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Abstract (250 words) 
 

Identifying biological markers to guide treatment decisions in first-episode psychosis (FEP) is 

essential for improving patient outcomes. This longitudinal study investigated DNA methylation 

(DNAm) patterns and DNAm-derived cell-type proportions (CTP) in blood and associated them with 

response to risperidone treatment, a second-generation antipsychotic drug, in antipsychotic-naïve FEP 

patients. We also explored longitudinal changes in DNAm associated with risperidone treatment. We 

profiled DNAm in 114 individuals before (anFEP) and after two months of risperidone treatment 

using microarrays. The main results were compared with 115 healthy controls and validated in an 

independent cohort of subjects with schizophrenia (n=26) with one-month follow-up data. We 

identified 302 differentially methylated positions (DMPs) associated with treatment response, 

measured by changes in the Positive and Negative Syndrome Scale score, of which 16 were validated 

in the independent cohort. Sixteen differentially methylated regions (DMRs) were associated with 

response, with one (in SIPA1L3) being validated. A decrease in B-cell proportions was correlated with 

symptom improvement in both cohorts. Additionally, four DMPs associated with risperidone 

treatment were identified: two related to the psychotic state and two specifically to risperidone 

treatment. DNAm-derived CTP showed alterations in anFEP compared with controls, particularly in 

the neutrophil-to-lymphocyte ratio, which normalized after treatment. These findings suggest that 

DNAm, particularly in B-cells, may be a promising marker for monitoring response to risperidone 

treatment in schizophrenia. Our longitudinal study revealed novel and known genes that may be 

regulated by risperidone and could be used as response markers to improve prognosis in 

schizophrenia and FEP. 
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1. Introduction 

Schizophrenia (SCZ) is a severe psychiatric disorder characterized by a diverse symptom 

profile, imposing a substantial burden on patients, their families, and healthcare systems (Owen et al., 

2016). While antipsychotic medications are effective in managing positive symptoms (e.g., delusions 

and hallucinations), predicting treatment response remains a significant challenge (Taylor et al., 

2012). The current trial-and-error approach often leads to suboptimal outcomes, increased healthcare 

costs, and diminished quality of life for patients. Thus, identifying reliable biomarkers to guide 

treatment selection is imperative to improve patient care. However, most previous studies 

investigating biological predictors of antipsychotic response have been hampered by cross-sectional 

designs and patient populations with complex medication histories (Burghardt et al., 2020; Hannon et 

al., 2021; Lisoway et al., 2021; Rowbal et al., 2023). To address these limitations, research focusing 

on individuals at their first-episode psychosis (FEP) is essential for identifying biomarkers.  

DNA methylation (DNAm), an epigenetic mechanism influenced by both genetic and 

environmental factors, has emerged as a promising candidate for monitoring antipsychotic response 

due to its stability and cost-effectiveness. By capturing the dynamic interplay between genes and 

environment, DNAm may provide insights into the molecular pathways underlying antipsychotic 

efficacy. Moreover, DNAm can serve as a basis for estimating different biological phenotypes that 

may be associated with antipsychotic response, such as white blood cell types. Several studies have 

reported an association between white blood cell count or the neutrophil-to-lymphocyte ratio (NLR) 

and SCZ (Sandberg et al., 2021). However, the etiology behind this association remains unknown, and 

it is unclear whether changes in white blood cell count and NLR are induced by antipsychotics or if 

these phenotypes are related to the diagnosis of schizophrenia. 

Blood-based DNAm is particularly advantageous for biomarker development or 

understanding molecular mechanisms associated with antipsychotic efficacy due to its relatively 

noninvasive sampling process (Khavari and Cairns, 2020). Evidence shows that some associations 

between psychiatric disorders and DNAm are shared across blood and brain, likely reflecting 

molecular patterns arising in multiple tissues due to genetic, developmental, and environmental 

influences (Yousefi et al., 2022). For instance, two studies have examined DNAm in brain and blood 

samples from the same individuals, confirming a strong correlation in DNAm variation at individual 

CpG sites between these tissues (Braun et al., 2019; Smith et al., 2015). However, confounding 

factors (e.g. medication and smoking) and the potential for reverse causation pose challenges in 

interpreting DNAm data in blood (Hannon et al., 2021). To mitigate these limitations, our study 

employed a longitudinal epigenetic-wide association study (EWAS) design of an antipsychotic-naïve 

