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ABSTRACT (259 words) 43 

 44 

Background: In schizophrenia, abnormal synaptic pruning during adolescence may be due to 45 

altered expression of the Complement component 4 (C4). Overexpression of C4 genes has 46 

been identified in the total cerebral cortex and in 6 different brain regions of schizophrenic 47 

patients compared to controls. These alterations should be replicated and extended to other 48 

brain regions relevant to schizophrenia. Moreover, it remains unknown whether cerebral 49 

and peripheral C4 expression levels are related.  50 

Methods: We explored C4 genes expression both at the cerebral and peripheral levels. Using 51 

shinyGEO application we analyzed C4 expression from eight Gene Expression Omnibus 52 

datasets obtained from 196 schizophrenic patients and 182 control subjects. First, we 53 

compared C4 expression between schizophrenic patients and controls in postmortem 54 

cerebral samples from 7 different brain regions. Then, we compared C4 expression between 55 

schizophrenic patients and controls in 4 peripheral tissues.  56 

Results: At the cerebral level, we provide further evidence of C4 overexpression in 57 

schizophrenic patients. Consistently with a previous report, we found C4 overexpression in 58 

the dorsolateral prefrontal cortex and in the parietal cortex of schizophrenic patients. The 59 

observation of C4 overexpression was further extended to the superior temporal cortex and 60 

the associative striatum of schizophrenic patients. Conversely, no significant alteration of C4 61 

expression was observed in peripheral tissues.  62 

Conclusions: Our results support the hypothesis of an excessive Complement activity in 63 

various brain regions of schizophrenic patients which may disrupt the synaptic pruning 64 

process occurring during adolescence. C4 overexpression may be specific to the cerebral 65 
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tissue while other alterations of the Complement system may be detected at the systemic 66 

level. 67 

 68 

Keywords: 69 

Schizophrenia; Complement component 4; Neuronal plasticity; Brain; Leucocytes; Gene 70 

expression 71 

 72 

 73 
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1. Introduction 74 

 75 

Schizophrenia (SZ) affects approximately 1% of the worldwide population (Laidi et al., 2018) 76 

and is responsible for a dramatic increase in mortality due to somatic diseases (especially 77 

those related to inflammatory processes i.e. metabolic, cardiovascular pathology and 78 

cancers) (Laursen et al., 2014). Thus, SZ can be considered as a systemic disorder in which 79 

pathological processes take place not only at the cerebral level but also in peripheral tissues 80 

(Al-Diwani et al., 2017). Although SZ pathogenesis is partly understood, there is strong 81 

evidence that SZ is a complex trait resulting from genetic and environmental influences 82 

(Sullivan et al., 2003).  83 

 84 

Among the several susceptibility loci for SZ identified by Genome Wide Association Studies, 85 

the strongest genetic association involves variation in the major histocompatibility complex 86 

(MHC) locus (Schizophrenia Working Group of the Psychiatric Genomics Consortium, 2014). 87 

This latter hosts the human leukocyte antigens (HLA) loci that encode cell surface proteins 88 

essential for the immunological recognition of self and non-self in vertebrates. The 89 

MHC/HLA cluster is physically divided into three regions corresponding to the HLA-class I, II 90 

and III clusters. Class III genes encode components of the Complement system which 91 

consists of at least 30 circulating and cell-surface proteins that interact with each other 92 

leading to the elimination of pathogens while protecting the self from subsequent damage 93 

(Presumey et al., 2017). At the cerebral level, components of the classical Complement 94 

cascade also participate to non-immunological processes such as the elimination of synapses 95 

(Schafer et al., 2012; Stevens et al., 2007); this so-called “pruning” occurs during normal 96 

postnatal development. Among the various proteins involved in the classical pathway, the 97 
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Complement component 4 (C4) is a critical factor (Stevens et al., 2007) previously implicated 98 

in the pruning process of mouse models (Schizophrenia Working Group of the Psychiatric 99 

Genomics Consortium et al., 2016). 100 

 101 

In SZ, accumulating evidence support the hypothesis of a disruption of the synaptic pruning 102 

in the brain during adolescence (Johnson and Stevens, 2018; Rocco et al., 2017). 103 

Consistently, recent results have established a link between the C4 locus (C4A and C4B loci) 104 

and abnormal synaptic pruning in SZ patients (Gandal et al., 2018b, 2018a; Schizophrenia 105 

Working Group of the Psychiatric Genomics Consortium et al., 2016). In six different brain 106 

regions of SZ patients and healthy controls (HC), it has been shown that C4A and C4B 107 

expressions are under the genetic control of various C4 molecular structures (Gandal et al., 108 

2018b; Schizophrenia Working Group of the Psychiatric Genomics Consortium et al., 2016). 109 

Notably, the increase of C4A expression parallels that of the C4A gene copy numbers on the 110 

one hand and the insertion of a human endogenous retroviral (HERV) element on the other. 111 

Moreover, each C4 allele is associated with schizophrenia risk in proportion to its tendency 112 

to produce greater expression of C4A in the brain (Fromer et al., 2016; Gandal et al., 2018b; 113 

Schizophrenia Working Group of the Psychiatric Genomics Consortium et al., 2016). 114 

Consistently, an overexpression of C4A has been identified in the total cerebral cortex 115 

(Gandal et al., 2018a), as well as in 6 different brain regions (namely, the prefrontal, anterior 116 

cingulate, orbital frontal, parietal cortices, the cerebellum and the corpus callosum) of SZ 117 

patients vs. HC (Gandal et al., 2018b; Schizophrenia Working Group of the Psychiatric 118 

Genomics Consortium et al., 2016). Furthermore, a C4B overexpression has been reported in 119 

the prefrontal cortex (PFC) of SZ patients vs. HC (Gandal et al., 2018b) suggesting a potential 120 
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involvement of C4B in SZ pathogenesis. Altogether these data implicate both C4A and C4B 121 

overexpression in SZ pathogenesis (Woo et al., 2020).  122 

 123 

To assess the clinical and biological significance of the present knowledge in SZ patients, 124 

alterations previously reported should be replicated and extended to other brain regions 125 

relevant to SZ. In this regard, C4 expression measured by microarrays, which reflects the 126 

combined expression of C4A and C4B genes, constitutes a valuable resource. Moreover, it 127 

remains unknown whether cerebral and peripheral C4 expression levels are related. A single 128 

study compared C4A expression in the peripheral blood mononuclear cells (PBMCs) of SZ 129 

patients vs. HC and no difference was found (Melbourne et al., 2018). Additional studies in 130 

peripheral tissues are needed since they are considered as promising and readily accessible 131 

surrogate systems to study the molecular mechanisms implicated in SZ (Cai et al., 2010; 132 

Kálmán et al., 2016; Lavoie et al., 2017).  133 

 134 

Using the bio-informatic application shinyGEO, we aimed to identify altered C4 expression 135 

(reflecting the combined expression of C4A and C4B genes) both at the cerebral and 136 

peripheral level in SZ patients. We compared C4 expression between SZ patients and HC (i) 137 

in postmortem cerebral samples from 7 different brain regions and (ii) in 4 peripheral tissues 138 

from independent samples. Finally, in order to evaluate the neurobiological relevance of the 139 

changes identified in peripheral tissues, we compared them to those observed in brain 140 

regions relevant to SZ. 141 

 142 

2. Material and Methods 143 

 144 
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2.1. Search and inclusion criteria of primary datasets 145 

Gene Expression Omnibus (GEO) database provides microarray expression results from 146 

postmortem brain or peripheral tissues samples from SZ patients and HC, along with 147 

demographic, clinical and quality data (Barrett et al., 2013). With the aim to identify altered 148 

expression of C4 genes both at the central and peripheral level in SZ patients, we explored 149 

GEO database for datasets providing microarray expression results from SZ patients and HC. 150 

Relevant microarray datasets were searched using the following search terms: 151 

(("schizophrenia"[MeSH Terms] OR schizophrenia[All Fields]) AND "Homo sapiens"[porgn]) 152 

AND "Homo sapiens"[porgn] AND ("gse"[Filter] AND "Expression profiling by array"[Filter]). 153 

We included datasets from original studies (i) involving brain or peripheral tissues samples 154 

from SZ patients and HC and (ii) using the Affymetrix Human Genome U133 plus 2.0 155 

(HG-U133_Plus_2) or Affymetrix Human Gene 1.0 ST (Human Gene 1.0 ST) or Affymetrix 156 

Human Gene 1.1 ST (Human Gene 1.1 ST) arrays. These chips can technically interrogate C4 157 

expression. Human Gene 1.0 ST and Human Gene 1.1 ST arrays exhibit comparable detection 158 

thresholds and are highly concordant with HG-U133_Plus_2 array (Pradervand et al., 2008; 159 

Robinson and Speed, 2007). 160 

In this study, eight independent GEO datasets were included (Barnes et al., 2011; Cattane et 161 

al., 2015; Chen et al., 2018, p. 2, 2013; Horiuchi et al., 2016; Lanz et al., 2019; Maycox et al., 162 

2009; van Beveren et al., 2012), obtained from 196 SZ patients and 182 HC. The included 163 

GEO datasets provided data from seven different brain regions relevant to SZ (Grot et al., 164 

2017; McCutcheon et al., 2019; Singh et al., 2018; Yeganeh-Doost et al., 2011) and four 165 

peripheral tissues (Table 1). All the data used in this project were acquired in previous 166 

studies, all of which conformed to Ethical Standards (Barnes et al., 2011; Cattane et al., 167 
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2015; Chen et al., 2018, p. 2, 2013; Horiuchi et al., 2016; Lanz et al., 2019; Maycox et al., 168 

