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Abstract 

Schizophrenia is a complex multifactorial disorder and increasing evidence suggests the involvement of immune 
dysregulations in its pathogenesis. We observed that IKZF1 and IKZF2, classic immune‑related transcription factors 
(TFs), were both downregulated in patients’ peripheral blood mononuclear cells (PBMCs) but not in their brain. We 
generated a new mutant mouse model with a reduction in Ikzf1 and Ikzf2 to study the impact of those changes. Such 
mice developed deficits in the three dimensions (positive–negative‑cognitive) of schizophrenia‑like phenotypes asso‑
ciated with alterations in structural synaptic plasticity. We then studied the secretomes of cultured PBMCs obtained 
from patients and identified potentially secreted molecules, which depended on IKZF1 and IKZF2 mRNA levels, 
and that in turn have an impact on neural synchrony, structural synaptic plasticity and schizophrenia‑like symptoms 
in in vivo and in vitro models. Our results point out that IKZF1‑IKZF2‑dependent immune signals negatively impact 
on essential neural circuits involved in schizophrenia.
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Introduction
Schizophrenia is composed of a myriad of heterogene-
ous symptoms that challenges a unified description of the 
disease. This represents a global burden, as schizophrenia 
ranks within the top 10 causes of disabilities in developed 
countries, with 24 million people affected worldwide 
(GHDx). Furthermore, due to its early age of onset of 
16–25 years [62, 79], the disease results in more than 12 
million disability-adjusted life years annually. Behavioral 
signatures of schizophrenia are broadly divided into three 
categories: (1) positive symptoms (delusions and halluci-
nations); (2) negative symptoms (lack of pleasure, social 
withdrawal), and (3) cognitive symptoms (impairment 
of short-term working memory, attention deficit). Cur-
rent treatments only provide some symptomatic relief for 
positive symptoms whereas treatments for cognitive and 
negative symptoms remain elusive [75]. Notably, cogni-
tive and negative symptoms are responsible for a major 
proportion of the disability associated with schizophre-
nia and are more constant over time [75, 95]. Also, the 
current lack of insight into the disease is not only due to 
the heterogeneity of the symptomatology [74], but also 
due to the complexity of the causative factors underlying 
the disease, including genetic and immunological [17]. 
Therefore, what is urgently needed are novel mechanistic 
insights into the molecular paths underlying the negative 
and cognitive symptomatology subtypes of the disorder.

Although schizophrenia has been classically observed 
as a brain disease, current evidence points towards a 
multi-system network underlying positive, negative, and 
cognitive symptoms [12, 99]. In this sense, the communi-
cation between the immune and central nervous systems 
has already been described to be altered in schizophre-
nia [65]. As illustrative example, it has been shown that 
lymphocyte invasion is higher in patients with preva-
lence of negative symptomatology [9] and that levels of 
inflammatory cytokines (TNF-a and IL-6 or C-reactive 
protein) correlate with negative and cognitive symptoms 
in schizophrenia [31, 45, 52]. However, what we know so 
far is reduced to the description of circulating molecules 
that probably serve as a molecular bridge between these 
two systems [77]. Major mechanistic insights are still 
lacking, especially regarding the regulation of these mol-
ecules, their aberrant release, and the specific targeted 
neural circuits they affect. In this line, a highly promis-
ing target as a molecular bridge between the neural and 
immune system is the Ikaros family of transcription fac-
tors (TFs), which include Ikaros zinc finger 1 (IKZF1 or 
Ikaros) and Ikaros zinc finger 2 (IKZF2 or Helios). These 
TFs have been largely described to be crucial for the 
normal development of immune cells (T-cells, B-cells, 
and monocytes) [27] and their function (e.g. production 
of mb-1, CD3, IL2, IL4, and NFkB among others [64]. 

Furthermore, evidence starts to emerge, that they could 
play an important role in schizophrenia. For instance, 
specific IKZF1 single nucleotide polymorphisms (SNPs) 
such as rs7805803 and rs10276619 have been associated 
with changes in brain and ventricle volumes [23] and 
with hippocampal atrophy [69], respectively—neuro-
pathological features heavily implicated in schizophrenia 
[38]. Additionally, IKZF1 mutations such as rs116427960 
and rs186807222 have been linked to schizophrenia and 
associated executive function deficits [14, 40]. IKZF1 lev-
els have also been related with the age of onset of schizo-
phrenia [78]. Regarding IKZF2, evidence, although more 
limited, highlights its relevance. IKZF2 levels are highly 
sensitive to treatment with lipopolysaccharides (LPS), a 
widely used experimental model for schizophrenia [25]. 
Moreover, Helios deficiency results in overexpression of 
WDFY1, an immune scaffold protein commonly elevated 
in schizophrenia patients [81]. Finally, IKZF2 dysregula-
tion has been observed in individuals with autism spec-
trum disorder [2, 4], a condition frequently co-occurring 
with psychosis. Nevertheless, the function of the IKZF 
family in the communication between the immune and 
neural systems during the development of schizophrenia 
is practically unexplored.

In the present work, we hypothesized that immune 
alterations in schizophrenia could be associated with 
altered mRNA levels (and function) of IKZF1 and IKZF2, 
and that these potential changes could impact the com-
munication between the immune and central nerv-
ous systems during the progression of the disorder. To 
address this hypothesis, we first confirmed the altered 
state of the two transcription factors in human samples 
(brain and circulating immune cells). Subsequently, to 
validate their specificity and biological relevance, we used 
genetically modified mice devoid of Ikzf1, Ikzf2, or both. 
Finally, to evaluate the aberrant communication between 
the immune and central nervous systems, we trans-
ferred the secretome of human circulating immune cells 
(PBMCs) into the brains of living mice. In these mice, we 
evaluated whether schizophrenia-like phenotypes were 
induced in terms of behavior and histological markers.

Materials and methods
Human post‑mortem brain samples
The brain samples from schizophrenia (SCH) patients 
used in this study were provided by the Sant Joan de Déu 
Brain Bank (Sant Boi de Llobregat, Barcelona, Spain). 
The donation and obtention of samples were regulated 
by the ethics committee of the institution. The sample 
processing followed the rules of the European Consor-
tium of Nervous Tissues: BrainNet Europe II (BNEII). 
All the samples were protected in terms of individual 
donor identification following the BNEII laws. Clinical 
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diagnosis of SCH in donor subjects was confirmed pre-
mortem with DMS-IV (Diagnostic and Statistical Manual 
of Mental Disorders—4th edition) and ICD-10 (Interna-
tional Statistical Classification of Diseases and Related 
Health Problems) criteria by clinical examiners. Most 
donors were hospitalized for more than 40  years and 
were re-evaluated every 2  years to monitor and update 
their clinical progression. Case information can be 
found in Supplementary Table  1. Control samples (hip-
pocampus, putamen, and dorsolateral prefrontal cortex) 
were obtained from Banc de Teixits Neurològics (Servei 
Científico-Tècnics, Universitat de Barcelona, Barce-
lona, Spain) and the sample processing also followed the 
BNEII rules. Case information can be also found in Sup-
plementary Table 1. All the procedures for the obtention 
of post-mortem samples followed the ethical guidelines 
of the Declaration of Helsinki and local ethical commit-
tees (Universitat de Barcelona: IRB00003099; Fundació 
CEIC Sant Joan de Déu: BTN-PSSJD, CER122306).

Immunoblotting
The tissue was lysed by sonication in 250 µl of lysis buffer 
as described elsewhere [28]. After lysis, samples were 
centrifuged at 12,000 r.p.m. for 20  min. Supernatant 
proteins (15  µg) from total brain region extracts were 
loaded in SDS–PAGE and transferred to nitrocellulose 
membranes (GE Healthcare, LC, UK). Membranes were 
blocked in TBS-T (150 mM NaCl, 20 mM Tris–HCl, pH 
7.5, 0.5 ml Tween 20) with 50 g l − 1 non-fat dry milk and 
50  g  l − 1 BSA. Immunoblots were probed with the fol-
lowing antibodies: anti-Ikzf1 (1:1000, D6N9Y, Cell Sign-
aling Technology, Danvers, MA, USA,#14859), anti-Ikzf2 
(1:1000, GeneTex, California. USA, #GTX115630). All 
blots were incubated with the primary antibody over-
night at 4  °C by shaking in PBS with 0.2  g  l − 1 sodium 
azide. After three washes in TBS-T, blots were incu-
bated for 1 h at room temperature with the correspond-
ing horseradish peroxidase-conjugated antibody (1:2000; 
Promega, Madison, WI, USA) and washed again with 
TBS-T. Immunoreactive bands were visualized using the 
Western Blotting Luminol Reagent (Santa Cruz Biotech-
nology, #sc-2048) and quantified by a computer-assisted 
densitometer (Gel-Pro Analyzer, version 4, Media Cyber-
netics). For loading control, a mouse monoclonal anti-
body for actin was used (1:20,000; MP Biochemicals, 
#0869100-CF).