FEP cohort, considering that this approach minimizes the potential confounding effects of prior 

antipsychotic medication and allows for the examination of dynamic epigenetic changes in relation to 

treatment response over time. Moreover,  only very few previous studies followed a similar design 

(Hu et al., 2022; Lokmer et al., 2023; Zong et al., 2023, 2022, 2021). 
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In this study, our aim was to identify differences in DNAm and in DNAm-derived cell-type 

proportions associated with the response to risperidone treatment, a second-generation antipsychotic 

drug, after short-term treatment in a cohort of antipsychotic-naïve FEP individuals. We also explored 

longitudinal changes associated with risperidone treatment itself. Our study consists of a discovery 

cohort of 114 anFEP individuals, from whom blood samples were collected before the initiation of 

risperidone treatment and again after two months of treatment (FEP-2M), as well as a validation 

cohort of 26 cases with a similar study design (Lokmer et al., 2023). Additionally, we included sex- 

and age-matched healthy controls (HC) to strengthen the conclusions drawn from the longitudinal 

data (Figure 1). 

2. Materials and Methods 

2.1. Discovery cohort 

The discovery cohort comprises 125 antipsychotic-naïve first-episode psychosis (anFEP) 

individuals and a healthy control (HC) group of 126 age- and sex-matched individuals. All FEP 

patients were recruited from a psychiatric emergency unit in São Paulo, Brazil, and the full cohort is 

described elsewhere (Cavalcante et al., 2024). The diagnosis of a psychotic disorder was established 

by trained psychiatrists based on the Diagnostic and Statistical Manual of Mental Disorders, Fourth 

Edition (DSM-IV) criteria using the Structured Clinical Interview of the DSM-IV (SCID-I). All 

patients fulfilled the criteria for one of the following psychotic diagnoses: schizophrenia, 

schizophreniform disorder, brief psychotic disorder, and psychotic disorder not otherwise specified. 

Upon enrollment in the research protocol, patients were prescribed a daily dose of risperidone, 

typically starting at 1–2 mg per day based on clinical assessment. Inclusion criteria were age between 

16 and 40 years and no prior history of antipsychotic medication. Patients with psychotic episodes due 

to a general medical condition, substance-induced psychotic disorder, intellectual disability or 

psychotic episodes that were associated with bipolar or major depressive disorders were excluded. 

The HC subjects were age- and sex-matched volunteers who had no current or lifetime history of 

psychiatric diagnoses assessed based on DSM-IV-TR criteria or first-degree family history of severe 

psychotic disorder. 

FEP patients underwent blood collection before (baseline) and two months after (FEP-2M) 

initiating risperidone treatment (mean 69.51 days, SD 32.32). The PANSS was administered at both 

timepoints to assess symptom severity and calculate response rate. The Research Ethics Committee of 

the Federal University of Sao Paulo (UNIFESP) approved the research protocol (CEP 0603/10, 

CAAE 89057218.7.0000.5505 and CAAE: 48242015.9.0000.5505), and all participants or family 

members provided written informed consent before enrollment. The project was also approved by the 

Research Ethic Committee of Norway (REK #686185) 
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2.2. Replication cohort 

The replication cohort was composed of 28 individuals diagnosed with schizophrenia 

according to the DSM-IV and attending outpatient services in Puducherry, India. This cohort was 

selected as replication because it has also DNA methylation data and PANSS scores measured in two 

timepoints, similar to the the discovery cohort. The inclusion criteria were: schizophrenia diagnosis, 

age above 18, total PANSS score of at least 30 and newly prescribed risperidone. Patients who were 

prescribed antipsychotics other than risperidone, substance abusing patients and pregnant or lactating 

women were excluded from the study. Blood was collected before the initiation and after 1 month of 

risperidone treatment. From those 28, twelve (42%) individuals were antipsychotic naïve. Description 

of this cohort can be found in (Lokmer et al., 2023). 

 

2.3. Assessment of response to risperidone 

To calculate the risperidone response rate, we used the formula described in Leucht et al. 

