* and SCH'*"e supernatants intraventricularly administered in mice. (a)
Representative images of GFAP staining (upper row) as an astrocyte’s marker and Iba1
(lower row) as a microglia marker in the stratum radiatum of the hippocampal CA1 in
each condition. (b) GFAP-positive cells morphometric parameters including in the
following order; number of cells per field, integrated optical density of the cells, area of
the cells, perimeter of the cells and solidity of the cells. (¢) Ibal-positive cells
morphometric parameters including in the following order; number of cells per field,
integrated optical density of the cells, area of the cells, perimeter of the cells and solidity
of the cells. One-way ANOVA was performed with the Dunnett’s test as a post hoc test.
All values are mean + SEM. N = 8-10 mice per group. *P < 0.05 and **P < 0.01. Scale
bar, 25 pm.
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Supplementary figure 8. Proposed model. (a) In the context of schizophrenia, the
hyperactive and dysrhythmic hippocampus is proposed to be associated with the
appearance of the three categories of symptoms (positive, negative, and cognitive). The
overdrive in the responsivity of dopaminergic neurons in the ventral tegmental area
(VTA) that project to the associative striatum is proposed to underlie the positive
symptoms. Besides, the hyperactive hippocampus can also be implicated in the
dysfunction of other circuits. The hippocampus-basolateral amygdala (BLA) connection
would interfere with the BLA-limbic cortical pathway implicated in the control of emotional
responses, probably contributing to the appearance of negative symptoms. The
hippocampus-PFC projection would possibly alter the PFC activity and rhythmicity,
generating dysfunctions at the cognitive level. Taking in account our results, (b-c) the
proposed model to explain the reduced quantity of parvalbumin-positive interneurons
(PV+) in the context of schizophrenia would be through the altered secretome of the
PBMCs with downregulated levels of both, IKZF1 and IKZF2. The dysregulated levels of
CXCL10 and Il-4 would be underlying the diminished number (or function) of PV+
interneurons. The reduced inhibition generated by the lack of these GABAergic PV+
interneurons would lead to the hyperactive and dysrhythmic state in the hippocampus
and this in turn contributing to the appearance of all types of symptoms of schizophrenia.
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Supplementary table 1. Demographic characteristics from the patients of whom we
obtained the post-mortem tissue including the hippocampus, the dorsolateral prefrontal
cortex (DLPFC) and Putamen. MPT: Post-mortem time. Scores from the positive
(PANSS+), negative (PANSS-) and general (PANSS G) are depicted from PANSS scale.
CTR: Control patients, SCH: Patients with schizophrenia. Data are mean + DesvT and
they were analyzed using the two-tailed Student t-test.
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Patient Age Sex PANSS+ PANSS- PANS G  Antipsychotic IKZF1 mRNA levels levels

CTR1 27 o na na na na 0,09271089 107449268 na
CTR2Z 37 F na na. na na. 1.42329635 126758898 na

0,49980777 063889711

1,1053018

na na na na 0,800

07800

na na. na. na. 1.04831311 044884788 na

na. na. na. na. 1,39420745 1,24285287 na

na na. na na. 1,04930955 044910161 na.

na na. na na 0,76283363 0,50877998 na

na na na na 1,08255502 na
081758761 0792046 Schizophrenia

0.426163545 1.251488 Schizophrenia

0.177937839 . Schizophrenia

Anpiprazel 0472846954 0865731 Schizophrenia

E
SCH9 58 ¢ - - - Paliperidone 0,789734857 0,450861 Sehizophrenia
SCH10 48 3 17 28 39 Clozapine 0,786227038

0773844 Schizophrenia

53 7134

F Clazap: 0.783678 0652881 Schizophrenia
SCH13 46 1@ 25 2 Clozapine 0,773482388 0,25439 Schizophrenia
F Schizophrénia