Recruitment of patients
The sample of this study (N◦PI17/00246, PI Belen 
Arranz) was recruited in the Outpatient clinic located 
in Cornellà, Barcelona, Spain (Parc Sanitari Sant Joan 
de Deu). Adult controls and patients with DSM-5 (Diag-
nostic and Statistical Manual of Mental Disorders) 

schizophrenia-spectrum disorder at any stage of the dis-
ease were included. The inclusion criteria for patients 
were: (1) adults over 18 years of age; (2) ability to speak 
Spanish correctly; and (3) signed informed consent. 
Exclusion criteria were: (1) history of head trauma with 
loss of consciousness and (2) organic disease with men-
tal repercussions; (3) presence of an acute inflammatory 
process: (3.1) fever (> 38◦C) or infection in the 2 weeks 
prior to the baseline interview, or (3.2) have received vac-
cinations in the past 4 weeks. This study was conducted 
following the ethical principles of the Declaration of 
Helsinki and Good Clinical Practice and the Ethics and 
Research Board from Parc Sanitari Sant Joan de Deu. All 
participants provided written informed consent prior 
to their inclusion in the study. Case information can be 
found in Supplementary Table 2.

Human peripheral blood mononuclear cells (PBMCs) 
and isolation of CD4 + and CD8 + cells
Human peripheral blood mononuclear cells (PBMCs) 
were isolated from peripheral blood. The cell frac-
tion corresponding to red blood cells and granulocytes 
(neutrophils, basophils, and eosinophils) was removed 
from whole blood by density gradient centrifugation as 
described elsewhere [47]. For this procedure, 10 ml blood 
samples were diluted with 10  ml of phosphate-buffered 
saline (PBS) pH-7.2. Consequently, 10 ml of diluted blood 
were placed in 15 ml tubes filled with 4 ml of a density 
gradient medium with ρ = 1.077  g/ml (e.g. Ficoll-Paque 
PLUS) and centrifuged at 500 × g for 35  min at 20  °C 
without brake. PBMCs were then transferred to 50  ml 
tubes, the tubes were filled with PBS and centrifuged at 
500 × g for 10  min at 20  °C. PBMCs were then lysated 
for mRNA (see next section) or plated. For PBMCs plat-
ing, after elimination of the supernatant, PBMCs were 
resuspended in X-vivo medium (#BEBP02-055Q Lonza 
bioscience, Maryland, USA) supplemented with pen/
strep 1%/1%, l-glutamine 1% and Hepes 0,02  M. Cells 
were seeded in 24-well plates (1  ml per well at 4·10⁶ 
cells/ml) and left in an incubator at 37 °C, 5% CO2. After 
24 h, PBMCs were treated with PMA (50 ng/ml, #P1585, 
Sigma-Aldrich Chemical Co., St. Louis, MO, USA) and 
Ionomycin (1  µM, #I0634 Sigma-Aldrich Chemical Co.) 
for 6  h, then we centrifuged the cultures to take sepa-
rately the supernatant and the pellet, both were stored 
at − 80 °C. For the CD4 + and CD8 + isolation the Pan T 
Cell Isolation Kit was used to isolate T cells from human 
PBMC previously obtained through negative selection 
following manufacturer’s instructions (Miltenyi, Cat. 
#130-096-535). T cells were then subjected to further 
magnetic labeling and separation to isolate CD4 + and 
CD8 + cells. First, T cells were incubated with CD8 
MicroBeads (Miltenyi, Cat. #130-045-201) for 15 min at 
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4  °C and cell suspension was applied onto the magnetic 
columns. The flow-through containing unlabeled cells 
was collected and considered the CD4 + enriched frac-
tion. Then, labeled CD8 + cells were removed from the 
column with buffer. Both fractions were centrifuged at 
300 g × 7 min and the final cellular pellets were lysed with 
the proper buffer for subsequent RNA extraction.

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

Treatments with antipsychotics in mice
Female and male adult (12-week-old) wild type mice 
(C57BL/6  J strain) were purchased from Jackson Labo-
ratory (Cat. #000664). All mice (male and female, 50% 
each) were sub-chronically (7  days) or chronically 
(28 days, only for clozapine) treated (i.p.) with vehicle or 
paliperidone (0.5 mg/Kg dissolved in PBS, 5% DMSO) or 
clozapine (1 mg/Kg dissolved in PBS, 5% DMSO). Doses 
were used following previous literature [57, 94]. One 
day after the end of the treatments all mice were sacri-
ficed and blood samples were obtained by using a cardiac 

puncture as previously described [41]. Then, peripheral 
blood mononuclear cells (PBMCs) were isolated as we 
did for humans. Blood pools from two mice were used to 
obtain enough PBMC mRNA concentrations.

Animals
Ikzf1 deficient mice [101] were provided by Profes-
sor Katia Georgopoulos whereas Ikzf2 deficient mice 
were provided by Professor Philippe Kastner [10]. Both 
lines, with C57BL/6 background, were backcrossed to 
obtain wild type  (Ik+/+:He+/+), heterozygous for Ikzf1 
 (Ik±:He+/+), heterozygous for Ikzf2  (Ik+/+:He±) and dou-
ble heterozygous mice  (Ik±:He±). Adult males and females 
were used. We also used the Egr1-CreERT2 mice [7]. 
These mice carry a bacterial artificial chromosome (BAC) 
including the Egr1 gene in which the coding sequence was 
replaced by that of CreERT2 fusion protein. They were 
crossed with R26RCE mice (Gt(ROSA)26Sortm1.1(CAG-
EGFP)Fsh/Mmjax, Strain 004077, The Jackson Labo-
ratory), which harbor the R26R CAG-boosted EGFP 
(RCE) reporter allele with a loxP-flanked STOP cassette 
upstream of the enhanced green fluorescent protein 
(EGFP) gene to create the double heterozygous mutant 
Egr1-CreERT2 x R26RCE mice for the experiments 
related with characterization of neural populations upon 
treatment with human secretomes. Single intraperito-
neal injections of 4-hydroxytamoxifen (4-HT; #H7904, 
Sigma-Aldrich Chemical Co.) 50  mg/kg were adminis-
tered to induce conditional Cre-dependent recombina-
tion. The animals were housed with access to food and 
water ad libitum in a colony room kept at 19–22 °C and 
40–60% humidity, under an inverted 12/12  h light/dark 
cycle (from 8 A.M. to 8 P.M.). All animal procedures were 
approved by local committees [Universitat de Barcelona, 
CEEA (136/19); Generalitat de Catalunya (DAAM 10786) 
following the European Communities Council Directive 
(86/609/EU).

Behavioral tests
Behavioral phenotyping was performed following widely 
and previously detailed features of appropriate mouse 
models of schizophrenia [70] addressing the three dimen-
sions of the symptomatology. First, free exploration and 
then, evaluation of D-amphetamine-induced hyperlo-
comotion (D-amphetamine sulfate, 3  mg/kg; TOCRIS 
2813), were both evaluated in the open field as described 
elsewhere [81]. Next, sociability was assessed by using 
the three-chamber social interaction test as previously 
described [81]. Finally, object recognition long-term 
memory was evaluated by performing the novel object 
recognition test (NORT) as we previously reported [6]. In 
all behavioral studies animals were tracked and recorded 
with Smart junior 3.0 software (Panlab).
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Golgi staining
Fresh brain hemispheres were submerged and processed 
following the Golgi-Cox method as described elsewhere 
[28]. Two hundred microns sections were cut in 70% 
EtOH on a vibratome (Leica) and washed in water for 
5  min. Next, they were reduced in 16% ammonia solu-
tion for 1 h before washing in water for 2 min and fixa-
tion in Na2S2O3 for 7 min. After a 2-min final wash in 
water, sections were mounted on superfrost coverslips, 
dehydrated for 3 min in 50%, then 70, 80 and 100% EtOH, 
incubated for 5 min in a 2:1 isopropanol:EtOH mixture, 
followed by 1 × 5 min in pure isopropanol and 2 × 5 min 
in xylol. Bright-field images of Golgi-impregnated stra-
tum radiatum dendrites from hippocampal CA1 pyrami-
dal neurons or from pyramidal neurons of the medial 
prefrontal cortex (Layer V) or from medium spiny neu-
rons in the striatum, were captured with a Nikon DXM 
1200F digital camera attached to a Nikon Eclipse E600 
light microscope (× 100 oil objective). Only fully impreg-
nated neurons with their soma entirely within the thick-
ness of the section were used. Image z-stacks were taken 
every 0.2  mm, at 1024 × 1024-pixel resolution, yielding 
an image with pixel dimensions of 49.25 × 49.25 µm. Seg-
ments of proximal dendrites were selected for the analy-
sis of spine density. Only spines arising from the lateral 
surfaces of the dendrites were included in the study. 
Given that spine density increases as a function of the 
distance from the soma, reaching a plateau 45 µm away 
from the soma, we selected dendritic segments of basal 
dendrites 45 µm away from the cell body. The total num-
ber of spines was obtained using the cell counter tool in 
the ImageJ software.