2009; van Beveren et al., 2012). 169 

 170 

2.2. Demographic characteristics and quality data 171 

For each included GEO dataset, the quality data of the samples and demographic 172 

characteristics of the subjects who provided brain or peripheral tissues are summarized in 173 

Table 2 and Table 3, respectively. There was no significant difference in age, sex distribution, 174 

postmortem interval (PMI) and RNA integrity number (RIN) between the SZ patient and HC 175 

groups. For the brain pH, a significant difference was observed in the anterior PFC BA10 176 

(p=0.019) and in the superior temporal gyrus (STG) (p=0.002). 177 

 178 

2.3. Statistical analysis 179 

XLSTAT software (XLSTAT 2017: Data Analysis and Statistical Solution for Microsoft Excel. 180 

Addinsoft, Paris, France, 2017) was used to perform statistical analysis. For each included 181 

GEO dataset, demographic characteristics of subjects and quality data of samples in HC and 182 

SZ patient groups were compared using unpaired t-test (for age, PMI, brain pH and RIN), and 183 

Fisher exact test (for gender). 184 

For each tissue, we used shinyGEO application to realize differential expression analysis 185 

between SZ patients and HC (Dumas et al., 2016). shinyGEO is implemented using R 186 

[https://www.r-project.org/] and shiny [http://shiny.rstudio.com/]. shinyGEO downloads 187 

processed gene expression datasets from GEO using GEOquery package (Davis and Meltzer, 188 

2007). C4 expression values are then normalized using HSP90AB1 as the reference 189 

housekeeping gene. HSP90AB1 was selected based on the following criteria: (i) HSP90AB1 is 190 

one of the endogenous genes listed by Casares as potential housekeeping genes for 191 
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microarray analysis (Casares, 2016), (ii) HSP90AB1 and C4 genes are involved in different 192 

cellular functions, (iii) there was no significant difference in HSP90AB1 expression between 193 

the SZ patients and HC groups in any brain region or peripheral tissue. Normalized C4 194 

expression values are log2-transformed to stabilize the variance. 195 

ANCOVA testing was conducted to evaluate whether normalized C4 expression was 196 

impacted by relevant covariates. In each brain region and peripheral tissue, ANCOVA 197 

analysis was conducted using the normalized C4 gene expression as a dependent variable 198 

and with age, PMI, pH and RIN as quantitative independent variables, and sex as categorical 199 

independent variable. 200 

Normal distribution was tested using Shapiro-Wilk test. For differential expression, exact p-201 

values were calculated using unpaired, two-tailed t-tests. When a deviation from normality 202 

was detected, exact p-values were calculated using unpaired, two-tailed Mann-Whitney U 203 

tests. In case of violation of the equal variance assumption (Supplementary Tables 1-2), 204 

exact p-values were calculated using unpaired, two-tailed Welch tests. Gene expression 205 

comparisons were considered to be statistically significant for p<0.05.  206 

 207 

3. Results 208 

 209 

3.1. Demographic characteristics of the subjects and quality characteristics of the samples 210 

ANCOVA testing of each potential covariate (age, sex, PMI, pH, RIN) revealed no significant 211 

influence on normalized C4 expression in any of the brain regions or peripheral tissues, 212 

except in the cerebellum where the pH was significant (pH=0.014). 213 

 214 

3.2. Differential expression analysis in the brain tissues 215 
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Compared to HC, we identified a significant overexpression of C4 in the DLPFC (BA46) (fold 216 

change=1.46; p=0.005), STG (BA22) (fold change=1.78; p=0.035), parietal cortex (fold 217 

change=1.20; p=0.039) and associative striatum (fold change=1.32; p=0.034) of SZ patients 218 

(Fig. 1). In the anterior PFC (BA10) of SZ patients vs. HC, there was a trend to C4 219 

overexpression (fold change=1.37; p=0.076). No alterations were found in the hippocampus 220 

and cerebellum of SZ patients vs. HC. 221 

 222 

3.3. Differential expression analysis in the peripheral tissues 223 

No significant difference in C4 expression was identified in the olfactory epithelium, skin 224 

fibroblasts, lymphoblastoid cell lines (LCLs) and PBMCs of SZ patients vs. HC (Fig. 2). 225 

 226 

4. Discussion 227 

 228 

Compared to HC, we observed a C4 overexpression in the DLPFC (BA46), STG (BA22), 229 

parietal cortex and associative striatum of SZ patients. At the peripheral level, no difference 230 

in C4 expression was observed in SZ patients vs. HC. All the original studies from which are 231 

derived the included datasets used a genome-wide approach. As a principle, the expression 232 

of all genes was analyzed, including C4. However, those results were not discussed in the 233 

original experiments. The present study re-analyzed the original data using a candidate-gene 234 

approach. Since only C4 gene expression was re-analyzed in each dataset, no requirement 235 

for multiple tests correction was needed. Such an approach allowed us to extend previous 236 

knowledge on schizophrenia-associated C4 overexpression to other brain regions. 237 

 238 
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At the cerebral level, our results expand previous evidence reporting C4A 239 

overexpression in the total cerebral, prefrontal, anterior cingulate, orbital frontal, parietal 240 

cortices, cerebellum and corpus callosum (Gandal et al., 2018b, 2018a; Schizophrenia 241 

Working Group of the Psychiatric Genomics Consortium et al., 2016), C4B overexpression in 242 

the PFC (Gandal et al., 2018b; Pérez-Santiago et al., 2012) and C4A/C4B overexpression in 243 

the thalamus (Chu and Liu, 2010) in SZ patients. 244 

First, in the PFC of SZ patients vs. HC, we report C4 overexpression in BA46 and a trend to C4 245 

overexpression in BA10. This refines previous results reporting C4A and/or C4B 246 

overexpression in the PFC (mixed data from BA46, BA9 and BA10) and C4B overexpression in 247 

BA9 of SZ patients vs. HC (Gandal et al., 2018b; Pérez-Santiago et al., 2012). As an 248 

exploratory analysis with shinyGEO, we replicated C4 overexpression (fold change=2.03; 249 

p=0.003) in the BA46 of 29 SZ patients and 30 HC from another independent GEO dataset, 250 

GEO: GSE21138. These results suggest that C4 is overexpressed in different sub-regions of 251 

the PFC in SZ patients. 252 

Moreover, we identified a C4 overexpression in the parietal cortex of SZ patients vs. HC. Our 253 

findings are consistent with the C4A overexpression found in the parietal cortex of SZ 254 

patients (Schizophrenia Working Group of the Psychiatric Genomics Consortium et al., 2016) 255 

and support the correlation between C4A gene copy number and neuropil contraction 256 

observed in the parietal regions of young adult-onset SZ patients (Prasad et al., 2018). 257 

Furthermore, we observed for the first time C4 overexpression in the associative striatum 258 

and STG (BA22) of SZ patients vs. HC. In the associative striatum, C4 overexpression is 259 

consistent with glial activation and neuro-inflammation, as well as increased expression of 260 

pro-inflammatory transcripts in drug-naïve first episode psychosis (FEP) patients (Plitman et 261 

al., 2016; Sivaraman et al., 2018) and SZ patients (Lanz et al., 2019), respectively. In the STG, 262 
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C4 overexpression is in line with the involvement of immune related genes in synaptic 263 

events in the BA22 region of chronic SZ patients (Schmitt et al., 2011). 264 

 265 

 Notably, the C4 expression changes identified in the present study were of modest 266 

size (fold change (FC) from 1.3 to 1.8). Consistently, Sekar et al. reported that the median 267 

C4A expression in brain tissues was 1.4-fold greater in SZ patients compared to HC 268 

(Schizophrenia Working Group of the Psychiatric Genomics Consortium et al., 2016). 269 

Moreover, altered expression changes identified in SZ patients compared to HC are usually 270 

modest. Indeed, in the postmortem DLPFC, hippocampus and associative striatum of 271 

SZ patients versus HC, after false discovery rate correction, 99% of the differentially 272 

expressed genes exhibit a FC<|2| (Lanz et al., 2019). Mixed results are available regarding 273 

the functional consequences of such modest gene expression changes. On the one hand, in 274 

SZ patients, small gene expression changes have been associated with abnormal brain level 275 

of the encoded protein (Gibbons et al., 2020; Narayan et al., 2008; Pandey et al., 2018), and 276 

cognitive deficits (Cai et al., 2020; Horiuchi et al., 2016). In animal models of SZ as well, 277 

association between modest brain expression changes and behavioral abnormalities have 278 

been reported (Hsueh et al., 2018). In contrast, in SZ patients, other experiments failed to 279 

report that small gene expression changes have functional consequences on the encoded 280 

protein level (Boerrigter et al., 2017; Sinclair et al., 2013; Uhrig et al., 2016) or clinical scales 281 

(Ansoleaga et al., 2015; Gouvea et al., 2016). In this regard, while consistent with previous 282 

evidence involving C4 overexpression in SZ pathogenesis (Schizophrenia Working Group of 283 

the Psychiatric Genomics Consortium et al., 2016), our results require additional studies to 284 

demonstrate that C4 overexpression in the brain of SZ patients is associated with abnormal 285 

C4 protein levels, disease severity and functional impairment. 286 
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 287 

 Altogether our results are consistent with the hypothesis of an excessive 288 

Complement activity in schizophrenic disorders (Schizophrenia Working Group of the 289 

Psychiatric Genomics Consortium et al., 2016). Previously, Sekar et al. showed that each of 290 

the four common C4 structural haplotypes is associated with schizophrenia risk in proportion 291 

to its tendency to produce higher C4A brain expression (Schizophrenia Working Group of the 292 