(2009) (Leucht et al., 2009) which consists of:  

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 =  100 ×
𝑃𝐴𝑁𝑆𝑆𝑏𝑒𝑓𝑜𝑟𝑒 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 − 𝑃𝐴𝑁𝑆𝑆𝑎𝑓𝑡𝑒𝑟 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡

𝑃𝐴𝑁𝑆𝑆𝑏𝑒𝑓𝑜𝑟𝑒 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 − 30
 

We categorized the patients into responders and non-responders based on the response 

percent. Patients with 50% of response or more were allocated to the responder group (discovery 

cohort n=52; replication cohort n=17), while the others were allocated to the non-responder group 

(discovery cohort n= 54; replication cohort n=11). Eight individuals from the discovery cohort did not 

have PANSS data available for both timepoints, and were therefore excluded from this analysis.  

2.4. Generation of DNA methylation data 

In the discovery cohort, DNA was isolated from blood using the Gentra Puregene Kit 

(Qiagen, Maryland, USA) according to the manufacturer’s protocol and converted with sodium 

bisulfite using the EZ DNA Methylation Kit (Zymo Research, CA, USA). Methylation levels were 

assessed using the Infinium HumanMethylation450K BeadChip (450K array, Illumina, CA, USA) for 

61 anFEP, 59 FEP-2M and 62 HC; and the Infinium MethylationEPIC v1.0 BeadChip (EPIC array, 

Illumina) for 64 anFEP, 64 FEP-2M and 64 HC. We followed the manufacturer’s protocol and their 

prerequisites to prepare the samples and randomized them before starting the protocol, keeping all 

paired samples (anFEP and FEP-2M) on the same beadchip to minimize batch effects. 

In the replication cohort, DNA was extracted from blood cells using a QIAamp Blood Midi 

Kit (Qiagen, Hilden, Germany) and subsequently converted using the EpiTect Fast 96 Bisulfite Kit 

(Qiagen). Genome-wide methylation was assessed using the Infinium MethylationEPIC v1.0 

BeadChip and all steps were performed following the manufacturers’ protocols (Lokmer et al., 2023). 

The raw files were processed separately for each batch using the minfi v.1.50.0 (Aryee et al., 

2014; Fortin et al., 2016, 2014), meffil v1.1 (Min et al., 2018) and wateRmelon v.2.10.0 (Pidsley et 
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al., 2013) R packages. The batches consisted of (i) EPIC and (ii) 450K arrays in the discovery cohort, 

and (iii) EPIC arrays in the replication cohort. For all batches, we adopted a very stringent quality 

control pipeline, described in the Supplementary Information, ending up with: (i) discovery cohort 

450K: 412,578 probes, and 62 HCs, 60 anFEP and 58 FEP-2M (56 pairs); (ii) discovery cohort EPIC: 

743,082 probes, and 53 HCs, 54 anFEP and 51 FEP-2M (45 pairs); (iii) replication cohort EPIC: 

738,999 probes, and 26 pairs of SCZ cases (52 samples). Then, we normalized our data using the 

preprocessFunnorm function from minfi (Aryee et al., 2014; Fortin et al., 2016, 2014), which is a 

between-array normalization method that removes unwanted variation by regressing out variability 

explained by the control probes. Finally, we extracted the M values for the statistical analyses using R 

v4.4.1 and RStudio v 2023.12.0. 

We derived additional variables from the DNAm data: estimated proportions of six blood cell-

types and DNAm smoking score. The estimated cell-types were neutrophils, monocytes, CD4
+
 and 

CD8
+
 T lymphocytes, B cells, and natural killer (NK) cells and were estimated using the 

estimateCellCounts2 function (Salas et al., 2018) from the FlowSorted.Blood.EPIC Bioconductor 

package v.2.8.0 (FlowSorted.Blood.EPIC, n.d.). The neutrophil-to-lymphocyte ratio (NLR) was 

calculated dividing the neutrophil proportion by the sum of the proportions of CD4
+
T, CD8

+
T, B 

cells, and NK cells. The DNAm smoking score was calculated as described in Elliott et al. (2014) 

(Elliott et al., 2014), using the weights from (Zeilinger et al., 2013) data and (Li et al., 2018).  

 

2.5. Statistical analysis 

To assess differences between groups (cases vs. controls or responders vs. non-responders) 

for demographics, we performed the chi-squared test for the categorical variables, and the Student’s t 

test or Mann-Whitney U test for the continuous variables. The choice between these two tests was 

dependent on the normality of the data. 