Quantitative proteomics
Proteins from secretome media were precipitated with 
acetone, and pellets dissolved in 8 M Urea, 50 mM DTT. 
Protein quantitation was performed with the Brad-
ford assay kit (Bio-Rad, Hercules, CA, USA). Protein 
extracts (20  µg) were diluted in Laemmli sample buffer 
and loaded into a 1,5 mm thick polyacrylamide gel with 
a 4% stacking gel cast over a 12.5% resolving gel. The run 
was stopped as soon as the front entered 3 mm into the 
resolving gel so that the whole proteome became concen-
trated in the stacking/resolving gel interface. Bands were 
stained with Coomassie Brilliant Blue, excised from the 
gel and protein enzymatic cleavage was carried out with 
trypsin (Promega; 1:20, w/w) at 37  °C for 16 h as previ-
ously described [87]. Purification and concentration of 
peptides were performed using C18 Zip Tip Solid Phase 
Extraction (Millipore). For LC–MS/MS, dried peptide 
samples were reconstituted with 2% ACN-0.1% FA (Ace-
tonitrile-Formic acid) and quantified by NanoDropTM 
spectrophometer (ThermoFisher) before LC–MS/MS 

analysis using an EASY-1000 nanoLC system coupled to 
an Exploris 480 mass spectrometer (Thermo Fisher Sci-
entific). Peptides were resolved using a C18 Aurora col-
umn (75 µm × 25 cm, 1.6 µm particles; IonOpticks) at a 
flow rate of 300 nl/min using a 60-min gradient (50 °C): 
2% to 5% B in 1 min, 5% to 20% B in 48 min, 20% to 32% 
B in 12 min, and 32% to 95% B in 1 min (A = FA, 0.1%; 
B = 100% ACN:0.1% FA). The spray voltage was set at 
1.6  kV, and the capillary temperature at 275  °C. Sample 
data was acquired in a data-independent mode (DIA) 
with a full MS scan (scan range: 400 to 900 m/z; resolu-
tion: 60,000; maximum injection time: 50 ms; normalized 
AGC target: 100%) and 25 periodical MS/MS segments, 
applying 20 Th isolation windows (0.5 Th overlap; reso-
lution: 15,000; maximum injection time: 22 ms; normal-
ized AGC target: 3000%). Peptides were fragmented 
using a normalized HCD collision energy of 30%. Data 
were acquired in profile and centroid mode for full MS 
scan and MS/MS, respectively. For data analysis of quan-
titative proteomics DIA data files were analyzed using 
Spectronaut (v 17.3, Biognosys) by directDIA analy-
sis (dDIA). Sample raw data was first processed by the 
Pulsar Spectronaut search engine to generate a spec-
tral library. Pulsar then searched MSMS spectra against 
Uniprot-Swissprot isoforms Homo Sapiens database. 
MS1/MS2 calibration and main search tolerance were 
set to dynamic. The maximum precursor ion charge was 
set to 4, and fragment selection to intensity-based. Car-
bamidomethyl (C) was selected as a fixed modification, 
and Oxidation (M), Acetyl (Protein N-term), Deamida-
tion (N), and Gln- > pyro-Glu as variable modifications 
(3 maximum modifications per peptide). The enzyme 
was set to trypsin in a specific mode (two missed cleav-
ages maximum). The target-decoy-based false discovery 
rate (FDR) filter for PSMs, peptide, and protein groups 
was set to 1%. Once the Pulsar search was performed, 
the Spectronaut DIA search engine algorithm initiated 
the DIA search using the default settings (Proteotypicity 
filter = Protein group Specific) and filtering the precur-
sors and protein groups by a 1% Q-value. The Perseus 
software (version 1.6.15.0) [96] was used for statistical 
analysis and data visualization. Identifications from the 
reverse database, common contaminants and proteins 
only identified through a modification peptide were 
removed. Label-free intensities were then logarithmized 
(base 2) and the samples were then grouped according 
to the experimental design. A filter of 70% valid values at 
least in one group was applied to the resulting matrix fol-
lowed by a logarithmic transformation (Log2). Then, data 
were imputated based on the normal distribution and 
normalized using the “Width adjustment” method. Sta-
tistical analysis was performed using “Two-sample tests” 
for the T-test of two selected experimental groups, based 
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on permutation-based FDR statistics (250 permutations; 
FDR 1⁄4 0.07; S0 1⁄4 0.1). The resulting matrixes were 
exported containing the p-value (-Log) and fold-change 
(Log2) columns that, after its transformation into linear 
scale, were filtered by p < 0.05 and 30% of significance and 
fold-change respectively.

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

Hippocampal primary cultures and immunocytochemistry
Hippocampal neurons were obtained from E17.5 C57Bl/6 
mice. The hippocampus was dissected and mechanically 
dissociated with a fire-polished Pasteur pipette. Cells 
were seeded at a density of 50,000 onto 12 mm coverslips 
placed in 24-well plates. Plates were previously precoated 
with 0.1  mg/mL poly-D-lysine (Sigma-Aldrich Chemi-
cal Co., St. Louis, MO, USA) and neurons were cultured 
in Neurobasal medium (Gibco-BRL, Renfrewshire, UK) 
supplemented with 1% Glutamax and 2% B27 (Gibco-
BRL). Cultures were maintained at 37  °C in a humidi-
fied atmosphere containing 5%  CO2. Primary neurons 
were fixed with 4% paraformaldehyde solution in PBS 
for 10 min and blocked in PBS-0.1 M glycine for 10 min. 
Then, cells were permeabilized in PBS-0.1% saponin 
10 min, blocked with PBS-Normal Horse Serum 15% for 
30 min, and incubated overnight at 4 °C in the presence 

of the following primary antibodies: mouse MAP2 (1:500, 
M1406, Sigma-Aldrich Chemical Co.) and rabbit PSD-95 
(1:500, Cell Signaling, Ref: 3450S). Fluorescent secondary 
antibodies: AlexaFluor 488 goat anti-rabbit (1:100) and/
or Cy3 goat anti-mouse (1:100; both from Jackson Immu-
noResearch, West Grove, PA, USA) were incubated for 
1 h at RT. Nuclei were stained with DAPI-Fluoromount 
(SouthernBiotech, Birmingham, AL, USA). Immuno-
fluorescence was analyzed using a Leica Confocal SP5-II 
confocal microscope (Leica Microsystems CMS GmbH, 
Mannheim, Germany). Images were taken using an HCX 
PL APO lambda blue 63.0 × 1.40 OIL objective with a 
standard pinhole (1 AU), at 1024 × 1024-pixel resolution, 
0.2 µm thick, and 5.0 digital zoom.

Tissue fixation and immunofluorescence
Mice were euthanized by cervical dislocation. Left hemi-
spheres were removed and fixed for 72  h in 4% para-
formaldehyde (PFA) in PBS. 40  µm coronal sections 
were obtained using a Leica vibratome (Leica VT1000S). 
Next, free-floating sections were washed three times in 
PBS, treated with  NH4Cl for 30  min, and washed again 
three times with PBS. Floating sections were permeabi-
lized and blocked with PBS containing 3% Triton X-100, 
0.02% Azide, 2% BSA, and 3% NGS (Ab buffer) for 1  h 
at RT. After three washes in PBS, brain slices were incu-
bated overnight at 4  °C with anti-GFP (1:500, Synaptic 
Systems, 132006) and anti-Parvalbumin (1:1250, Swant, 
PV27). Sections were washed three times and incubated 
for 2 h at RT with fluorescent secondary antibody Alexa 
Fluor 488 or 647 (1:400; from Jackson Immuno Research, 
West Grove, PA, USA). Nuclei were stained with DAPI-
Fluoromount (SouthernBiotech, Birmingham, AL, USA). 
Sections were analyzed using a two-photon confocal 
microscope (Leica SP5). To stain microglia and astro-
cytes in the hippocampal CA1, anti-Iba1 (1:500, Abcam, 
#Ab5076) and anti-GFAP (1:500, Synaptic Systems, 
#132006) were the antibodies employed respectively. 
Morphometric analysis of GFAP-positive astrocytes and 
Iba1-positive microglia were performed as described 
elsewhere [81].

Imaging analysis
To evaluate neuronal morphology by using the Sholl 
analysis we employed the protocol described elsewhere 
[18]. For the experiments evaluating PSD-95-positive 
puncta in primary cultures, we followed the protocol pre-
viously described [28]. For quantification of the number 
of activated neural ensembles and the number of par-
valbumin-positive cells in the hippocampal CA1 from 
Egr1-CreERT2 x R26RCE mice, we used the procedure 
previously reported by our group [80].
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3D Cell culture preparation
Tridimensional neurospheres networks were devel-
oped as previously described [72]. Briefly, E18 
C57BL/6JOlaHsd pregnant mice were euthanized by cer-
vical dislocation. Hippocampus were dissected in Neu-
robasal (Gibco) ice-cold media and incubated in 0.25% 
Trypsin–EDTA (Gibco) at 37 °C for 20 min, followed by 
5  min DNAse I (1  μg/ml; Sigma-Aldrich Chemical Co.) 
incubation at room temperature. Mechanical dissociation 
of the dissected hippocampus was performed by repeated 
pipetting with a fire-polished glass Pasteur pipette until a 
homogenous cell suspension was obtained. Cell viability 
was determined by Trypan Blue exclusion assay. The cell 
solution was then centrifuged at 150  g for 10  min, and 
the supernatant was removed. The resulting cell pellet 
was resuspended in the culture media containing Neu-
robasal media, 2% B27, 1% N2, 0.5 mM Glutamate, and 
1% Penicillin/Streptomycin (Gibco). Cells were infected 
with AAV7m8.Syn.GCaMP6s.WPRE.SV40 virus (Unitat 
de Producció de Vectors, Universitat Autonoma Barce-
lona) for neuronal GCaMP6s calcium sensor expression. 
The viral infection was made at 1:1000 dilution at the 
single-cell suspension stage, just before seeding. For neu-
rospheres network cultures, 5.5 ×  104 cells were seeded in 
poly-dimethylsiloxane (PDMS) customized molds con-
taining an 18   mm2 square well. PDMS molds were fab-
ricated in UV resin 3D printed cast (Formlab 3 + laser 
3D printer) and polymerized overnight at 90 °C. Neuro-
spheres cultures were incubated in culture media at 37 °C 
and 5%  CO2. Imaging experiments were performed using 
a wide-field fluorescence microscope (Inverted micro-
scope Zeiss Axio Observer Z1) and ZEN software (Zeiss) 
was used for image acquisition. Time-lapse videos were 
recorded at 25 Hz for 5 min at 37 °C and 5%  CO2 in cul-
ture media (Neurobasal media, 2% B27, 0.5  mM Gluta-
mate, and 1% Penicillin/Streptomycin (Gibco)). Videos 
were acquired at DIV28. All computations and visualiza-
tions were done using the standard Python-based eco-
systems for scientific computing and data visualization 
(NumPy, SciPy, Seaborn, SciKitLearn, Matplotlib). Statis-
tical significance was plotted using the stat annotations 
package (https:// github. com/ trevi smd/ stata nnota tions). 
Video data was extracted from.czi files. For neurosphere 
segmentation was done using the Otsu thresholding tech-
nique. A time series of mean intensity values of each neu-
rosphere was extracted. The signal was denoised using 
a Butterworth filter. After normalization, peaks were 
detected (prominence (1-mean)/3, height 0.5) and the 
signal was binarized. Neurospheres without any detected 
activity were discarded from the subsequent analysis. 
From the binarized signal the following parameters were 
computed: mean activity rate, mean peak duration, and 
average pairwise Pearson correlation of neurospheres. 