Psychiatric Genomics Consortium et al., 2016). In SZ patients, these results suggest a 293 

genetically-determined lifelong high expression of C4. Since the average age of the brains 294 

investigated in the present study ranged from 42 to 73 years, our findings are consistent 295 

with the persistence of C4 overexpression in the brain of SZ patients long after the synaptic 296 

pruning period. However, since our samples were obtained long after adolescence, we could 297 

not demonstrate that C4 overexpression is already present during adolescence. To date and 298 

to our knowledge, no human study has explored C4 brain expression during adolescence. 299 

This may be due to the scarcity of brain collection tissues which are mainly obtained from 300 

old subjects. Since our present results suggest that peripheral C4 expression poorly reflects 301 

C4 brain expression, future research needs to gain access to C4 expression in the central 302 

nervous system during human adolescence. In this regard, measuring C4 expression in 303 

cerebrospinal fluid, although more invasive and expensive as compared to peripheral 304 

measurements, may provide meaningful information about C4 expression during the 305 

synaptic pruning period occurring in adolescence. 306 

 307 

 Paradoxically, while increasing evidence implicate the hippocampus and the 308 

cerebellum in SZ pathogenesis (Yeganeh-Doost et al., 2011; Nakahara et al., 2018; Lieberman 309 

et al., 2018; Ding et al., 2019), no significant difference in C4 expression was found in these 310 
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regions in SZ patients vs. HC. To date, findings related to C4 genes expression in these 311 

regions in SZ patients are mixed. Regarding the hippocampus, while increased predicted C4A 312 

expression was associated with poorer episodic memory performance in both SZ patients 313 

and HC (Donohoe et al., 2018), C4A gene copy number was not associated with hippocampic 314 

neuropil contraction in SZ patients (Prasad et al., 2018). Additionally, no change was 315 

observed in the hippocampic level of C4 protein in a neurodevelopmental mouse model of 316 

SZ (Mattei et al., 2017). Regarding the cerebellum, our results are in line with those of 317 

Prasad et al. who reported no association between C4A gene copy number and cerebellum 318 

neuropil contraction in SZ patients but contrast with those of Sekar et al. who observed C4A 319 

overexpression in the cerebellum of SZ patients (Schizophrenia Working Group of the 320 

Psychiatric Genomics Consortium et al., 2016).  321 

 322 

In the olfactory epithelium, skin fibroblasts, LCLs and PBMCs of SZ patients vs. HC, we 323 

observed no significant difference in C4 expression. Although skin fibroblasts and olfactory 324 

epithelium are considered as promising surrogate systems for the study of SZ pathogenesis 325 

(Kálmán et al., 2016; Lavoie et al., 2017), our results suggest that they may not be affected 326 

by transcriptional alterations of C4.  327 

The absence of difference in C4 expression in the lymphoblasts of SZ patients vs. HC 328 

is consistent with a previous RNA sequencing study on LCLs (Sanders et al., 2013). In this 329 

latter study, no difference in C4 expression was observed although an overexpression of four 330 

other Complement components was reported. In SZ disorders, these results suggest that C4 331 

overexpression may be specific to the cerebral tissue while other alterations of the 332 

Complement system may be detected at the systemic level possibly in relation with other 333 

Complement-mediated processes.  334 
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In PBMCs, the absence of significant difference in C4 expression is consistent with the 335 

single previous study exploring C4A mRNA expression in the PBMCs of SZ patients vs. HC 336 

(Melbourne et al., 2018). When considering C4 protein levels in the peripheral blood of SZ 337 

patients, discrepant results reporting increase (Cooper et al., 2017; Hakobyan et al., 2005; 338 

Mayilyan et al., 2006; Walss-Bass et al., 2019), decrease (Mayilyan et al., 2008) or no 339 

difference (Ali et al., 2017; Idonije et al., 2012; Kopczynska et al., 2019; Santos Sória et al., 340 

2012)  have been observed. Specifically, C4 protein level has been found increased in 341 

newborn babies who later develop SZ (Cooper et al., 2017), Ultra-High Risk patients (Laskaris 342 

et al., 2019), in advanced stages of SZ disorders or in chronic patients (Laskaris et al., 2019) 343 

contrasting with normal C4 protein levels in FEP patients (Kopczynska et al., 2019; Laskaris et 344 

al., 2019). However, among FEP patients, recent findings suggest that increased C4 protein 345 

levels may be restricted to treatment non-responders (Mondelli et al., 2020). The mismatch 346 

between mRNA and protein results might be related to the biological source (i.e. plasma or 347 

serum), the specific stages of SZ illness, the techniques involved in the measurement of 348 

mRNA and protein levels and the various levels of regulation between transcript and protein 349 

product (Maier et al., 2009). Notably, while most studies investigating mRNA-protein 350 

expression correlation used a genome-wide approach (correlation between mRNA 351 

expression and protein expression across all genes), only a limited number of individual gene 352 

correlation analyses (correlation between the expression of a mRNA and its protein product 353 

across multiple samples or conditions) have been performed (Koussounadis et al., 2015). 354 

This lack of individual gene correlation analyses is relevant since higher correlations have 355 

been observed for certain classes of genes while poorer correlations have been attributed to 356 

post-transcriptional regulation (Koussounadis et al., 2015). To date and to our knowledge, 357 

no individual gene correlation analysis has explored both C4 expression and C4 protein level 358 



16 

 

in brain or peripheral tissues of SZ patients vs. HC. It may thus be worthwhile for future 359 

studies to look for a correlation between C4 mRNA and C4 protein level in a given tissue. 360 

 361 

All these findings raise the possibility that direction and distribution of C4 altered 362 

expression in brain and peripheral tissues, may depend on the characteristics of SZ patients.  363 

On the one hand, the heterogenous clinical features of the included samples of SZ patients, 364 

especially the stage of the disorder, the acute or chronic status, the clinical severity, the level 365 

of treatment-resistance and the various antipsychotic treatments may constitute 366 

confounding factors. Regarding symptomatology, a positive correlation between C4A 367 

expression and PANSS positive factor scores was found in the PBMCs of SZ patients 368 

(Melbourne et al., 2018) while no results are available concerning such a correlation in the 369 

brain tissues. Therefore, we can’t exclude that C4 brain overexpression identified in SZ 370 

patients may also reflect the severity of the pathological process. Unfortunately, we could 371 

not explore this issue since no information about severity of symptomatology was provided 372 

in the included GEO datasets. A single study reported no influence of antipsychotic 373 

treatments on C4A expression in the PBMCs of SZ patients vs. HC (Melbourne et al., 2018). 374 

Since no previous study explored the influence of antipsychotics in brain tissues, a potential 375 

impact of such treatments on C4 brain expression could not be ruled out.  376 

On the other hand, the biological heterogeneity of SZ patients may impact the observed 377 

C4 expression levels. Indeed, C4 overexpression may be restricted to a subset of SZ patients 378 

characterized by C4 alleles generating high levels of C4 mRNA (Schizophrenia Working Group 379 

of the Psychiatric Genomics Consortium et al., 2016). This is in accordance with the concept 380 

of SZ disorders as a group of heterogeneous disorders underpinned by various mechanistic 381 

processes (Clementz et al., 2016; Mothi et al., 2018). More studies combining structural 382 
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genetic data and gene expression data are warranted in brain and peripheral tissues to 383 

evaluate whether C4 overexpression is only observed in a subset of individuals with SZ 384 

disorders. A classification of SZ patients according to underlying biology rather than clinical 385 

symptomatology would be a further step to a precision psychiatry approach (Fernandes et 386 

al., 2017).  387 

 388 

In this study, the transcriptional alterations identified in cerebral tissues of 389 

SZ patients were not observed in the peripheral tissues. These discrepancies may be due to 390 

the fact that brain and peripheral tissues samples used in the present study were not 391 

derived from the same subjects. Alternatively, our results suggest that the olfactory 392 

epithelium, skin fibroblasts, LCLs and PBMCs do not reflect the brain expression of C4 in SZ 393 

patients. Our results are not consistent with previous studies reporting that blood shares 394 

significant gene expression similarities with brain tissues (Sullivan et al., 2006). Regarding C4 395 

expression in SZ disorders, our results rather suggest that brain and peripheral tissues may 396 

be affected by distinct alterations (Al-Diwani et al., 2017; Cai et al., 2010; Liew et al., 2006; 397 

Sullivan et al., 2006) and that C4 overexpression may be restricted to specific brain regions in 398 

SZ disorders. Since C4 expression level is related to gene copy number and HERV status 399 

(Schizophrenia Working Group of the Psychiatric Genomics Consortium et al., 2016) which 400 

are identical throughout the whole body, it may be suggested that additional epigenetic 401 

factors are involved in the regulation of C4 expression at the cerebral level, a wide concept 402 

named tissue-specificity. Consistently with this hypothesis, previous studies using mouse 403 

models have shown that early environmental risk factors for SZ disrupt the Complement 404 

system (Duchatel et al., 2018) even in the absence of genetic background (Mattei et al., 405 

2017).  406 
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 407 

Finally, the microarrays used to acquire the GEO datasets included in the present 408 

study could not technically distinguish between C4A and C4B transcripts. Thus, the relative 409 

involvement of C4A and C4B transcripts in the C4 overexpression identified in the DLPFC 410 

(BA46), the STG (BA22), the parietal cortex and the associative striatum can’t be specified. 411 

We could not exclude the possibility that C4 overexpression may reflect C4B overexpression. 412 

Although the majority of available results conclude that risk for SZ is associated with C4A 413 

overexpression (Gandal et al., 2018b, 2018a; Schizophrenia Working Group of the Psychiatric 414 

