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1. Abstract 
 
The Ikaros 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-α, 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 Ikaros 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 Ikaros as a factor involved in microglia 
homeostasis, particularly in inflammation-associated conditions. Using an Ikaros 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 TNFα and NF-kβ 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 Ikaros 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 Ikaros could modulate microglia function. 
The final model about how the downregulation of Ikaros 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 Ikaros and Helios 
in different PBMCs subsets possibly generates elevated levels of IFN-γ and reduced 
immune suppression capacity of Treg cells. IFN-γ 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: Ikaros, Helios, Schizophrenia, PBMC, T cells, Microglia, IL-4  

2. Resum 
 
La família de factors de transcripció Ikaros ha estat àmpliament estudiada en el context 
de la funció i el desenvolupament de les cèl·lules del sistema immunitari. En els darrers 
anys, alguns dels seus membres s'han trobat en cèl·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 família Ikaros s'han relacionat amb una àmplia gamma de trastorns relacionats amb 
el sistema immunitari. No obstant això, la implicació de la família Ikaros en trastorns 
relacionats amb el cervell segueix sent un àrea àmpliament inexplorada. 
L'esquizofrènia és una afecció psiquiàtrica que afecta aproximadament 21 milions de 
persones a tot el món, amb un cost anual associat de 16.500 € per pacient a Europa. Els 
símptomes de l'esquizofrènia es classifiquen en tres grans categories: positius (per 
exemple, al·lucinacions, deliris i trastorn del pensament), negatius (com la retracció i la 
manca de motivació) i cognitius (com les deficiències en les funcions executives i la 
memòria de treball). Algunes de les regions cerebrals més afectades en l'esquizofrènia 
són el còrtex prefrontal i l'hipocamp. Els factors genètics i ambientals juguen un paper en 
el risc de desenvolupar aquesta afecció i, en molts casos, aquests factors actuen a través 
del sistema immunitari. De fet, un dels descobriments més destacats en la investigació 
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de l'esquizofrènia en els darrers anys ha estat l'associació de la disfunció immunitària 
amb la seva patogènesi, proposant una interacció neuroimmunitària aberrant en aquesta 
afecció. En aquest context, dues maneres principals en què es proposa que el sistema 
immunitari contribueixi a l'aparició de l'esquizofrènia són: la neuroinflamació i la 
disfunció de les cèl·lules T. 
Les cèl·lules microglials són una de les principals poblacions que orquestren els 
processos de neuroinflamació dins del cervell. En l'esquizofrènia, s'ha demostrat un 
augment general en la densitat i el nombre de cèl·lules microglials, mentre que en altres 
cèl·lules glials aquestes alteracions semblen ser menors. A més, s'ha trobat que moltes 
citocines proinflamatòries, com ara la IL-6 o la TNF-α, augmenten en els cervells post-
mortem de pacients amb esquizofrènia. D'altra banda, també s'han proposat 
desregulacions de la immunitat mediada per cèl·lules T en l'esquizofrènia, amb una 
invasió anormal de cèl·lules T dins dels cervells dels pacients i possiblement alteracions 
de la interacció dopamina-cèl·lules T. Per tant, la població de cèl·lules T es podria 
considerar com una candidata que media la interacció neuroimmunitària aberrant en 
l'esquizofrènia, possiblement involucrant efectes neurotòxics i contribuint a la 
neuroinflamació. 
Estudis previs han demostrat que Ikaros i Helios són essencials per al funcionament 
correcte d'alguns tipus de cèl·lules immunitàries. D'altra banda, els SPN d'IKAROS s'han 
trobat relacionats amb l'edat d'inici de l'esquizofrènia i la deficiència d'Helios ha 
demostrat modificar els nivells d'una de les proteïnes normalment alterada en 
l'esquizofrènia. A més, dades preliminars del nostre laboratori van assenyalar nivells 
desregulats tant d'Ikaros com d'Helios en cèl·lules immunitàries de pacients amb 
esquizofrènia. En conseqüència, ens vam plantejar com a objectiu avaluar la possible 
implicació d'Ikaros i Helios en la patogènesi i els processos patològics associats a 
l'esquizofrènia. 
En el primer article, van trobar nivells disminuïts d'Ikaros i Helios en PBMC de pacients 
amb esquizofrènia, 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 
disminució d'Ikaros i Helios va mostrar un comportament semblant a l'esquizofrènia en 
les tres categories de símptomes. Utilitzant el secretoma dels PBMC dels pacients amb 
esquizofrènia, vam induir diversos fenotips semblants a l'esquizofrènia en models de 
traducció 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 Ikaros com a factor implicat en l'homeòstasi de la 
microglia, particularment en condicions associades a la inflamació. Utilitzant un model 
de knockout (KO) total d'Ikaros, vam observar deficiències relacionades amb una tasca 
dependent de l'hipocamp. A partir d’aquests resultats, ens vam centrar en l'hipocamp. El 
model KO d'Ikaros va mostrar canvis morfològics microglials associats a condicions 
inflamatòries, com ara una expressió elevada de TNFα i NF-κβ i defectes de potenciació a 
llarg termini. A més, vam examinar els nivells d'Ikaros en altres condicions de 
neuroinflamació i vam observar un augment dels nivells d'Ikaros en totes elles. 
Conseqüentment, l'activitat fagocítica de la microglia també es va veure alterada sota la 
modulació d'Ikaros in vitro. Els nivells elevats d'alguns membres de l'inflammasoma i les 
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alteracions en les ràtios d'acetilació-metilació observades en el model KO ofereixen 
pistes sobre els mecanismes pels quals Ikaros podria modular la funció de la microglia. 
El model final sobre com la disminució d'Ikaros i Helios en PBMC de pacients amb 
esquizofrènia podria contribuir a la patogènesi de la condició es podria resumir de la 
següent manera: La combinació de les disminucions d'Ikaros i Helios en diferents 
subconjunts de PBMC probablement genera nivells elevats d'IFN-γ i una capacitat de 
supressió immunitària reduïda de les cèl·lules Treg. L'IFN-γ prepara les cèl·lules 
microglials que, davant d'estímuls immunitaris secundaris, generen respostes 
inflamatòries sobresimplificades i neurotòxiques durant anys, deteriorant el teixit nerviós 
fins a la manifestació del primer episodi psicòtic. Una possible explicació és que la 
desregulació d'Ikaros dins de la microglia estigui exacerbant aquest circuit. 
 