Statistical significance between different conditions was 
determined at DIV28 by one-way ANOVA and Dunnett’s 
as post-hoc test. A subset of neurospheres were fixed and 
stained against Tuj1 (1:1000, #T8660; Sigma).

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

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

Results
IKZF1 and IKZF2 mRNA expression levels are specifically 
downregulated in peripheral blood mononuclear cells 
in patients with schizophrenia
Since we have previously reported that mice full knock-
out for Ikzf1 or Ikzf2 could develop brain-related defi-
ciencies [5, 29, 60, 61], we first aimed to assess IKZF1 
and IKZF2 mRNA levels by RT-qPCR in different brain 
regions strongly implicated in the pathophysiology of 
schizophrenia, namely the hippocampus, dorsolateral 
prefrontal cortex (DLPFC), and putamen. We evaluated 
such mRNA levels in post-mortem brain samples from 
patients with schizophrenia and control patients (Suppl 
Table 1). We did not detect changes in IKZF1 and IKZF2 

https://github.com/trevismd/statannotations
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mRNA levels in either, the hippocampus (Fig.  1a, b) or 
the DLPFC (Fig. 1c, d) or putamen (Fig. 1e, f ) when com-
paring samples from schizophrenia patients with samples 
from control subjects. The same results were observed 
when protein levels were evaluated by western blot 
(Suppl. Figure 1). We next hypothesized that, since IKZF1 
and IKZF2 in adult mammals are both more enriched 
in circulating immune (lymphocytes) cells than in 

neural tissues [44] (see also in The Human Protein Atlas), 
it would be conceivable that potential changes could be 
easier to be detected there rather than in the brain. Thus, 
we isolated peripheral blood mononuclear cells (PBMCs), 
which are mostly ~ 70–90% lymphocytes [86], from con-
trols and patients with schizophrenia (Suppl Table 2). A 
descriptive evaluation of these PBMCs showed no dif-
ferences in terms of cell density for either, neutrophils or 

Fig. 1 IKZF1 and IKZF2 mRNA levels in the brain and circulating immune cells of patients with schizophrenia. Determination of IKZF1 
and IKZF2 mRNA levels in different brain regions. Results from RT‑qPCR of total IKZF1 and IKZF2 mRNA levels in different brain regions namely 
hippocampus (a and b respectively), dorso‑lateral prefrontal cortex (DLPFC, c and d respectively) and putamen (e and f respectively) from patients 
with schizophrenia (SCH) or matched controls (CTR). Demographics of the samples are displayed in supplementary Table 1. Results from RT‑qPCR 
of total (g) IKZF1 and (h) IKZF2 mRNA levels in peripheral blood mononuclear cells (PBMCs) isolated from patients with schizophrenia (SCH) 
or matched controls (CTR). Highlighted black, blue and violet dots are the samples selected for the subgroups used in Fig. 4 onwards (CTR, 
 SCHIk+:He+ and  SCHIk−:He− groups respectively). (i) Results from RT‑qPCR of total IKZF1 and (j) IKZF2 mRNA levels in CD4 + cells isolated from PBMCs 
in i‑j. Results from RT‑qPCR of total (k) IKZF1 and (l) IKZF2 mRNA levels in CD8 + cells isolated from PBMCs in i‑j. Demographics of the samples 
are displayed in supplementary Table 2. Data are means ± SEM and they were analyzed using the two‑tailed Student t‑test. *p < 0.05, **p < 0.01 
and ***p < 0.001 vs CTR 
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lymphocytes or monocytes when comparing control sub-
jects with patients with schizophrenia (Suppl Table  3). 
We then extracted their mRNA and evaluated IKZF1 
and IKZF2 mRNA levels. Interestingly, we detected that 
IKZF1 (Fig.  1g) and IKZF2 (Fig.  1h) were both signifi-
cantly downregulated in PBMCs mRNA from patients 
with schizophrenia compared to matched controls. As we 
did for brain regions, we also confirmed these results at 
protein levels for IKZF1 but not for IKZF2 (Suppl. Fig-
ure  1 and Suppl. Table  4). We then looked at isolated 
CD4 + and CD8 + cells from the same PBMCs. We found 
that IKZF1 (Fig.  1i) and IKZF2 (Fig.  1j) mRNA levels 
were both downregulated in CD4 + cells. In contrast, 
IKZF1 (Fig.  1k) and IKZF2 (Fig.  1l) mRNA levels were 
normal in CD8 + cells. Next, to rule out the possibility of 
unspecific effects mediated by the medications on these 
changes we decided to sub-chronically treat wild type 
mice for 7 days with the two most common administered 
antipsychotics in our cohort of patients; paliperidone and 
clozapine. We found that Ikzf1 and Ikzf2 mRNA levels 
in mouse PBMCs were not affected by such treatments 
(Suppl Fig. 2). To further ensure this result we repeated 
the experiment with a more chronic treatment (28 days) 
focusing with the most employed antipsychotic in all 
our cohorts of patients, clozapine. Again, no changes in 
either Ikzf1 or Ikzf2 mRNA levels in mouse PBMCs were 
found (Suppl. Figure 2). Altogether, these results indicate 
that the double reduction of IKZF1 and IKZF2 mRNA 
levels in PBMCs is localized in CD4 + cells. These altera-
tions could play a role in the dysfunctions described for 
this cell type in the context of schizophrenia [15].

Mimicking the double Ikzf1 and Ikzf2 downregulation 
in mice results in a myriad of several schizophrenia‑like 
disturbances
Although many different expressed genes (DEGs) 
and proteins (DEPs) have been identified in patients 
with schizophrenia, most of them have not been yet 

characterized or their role in the pathophysiology of 
the disease remain, at least, controversial [77, 83, 91]. 
Therefore, we aimed to characterize the relevance of 
this double reduction by mimicking it in mice. To do so 
we crossed heterozygous mice for Ikzf1  (Ik±:He+/+, [61] 
with heterozygous mice for Ikzf2  (Ik+/+:He±, [60]) to gen-
erate double mutant mice with a double reduction of 
both, Ikzf1 and Ikzf2  (Ik±:He±, Fig. 2a). Since both, adult 
(4–5  months of age)  Ik±:He+/+ and  Ik+/+:He± mice dis-
played only some phenotypes compared to  Ik+/+:He+/+ 
mice (Suppl. Figure  3), henceforth we focused on the 
 Ik+/+:He+/+ and  Ik±:He± genotypes (a.k.a. Wild type mice 
and double mutant mice) only. First, the appearance and 
body weight (Suppl. Figure  4) were indistinguishable 
between the two groups, thus suggesting a normal health 
state in male and female  Ik±:He± mice. Then, to evalu-
ate the potential schizophrenia-like phenotypes in our 
mutant mice, we performed a broad behavioral charac-
terization aimed to evaluate positive, negative and cog-
nitive symptomatology as previously established [70]. 
Regarding the positive-like phenotypes, we first observed 
that  Ik±:He± females (Fig. 2b) and  Ik±:He± males (Fig. 2c) 
displayed increased basal locomotion/agitation in the 
open field paradigm when compared with their matched 
 Ik+/+:He+/+ controls. Furthermore, both,  Ik±:He± males 
(Fig. 2d) and females (Fig. 2e) showed an increased sen-
sitivity to the D-Amphetamine in an open field arena. 
Regarding the negative-like phenotypes, we observed 
that in the three-chamber social interaction test there 
was a consistent alteration in sociability showed by both 
 Ik±:He± males (Fig.  2f ) and females (Fig.  2g) compared 
with their matched controls. Finally, long-term declara-
tive memory was also assessed by subjecting the groups 
of mice to the novel object recognition test (NORT). 
First, females  Ik±:He± were uncapable to recognize the 
new object with respect the old one when compared to 
 Ik+/+:He+/+ controls (Fig. 2h). Similarly,  Ik+/+:He+/+ males 
showed preference for the new object whereas  Ik±:He± 