Genomics Consortium et al., 2016), recent results also implicate C4B overexpression in SZ 415 

pathogenesis. Firstly, an increased expression of C4B was reported in the PFC and thalamus 416 

of SZ patients vs. HC (Chu and Liu, 2010; Gandal et al., 2018b; Pérez-Santiago et al., 2012). 417 

Secondly, in two independent samples of SZ patients, an association between C4B gene copy 418 

number and increased neuropil contractions was observed in various brain regions 419 

associated with SZ (Prasad et al., 2018). Additionally, although mouse models provided the 420 

experimental evidence implicating C4 expression in the pruning processes (Schizophrenia 421 

Working Group of the Psychiatric Genomics Consortium et al., 2016) such models are of 422 

limited interest to explore the specific role of C4A and C4B in the altered pruning process of 423 

SZ since mice lack the two isoforms of C4 found in humans. Altogether these results raise the 424 

hypothesis of the potential involvement of C4B overexpression in SZ pathogenesis. To 425 

further explore this issue, we performed an exploratory analysis with shinyGEO. We selected 426 

the GEO dataset GEO: GSE62191 which was acquired using a microarray specifically 427 

exploring C4B expression. In line with our latter hypothesis, we observed a trend to C4B 428 

overexpression (fold change = 1.17; p = 0.077) in the frontal cortex of 29 SZ patients vs. 429 
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30 HC. Additional studies are needed to further investigate C4B overexpression in SZ 430 

disorders.  431 

 432 

5. Limits 433 

 434 

 Interpretation of the present results is affected by limiting factors. Firstly, brain and 435 

peripheral tissues were obtained from 8 different and modest-sized SZ samples. Brain 436 

tissues were obtained from rather old men and women (Table 2), whereas PBMCs were 437 

collected from younger men (mean age ± SD: 23.02 ± 4.03 for the controls and 23.90 ± 4.08 438 

for the SZ patients). Therefore, the gene expression changes identified in the cerebral tissues 439 

may reflect the influence of age, while the absence of results in the PBMCs may be gender 440 

specific. However, previous studies observed no influence of age or sex on C4 expression in 441 

brain tissues (Schizophrenia Working Group of the Psychiatric Genomics Consortium et al., 442 

2016) or PBMCs (Melbourne et al., 2018) of SZ patients. Consistently, in the present study, 443 

ANCOVA testing did not report a significant influence of age or sex on normalized C4 444 

expression in any of the brain regions or peripheral tissues. Thus, it is unlikely that age or sex 445 

explain our results. Moreover, it should be noted that the modest size of the samples may 446 

have led to type II errors, especially in the anterior PFC (BA10) where we identified a trend 447 

to C4 overexpression (FC=1.37, p=0.076). Independent, larger samples are thus needed to 448 

replicate our results. 449 

Secondly, factors inherent in post-mortem brain studies, and beyond the investigator’s 450 

control, might have influenced our results: (i) A concern is the effect of brain pH on our 451 

results since we observed a significant difference in brain pH between HC and SZ patient 452 

groups in the PFC (BA10) and STG (BA22). However, ANCOVA testing did not report a 453 
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significant influence of pH on normalized C4 expression in any of the brain regions or 454 

peripheral tissues, except in the cerebellum, (ii) Another limitation is the lack of information 455 

regarding potential confounding factors such as drug consumption, tobacco smoking or 456 

alcohol abuse history even if no significant effect of smoking on C4 transcript levels was 457 

observed in the PBMCs of SZ patients (Melbourne et al., 2018). Brain tissue collections 458 

associated with high-quality phenotype data are warranted to allow replication of the 459 

present results.  460 

Thirdly, all the datasets included in the present study were acquired through microarray 461 

technology. Our results are thus subject to the methodological limitations that lies within 462 

the use of microarrays: (i) background hybridization limit gene expression measurement, 463 

especially for low abundance transcripts, (ii) probe performance may have led to specificity 464 

issues (through cross-hybridization and non-specific hybridization), (iii) only genes for which 465 

probes are designed can be explored. In contrast, RNA-sequencing (RNA-seq) has higher 466 

sensitivity and specificity and thus allows the detection of a higher percentage of 467 

differentially expressed genes, especially those with low expression. Moreover, RNA-seq can 468 

detect novel transcripts, isoforms and reveal splice variants (Zhao et al., 2014). Recently, 469 

using RNA-seq in the prefrontal cortex of SZ patients compared to HC, Gandal et al. reported 470 

decreased expression levels of two C4A isoforms as well as an overexpressed and a 471 

decreased C4B isoforms (Gandal et al., 2018b). Thus, specific splice variants of C4A and C4B 472 

may be associated with the altered synaptic pruning in SZ and remain to be explored. 473 

Additional RNA-seq studies are needed to disentangle the specific role of C4A and C4B splice 474 

variants to better understand the mechanisms underlying the dysregulation of pruning in SZ 475 

disorders.  476 
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Fourthly, postmortem tissue samples may have different white/grey matter ratios leading to 477 

different relative amounts of neuronal or glial transcripts in the extracted mRNA. Further 478 

research using single-cell RNA-seq techniques is needed to take into account this issue. 479 

Indeed, in comparison to traditional profiling methods that assess bulk cellular populations, 480 

single cell RNA-sequencing has the ability to study specific cell populations, allowing the 481 

study of white and grey matter-derived transcripts. 482 

In the light of these different limits, replication studies in larger, independent samples using 483 

high-throughput sequencing techniques such as single-cell RNA-seq technology are needed 484 

to confirm, refine and extend our results. In this regard, high-quality brain tissue collections 485 

are needed to allow optimized cell dissociation and single-cell preparation, thus ensuring 486 

meaningful analyses and conclusions. 487 

Finally, the gene expression changes identified in the present study were of modest size 488 

raising the question of whether or not they are associated with functional consequences. 489 

Additional studies in SZ patients are thus needed to demonstrate that C4 brain 490 

overexpression is associated with abnormal C4 protein levels, disease severity and functional 491 

impairment. Especially, while our study provides additional clues towards an excessive 492 

Complement activity in the brain of SZ patients, our results do not allow us to link C4 493 

overexpression to abnormal synaptic pruning. Hence, additional studies are needed, at 494 

different time points of life, to confirm that C4 cerebral overexpression disrupts the synaptic 495 

pruning during adolescence which in turn increases risk for schizophrenic disorders (Johnson 496 

and Stevens, 2018).  497 

 498 

6. Conclusions 499 

 500 
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Using eight independent gene expression datasets, we provide further evidence of 501 

C4 overexpression at the cerebral level in SZ patients. Consistently with a previous report, 502 

we found C4 overexpression in the DLPFC (BA46) and in the parietal cortex of SZ patients 503 

compared to HC. In SZ patients, C4 overexpression was further extended to the STG (BA22) 504 

and the associative striatum. Conversely, no significant alteration of C4 expression was 505 

observed in peripheral tissues suggesting that C4 overexpression may be specific to the 506 

cerebral tissue while other alterations of the Complement system may be detected at the 507 

systemic level. Our results support the hypothesis of an excessive Complement activity in 508 

various brain regions of SZ patients which may disrupt the synaptic pruning process 509 

occurring during adolescence. 510 



23 

 

Funding sources 511 

This work was supported by the French National Research Agency (ANR) (microSCHIZ 512 

project: “Microglial activation in Complement C4-stratified schizophrenic patients and in a 513 

mouse model of C4 overexpression”, [grant numbers ANR-18-NEUR-0008-01] to RT). The 514 

funding agency had no role in the study design, data collection and analysis, decision to 515 

publish and preparation of the manuscript. The content is solely the responsibility of the 516 

authors. 517 

 518 

Acknowledgments  519 

We would like to thank Jasmine Dumas and Garrett Dancik from the Department of 520 

Computer Science at Eastern Connecticut State University for the development of shinyGEO 521 

application and for their help in using the application. 522 

 523 

Declaration of Competing Interest 524 

The authors report no biomedical financial interests or potential conflicts of interest. 525 

 526 

Data Availability Statement 527 

The data that support the findings of this study are openly available in Gene Expression 528 

Omnibus (NCBI) at https://www.ncbi.nlm.nih.gov/geo/, reference numbers GEO: GSE53987, 529 

GEO: GSE17612, GEO: GSE35977, GEO: GSE35974, GEO: GSE21935, GEO: GSE27383, 530 

GEO: GSE73129, GEO: GSE62333, GEO: GSE21138, GEO: GSE62191. 531 

 532 



24 

 

REFERENCES 533 

Al-Diwani, A.A.J., Pollak, T.A., Irani, S.R., Lennox, B.R., 2017. Psychosis: an autoimmune 534 

disease? Immunology 152, 388–401. https://doi.org/10.1111/imm.12795 535 

Ali, F.T., Abd El-Azeem, E.M., Hamed, M.A., Ali, M.A.M., Abd Al-Kader, N.M., Hassan, 536 

E.A., 2017. Redox dysregulation, immuno-inflammatory alterations and genetic variants of 537 

BDNF and MMP-9 in schizophrenia: Pathophysiological and phenotypic implications. 538 

Schizophr. Res. 188, 98–109. https://doi.org/10.1016/j.schres.2017.01.016 539 

Ansoleaga, B., Garcia-Esparcia, P., Pinacho, R., Haro, J.M., Ramos, B., Ferrer, I., 2015. 540 

Decrease in olfactory and taste receptor expression in the dorsolateral prefrontal cortex in 541 

chronic schizophrenia. J Psychiatr Res 60, 109–116. 542 

https://doi.org/10.1016/j.jpsychires.2014.09.012 543 

Barnes, M.R., Huxley-Jones, J., Maycox, P.R., Lennon, M., Thornber, A., Kelly, F., Bates, S., 544 