Keywords: Ikaros, Helios, Esquizofrènia, PBMC, cèl·lules T, Micròglia, IL-4 
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1. Ikaros family 

Ikaros (Ikzf1) is a zinc finger transcription factor and the founder member of the family 
“Ikaros zinc finger proteins” (Ikzf). 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 (Ikzf3), Eos (Ikzf4), and Pegasus (Ikzf5). 
Phylogenetically, Ikaros-related proteins are found across different species from most 
non-vertebrate animals to jawed vertebrates[2]. The Ikzf 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 Ikzf 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]. Ikaros 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].  

 

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 Ikaros family in hematopoiesis and immunity 

Ikaros, Helios and Aiolos are known for being related to the development processes of 
lymphocyte lineages. Besides, Ikaros, Helios and Eos are also present in megakaryocytic-
erythroid progenitors, and Ikaros 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).  

 

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 Ikaros 

The functions associated with Ikaros were initially confined to early stages of lymphoid 
cells development, as the absence of functional Ikaros 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 Ikaros 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 Ikaros 
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 Ikaros 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, Ikaros 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 Ikaros 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-γ) 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 Ikaros, there is reduced 
expression of these Th2 cytokines and an increase in IFN-γ production. Therefore, Ikaros 
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 Ikaros-Helios complexes specifically localizing at centromeric regions within the 
nuclei of immature T cells[22]. The fact that only a fraction of Ikaros 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 Ikaros, 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-γ and Tumor necrosis factor-α (TNF-α)[28]. Hence, in T reg cells, the role of 
Helios in modulating cytokines expression seems to be as a negative regulator. 

1.2 Ikaros family in the brain 

Very little is known about the implication of the Ikaros 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 Ikaros-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, Ikaros 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 Ikaros 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 Ikaros 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 Ikaros, 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 Ikaros 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, Ikaros 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 Ikaros family and brain-related disorders 

When it comes to brain-related disorders, the involvement of the Ikaros family in these 
conditions remains a relatively understudied area. There is one case study[42] of a patient 
with intellectual disability (IQ: 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 Ikaros 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 Wdfy1 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 



26 
 

brain regions may have implications for the development of neuropsychiatric conditions 
like schizophrenia. 

Despite the critical role of the Ikaros 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 Ikaros 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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Figure 3. Adapted from DSM-5-TR[51]. Summarizing 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], [55]. 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 22q11.2 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].  

 

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-α, and IL-1β 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-β 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. 

 

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]. 

 

Figure 6.  A- Illustration of a T cytotoxic cell (CD8+) releasing granzymes and perforin to eliminate a cancer 
cell. B- Illustration 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-1β 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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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, IKZF1 mutations such as rs116427960 and 
rs186807222 have been linked to schizophrenia and SNPs of IKZF1 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 Ikzf2 in the pathogenesis and associated pathological processes of schizophrenia. 