Fig. 2 Generation and characterization of the  Ik±:He± double mutant mice. a Schematic representation of the adult mutant mice generated 
and used.  Ik± and  He± mice were crossed to generate the four genotypes;  Ik+/+:He+/+,  Ik+/+:He±,  Ik±:He+/+ and  Ik±:He±. Since the behavioral 
phenotype in  Ik+/+:He± and  Ik±:He+/+ groups of mice were punctual compared to that in  Ik+/+:He+/+ mice (Suppl. Figure 3), we focused 
on the controls  Ik+/+:He+/+ and the double mutant  Ik±:He± mice. Basal locomotor activity was evaluated in the two groups of mice separated into (b) 
females (Genotype effect:  F(1, 495) = 22,58, p < 0.0001) and (c) males (Genotype effect:  F(1, 538) = 9,518, p = 0.0021) in a 15 min testing session of free 
exploration in an open field. Induced agitation and sensitivity to the psychostimulant D‑amphetamine was measured in a 45 min testing session 
upon injection of 5 mg/Kg of D‑amphetamine in (d) female (Genotype effect:  F(49, 1450) = 20,37, p < 0.0001) and (e) male (Genotype effect:  F(48, 

1666) = 21,28, p < 0.0001) mice from both groups. Sociability was evaluated in the three‑chamber social interaction test (TCSIT). Mice from the two 
groups were subjected to the TCSIT and data were depicted for (f) females (Social preference effect:  F(1, 60) = 8,456, p = 0.0051) and (g) males (Social 
preference effect:  F(1, 64) = 19,36, p < 0.0001). Recognition memory was evaluated in the novel object recognition test (NORT) 24 h after a training 
session. Mice from two groups were subjected to the NORT and data were depicted for (h) females (NORT preference effect:  F(1, 54) = 5,415, 
p = 0.0237) and (i) males (NORT preference effect:  F(1, 66) = 18,35, p < 0.0001). Data are means ± SEM and they were analyzed using the two‑way 
ANOVA. *p < 0.05, ***p < 0.001 vs  Ik+/+
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males did not (Fig. 2i), suggesting the presence of detect-
able cognitive deficits in both  Ik±:He± males and females.

To further assess associated schizophrenia-like pheno-
types such as dendritic spine loss in several brain regions 
as described elsewhere in post-mortem samples from 
patients [30], we quantified spine density in hippocam-
pal CA1 pyramidal neurons, in Medium Spiny Neurons 

(MSNs) of the dorsal striatum and in pyramidal neurons 
of the layer V in the medial pre-frontal cortex (mPFC) of 
 Ik+/+:He+/+ and  Ik±:He± mice. First, we identified a sig-
nificant reduction of dendritic spine density in the MSNs 
of both,  Ik±:He± males (Fig.  3a) and  Ik±:He± females 
(Fig.  3b) compared with their respective  Ik+/+:He+/+ 
controls. In contrast, alterations in spine density of the 

Fig. 2 (See legend on previous page.)
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CA1 pyramidal cells was only observed in  Ik±:He± males 
(Fig.  3c), but not in  Ik±:He± females (Fig.  3d). Finally, 
regarding to spine density in pyramidal neurons of the 
mPFC, no changes were observed in any condition 
(Fig.  3e-f ). In conclusion, our newly generated double 
 Ik±:He± mutant mice mimic several features (behavio-
ral and histological) in mice that are also observed in 
patients with schizophrenia and models.

IKZF1 and IKZF2 mRNA levels in PBMC regulate 
the molecular profile of their secretome in patients 
with schizophrenia
Upon the observation that  Ik±:He± mice mimicked 
schizophrenia-like features, we next aimed to study 
which is the underlying molecular bridge between the 
circulating immune system and central nervous sys-
tem that induces these phenotypes. We hypothesized 
that altered levels of IKZF1 and IKZF2 could impair the 

transcriptional activity of secreted molecules (secretome) 
by these circulating immune cells such as cytokines, 
chemokines, growth factors and other molecules. These 
impaired secretomes could, in turn, impair neural net-
works involved with the development of schizophre-
nia. To address these questions, we opted to use a more 
translational approach (Suppl. Figure 5a). From patients 
with schizophrenia studied in Fig.  1g, h, we generated 
two sub-groups of patients; the first with normal lev-
els of IKZF1 and IKZF2  (SCHIk+:He+ group) in PBMC 
and the second with a double down-regulation of both, 
IKZF1 (> 40%) and IKZF2 (> 40%) in PBMC  (SCHIk−:He− 
group) compared to control (CTR) patients (Suppl. Fig-
ure 5b-c). All groups were matched in terms of number 
(n = 4–5/group), age (Suppl. Figure  5d), sex, and the 
PANSS general score (Suppl. Table 5). Also, the number 
of circulating lymphocytes, neutrophils, platelets, and 
monocytes were indistinguishable between  SCHIk+:He+ 

Fig. 3 Characterization of structural synaptic plasticity in the  Ik±:He± mice. a, b Representative images (left panels) and quantification (right 
panels) of spine density in dendrites from medium spiny neurons (MSNs) of the dorsal striatum labeled with Golgi staining. Images were obtained 
in a bright‑field microscope in adult (a) male and (b) female  Ik+/+:He+/+ and  Ik±:He± mice. Scale bar, 5 μm. c, d Representative images (left panels) 
and quantification (right panels) of spine density in secondary apical dendrites from pyramidal neurons of the hippocampal CA1 labeled with Golgi 
staining. Images were obtained in adult (c) male and (d) female  Ik+/+:He+/+ and  Ik±:He± mice. Scale bar, 5 μm. e, f Representative images (left panels) 
and quantification (right panels) of spine density in dendrites from pyramidal neurons of layer V in the frontal cortex labeled with Golgi staining. 
Images were obtained in adult (e) male and (f) female  Ik+/+:He+/+ and  Ik±:He± mice. Scale bar, 5 μm. Data are means ± SEM and they were analyzed 
using the two‑tailed Student t‑test. *p < 0.05, ***p < 0.01 vs  Ik+/+:He+/+ mice. In a, n = 50–54 dendrites/genotype (from 7 mice/genotype). In b, 
n = 54–66 dendrites/genotype (from 7 mice/genotype). In c, n = 62–65 dendrites/genotype (from 7 mice/genotype). In d, n = 60–68 dendrites/
genotype (from 7 mice/genotype). In e, n = 89–55 dendrites/genotype (from 7 mice/genotype). In f, n = 43–47 dendrites/genotype (from 7 mice/
genotype). Scale bar in a, 5 µm
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and  SCHIk−:He− groups (Suppl. Figure  5e-h). Addition-
ally, based on this criterion of > 40% of reduction, it is 
worth mentioning the proportion of patients for each 
condition (Suppl Fig. 2); 6 of 35 patients displayed a dou-
ble downregulation of both, IKZF1 and IKZF2 mRNA 
levels. 6 of 35 patients showed reduction only in IKZF1 
mRNA levels. Finally, 4 of 35 patients showed reduction 
only in IKFZ2 mRNA levels. We then obtained and cul-
tured PBMC from all selected subjects and obtained their 
supernatants (a.k.a. secretomes; Suppl. Figure  5a) con-
taining the secretome of such cells. We first performed 
a protein expression screening in these secretomes using 
a mass spectrometry approach. A principal component 
analysis (PCA) revealed that the two groups of patients 
with schizophrenia,  SCHIk+:He+ and  SCHIk−:He−, were dif-
ferent with respect to the CTR group (Fig. 4a). However, 
PCA indicated that  SCHIk+:He+ and  SCHIk−:He− groups 
were slightly different between each other (Fig. 4a). Venn 
diagram representation indicated that 17 and 13 proteins 
were specifically altered in the  SCHIk+:He+ and  SCHIk−:He− 
groups respectively compared to the CTR group. Also, 
only changes in 9 proteins were observed to be shared by 
both  SCHIk+:He+ and  SCHIk−:He− groups when compared 
to CTR subjects (Fig.  4b, c). Proteins changing in this 
same sense included TUBA8, PFN1, TUBB, and DEFA1 
(Fig.  4c, d). In contrast, specific altered proteins in the 
 SCHIk+:He+ group comprised ACTB, COTL1, FLNA, 
and PRTN3. On the other hand specific altered proteins 
in the  SCHIk−:He− group involved ACTR3, SH3BGRL, 
LUZP1, CFL1, CCL5 (RANTES), C1RL and RHOC. To 
further complement these results from mass spectrome-
try we also performed a Luminex-based screen of several 
cytokines and chemokines in the supernatants from the 
three groups. Results indicated that some proteins were 
downregulated only in the  SCHIk−:He− group compared 

to the CTR group such as GMSF and IL-4 (Fig.  4f ) or 
MIP1A (Fig.  4g). Oppositely, CXCL10 was upregulated 
only in the  SCHIk−:He− group compared to the CTR group 
(Fig.  4h). Finally, G-CSF and IL-10 were indistinguish-
able between groups (Fig.  4i). In summary, secretomes 
from  SCHIk+:He+ and  SCHIk−:He− groups were signifi-
cantly different between them and also compared to CTR 
secretomes.