Taylor, A., Reid, J., Jones, N., Schroeder, J., Scorer, C.A., Davies, C., Hagan, J.J., Kew, 545 

J.N.C., Angelinetta, C., Akbar, T., Hirsch, S., Mortimer, A.M., Barnes, T.R.E., de Belleroche, 546 

J., 2011. Transcription and pathway analysis of the superior temporal cortex and anterior 547 

prefrontal cortex in schizophrenia. J. Neurosci. Res. 89, 1218–1227. 548 

https://doi.org/10.1002/jnr.22647 549 

Barrett, T., Wilhite, S.E., Ledoux, P., Evangelista, C., Kim, I.F., Tomashevsky, M., Marshall, 550 

K.A., Phillippy, K.H., Sherman, P.M., Holko, M., Yefanov, A., Lee, H., Zhang, N., 551 

Robertson, C.L., Serova, N., Davis, S., Soboleva, A., 2013. NCBI GEO: archive for 552 

functional genomics data sets--update. Nucleic Acids Res. 41, D991-995. 553 

https://doi.org/10.1093/nar/gks1193 554 

Boerrigter, D., Weickert, T.W., Lenroot, R., O’Donnell, M., Galletly, C., Liu, D., Burgess, 555 

M., Cadiz, R., Jacomb, I., Catts, V.S., Fillman, S.G., Weickert, C.S., 2017. Using blood 556 

cytokine measures to define high inflammatory biotype of schizophrenia and schizoaffective 557 



25 

 

disorder. J Neuroinflammation 14, 188. https://doi.org/10.1186/s12974-017-0962-y 558 

Cai, C., Langfelder, P., Fuller, T.F., Oldham, M.C., Luo, R., van den Berg, L.H., Ophoff, 559 

R.A., Horvath, S., 2010. Is human blood a good surrogate for brain tissue in transcriptional 560 

studies? BMC Genomics 11, 589. https://doi.org/10.1186/1471-2164-11-589 561 

Cai, H.Q., Weickert, T.W., Catts, V.S., Balzan, R., Galletly, C., Liu, D., O’Donnell, M., 562 

Shannon Weickert, C., 2020. Altered levels of immune cell adhesion molecules are associated 563 

with memory impairment in schizophrenia and healthy controls. Brain Behav. Immun. 564 

https://doi.org/10.1016/j.bbi.2020.06.017 565 

Casares, F.M., 2016. A Simple Method for Optimization of Reference Gene Identification and 566 

Normalization in DNA Microarray Analysis. Med Sci Monit Basic Res 22, 45–52. 567 

https://doi.org/10.12659/MSMBR.897644 568 

Cattane, N., Minelli, A., Milanesi, E., Maj, C., Bignotti, S., Bortolomasi, M., Bocchio 569 

Chiavetto, L., Gennarelli, M., 2015. Altered gene expression in schizophrenia: findings from 570 

transcriptional signatures in fibroblasts and blood. PLoS ONE 10, e0116686. 571 

https://doi.org/10.1371/journal.pone.0116686 572 

Chen, C., Cheng, L., Grennan, K., Pibiri, F., Zhang, C., Badner, J.A., Members of the Bipolar 573 

Disorder Genome Study (BiGS) Consortium, Gershon, E.S., Liu, C., 2013. Two gene co-574 

expression modules differentiate psychotics and controls. Mol. Psychiatry 18, 1308–1314. 575 

https://doi.org/10.1038/mp.2012.146 576 

Chen, C., Meng, Q., Xia, Y., Ding, C., Wang, L., Dai, R., Cheng, L., Gunaratne, P., Gibbs, 577 

R.A., Min, S., Coarfa, C., Reid, J.G., Zhang, C., Jiao, C., Jiang, Y., Giase, G., Thomas, A., 578 

Fitzgerald, D., Brunetti, T., Shieh, A., Xia, C., Wang, Yongjun, Wang, Yunpeng, Badner, 579 

J.A., Gershon, E.S., White, K.P., Liu, C., 2018. The transcription factor POU3F2 regulates a 580 

gene coexpression network in brain tissue from patients with psychiatric disorders. Sci Transl 581 

Med 10. https://doi.org/10.1126/scitranslmed.aat8178 582 



26 

 

Chu, T.T., Liu, Y., 2010. An integrated genomic analysis of gene-function correlation on 583 

schizophrenia susceptibility genes. J. Hum. Genet. 55, 285–292. 584 

https://doi.org/10.1038/jhg.2010.24 585 

Clementz, B.A., Sweeney, J.A., Hamm, J.P., Ivleva, E.I., Ethridge, L.E., Pearlson, G.D., 586 

Keshavan, M.S., Tamminga, C.A., 2016. Identification of Distinct Psychosis Biotypes Using 587 

Brain-Based Biomarkers. Am J Psychiatry 173, 373–384. 588 

https://doi.org/10.1176/appi.ajp.2015.14091200 589 

Cooper, J.D., Ozcan, S., Gardner, R.M., Rustogi, N., Wicks, S., van Rees, G.F., Leweke, 590 

F.M., Dalman, C., Karlsson, H., Bahn, S., 2017. Schizophrenia-risk and urban birth are 591 

associated with proteomic changes in neonatal dried blood spots. Transl Psychiatry 7, 1290. 592 

https://doi.org/10.1038/s41398-017-0027-0 593 

Davis, S., Meltzer, P.S., 2007. GEOquery: a bridge between the Gene Expression Omnibus 594 

(GEO) and BioConductor. Bioinformatics 23, 1846–1847. 595 

https://doi.org/10.1093/bioinformatics/btm254 596 

Ding, Y., Ou, Y., Pan, P., Shan, X., Chen, J., Liu, F., Zhao, J., Guo, W., 2019. Cerebellar 597 

structural and functional abnormalities in first-episode and drug-naive patients with 598 

schizophrenia: A meta-analysis. Psychiatry Res Neuroimaging 283, 24–33. 599 

https://doi.org/10.1016/j.pscychresns.2018.11.009 600 

Donohoe, G., Holland, J., Mothersill, D., McCarthy-Jones, S., Cosgrove, D., Harold, D., 601 

Richards, A., Mantripragada, K., Owen, M.J., O’Donovan, M.C., WTCCC2, Gill, M., Corvin, 602 

A., Morris, D.W., 2018. Genetically predicted complement component 4A expression: effects 603 

on memory function and middle temporal lobe activation. Psychol Med 48, 1608–1615. 604 

https://doi.org/10.1017/S0033291717002987 605 

Duchatel, R.J., Meehan, C.L., Harms, L.R., Michie, P.T., Bigland, M.J., Smith, D.W., 606 

Jobling, P., Hodgson, D.M., Tooney, P.A., 2018. Increased complement component 4 (C4) 607 



27 

 

gene expression in the cingulate cortex of rats exposed to late gestation immune activation. 608 

Schizophr. Res. 199, 442–444. https://doi.org/10.1016/j.schres.2018.03.035 609 

Dumas, J., Gargano, M.A., Dancik, G.M., 2016. shinyGEO: a web-based application for 610 

analyzing gene expression omnibus datasets. Bioinformatics 32, 3679–3681. 611 

https://doi.org/10.1093/bioinformatics/btw519 612 

Fernandes, B.S., Williams, L.M., Steiner, J., Leboyer, M., Carvalho, A.F., Berk, M., 2017. 613 

The new field of “precision psychiatry.” BMC Med 15, 80. https://doi.org/10.1186/s12916-614 

017-0849-x 615 

Fromer, M., Roussos, P., Sieberts, S.K., Johnson, J.S., Kavanagh, D.H., Perumal, T.M., 616 

Ruderfer, D.M., Oh, E.C., Topol, A., Shah, H.R., Klei, L.L., Kramer, R., Pinto, D., Gümüş, 617 

Z.H., Cicek, A.E., Dang, K.K., Browne, A., Lu, C., Xie, L., Readhead, B., Stahl, E.A., Xiao, 618 

J., Parvizi, M., Hamamsy, T., Fullard, J.F., Wang, Y.-C., Mahajan, M.C., Derry, J.M.J., 619 

Dudley, J.T., Hemby, S.E., Logsdon, B.A., Talbot, K., Raj, T., Bennett, D.A., De Jager, P.L., 620 

Zhu, J., Zhang, B., Sullivan, P.F., Chess, A., Purcell, S.M., Shinobu, L.A., Mangravite, L.M., 621 

Toyoshiba, H., Gur, R.E., Hahn, C.-G., Lewis, D.A., Haroutunian, V., Peters, M.A., Lipska, 622 

B.K., Buxbaum, J.D., Schadt, E.E., Hirai, K., Roeder, K., Brennand, K.J., Katsanis, N., 623 

Domenici, E., Devlin, B., Sklar, P., 2016. Gene expression elucidates functional impact of 624 

polygenic risk for schizophrenia. Nat. Neurosci. 19, 1442–1453. 625 

https://doi.org/10.1038/nn.4399 626 

Gandal, M.J., Haney, J.R., Parikshak, N.N., Leppa, V., Ramaswami, G., Hartl, C., Schork, 627 

A.J., Appadurai, V., Buil, A., Werge, T.M., Liu, C., White, K.P., CommonMind Consortium, 628 

PsychENCODE Consortium, iPSYCH-BROAD Working Group, Horvath, S., Geschwind, 629 

D.H., 2018a. Shared molecular neuropathology across major psychiatric disorders parallels 630 

polygenic overlap. Science 359, 693–697. https://doi.org/10.1126/science.aad6469 631 