10 21 27 Clozapine 0788236 0545504

SCH16 45 i 11 20 Clozapine 0,213076772 0848894 Sehizophrenia

7 18 25 Clozapine 0,260516244 0.518948 Schizaphrenia

M
SCH18 3¢ M 2 = = Paliperidone 118448542 0.530587 Schizaphrenia
SCH20 48 ;-] - - . Olanzapine 1408774155 0.508787 Schizophrenia
3% M 10 18 27 Clozepine 0515641522 0.790104 Schizophrenia
28 F 11 20 27 Clozapine 0,365875677 1,104701 Schizophrenia

9 28 22 Clozapine 0,285081285 0.854798 Schizophrenia

SCH25 18 ¢

SCH26 37 g 2 11 48 Olanzapine 0873234084 0719524 Schizophrenia
ScH2T 61 g 12 34 38 Paliperidons 0916548387 0308878 Schizophrenia
SCH28 25 14 14 28 Clozzpine 0709286477 0.611368 Schizophrenia
SCH 29 18 M - - - Olanzapine 1,197014267 0,489749 Schizophrenia
SCH30 27 7 1 28 - 0867202215 0.425351 Schizaphrenia
SCH3 35 g 7 1 24 Avipiprazel 0174275931 0.625748 Schizophrenia
sCH32 40 ¢ 7 18 8 Clanzapine 058012687 0452225 Sehizophrenia
SCH33 64 g 14 28 35 Anpiprazel 047613426 0425361 Schizophrenia
SCH 34 23 M 13 13 19 Paliperidone 0913477024 0,873642 Schizophrenia
SC1 35 57 " T 27 19 Risperidone 0,515641522 0.565407 Schizophrenie

Age stats MEAN DesvT  t-est

CTR 375 122 071585
SCH 388 116

Supplementary table 2. Demographic characteristics from the patients of whom we
obtained the peripheral blood mononuclear cells (PBMCs) supernatants. CTR: Control
patients; SCH:Ik-/He- Patients with schizophrenia. Colored cells (also highlighted in
figure 1g-h) indicate the subgroups (Gray: CTR group; blue, SCH*""* group and violet,
SCH'“*e- group) selected for the experimentation depicted in figure 4 onwards. Data are

mean + DesvT and they were analyzed using the two-tailed Student t-test
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Patientimmune cell . Lymphocites x 10/’ Monocytes
x10°/mm*(Mean/SEM) Mean/SEM) x10*mm>(Mean/SEM)
CTR (n=15) 3.850/0.36 2.10/0174 0.509/0.045
SCH (n = 35) 4.569/0 32 2.194/0.176 0.773/0.248
Normal values in Spanish population 15-77 1.1-45 0.1-0.95
Tow-tailed t-test CNT vs SCH 1=1.350; p value = 0.1835 1=0.2933; p value = 0,7708 1=0.675; p value =0,5035

Supplementary table 3. Descriptive statistics of immune circulating cells in blood
samples from controls (CTR) and patients with schizophrenia (SCH) was conducted in
the current study. Mean values of circulating neutrophils, lymphocytes, and monocytes
densities from blood samples are depicted. No differences were observed between the
groups in our cohort. Densities were found to be within normal distributions compared to
the Spanish population. Data are mean + SEM and they were analyzed using the two-
tailed Student t-test.
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Patient

Age

73
o
x

psy
CTR1 28 M na. na.
CTR2 42 M na. n.a.
CTR3 43 F na na
CTR4 30 M na. n.a.
CTRS 24 M na. n.a.
CTRE 25 F na. n.a.
CTR7 23 F na. na.
CTRS 55 F na. na.
CTR9 31 F na. n.a.
CTR10 25 F na. na.
CTR 11 26 F na. na.
CTR12 34 M na. na.
CTR13 49 F na. na.
CTR 14 56 M na. na
CTR15 30 F na. n.a.
CTR18 30 F na. na.
CTR17 50 M na. na.
CTR 18 45 F na. na
CTR19 48 W na. n.a.
CTR20 59 F na. na.
CTR21 52 F na na
CTR22 48 F na. na.
CTR23 30 W na. n.a.
CTR 24 61 F na. na.
CTR25 55 F na na
CTR28 21 F na. n.a.
CTR27 21 F na. na.
CTR28 26 F na. na.
CTR28 28 F na. na.
CTR30 21 M na. n.a.
SCH 1 51 M Olanzapine Schizophrenia
SCH2 48 F Clozapine Schizophrenia
SCH3 48 F Clozapine Schizophrenia
SCH4 58 M Clozapine Schizophrenia
SCH5 44 M Clozapine Schizophrenia
SCHE 47 ] Clozapine Schizophrenia
SCH7 45 M Olanzapine Schizophrenia
SCH8 54 F Haloperidol Schizophrenia
SCHe 28 M Clozapine Schizophrenia
SCH10 48 M Clozapine Schizophrenia
SCH 11 56 M Clozapine Schizophrenia
SCH12 23 F Clozapine Schizophrenia
SCH13 26 M Clozapine Schizophrenia
SCH 14 30 W A izof
SCH 15 18 M Clozapine Schizophrenia
SCH16 55 F Clozapine Schizophrenia