IKZF1 and IKZF2 mRNA levels in PBMCs from patients 
with schizophrenia modulate neuronal structural plasticity 
in primary mouse hippocampal neurons
We observed that the secretomes of both,  SCHIk+:He+ 
and  SCHIk−:He− groups, displayed different molecu-
lar profiles between each other and also compared to 
CTR subjects. Next, we aimed to evaluate whether such 
changes could exert some impact on neuronal func-
tions. To do so, we first set up the safety of using such 
secretomes from patients in mouse neuronal cultures. 
We first pooled the secretomes for each group. All three 
pools (CTR,  SCHIk+:He+, and  SCHIk−:He−) had a protein 
concentration of 2,064 µg/µl. We then added two differ-
ent dilutions, 1:1 and 1:10 from the CTR secretome pool 
to mouse hippocampal primary neurons at day in  vitro 
7 (DIV7, Fig.  5a). We also used two additional controls 
in this experiment, namely a naïve hippocampal primary 
culture without any treatment and a culture only treated 
with PBMC media X-Vivo (as a vehicle). We observed 
that 24 h after treatments, the dilution 1:1 induced neu-
ronal degeneration per se whereas the dilution 1:10 did 
not affect neuronal morphology as compared with the 
two other controls (Fig. 5b and d). Thus, we used the 1:10 
concentration henceforth for the ulterior experiments 
using the three secretome pools due to its safety for 
neuronal viability. Next, we evaluated the effect of these 

Fig. 4 Molecular profile of PBMC secretomes from stratified patients with schizophrenia. From our results in Fig. 1g, h, we selected and stratified 
patients as follows: Patients with schizophrenia but with unaltered mRNA levels in PBMC of both, IKZF1 and IKZF2 respect to CTR subjects 
 (SCHIk+:He+ group; n = 5) and patients with a double reduction (≥ 40%) of IKZF1 and IKZF2 mRNA levels in PBMCs  (SCHIk−:He− group; n = 4). These 
stratified patients were matched to control subjects with normal IKZF1 and IKZF2 mRNA levels (CTR group; n = 5). From these stratified patients, 
supernatants of cultured PBMC were collected and subjected to Mass Spectrometry. a Principal component analysis (PCA) for proteomics data 
from PBMC supernatants. The PCA plot represents the 14 subjects from the three subgroups (CTR in grey,  SCHIk+:He+ in blue, and  SCHIk−:He− in violet) 
that indicates subtle proteomics profile differences between such supernatants. b Venn diagram showing the total number of proteins differentially 
expressed or DEPs in each of the SCH subgroups. The common DEPs (9) comparing both groups  (SCHIk+:He+ and  SCHIk−:He−) with respect to the CTR 
group, the specific DEPs (17, blue) comparing  SCHIk+:He+ with CTR, and the specific DEPs (13, violet) comparing  SCHIk−:He− with CTR are depicted. c 
Table showing the specific down‑regulated (green) and up‑regulated (red) DEPs in each comparison extracted from b. d Volcano plot depicting 
DEPs when comparing supernatants from the CTR and  SCHIk+:He+ groups. Dashed horizontal line shows the p values cutoff, and the two vertical 
dashed lines indicate down/up regulated proteins. Red points indicate significantly DEPs. Dark points indicate non‑significant DEPs. e Volcano plot 
depicting DEPs when comparing supernatants from the CTR and  SCHIk−:He− groups as we did for d. Analyte array measured by a Luminex assay 
depicting the levels in pg/ml of (f) FGF, IL‑1B, IL‑13, IL‑12, IL‑17, GMCSF, IL‑15, HGF, VEGF, IFNg, IFNa, TNFa, IL‑17, IL‑2R, MIG, IL‑4 and (g) MIP1A, MIP1B, 
IL‑1RA, IL‑8 and (h) Eotaxin, CXCL10 and (i) G‑CSF and IL‑10. The analytes are depicted in four (f–i) different graphs due to their huge variability 
in terms of the range of concentrations. Data are means ± SEM and they were analyzed using the one‑way ANOVA and the Dunnet’s post hoc in f–i. 
*p < 0.05 vs CTR group

(See figure on next page.)
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Fig. 4 (See legend on previous page.)
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secretomes in neuronal branching by treating neurons 
at DIV7. While CTR and  SCHIk+:He+ secretomes did not 
induce significant changes on neuronal morphology, the 
 SCHIk−:He− secretome induced a substantial reduction in 
the neuronal dendritic complexity (Fig. 5c, d). To further 

deepen on these effects, we then repeated the experi-
ment but adding the secretomes from the three groups 
(CTR,  SCHIk+:He+ and  SCHIk−:He−) to primary hippocam-
pal neuronal cultures at DIV20 (Fig. 5e). Then, 24 h later 
we quantified the number of PSD-95-positive clusters 

Fig. 5 Effects of CTR,  SCHIk+:He+ and  SCHIk−:He− supernatants in neuronal structural plasticity. a The experimental design is depicted. Supernatants 
(a.k.a. conditioned media) from cultured PBMC were added to primary hippocampal neurons at DIV7 and 24 h later, their dendritic morphology 
was assessed by using the Sholl analysis. b and d Different concentrations (1:1 and 1:10 supernatants from the CTR pool) and controls (X‑Vivo 
media and naïve primary neurons) were employed (Group effect:  F(3, 1166) = 147,1, p < 0.0001). The 1:10 concentration was selected as the one to be 
used from c onwards because of its safety when compared with Basal and X‑Vivo control conditions (b and d). c and d Effects of CTR,  SCHIk+:He+ 
and  SCHIk−:He− supernatants on neuronal branching in primary hippocampal neurons using the selected (1:10) dose (Group effect:  F(2, 890) = 40,97, 
p < 0.0001). In b‑d MAP2 staining was employed. e The experimental design to evaluate synaptic changes is depicted. Supernatants (conditioned 
media) from cultured PBMC were added to primary hippocampal neurons at DIV20 and 24 h later (f) the density of PSD‑95 positive puncta per area 
was assessed in the three groups. g Quantification of PSD‑95‑positive puncta/area from f  (F(2, 9) = 6,905, p = 0.0152). Data are mean ± SEM. In b (n = 30 
neurons/group) and c (n = 27–33 neurons/group) the two‑way ANOVA was applied and Tukey’s multiple comparisons test was used as a post hoc. 
In g (n = 4 cultures/group) one‑way ANOVA was applied, and Dunnett’s multiple comparisons test was used as a post hoc. Scale bar in d, 30 µm. 
Scale bar in f, 5 µm
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(as an excitatory post-synaptic marker) in these cultures. 
We observed a significant reduction of PSD-95-positive 
clusters in primary cultures treated with the  SCHIk−:He− 
secretome but not in primary cultures treated with the 
 SCHIk+:He+ secretomes compared with the CTR group 
(Fig.  5f, g). We concluded that the different molecular 
profile displayed by the  SCHIk−:He− PBMC secretome 
was probably the responsible for these specific effects on 
structural synaptic plasticity.

The PBMCs secretome of patients with schizophrenia 
modulate neuronal dynamics: role of IKZF1 and IKZF2
Our previous results indicated that PBMC secretomes 
from patients with schizophrenia could play a role in 
structural synaptic plasticity, probably via modulation 
of synaptic components. To further explore this pos-
sibility, we benefit from a new approach called Modular 
Neuronal Network (MoNNets, [72]) designed to identify 
neural patterns (based on GcAMP6s-dependent calcium 
activity) in primary neurons resembling those observed 
in schizophrenia (Fig.  6a). Thus, MoNNets were gen-
erated, transduced with GcAMP6s and treated with 
CTR,  SCHIk+:He+ and  SCHIk−:He− PBMC secretomes at 
DIV7, DIV14 and DIV21 (Fig. 6b). At DIV28 GcAMP6s-
dependent calcium activity was recorded for 5  min in 
these MoNNets (Fig.  6b-c). Our results showed clear 
changes in activity in both groups of MoNNets treated 
with  SCHIk+:He+ and  SCHIk−:He− secretomes compared 
to MoNNets treated with CTR secretome (Fig.  6d). 
These visual changes in activity in the raster plot were 
translated to a strong reduction in the average pairwise 
correlation, a measure of neuronal synchrony [72], in 
those MoNNets treated with  SCHIk+:He+, or  SCHIk−:He− 
secretomes (Fig.  6e), which mimics what is observed in 
schizophrenia [97]. Interestingly, we also observed a 
moderate decrease in activity rate in MoNNets treated 
with the  SCHIk+:He+ secretome, an effect even more 
robust when MoNNets were treated with the  SCHIk−:He− 
secretome (Fig.  6f ). Finally, only MoNNets treated with 
the  SCHIk−:He− secretome suffered a reduction in the 

mean peak duration compared with the CTR condition 
(Fig. 6g). We concluded that, although both secretomes, 
the  SCHIk+:He+ and the  SCHIk−:He−, induced a reduction 
in MoNNets functional parameters (mainly synchrony) 
the  SCHIk−:He− was the one that triggered the most severe 
and global alterations.