Gandal, M.J., Zhang, P., Hadjimichael, E., Walker, R.L., Chen, C., Liu, S., Won, H., van 632 



28 

 

Bakel, H., Varghese, M., Wang, Y., Shieh, A.W., Haney, J., Parhami, S., Belmont, J., Kim, 633 

M., Moran Losada, P., Khan, Z., Mleczko, J., Xia, Y., Dai, R., Wang, D., Yang, Y.T., Xu, M., 634 

Fish, K., Hof, P.R., Warrell, J., Fitzgerald, D., White, K., Jaffe, A.E., PsychENCODE 635 

Consortium, Peters, M.A., Gerstein, M., Liu, C., Iakoucheva, L.M., Pinto, D., Geschwind, 636 

D.H., 2018b. Transcriptome-wide isoform-level dysregulation in ASD, schizophrenia, and 637 

bipolar disorder. Science 362. https://doi.org/10.1126/science.aat8127 638 

Gibbons, A.S., Hoyer, D., Dean, B., 2020. SMAD4 protein is decreased in the dorsolateral 639 

prefrontal and anterior cingulate cortices in schizophrenia. World J. Biol. Psychiatry 1–8. 640 

https://doi.org/10.1080/15622975.2020.1733081 641 

Gouvea, E.S., Ota, V.K., Noto, C., Santoro, M.L., Spindola, L.M., Moretti, P.N., Carvalho, 642 

C.M., Xavier, G., Rios, A.C., Sato, J.R., Hayashi, M. a. F., Brietzke, E., Gadelha, A., Bressan, 643 

R.A., Cordeiro, Q., Belangero, S.I., 2016. Gene expression alterations related to mania and 644 

psychosis in peripheral blood of patients with a first episode of psychosis. Transl Psychiatry 645 

6, e908. https://doi.org/10.1038/tp.2016.159 646 

Grot, S., Légaré, V.P., Lipp, O., Soulières, I., Dolcos, F., Luck, D., 2017. Abnormal 647 

prefrontal and parietal activity linked to deficient active binding in working memory in 648 

schizophrenia. Schizophr. Res. 188, 68–74. https://doi.org/10.1016/j.schres.2017.01.021 649 

Hakobyan, S., Boyajyan, A., Sim, R.B., 2005. Classical pathway complement activity in 650 

schizophrenia. Neurosci. Lett. 374, 35–37. https://doi.org/10.1016/j.neulet.2004.10.024 651 

Horiuchi, Y., Kondo, M.A., Okada, K., Takayanagi, Y., Tanaka, T., Ho, T., Varvaris, M., 652 

Tajinda, K., Hiyama, H., Ni, K., Colantuoni, C., Schretlen, D., Cascella, N.G., Pevsner, J., 653 

Ishizuka, K., Sawa, A., 2016. Molecular signatures associated with cognitive deficits in 654 

schizophrenia: a study of biopsied olfactory neural epithelium. Transl Psychiatry 6, e915. 655 

https://doi.org/10.1038/tp.2016.154 656 

Hsueh, P.-T., Lin, H.-H., Wang, H.-H., Liu, C.-L., Ni, W.-F., Liu, J.-K., Chang, H.-H., Sun, 657 



29 

 

D.-S., Chen, Y.-S., Chen, Y.-L., 2018. Immune imbalance of global gene expression, and 658 

cytokine, chemokine and selectin levels in the brains of offspring with social deficits via 659 

maternal immune activation. Genes Brain Behav. 17, e12479. 660 

https://doi.org/10.1111/gbb.12479 661 

Idonije, O.B., Akinlade, K.S., Ihenyen, O., Arinola, O.G., 2012. Complement factors in newly 662 

diagnosed Nigerian schizoprenic patients and those on antipsychotic therapy. Niger J Physiol 663 

Sci 27, 19–21. 664 

Johnson, M.B., Stevens, B., 2018. Pruning hypothesis comes of age. Nature 554, 438–439. 665 

https://doi.org/10.1038/d41586-018-02053-7 666 

Kálmán, S., Garbett, K.A., Janka, Z., Mirnics, K., 2016. Human dermal fibroblasts in 667 

psychiatry research. Neuroscience 320, 105–121. 668 

https://doi.org/10.1016/j.neuroscience.2016.01.067 669 

Kopczynska, M., Zelek, W., Touchard, S., Gaughran, F., Di Forti, M., Mondelli, V., Murray, 670 

R., O’Donovan, M.C., Morgan, B.P., 2019. Complement system biomarkers in first episode 671 

psychosis. Schizophr. Res. 204, 16–22. https://doi.org/10.1016/j.schres.2017.12.012 672 

Koussounadis, A., Langdon, S.P., Um, I.H., Harrison, D.J., Smith, V.A., 2015. Relationship 673 

between differentially expressed mRNA and mRNA-protein correlations in a xenograft model 674 

system. Sci Rep 5, 10775. https://doi.org/10.1038/srep10775 675 

Laidi, C., Prigent, A., Plas, A., Leboyer, M., Fond, G., Chevreul, K., FACE-SCZ Group, 676 

2018. Factors associated with direct health care costs in schizophrenia: Results from the 677 

FACE-SZ French dataset. Eur Neuropsychopharmacol 28, 24–36. 678 

https://doi.org/10.1016/j.euroneuro.2017.11.020 679 

Lanz, T.A., Reinhart, V., Sheehan, M.J., Rizzo, S.J.S., Bove, S.E., James, L.C., Volfson, D., 680 

Lewis, D.A., Kleiman, R.J., 2019. Postmortem transcriptional profiling reveals widespread 681 

increase in inflammation in schizophrenia: a comparison of prefrontal cortex, striatum, and 682 



30 

 

hippocampus among matched tetrads of controls with subjects diagnosed with schizophrenia, 683 

bipolar or major depressive disorder. Transl Psychiatry 9, 151. 684 

https://doi.org/10.1038/s41398-019-0492-8 685 

Laskaris, L., Zalesky, A., Weickert, C.S., Di Biase, M.A., Chana, G., Baune, B.T., Bousman, 686 

C., Nelson, B., McGorry, P., Everall, I., Pantelis, C., Cropley, V., 2019. Investigation of 687 

peripheral complement factors across stages of psychosis. Schizophr. Res. 204, 30–37. 688 

https://doi.org/10.1016/j.schres.2018.11.035 689 

Laursen, T.M., Nordentoft, M., Mortensen, P.B., 2014. Excess early mortality in 690 

schizophrenia. Annu Rev Clin Psychol 10, 425–448. https://doi.org/10.1146/annurev-clinpsy-691 

032813-153657 692 

Lavoie, J., Sawa, A., Ishizuka, K., 2017. Application of olfactory tissue and its neural 693 

progenitors to schizophrenia and psychiatric research. Curr Opin Psychiatry 30, 176–183. 694 

https://doi.org/10.1097/YCO.0000000000000327 695 

Lieberman, J.A., Girgis, R.R., Brucato, G., Moore, H., Provenzano, F., Kegeles, L., Javitt, D., 696 

Kantrowitz, J., Wall, M.M., Corcoran, C.M., Schobel, S.A., Small, S.A., 2018. Hippocampal 697 

dysfunction in the pathophysiology of schizophrenia: a selective review and hypothesis for 698 

early detection and intervention. Mol. Psychiatry 23, 1764–1772. 699 

https://doi.org/10.1038/mp.2017.249 700 

Liew, C.-C., Ma, J., Tang, H.-C., Zheng, R., Dempsey, A.A., 2006. The peripheral blood 701 

transcriptome dynamically reflects system wide biology: a potential diagnostic tool. J. Lab. 702 

Clin. Med. 147, 126–132. https://doi.org/10.1016/j.lab.2005.10.005 703 

Maier, T., Güell, M., Serrano, L., 2009. Correlation of mRNA and protein in complex 704 

biological samples. FEBS Lett. 583, 3966–3973. https://doi.org/10.1016/j.febslet.2009.10.036 705 

Mattei, D., Ivanov, A., Ferrai, C., Jordan, P., Guneykaya, D., Buonfiglioli, A., Schaafsma, 706 

W., Przanowski, P., Deuther-Conrad, W., Brust, P., Hesse, S., Patt, M., Sabri, O., Ross, T.L., 707 



31 

 

Eggen, B.J.L., Boddeke, E.W.G.M., Kaminska, B., Beule, D., Pombo, A., Kettenmann, H., 708 

Wolf, S.A., 2017. Maternal immune activation results in complex microglial transcriptome 709 

signature in the adult offspring that is reversed by minocycline treatment. Transl Psychiatry 7, 710 

e1120. https://doi.org/10.1038/tp.2017.80 711 

Maycox, P.R., Kelly, F., Taylor, A., Bates, S., Reid, J., Logendra, R., Barnes, M.R., Larminie, 712 

C., Jones, N., Lennon, M., Davies, C., Hagan, J.J., Scorer, C.A., Angelinetta, C., Akbar, M.T., 713 

Akbar, T., Hirsch, S., Mortimer, A.M., Barnes, T.R.E., de Belleroche, J., 2009. Analysis of 714 

gene expression in two large schizophrenia cohorts identifies multiple changes associated 715 

with nerve terminal function. Mol. Psychiatry 14, 1083–1094. 716 

https://doi.org/10.1038/mp.2009.18 717 

Mayilyan, K.R., Arnold, J.N., Presanis, J.S., Soghoyan, A.F., Sim, R.B., 2006. Increased 718 

complement classical and mannan-binding lectin pathway activities in schizophrenia. 719 