Age stats MEAN DesvT

CTR 37,20 13,18
SCH 4212 13,00

Supplementary table 4. Demographic characteristics from the patients of whom we
obtained the peripheral blood mononuclear cells (PBMCs) for protein analysis of IKZF1
and IKZF2. CTR: Control patients; SCH: Patients with schizophrenia. Data are mean +

DesvT and they were analyzed using the two-tailed Student t-test.
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Patient Age Sex PANSS+ PANSS- PANS G
CTR1 26 F na. n.a. na. n.a.
CTR2 40 F na. na. na. na.
CTR3 39 M ne. n.e. na. na.
CTR4 40 M na. na. na. na.
CTR5 50 M na na. na na.

SOHw+* 1 F 15

GeHerte 3

SCH# " 3 7)

SCH# = &

SEHrer 37 F 2

SCHbte: 1 a5 M 18 19 40 Paliperidone

SCHW-He- 2 29 ™ 7 18 26 Clozapina

SCHkHe 3 49 F 21 18 36 Olanzapine

SCHM-He 4 28 F 14 28 34 Clozapine

Supplementary table 5. Demographic characteristics from the patients of whom we
obtained the peripheral blood mononuclear cells (PBMCs) supernatants. Black: Control
patients (CTR). Blue: Patients with schizophrenia (SCH) but with no alterations in the
expression of the IKZF1 and IKZF2 genes. Pink: Patients with schizophrenia (SCH) and
with a double reduction in the expression of the IKZF1 and IKZF2 genes.

Antipsychotic _ Psychiatric affection

na.
na.
n.a.

na.

na.

Schizophrenia
Schizophrenia
Schizophrenia

Schizophrenia
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2. Supplementary data of “lkzf1 as a novel regulator of
microglial homeostasis in inflammation and
neurodegeneration”:
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Supplemental material

Supplementary figure 1
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Supplementary Figure 1: Timeline of the behavioural phenotype in kzf1**, Ikzf1* and
Ikzf17/- mice. (A) Schematic representation of the mice employed and at which age. (B)
Scheme of the timeline used for the behavioural characterization of 6- to 7-week-old