IKZF1 and IKZF2 mRNA levels in PBMCs from patients 
with schizophrenia modulate schizophrenia‑like 
phenotypes with a specific impact on cognitive function
Our observations in primary neuronal cultures and 
in MoNNets suggested that neural networks could 
be influenced by an aberrant molecular profile in the 
PBMC secretome from patients with schizophre-
nia. Also, our results indicated that IKZF1 and IKZF2 
mRNA levels modulate the severity of such impair-
ments. Additionally, since in the double heterozygous 
 Ik±:He± mice (Figs.  2–3) both genes, Ikzf1 and Ikzf2, 
have been genetically deleted (one allele) also in the 
brain, it cannot be excluded that this general dele-
tion might have a direct effect on the synaptic plastic-
ity in the hippocampus or other brain regions at any 
stage of their lifespans. Thus, we aimed to employ a 
different strategy to address all these points. We used 
a mouse line that allows a permanent tagging of neu-
rons activated by experience or relevant stimuli: the 
double mutant mice expressing Egr1-CreERT2 and 
R26RCE (Fig.  7a) [7, 54, 80]. We permanently and 
intraventricularly treated these transgenic mice with 
pooled secretomes from CTR,  SCHIk+:He+, and the 
 SCHIk−:He− subjects using mini-osmotic pumps for 
25  days (Fig.  7b, c) at a delivery ratio of 2,5  µl/day to 
the lateral ventricle. We performed a broad behavio-
ral characterization of these mice assessing the three 
dimensions of schizophrenia-like phenotypes [70] 
from day 5 to day 19 of the treatment. On day 20, mice 
were treated with 4-HT to induce recombination and 
permanent labeling of activated neural engrams due 
to the treatments with the secretomes. This design 
avoided the unspecific labeling of neural engrams due 

Fig. 6 Impact of CTR,  SCHIk+:He+, and  SCHIk−:He− supernatants in neuronal activity and synchrony. a Schematic overview of MoNNet approach (Left 
panel). Primary hippocampal cells were infected with AAV7m8.Syn.GCaMP6s.WPRE.SV40, and plated on a PDMS mold for self‑organized assembly 
of MoNNet (a.k.a. neurospheres, Middle panel). Tuj‑1 labeled MoNNets (right panel). Scale bar 250 µm. b The experimental design is depicted. 
Pooled supernatants (a.k.a. conditioned media) from each group (CTR,  SCHIk+:He+, and  SCHIk−:He−) of cultured PBMC were added to primary 
hippocampal neurons at DIV7, DIV14, and DIV21. At DIV28, their GcAMP6s‑based activity was assessed. c Maxima projection showing GcAMP6s 
activity and its subsequent filtering (Gaussian > binarized > and final mask). System‑wide cellular‑resolution  Ca2+ imaging was performed at 25 Hz. 
We analyzed the activity of each neurosphere and compared it with the rest of neurospheres. d Representative raster plots from DIV28 recordings 
in all three groups (CTR,  SCHIk+:He+, and  SCHIk−:He−). From the binarized signal the following parameters were computed: e average pairwise Pearson 
correlation of MoNNets (one‑way ANOVA;  F(2, 80) = 18,31, p < 0.0001), (f) mean activity rate (one‑way ANOVA:  F(2, 81) = 10,22, p < 0.0001) and (g) 
mean peak duration (one‑way ANOVA:  F(2, 108) = 3,893, p = 0.023). In e–g one‑way ANOVA was applied and the Dunnett’s multiple comparisons test 
was used as a post hoc. *p < 0.05 and ***p < 0.001 vs CTR 

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

appearance (data not shown) at the end of the study, 
suggesting that this treatment did not induce sickness-
like states. Concerning the behavioral characterization, 
both  SCHIk+:He+ and the  SCHIk−:He− groups showed 

Fig. 6 (See legend on previous page.)
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no changes in agitation in the open field when com-
pared with the CTR group (Fig.  7e). In contrast, both 
 SCHIk+:He+ and the  SCHIk−:He− groups showed a clear 
and equal reduction in sociability compared to the 
CTR group in the three-chamber social interaction test 
(Fig.  7f ). Finally, in the novel object recognition test, 
the  SCHIk−:He− group but not the  SCHIk+:He+ group dis-
played specific alterations in novel object recognition 
memory in comparison with the CTR group (Fig.  7g). 
We then mapped the activation of potential aberrant 
engrams due to these secretomes in fixed brains from 
mice of the three groups. Since cognitive alterations 
seemed to be highly specific to the mice treated with 
the  SCHIk−:He− secretome, we quantified the number of 
Egr1-dependent activated neural cells (GFP-positive) 
in the hippocampal CA1 (Fig. 7h) as suggested to be a 
core hippocampal sub-region in the physiopathology 
of schizophrenia [102]. We observed that, although 
both groups,  SCHIk+:He+ and the  SCHIk−:He− displayed 
an apparent aberrant activation of the Egr1-dependent 
activated ensembles, only the mice treated with the 
 SCHIk−:He− secretome suffered a significant increase 
(Fig.  7h). Interestingly, increases on Egr1 levels have 
been previously reported in the auditory cortex [43] 
and in peripheral tissues of schizophrenia patients 
[11]. We then observed that altered structural syn-
aptic plasticity was only detected in our mice treated 
with the  SCHIk−:He− secretome. In particular, spine 
density in the CA1 pyramidal neurons (Fig.  7i) but 
not in medium spiny neurons of the dorsal striatum 
(Suppl. Figure  6a) was increased in mice treated with 
the secretome from  SCHIk−:He− patients compared to 

the CTR group. These differences, although a trend was 
observed, were not significant in mice treated with the 
 SCHIk+:He+ secretome. Such aberrantly increased num-
ber of Egr1-dependent activated ensembles correlated 
with a decrease in the number of parvalbumin-positive 
interneurons mostly observed in the  SCHIk−:He− group, 
but also in the  SCHIk+:He+ group when compared with 
the CTR group (Fig. 7j). This reduction in parvalbumin 
interneurons could mediate the Egr1-dependent hyper-
activation of CA1 pyramidal cells due to a lack of their 
inhibition [98]. Finally, because human secretomes 
have the potential to activate neuroinflammatory pro-
cesses, we evaluated several morphometric parameters 
in astroglia and microglia within the same CA1 stratum 
radiatum of the mice. While human secretomes from 
schizophrenia patients did not alter the overall num-
bers of hippocampal astrocytes and microglia, they did 
induce morphometric changes including increased cel-
lular solidity and increased GFAP staining (Suppl. Fig-
ure  7). Notably, the  SCHIk−:He− group exhibited more 
pronounced alterations compared to those observed in 
the  SCHIk+:He+ group (Suppl. Figure  7). These findings 
suggest that astrocytes and microglia respond to these 
pathological secretomes. Overall, these results indicate 
that human secretomes from patients induce schizo-
phrenia-like phenotypes in mice and that IKZF1 and 
IKZF2 levels in PBMC modulate the secretome confor-
mation in a way that specifically impacts hippocampal 
activated neural ensembles likely through a reduction 
in parvalbumin interneurons function and ultimately 
impairing structural plasticity and associated cognitive 
skills.

(See figure on next page.)
Fig. 7 Schizophrenia‑like phenotypes induced by the  SCHIk+:He+ and  SCHIk−:He− supernatants when intraventricularly administered in mice. 
a Schematic representation of adult double‑heterozygous‑mutant Egr1‑CreERT2 × R26RCE GFP mice used to label activated neural engrams 
upon treatment with supernatants. b Schematic representation of the intraventricular infusion of CTR,  SCHIk+:He+, and  SCHIk−:He− supernatants. 
Mini‑osmotic pumps infused 0,11 µl/h of supernatants at a concentration of 0,206 µg/µl of protein. c The experimental design is depicted. After 
surgical intervention, mice recovered for 4–5 days and then they were subjected to a broad behavioral characterization. At day 19, this behavioral 
characterization terminated and at day 20 mice were treated with 50 mg/kg of 4‑hydroxytamoxifen (4‑HT) to induce recombination and labeling 
(GFP) of activated neural ensembles. At day 25, mice were processed to evaluate neural engrams formation and labeling and to evaluate 
spine density in the hippocampal CA1. d Body weight was monitored on the day of sacrifice. e Basal locomotion/agitation was evaluated 
by using the open field in the three groups of mice (CTR,  SCHIk+:He+, and  SCHIk−:He−). In the same groups of mice, f sociability was measured 
using the three‑chamber social interaction test/TCSIT (Group effect:  F(1, 102) = 18,43, p < 0.0001). g The same groups of mice were also subjected 
to the Novel Object Recognition Test/NORT (Group effect:  F(1, 106) = 229,3, p < 0.0001) where memory was tested 24 h after a training session. h 
Double fluorescent staining (DAPI in blue, GFP in green) in hippocampal CA1 from mice treated with one of each supernatant (CTR,  SCHIk+:He+, 
and  SCHIk−:He−). Graph (right‑down) shows quantification of Egr1‑dependent activated CA1 pyramidal cells (estimated number of GFP‑positive cells/
area of 500 µm2, Group effect:  F(2, 22) = 3,926, p = 0.034). Scale bar, 300 μm. i Representative images and quantification (right‑down panel) of spine 
density in secondary apical dendrites of the CA1 pyramidal neurons labeled with Golgi staining (n = 72–121 dendrites/group from 7 mice/group). 
Images were obtained in a bright‑field microscope in the three groups of mice treated with CTR,  SCHIk+:He+, and  SCHIk−:He− supernatants (Scale 
bar, 5 μm). j Double fluorescent staining (left panels, DAPI in blue, parvalbumin in red) in hippocampal CA1 from the same mice as in h. Graph 
(right) shows quantification of parvalbumin‑positive interneurons in the CA1 (estimated number of parvalbumin‑positive cells/area of 500 µm2, 
Group effect:  F(2, 27) = 33,86, p < 0.001). Scale bar, 300 μm. Data are means ± SEM. In d, h and I one‑way ANOVA was applied, and Tukey’s multiple 
comparisons test was used as a post hoc. In e, f, and g, two‑way ANOVA was applied, and Bonferroni’s multiple comparisons test was used as a post 
hoc. *p < 0.05, vs CTR; ***p < 0.001, vs Empty or vs Old Object. CTR (n = 18);  SCHIk+:He+ (n = 20);  SCHIk−:He− (n = 18). In j n = 10 in all groups
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Fig. 7 (See legend on previous page.)
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Discussion
In the present work, we show for the first time that both, 
IKZF1 and IKZF2, are downregulated specifically in 
immune circulating cells, but not in the brains of patients 
with schizophrenia. We also observed in mice that a 
double Ikzf1 and Ikzf2 heterozygosis induced schizo-
phrenia-like symptoms in the three dimensions (posi-
tive–negative-cognitive) of symptomatology. Exploring 
the secretome of these circulating immune cells, we 
observed that high-order cognitive functions are the 
most susceptible to be affected by the double IKZF1 and 
IKZF2 reduction. Specific and acutely hyperactivated 
hippocampal engrams, reduced number of parvalbumin 
interneurons and altered neuronal synchrony were asso-
ciated with these phenotypes placing molecules such as 
IL-4 and CXCL10 as potential core signals mediating 
them.