Neurosci. Lett. 404, 336–341. https://doi.org/10.1016/j.neulet.2006.06.051 720 

Mayilyan, K.R., Dodds, A.W., Boyajyan, A.S., Soghoyan, A.F., Sim, R.B., 2008. 721 

Complement C4B protein in schizophrenia. World J. Biol. Psychiatry 9, 225–230. 722 

https://doi.org/10.1080/15622970701227803 723 

McCutcheon, R.A., Abi-Dargham, A., Howes, O.D., 2019. Schizophrenia, Dopamine and the 724 

Striatum: From Biology to Symptoms. Trends Neurosci. 725 

https://doi.org/10.1016/j.tins.2018.12.004 726 

Melbourne, J.K., Rosen, C., Feiner, B., Sharma, R.P., 2018. C4A mRNA expression in 727 

PBMCs predicts the presence and severity of delusions in schizophrenia and bipolar disorder 728 

with psychosis. Schizophr. Res. https://doi.org/10.1016/j.schres.2018.01.018 729 

Mondelli, V., Di Forti, M., Morgan, B.P., Murray, R.M., Pariante, C.M., Dazzan, P., 2020. 730 

Baseline high levels of complement component 4 predict worse clinical outcome at 1-year 731 

follow-up in first-episode psychosis. Brain Behav. Immun. 732 



32 

 

https://doi.org/10.1016/j.bbi.2020.01.014 733 

Mothi, S.S., Sudarshan, M., Tandon, N., Tamminga, C., Pearlson, G., Sweeney, J., Clementz, 734 

B., Keshavan, M.S., 2018. Machine learning improved classification of psychoses using 735 

clinical and biological stratification: Update from the bipolar-schizophrenia network for 736 

intermediate phenotypes (B-SNIP). Schizophr. Res. 737 

https://doi.org/10.1016/j.schres.2018.04.037 738 

Nakahara, S., Matsumoto, M., van Erp, T.G.M., 2018. Hippocampal subregion abnormalities 739 

in schizophrenia: A systematic review of structural and physiological imaging studies. 740 

Neuropsychopharmacol Rep. https://doi.org/10.1002/npr2.12031 741 

Narayan, S., Tang, B., Head, S.R., Gilmartin, T.J., Sutcliffe, J.G., Dean, B., Thomas, E.A., 742 

2008. Molecular profiles of schizophrenia in the CNS at different stages of illness. Brain Res. 743 

1239, 235–248. https://doi.org/10.1016/j.brainres.2008.08.023 744 

Pandey, G.N., Rizavi, H.S., Zhang, H., Ren, X., 2018. Abnormal gene and protein expression 745 

of inflammatory cytokines in the postmortem brain of schizophrenia patients. Schizophr. Res. 746 

192, 247–254. https://doi.org/10.1016/j.schres.2017.04.043 747 

Pérez-Santiago, J., Diez-Alarcia, R., Callado, L.F., Zhang, J.X., Chana, G., White, C.H., 748 

Glatt, S.J., Tsuang, M.T., Everall, I.P., Meana, J.J., Woelk, C.H., 2012. A combined analysis 749 

of microarray gene expression studies of the human prefrontal cortex identifies genes 750 

implicated in schizophrenia. J Psychiatr Res 46, 1464–1474. 751 

https://doi.org/10.1016/j.jpsychires.2012.08.005 752 

Plitman, E., de la Fuente-Sandoval, C., Reyes-Madrigal, F., Chavez, S., Gómez-Cruz, G., 753 

León-Ortiz, P., Graff-Guerrero, A., 2016. Elevated Myo-Inositol, Choline, and Glutamate 754 

Levels in the Associative Striatum of Antipsychotic-Naive Patients With First-Episode 755 

Psychosis: A Proton Magnetic Resonance Spectroscopy Study With Implications for Glial 756 

Dysfunction. Schizophr Bull 42, 415–424. https://doi.org/10.1093/schbul/sbv118 757 



33 

 

Pradervand, S., Paillusson, A., Thomas, J., Weber, J., Wirapati, P., Hagenbüchle, O., 758 

Harshman, K., 2008. Affymetrix Whole-Transcript Human Gene 1.0 ST array is highly 759 

concordant with standard 3’ expression arrays. BioTechniques 44, 759–762. 760 

https://doi.org/10.2144/000112751 761 

Prasad, K.M., Chowdari, K.V., D’Aiuto, L.A., Iyengar, S., Stanley, J.A., Nimgaonkar, V.L., 762 

2018. Neuropil contraction in relation to Complement C4 gene copy numbers in independent 763 

cohorts of adolescent-onset and young adult-onset schizophrenia patients-a pilot study. Transl 764 

Psychiatry 8, 134. https://doi.org/10.1038/s41398-018-0181-z 765 

Presumey, J., Bialas, A.R., Carroll, M.C., 2017. Complement System in Neural Synapse 766 

Elimination in Development and Disease. Adv. Immunol. 135, 53–79. 767 

https://doi.org/10.1016/bs.ai.2017.06.004 768 

Robinson, M.D., Speed, T.P., 2007. A comparison of Affymetrix gene expression arrays. 769 

BMC Bioinformatics 8, 449. https://doi.org/10.1186/1471-2105-8-449 770 

Rocco, B.R., DeDionisio, A.M., Lewis, D.A., Fish, K.N., 2017. Alterations in a Unique Class 771 

of Cortical Chandelier Cell Axon Cartridges in Schizophrenia. Biol. Psychiatry 82, 40–48. 772 

https://doi.org/10.1016/j.biopsych.2016.09.018 773 

Sanders, A.R., Göring, H.H.H., Duan, J., Drigalenko, E.I., Moy, W., Freda, J., He, D., Shi, J., 774 

MGS, Gejman, P.V., 2013. Transcriptome study of differential expression in schizophrenia. 775 

Hum. Mol. Genet. 22, 5001–5014. https://doi.org/10.1093/hmg/ddt350 776 

Santos Sória, L. dos, Moura Gubert, C. de, Ceresér, K.M., Gama, C.S., Kapczinski, F., 2012. 777 

Increased serum levels of C3 and C4 in patients with schizophrenia compared to eutymic 778 

patients with bipolar disorder and healthy. Braz J Psychiatry 34, 119–120. 779 

Schafer, D.P., Lehrman, E.K., Kautzman, A.G., Koyama, R., Mardinly, A.R., Yamasaki, R., 780 

Ransohoff, R.M., Greenberg, M.E., Barres, B.A., Stevens, B., 2012. Microglia sculpt 781 

postnatal neural circuits in an activity and complement-dependent manner. Neuron 74, 691–782 



34 

 

705. https://doi.org/10.1016/j.neuron.2012.03.026 783 

Schizophrenia Working Group of the Psychiatric Genomics Consortium, 2014. Biological 784 

insights from 108 schizophrenia-associated genetic loci. Nature 511, 421–427. 785 

https://doi.org/10.1038/nature13595 786 

Schizophrenia Working Group of the Psychiatric Genomics Consortium, Sekar, A., Bialas, 787 

A.R., de Rivera, H., Davis, A., Hammond, T.R., Kamitaki, N., Tooley, K., Presumey, J., 788 

Baum, M., Van Doren, V., Genovese, G., Rose, S.A., Handsaker, R.E., Daly, M.J., Carroll, 789 

M.C., Stevens, B., McCarroll, S.A., 2016. Schizophrenia risk from complex variation of 790 

complement component 4. Nature 530, 177–183. https://doi.org/10.1038/nature16549 791 

Schmitt, A., Leonardi-Essmann, F., Durrenberger, P.F., Parlapani, E., Schneider-Axmann, T., 792 

Spanagel, R., Arzberger, T., Kretzschmar, H., Herrera-Marschitz, M., Gruber, O., Reynolds, 793 

R., Falkai, P., Gebicke-Haerter, P.J., 2011. Regulation of immune-modulatory genes in left 794 

superior temporal cortex of schizophrenia patients: a genome-wide microarray study. World J. 795 

Biol. Psychiatry 12, 201–215. https://doi.org/10.3109/15622975.2010.530690 796 

Sinclair, D., Fillman, S.G., Webster, M.J., Weickert, C.S., 2013. Dysregulation of 797 

glucocorticoid receptor co-factors FKBP5, BAG1 and PTGES3 in prefrontal cortex in 798 

psychotic illness. Sci Rep 3, 3539. https://doi.org/10.1038/srep03539 799 

Singh, S., Khushu, S., Kumar, P., Goyal, S., Bhatia, T., Deshpande, S.N., 2018. Evidence for 800 

regional hippocampal damage in patients with schizophrenia. Neuroradiology 60, 199–205. 801 

https://doi.org/10.1007/s00234-017-1954-4 802 

Sivaraman, S., Kraguljac, N.V., White, D.M., Morgan, C.J., Gonzales, S.S., Lahti, A.C., 803 

2018. Neurometabolic abnormalities in the associative striatum in antipsychotic-naïve first 804 

episode psychosis patients. Psychiatry Res Neuroimaging 281, 101–106. 805 

https://doi.org/10.1016/j.pscychresns.2018.06.003 806 

Stevens, B., Allen, N.J., Vazquez, L.E., Howell, G.R., Christopherson, K.S., Nouri, N., 807 



35 

 

Micheva, K.D., Mehalow, A.K., Huberman, A.D., Stafford, B., Sher, A., Litke, A.M., 808 