Ikzf1**, Ikzf1*- and Ikzf17 mice.
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Supplementary figure 2
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Supplementary Figure 2: The tdTomato signalling in Ikzf1-Cre:tdTomato™** mice
colocalizes with punctual astrocytes in cortex. (A) Schematic representation of the
adult Ikzf1-Cre:tdTomatof* mice employed. (B) Triple staining for astroglia (GFAP-
positive cells, green), nuclei (DAPI-positive cells, blue) and cells that expressed lkzf1 at
some point of their (tdTomato-positive cells, red) in the mouse sensory cortex. White
arrows are depicting double positive cells for GFAP and tdTomato. Scale bar, 10 um.
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Supplementary figure 3
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Supplementary Figure 3: Characterization of Ibal-lkzfl double positive cells in several
brain regions of the adult mouse. (A) Schematic representation of the adult wild type
(WT) adult mice employed. (B} Brain mosaic stained with DAPI (Blue) to depict the insets
at two different coordinates (B1 at 0.6 mm from bregma and B2 at -2.0 mm from
bregma). Scale bar, 800 pm. From B3 to B9 triple staining for microglia (Ibal-positive
cells, Red), nuclei (DAPI-positive cells, blue) and Ikzf1 (Green) in insets from B1 and B2.
Yellow color indicates colocalization (Ibal-lkzfl). B3 is an inset from the dorsal
hippocampal CAL; B4 is an inset from the dorsal striatum; B5 is aninset from the septum;
B6 is an inset from the amygdala; B7 is an inset from the thalamus; B8 is an inset from
the hypothalamus and B9 is an inset from the sensory cortical area 1. Scale bar in all
insets, 30 um.
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Supplementary figure 4
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Supplementary Figure 4: Characterization of Ikzfl expression in the hippocampus. (A)
Schematic representation of the adult wild type (WT) employed. (B} Double staining in
the hippocampal CA1 for microglia (TMEM119-positive cells, green) and cells that
express lkzfl. White arrows depict a clear TMEM119-lkzf1 colocalization in the inset. (C)
Double staining in the hippocampal CA1 for CD68 and Ikzfl. Note there is almost no
colocalization. (C) Double staining in the hippocampal CA1 for CD206 and Ikzf1l. Note
there is no colocalization. Str. R.: Stratum Radiatum; Str. Pyr.: Stratum Pyramidale; Str.
O.: Stratum oriens. Scale bar in all pictures, 50 pm.
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Supplementary figure 5
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Supplementary Figure 5: Characterization of neuronal subpopulations in the
hippocampus of adult Ikzfl1¥* and lkzfl1* mice. (A) Upper panel: 3,3"-
Diaminobenzidine(DAB)-based staining in the hippocampal CA1 for NeuN in adult
1kzf1*/* and Ikzf17/- mice. Lower panel: Quantification of NeuN-positive cells density from
upper panel was performed in adult Ikzf1** and |kzf1* mice. Unpaired t-test: t=0,2943,
df=8, p = 0.776. (B) Upper panel: DAB-based staining in the hippocampal CA1 for
Parvalbumin (PV) in adult Ikzf1*/* and lkzf1/- mice. Lower panel: Quantification of PV-
positive cells density from upper panel was performed in adult Ikzf1** and Ikzf17" mice.
Unpaired t-test: t=0,3931, df=8, p = 0.7045. (C) Upper panel: DAB-based staining in the
hippocampal CA1 for Calbindinl (Calb1) in adult Ikzf1*/* and lkzf1- mice. Lower panel:
Quantification of Calb1-positive cells density from upper panel was performed in adult
lkzf1** and Ikzf1/- mice. Unpaired t-test: t=0,3750, df=8, p = 0.7174. SR: Stratum
Radiatum; SP.: Stratum Pyramidale; SO: Stratum oriens. Scale bar in all pictures, 70 um.
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Supplementary table 1

Patient dfa"gI:gZIi & E{ :;: Thal stage Sex (y‘:g:s) (h:!:':m)
1 Control 3 0 M 86 7:25
2 Control 3 3 F 90 13:40
3 Control - - M 58 05:00
4 Control 2 3 F 88 24:00
b Control 5 5 M 78 05:00
6 Control 2 0 F 83 07:30
T: Control 2 5 F 97 07:20
8 Control 2 4 F 93 05:30
9 Control 2 5 F 83 07:33
1 AD 6 5 F 85 12:00
12 AD 6 5 F 84 11:00
13 AD 6 4 F 80 15:00
14 AD 5 3 M 86 17:30
15 AD 6 5 M 85 15:35
16 AD 6 5 F 82 16:45
17 AD 6 5 F 78 11:30
18 AD 6 5 M 86 12:00
19 AD 6 5 M 78 07:20
20 AD 6 5 F 90 05:30

21 AD 5 5 F 95 14:30
22 AD 5 5 F 85 16:00

Supplementary table 1. Human postmortem hippocampal samples. PMD, postmortem delay;

M, male; F, female; AD, Alzheimer’s disease.
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