First, we show that IKZF1 and IKZF2 mRNA levels 
are specifically downregulated in CD4 + cells but not in 
CD8 + cells. Such specific double down-regulation could 
induce changes on numbers of CD4 + cells and, in turn, 
to provoke differences on CD4 + /CD8 + ratios [16, 90]. 
Also, a double down-regulation of IKZF1 and IKZF2 
mRNA levels in CD4 cells could provoke an imbalance 
between T helper cell type 1 (Th1) and type 2 (Th2) 
which has been associated with schizophrenia [107]. 
Interestingly, this imbalance has also been associated to a 
decrease on IL-4 expression in Th2 cells in schizophrenia 
patients [68] which is in line with our results on IL-4 lev-
els. This imbalance reinforces the idea about the produc-
tion of aberrant secretomes by these immune cells (which 
might be explained, at least in part, by this IKZF1-IKZF2 
double downregulation) and that it would correlate with 
more severe symptoms and poor therapy outcomes [85] 
as we observed in our mouse models.

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

the cell type suffering of the double IKZF1-IKZF2 down-
regulation, could be the major source of phenotypes 
observed in our in vitro and in vivo models. This could be 
a very promising future line of research.

To demonstrate the relevance of this double downregu-
lation as a potential underlying molecular mechanism 
explaining the pathophysiology of schizophrenia, we have 
used both, a genetic and a translational model. In the 
genetic model, we have observed a highly schizophrenia-
like phenotype (with phenotypes in all three dimensions, 
positive–negative-cognitive) in mice in terms of behav-
ior and neuronal changes. However, although our data 
support the idea that an Ikzf1-Ikzf2 double reduction is 
necessary to display a full three-dimensional schizophre-
nia-like phenotype, it is worth mentioning that heterozy-
gous  Ik±:He+/+ and  Ik+/+:He± mice also display some 
specific schizophrenia-like phenotypes. This indicates 
that the observed phenotypes induced by the double 
reduction are partly synergistic but also partly additive. 
Besides, in this mouse model, we have explored poten-
tial sex differences which were worse in males than in 
females. Regarding these sex differences, it has been pre-
viously reported that in human beings, males and females 
show differences in terms of pathology and prevalence 
being worse in males [50]. Concerning cognitive dysfunc-
tion, male patients perform worse on measures of execu-
tive function, verbal memory and information processing 
speed than female patients [63] which is in line with our 
results in our mouse models. Thus, since there are also 
sex-dependent immune alterations in schizophrenia 
patients [39, 46, 108], probably the double IKZF1-IKZF2 
double downregulation affects more males than females 
in terms of some behavioral and neuropathological phe-
notypes. Regarding the translational model in which we 
used PBMC secretomes from patients, we concluded 
that an aberrant immune secretome with a double reduc-
tion of IKZF1 and IKZF2 from schizophrenia patients 
is enough to induce negative-like and cognitive-like 
symptoms. These results are in line with the idea that 
immune alterations are highly associated with such types 
of symptoms [32, 58, 76]. Noteworthy, the fact we did 
not observe differences in agitation in such translational 
mouse models could be because PBMC’ secretomes 
came from patients under treatment with antipsychotics. 
Although this statement is just speculative, it is in line 
with the large evidence stating that antipsychotics tar-
get principally positive symptoms whereas negative and 
cognitive symptoms remain largely unaffected [58]. Shall 
our hypothesis be true it would reinforce the fact of using 
agitation in mice as a positive-like phenotype/parameter.

Since our human PBMC secretomes induced so many 
schizophrenia-like phenotypes in terms of structural 
synaptic plasticity [66], neuronal synchrony [72], and 
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schizophrenia-like behaviors [70], we then explored their 
molecular profile. We first found that levels of RANTES 
(CCL5), an upregulated cytokine in schizophrenia [19, 
22], depended on IKZF1 and IKZF2 levels. However, the 
role of RANTES in schizophrenia is largely unknown. 
Another promising core molecule is IL-4. IL-4 rises as an 
interesting molecule coordinating the specific neuronal 
and cognitive symptoms observed in the induced SCH 
Ik−/He− in  vitro and in  vivo models. IL-4 is an attractive 
candidate since its levels are regulated by both, IKZF1 
and IKZF2 in circulating immune cells [34, 53, 71, 106]. 
Second, IL-4 regulates hippocampal-dependent memory 
[8, 24], and deficiency of its receptor, IL-4R, increased 
network activity [36] similar to what we observed in the 
hippocampus of our in vivo induced SCH Ik−/He− mouse 
model. In the context of schizophrenia, IL-4 has been 
shown to be significantly decreased in chronic schizo-
phrenia-spectrum [35]. Furthermore, some single nucle-
otide polymorphisms (SNPs) in IL-4 have been related 
to the disorder [84]. Additional studies have also shown 
that IL-4 levels are not related to positive psychotic 
symptoms [21] but, instead, they correlate with nega-
tive symptoms [88]. A third plausible candidate molecule 
underlying the defects observed in our SCH Ik−/He− mice 
is CXCL10 (IP10). Supporting this idea previous stud-
ies have observed enhanced neural activity accompanied 
by increased firing rate and excitability and alterations 
in synaptic network activity after chronic treatment 
with CXCL10 [13, 67]. These changes were sustained by 
reduced levels of GABA receptors, augmented levels of 
glutamate receptors and increased sensitivity of NMDA 
receptors [13, 67]. All these findings go in line with; 
the enhanced hippocampal Egr1-dependent activated 
ensembles in our SCH Ik−/He− mice, the basal hyperexcit-
ability normally seen in schizophrenia patients and the 
reduced synchronized neural activity present in schizo-
phrenia patients and in our SCH Ik−/He− in vitro MoNNet 
model. In this line, previous works [33, 89] have already 
proposed the hyperexcitability of the hippocampus as a 
core feature contributing to the three categories of symp-
toms seen in schizophrenia (Suppl Fig. 7a-c). We propose 
that our  Ik±:He± and SCH Ik−/He− models provide key 
underlying molecular clues, including IL-4 and CXCL10, 
supporting this model. As it has been reported in patients 
with schizophrenia [48], we also observed a reduction of 
parvalbumin-positive interneurons (PV +) in the hip-
pocampal CA1 in our SCH Ik−/He− model. This reduc-
tion could be provoked by aberrant levels of IL-4 and 
CXCL10 from circulating PBMCs with decreased IKZF1 
and IKZF2 levels. This altered secretome would induce a 
reduction in PV + cells number and/or function since it 
has been shown that IL-4 reduces the risk of hyperexcita-
tion [36] and CXCL10 over-expression reduces the levels 

of GAD65/67 [13] often accompanied of a ferroptosis 
processes [51]. The reduced function of PV + interneu-
rons would provoke an hyperactivation of pyramidal 
neurons in the CA1 according to this circuit [98] and 
ultimately inducing the deficits in structural plastic-
ity and impairments in cognitive function. However, 
although we provide evidences for this model, we cannot 
rule out other components allocated in these aberrant 
secretomes such as small molecules (RNAs) or extracel-
lular vesicles [3, 42]. Future studies could address such 
possibilities. Finally, although the main effect mediated 
by the immune secretomes from schizophrenia patients 
was observed in the parvalbumin interneurons, we also 
observed some morphological changes in astroglia and 
microglia suggesting that such changes could also play a 
role in the synaptic plasticity alterations and associated 
cognitive and social deficits observed in our intraven-
tricularly injected mice. Indeed, aberrant activation of 
microglia [59, 100] or astroglia [93] could alter the func-
tion of parvalbumin interneurons in the hippocampus.

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

Finally, our work fits with the idea that neural identi-
ties and probably function are both strongly modulated 
by peripheral signals and influences [55, 92] as we sum-
marized (Suppl Fig.  8). One of them could be a double 
down-regulation of IKZF1 and IKZF2 mRNA levels in 
immune cells. In this sense, our results also have poten-
tial clinical implications. First, they could contribute to 
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a better definition and stratification of patients based 
on their blood mRNA levels of IKZF1 and IKZF2, which 
could be related to the severity of some symptoms. Addi-
tionally, it is tempting to speculate that different types 
of therapeutic strategies (drugs, RNA probes, Adeno-
Associated Virus/AAVs) aimed at increasing mRNA lev-
els of these transcription factors in circulating PBMCs 
could have positive therapeutic effects in patients with 
schizophrenia. Therefore, we strongly believe that future 
research should progress in the study of peripheral sig-
nals capable to play a role in the development of symp-
toms in schizophrenia and, probably, in other psychiatric 
affectations.
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