Lambris, J.D., Smith, S.J., John, S.W.M., Barres, B.A., 2007. The classical complement 809 

cascade mediates CNS synapse elimination. Cell 131, 1164–1178. 810 

https://doi.org/10.1016/j.cell.2007.10.036 811 

Sullivan, P.F., Fan, C., Perou, C.M., 2006. Evaluating the comparability of gene expression in 812 

blood and brain. Am. J. Med. Genet. B Neuropsychiatr. Genet. 141B, 261–268. 813 

https://doi.org/10.1002/ajmg.b.30272 814 

Sullivan, P.F., Kendler, K.S., Neale, M.C., 2003. Schizophrenia as a complex trait: evidence 815 

from a meta-analysis of twin studies. Arch. Gen. Psychiatry 60, 1187–1192. 816 

https://doi.org/10.1001/archpsyc.60.12.1187 817 

Uhrig, S., Hirth, N., Broccoli, L., von Wilmsdorff, M., Bauer, M., Sommer, C., Zink, M., 818 

Steiner, J., Frodl, T., Malchow, B., Falkai, P., Spanagel, R., Hansson, A.C., Schmitt, A., 2016. 819 

Reduced oxytocin receptor gene expression and binding sites in different brain regions in 820 

schizophrenia: A post-mortem study. Schizophr. Res. 177, 59–66. 821 

https://doi.org/10.1016/j.schres.2016.04.019 822 

van Beveren, N.J.M., Buitendijk, G.H.S., Swagemakers, S., Krab, L.C., Röder, C., de Haan, 823 

L., van der Spek, P., Elgersma, Y., 2012. Marked reduction of AKT1 expression and 824 

deregulation of AKT1-associated pathways in peripheral blood mononuclear cells of 825 

schizophrenia patients. PLoS ONE 7, e32618. https://doi.org/10.1371/journal.pone.0032618 826 

Walss-Bass, C., Lokesh, G.L.R., Dyukova, E., Gorenstein, D.G., Roberts, D.L., Velligan, D., 827 

Volk, D.E., 2019. X-Aptamer Technology Identifies C4A and ApoB in Blood as Potential 828 

Markers for Schizophrenia. Mol Neuropsychiatry 5, 52–59. 829 

https://doi.org/10.1159/000492331 830 

Woo, J.J., Pouget, J.G., Zai, C.C., Kennedy, J.L., 2020. The complement system in 831 

schizophrenia: where are we now and what’s next? Mol. Psychiatry 25, 114–130. 832 



36 

 

https://doi.org/10.1038/s41380-019-0479-0 833 

Yeganeh-Doost, P., Gruber, O., Falkai, P., Schmitt, A., 2011. The role of the cerebellum in 834 

schizophrenia: from cognition to molecular pathways. Clinics (Sao Paulo) 66 Suppl 1, 71–77. 835 

Zhao, S., Fung-Leung, W.-P., Bittner, A., Ngo, K., Liu, X., 2014. Comparison of RNA-Seq 836 

and microarray in transcriptome profiling of activated T cells. PLoS ONE 9, e78644. 837 

https://doi.org/10.1371/journal.pone.0078644 838 

 839 



37 

 

TABLE LEGENDS 

 

Table 1  

Characteristics of the included GEO datasets. 

 

Table 2  

Demographic characteristics and quality data of the post-mortem brain samples. 

 

Table 3  

Demographic characteristics of the peripheral tissues samples. 

 

 

FIGURE LEGENDS 

 

Fig. 1. Expression of C4 in the postmortem brain tissues of SZ patients and HC subjects. Fold 

change in gene expression was provided by shinyGEO based on the processed gene 

expression datasets downloaded directly from GEO. *p < 0.05 vs HC subjects. 

 

Fig. 2. Expression of C4 in the peripheral tissues of SZ patients and HC subjects. Fold change 

in gene expression was provided by shinyGEO based on the processed gene expression 

datasets downloaded directly from GEO. *p < 0.05 vs HC subjects. 
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Table 1  

Characteristics of the included GEO datasets. 

 

     

GEO Accession Number Tissue Region / Cell Type Microarray Schizophrenic patients Control subjects Sample collection 

GSE53987 (Lanz et al., 2019) Brain DLPFC (BA46) HG-U133_Plus_2 15 19 University of Pittsburgh brain bank 

GSE53987 (Lanz et al., 2019) Brain Hippocampus HG-U133_Plus_2 15 18 University of Pittsburgh brain bank 

GSE53987 (Lanz et al., 2019) Brain Associative striatum HG-U133_Plus_2 18 18 University of Pittsburgh brain bank 

GSE17612 (Maycox et al., 2009) Brain Anterior prefrontal cortex (BA10) HG-U133_Plus_2 28 23 Tissue collection of the Charing Cross Hospital, Imperial College London, UK 

GSE21935 (Barnes et al., 2011) Brain Superior temporal cortex (BA22) HG-U133_Plus_2 23 19 Tissue collection of the Charing Cross Hospital, Imperial College London, UK 

GSE35977 (Chen et al., 2018, 2013) Brain Parietal cortex HuGene-1_0-st 51 50 Stanley Medical Research Institute's Neuropathology Consortium and Array Collections 

GSE35974 (Chen et al., 2013) Brain Cerebellum HuGene-1_0-st 14 14 Stanley Medical Research Institute's Neuropathology Consortium and Array Collections 

GSE27383 (van Beveren et al., 2012) Blood PBMCs HG-U133_Plus_2 43 29 Erasmus University Medical Center, Rotterdam, The Netherlands 

GSE73129 (Horiuchi et al., 2016) Olfactory Epithelium Neural layers HG-U133_Plus_2 19 19 Johns Hopkins Schizophrenia Center, Baltimore, MD, USA 

GSE73129 (Horiuchi et al., 2016) Blood Lymphoblasts HG-U133_Plus_2 36 41 Johns Hopkins Schizophrenia Center, Baltimore, MD, USA 

GSE62333 (Cattane et al., 2015) Skin Fibroblasts HuGene-1_1-st 20 20 Samples from Brescia and Verona Italy 

DLPFC dorsolateral prefrontal cortex, BA Brodmann area, PBMCs peripheral blood mononuclear cells 
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Table 2  

Demographic characteristics and quality data of the post-mortem brain samples. 

 

   

Brain region Subjects (n)   Age (mean ± SD)      Gender (M/F)       Post-mortem interval (mean ± SD)   pH (mean ± SD)     RIN (mean ± SD)   

      Control Schizophrenia p-value1   Control Schizophrenia p-value1   Control Schizophrenia p-value1   Control Schizophrenia p-value1   Control Schizophrenia p-value1 

DLPFC (BA46) 19 HC / 15 SZ  48.1 ± 10.6 46 ± 8.6 0.549  10/9 7/8 1  19.5 ± 5.1 18.9 ± 6.7 0.779  6.6 ± 0.2 6.5 ± 0.4 0.551  7.8 ± 0.6 7.6 ± 0.7 0.06 

Hippocampus 18 HC / 15 SZ  48.2 ± 10.9 45.7 ± 8.8 0.493  9/9 9/6 0.728  19.4 ± 5.2 19.4 ± 7.2 0.775  6.6 ± 0.2 6.4 ± 0.3 0.358  7.4 ± 0.6 6.5 ± 0.5 0.51 

Associative striatum 18 HC / 18 SZ  48.4 ± 10.8 45 ± 8.8 0.301  10/8 10/8 1  19.8 ± 5.1 19.9 ± 7.1 0.797  6.6 ± 0.2 6.5 ± 0.4 0.337  8.2 ± 0.7 7.9 ± 0.8 0.454 

Anterior prefrontal cortex (BA10) 23 HC / 28 SZ  69 ± 21.6 73.3 ± 15.2 0.411  13/10 19/9 0.561  9.9 ± 4.4 8.7 ± 7.0 0.609  6.5 ± 0.3 6.1 ± 0.2 0.019*  - -  

Cerebellum 50 HC / 44 SZ  45.8 ± 9.3 43.2 ± 9.5 0.182  31/19 32/12 0.283  - -   6.5 ± 0.3 6.4 ± 0.2 0.776  - -  

Parietal cortex 50 HC / 51 SZ  45.5 ± 9.0 42.6 ± 9.9 0.132  35/15 37/14 0.828  - -   6.5 ± 0.3 6.4 ± 0.3 0.631  - -  

Superior temporal cortex (BA22) 19 HC / 23 SZ   67.7 ± 22.2 72.2 ± 16.9 0.462   10/9 13/10 1   9.1 ± 4.3 7.1 ± 5.7 0.516   6.5 ± 0.3 6.2 ± 0.2 0.002*   - -   

DLPFC dorsolateral prefrontal cortex, BA Brodmann area, RIN RNA integrity number, HC healthy controls, SZ schizophrenic patients 

1Unpaired t-tests and Fisher exact tests were conducted to assess group differences for continuous and discrete variables, respectively. * p<0.05 
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Table 3  

Demographic characteristics of the peripheral-tissues samples. 

 

 

Peripheral Tissue Subjects (n)   Age (mean ± SD)      Gender (M/F)     

      Control Schizophrenia p-value1   Control Schizophrenia p-value1 

PBMCs 29 HC / 43 SZ  23.02 ± 4.03 23.90 ± 4.08 0.378  29/0 43/0 1 

Olfactory epithelium 19 HC / 19 SZ  39.7 ± 11.6 38.9 ± 11.4 0.829  13/6 13/6 1 

Skin fibroblasts 20 HC / 20 SZ  48.4 ± 12.2 44.6 ± 12.7 0.340  9/11 10/10 0.758 

Lymphoblasts 41 HC / 36 SZ   37.1 ± 11.6 37.6 ± 10.9 0.864   29/12 24/12 0.806 

PBMCs peripheral blood mononuclear cells, HC healthy controls, SZ schizophrenic patients 

1Unpaired t-tests and Fisher exact tests were conducted to assess group differences for continuous and discrete variables, respectively. *p<0.05 

 

 