2.5.1 Differentially methylated positions (DMPs) 

To identify differentially methylated positions (DMPs) associated with risperidone treatment, 

we conducted an EWAS using normalized M values as the outcome variable. We compared anFEP 

and FEP-2M (within-subject comparison) using a mixed linear regression approach, as implemented 

in the limma R package v3.60.6 (Ritchie et al., 2015). The duplicateCorrelation function was used to 

estimate the correlation between repeated measures on the same subject (Ritchie et al., 2015). We 

included technical artifacts (position on the microarray), DNAm smoking score, and estimated cell-

type proportions as covariates. We used the metagen function from the meta package v8.0 (Schwarzer 

et al., 2015) to perform a meta-analysis and combine the 450K and EPIC summary statistics from the 

discovery cohort. Thus, in the meta-analysis, we focused on the 381,170 DNAm probes that EPIC and 

450K microarrays had in common. The metagen function implements standard inverse variance meta-

analysis where the pooled effect sizes are computed as the weighted average of effect sizes in meta-



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

 

analyzed EWAS. We computed effect sizes for fixed effects model and two-sided tests for the p-

values. The DNAm values from CpG sites identified as DMPs in the meta-analysis were compared 

between anFEP and HCs, as well as between FEP-2M and HCs, using group as the main predictor 

while adjusting for technical artifacts (microarray ID and / or position on the microarray), DNAm 

smoking score, estimated cell-type proportions, sex, and age. These DMPs were further tested for 

association with one month of risperidone treatment in the replication cohort using the mixed linear 

model previously described. Given that 361,912 EPIC-only probes were excluded from the meta-

analysis due to their lack of overlap with 450K probes, we also assessed their association by checking 

the EPIC EWAS results and validating the DMPs in the replication cohort. 

To identify DMPs associated with risperidone response rate, we applied a mixed linear 

regression approach. We considered two models: a main effect model and an interaction model. In 

both models, we used normalized M values as the outcome variable. For the main effect model, we 

included risperidone response rate, treatment (baseline or follow-up), technical artifacts, DNAm 

smoking score, estimated cell-type proportions, sex, and age as predictors. For the interaction model, 

we included all the variables from the main effect model, along with an interaction term between 

risperidone response rate and treatment. We meta-analyzed response rate summary statistics from the 

450K and EPIC batches as mentioned above, and DMPs associated with risperidone response rate or 

its interaction with treatment in the discovery cohort were validated using a mixed linear regression in 

the replication cohort. We also tested if the EPIC-only probes were associated with response rate and 

validated them in the replication cohort. 

For DMPs associated with risperidone treatment and response rate in the discovery cohort, the 

significance threshold was set to a false discovery rate (FDR) < 0.05 using the Benjamini–Hochberg 

(BH) method. For replication, we considered a one-sided p-value < 0.05 as significant.  

2.5.2 Differentially methylated regions (DMRs) 

For differentially methylated regions (DMRs), we applied the dmrff method (v1.1.2) with 

default parameters (Suderman et al., 2018). Briefly, this method tests genomic regions spanned by 

sets of CpG sites (default parameters: 500 bp between consecutive sites, with nominal EWAS p-

values < 0.05 and EWAS effect estimates with the same sign). As input, we included the EWAS 

summary statistics from the discovery cohort 450K and EPIC batches, as well as their normalized M 

values, and performed the meta-analysis using the dmrff.meta function, which uses variance-weighted 

fixed effects meta-analysis. Significant regions were considered as those with Bonferroni-adjusted p < 

0.05 and with a minimum of two probes. To replicate the DMRs, we calculated the mean methylation 

of all CpGs within these regions in the replication cohort and checked if the mean methylation was 

associated with risperidone treatment, risperidone response rate or the interaction between response 

rate and treatment. 
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2.5.3 Estimated cell-type proportions (CTP) 

Linear mixed-effects models were used to test the association between estimated cell-type 

proportions and risperidone treatment or response rate, using the lmer function from the lme4 v1.1 R 

package (Bates et al., 2015). In line with DMP and DMR analyses, models were run independently for 

each batch in the discovery cohort and meta-analyzed afterward using the metagen function from 

the meta R package.  