To prosecute our investigation, we proposed the following Hypotheses:  

- Alterations of some members of the Ikzf family contribute to the pathogenesis 
of Schizophrenia through the neuro-immune crosstalk. 
 

- Ikzf1 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 Ikzf family members in Peripheral 
blood mononuclear cells (PBMCs) in a cohort of patients diagnosed with 
schizophrenia. 
 

- Objective 2: To mimic the potential alterations of Ikzf 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 Ikzf1 within microglia in the context of 
neuroinflammation. 
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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. Neuroinflammation and 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 Ikaros family (Ikaros) 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 Ikaros 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 Ikaros family. However, even if 
schizophrenia is widely considered a psychiatric condition, we have found that the levels 
of both Ikaros 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 not in CD8+ cells.  
 
The fact that Ikaros 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 Ikaros 
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 Ikaros 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 Ikaros, 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-
γ and Ikaros has been shown to negatively regulate IFN-γ[21]. Among other functions, IFN-
γ promotes the activation of macrophages and microglia which results in augmented 
phagocytic activity[21]and could lead to inflammatory states. Abnormal expression of 
IFN-γ 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-γ by Th1 cells promotes the differentiation of 
naïve 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 SCHIk-:He- 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 Ikaros 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 Ikaros in Th2 cells could be, on 
one hand, favorizing Th1 differentiation and, consequently, IFN-γ expression, and, on the 
other hand, reducing Th2 differentiation and, subsequently, IL-4 expression. The 
expression of IFN-γ 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-γ 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-γ 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-γ 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-γ are probably compensated later. 
A plausible way IFN-γ levels could be regulated is through medication. A substantial 
proportion of the antipsychotics used nowadays are known to reduce IFN-γ levels[236], 
[237], [238]. Thus, consistent with the idea that IFN-γ 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-γ in any of the secretomes coming from 
PBMCs of patients (i.e. SCHIk-:He- and SCHIk+:He+.) as all the patients were under 
pharmacological treatment.  

 
Figure 6. A- Simplified illustration of the differentiation of naïve 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-β 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-γ[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 pTreg 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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Figure 7. A- Simplified illustration of how T reg cells engage in immune suppressing functions. B- The impact of 
the possible downregulation of Helios in the T reg subset. Red arrows depict the outcomes that are promoted 
by the downregulation of Helios. Blue arrows depict the outcomes that are reduced or inhibited by the 
downregulation of Helios. Possible cell differentiation is depicted by  . 

The alterations of Ikaros and Helios could also have synergistic effects. For instance, the 
upregulated differentiation of Th1 cells caused by the lack of Ikaros could be over 
recruiting Treg cells that, in turn, are releasing IFN-γ (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-γ binds to IFN-γR 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-γ 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 
SCHIk-: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 Ikaros in Th1 and Th2 subsets could be promoting 
inflammation processes and that later IFN-γ levels would be downregulated, as it is 
reported in schizophrenia[233], the reduced levels of IFN-γ 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-γ, 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 SCHIk-:He- secretome. Future investigations could 
address this possibility. 

 
Figure 8. Representation of the possible joint action effects of the downregulation of Ikaros in Th1 and Th2 
cells and Helios in Treg cells. Red arrows depict the outcomes that are promoted by the downregulation of 
Ikaros 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 signaling 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 Ikzf1 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 Ik+/-: 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 Ikaros 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 Ikaros 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 Ikaros 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 SCHIk-:He- 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 SCHIk-:He- 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 SCHIk-:He- 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 Ikaros 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 
SCHIk-: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 SCHIk-:He- 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 SCHIk-:He- 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 Ikaros and Helios in the generation of these 
phenotypes as they were only associated with the SCHIk-:He-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 Ikaros and Helios differentially affect the 
molecular profile of the PBMCs secretome  

 
Considering all the schizophrenia-like phenotypes induced by the patients-derived SCHIk-

: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 S100A9 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 Ikzf1-
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, Ikaros 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 SCHIk-:He- 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 SCHIk-:He- model. Nonetheless, there is another plausible candidate underpinning the 
SCHIk-: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 SCHIk-:He- model, the basal hyperexcitability normally seen in schizophrenic 
patients and the reduced synchronized neural activity present in schizophrenia patients 
and in our SCHIk-:He- 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 SCHIk-: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 
CXCR3 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 SCHIk-:He- 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, Ikaros 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. Ikaros is implicated in the regulation of microglial 
responses in neuroinflammation 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, Ikaros, 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 Ikaros in the brain is where it is expressed. Ikaros 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 Ikaros 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 Ikaros in microglia function was through an 
Ikaros total KO model (Ikaros 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 Ikaros 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 TNFα , Nuclear factor kappa β (NF-kβ) 
and MDK. Despite the fact we also observed astrogliosis and that TNFα 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 TNFα 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 Ikaros 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 Ikaros 
induced an inflammatory-like state, Ikaros 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 Ikaros within microglia, the phagocytic activity 
was reduced, suggesting that adequate levels of Ikaros 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 Ikaros is expressed in some neuronal populations during neurodevelopment. 
Regarding the mechanisms by which Ikaros could modulate microglia functions, when 
analyzing the Ikaros 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-Ikaros 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 Ikaros 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 Ikaros 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 Ikaros and Helios, and probably also other 
members of the Ikzf 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 Ikaros 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 Ikaros go beyond 
peripheral immune cells populations and that Ikaros, and maybe also other members of 
the Ikzf 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 I consider we have contributed with an extensive new 
knowledge regarding the implication of the Ikaros 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 Ikaros may be downregulated in Th1 and Th2 
subpopulations, as explained in section 1, this would lead to over expression of IFN-γ by 
Th1 cells and, at the same time, less expression of IL-4 by Th2 cells. The elevated levels of 
IFN-γ 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-γ 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-γ can have many effects in microglia[312], 
[313], [314]. After in-situ exposure to IFN-γ, microglia can go through hypertrophy, 
reduction of ramification (ameboid shape) and enhanced proliferation[314]. Besides, IFN-
γ also moderately elevates activation markers such as, inducible nitric oxide synthase 
(iNOS) and IL-6[314], [315]. Interestingly, some studies reported that neuronal gamma 
oscillations decreased in frequency after IFN-γ exposure[314], [316]. This dysregulation 
was not mirrored neither by IFN-α nor by IL-17, suggesting an unique function of IFN-γ in 
microglia[314]. In summary, IFN-γ 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 iNOS[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-γ 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-γ 
priming followed by TLR4 stimulation in microglia is not the exception. 
 
It has been shown that paired stimulation by IFN-γ and LPS results in a neurotoxic 
microglia phenotype[312], [314], [316]. This was displayed in-situ by amoeboid-like 
morphology, downregulated levels of “surveillance-associated” genes, and release of 
many pro-inflammatory factors (e.g.IL-6, IL-1, TNF-α) after paired IFN-γ +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-γ +LPS 
stimulation generated strong electrical activity dysfunction along with inflammatory 
neurodegeneration[316], [318]. IFN-γ 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-γ 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-γ generated impaired hippocampal 
neurogenesis that likely let to cognitive deficiencies[313]. Collectively, this suggests that 
IFN-γ 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-γ 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-γ 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-γ and immune cells such as T cells. Thereby, in 
the context of schizophrenia, the augmented levels of IFN-γ 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-γ 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-γ 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 stemmed 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-γ 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-γ 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-γ+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 Ikaros, 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 Ikaros could drive to a more exacerbated microglia response in a IFN-γR+TLR 
stimulation context. Further, an Ikaros-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 Ikaros-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 Ikaros 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-γ and reduced levels of 
IL-4, the elevated levels of IFN-γ 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-γ. IFN-γ is leaking into the brain parenchyma 
(equivalently possible that activated T cells are also leaking), driving to a general IFN-γ 
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-γ priming, inflammatory states are also underpinned by deficient Treg 
cells and perhaps by downregulation of Ikaros 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-γ is downregulated. However, the reduced levels of Helios in Treg cells and the 
possibly reduced levels of Ikaros in microglia are still contributing to the low-grade 
inflammatory state in the brain. Other soluble factors such as IL-4 and CXCL10 are 



 

111 
 

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, I truly hope this work can contribute to and inspire the 
development of future research regarding this matter.  
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Figure 9. Illustration of the proposed model of the possible implication of Ikaros and Helios in the 
pathogenesis of schizophrenia. Red arrows depict the outcomes that are promoted by the downregulation of 
Ikaros 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  . 



 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

VI.  Conclusions 
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- 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 Ikaros and Helios 
(Ikaros+/-: Helios+/-) presents schizophrenia-like behavior in the three categories of 
symptoms. 
 
 

- PBMCs-derivate secretome from schizophrenia patients with downregulated 
levels of Ikaros 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 Ikaros 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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1. Supplementary data of “Alterations of the IKZF1-
IKZF2 tandem in immune cells of schizophrenia 
patients regulate associated phenotypes”: 
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2. Supplementary data of “Ikzf1 as a novel regulator of 
microglial homeostasis in inflammation and 
neurodegeneration”:  
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