For both treatment and response rate analyses, NLR and estimated cell-type proportions were 

the outcome variables. The model for risperidone treatment included treatment (baseline or follow-up) 

as the main predictor, adjusting for technical artifacts and smoking score, and individual ID was 

modeled as a random effect in the mixed linear model. For response rate analysis, we also considered 

two models, as described for DMPs. The predictors were risperidone response rate, treatment, and 

their interaction (only in the interaction model), along with technical artifacts, DNAm smoking score, 

sex, and age. The same models were applied in the replication cohort to assess the association of NLR 

and estimated cell-type proportions with risperidone treatment or response rate. Additionally, NLR 

and estimated cell-type proportions were compared between anFEP and HCs, and between FEP-2M 

and HCs in the discovery cohort using linear regression. 

In the discovery cohort, associations with two-sided p-values < 0.017 were considered 

significant. This threshold was set after applying Bonferroni correction of multiple comparisons, 

accounting for three comparisons: anFEP vs. FEP-2M, anFEP vs. HC, and FEP-2M vs. HC. The 

significance threshold for replication was set at one-sided p-values < 0.05. 

 

2.6. Enrichment analysis 

We used the missMethyl package v1.38.0 (Phipson et al., 2016) in R and gometh and 

goregion functions to perform gene ontology and pathway analyses (considering Gene Ontology - GO 

terms and Kyoto Encyclopedia of Genes and Genomes - KEGG pathways) to test for association of 

the significant DMPs and DMRs with specific gene sets (adjusted p < 0.05). We considered 

significant pathways those with FDR < 0.05. 

 

2.7. Sensitivity analyses 

We acknowledge that factors such as benzodiazepine use prior to blood collection, risperidone 

dosage, and duration of untreated psychosis (DUP) may influence our results, particularly in models 

assessing risperidone response. However, data on benzodiazepine use were available for only 71.7% 

of patients, on risperidone dosage for 86.2%, and on DUP for 60.5%. To evaluate their potential 

impact, we examined their effects on DNAm within each discovery cohort batch (450K or EPIC) 

using models similar to the response rate analysis: M values ~ benzodiazepine use / risperidone 

dosage / DUP + technical artifacts + DNAm smoking score + estimated cell-type proportions + sex + 
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age. The results from both batches were combined using a meta-analysis, as described above. For the 

risperidone dosage model, we also included treatment (baseline or follow-up) as a predictor and 

performed the analysis on the entire sample. In contrast, for benzodiazepine use and DUP, the 

analysis was restricted to the FEP baseline samples. We then compared these results with those 

associated with risperidone treatment and response. For CpGs found in both sets, we conducted 

additional analyses by including these covariates in the main response rate model. 

 

3. Results 

3.1. Study overview and cohort characteristics  
The cases were characterized by a higher proportion of males than females (Table 1). In the 

discovery cohort, FEP individuals, on average, presented higher DNAm smoking scores compared to 

controls. Smoking scores derived from DNAm were compared to the data available on self-reported 

smoking status and showed high correspondence (Figure S1). Responders and non-responders did not 

differ with regard to sex, age, and smoking score. However, in the replication cohort, non-responders 

tended to have a higher proportion of males and higher smoking scores at the baseline than responders 

(Table 1). 

 

3.2. DNAm changes associated with 2-months of risperidone treatment 

Our meta-analysis identified four DMPs associated with two months of risperidone treatment 

after correction for multiple comparisons (Tables S1-S2, Figure S2). Two of these CpGs 

(cg17931986: estimate= -0.245, adjP=0.016; and cg18058279: estimate=-0.132, adjP=0.016) showed 

decreased DNAm levels post-treatment, while the others (cg04287747: estimate= 0.109, adjP=0.016; 

and cg04732910: estimate= 0.115, adjP=0.041) showed increased levels (Figure S3). These CpGs are 

annotated to the COL11A2 (cg17931986), CAPN5 and OMP (cg18058279), USP36 (cg04287747) and 

MDM2 (cg04732910) genes.  

Comparing these DMPs in the control group, both cg17931986 and cg18058279 showed 

hypermethylation in anFEP individuals at baseline compared to controls at a nominal significance 

threshold (p<0.05), while the methylation levels did not differ comparing FEP-2M and controls 

(Table S2, Figure S3). This suggests that these CpGs are associated with the psychotic state, reversing 

to control levels after two months of antipsychotic treatment. In contrast, cg04287747 and 

cg04732910 did not show baseline differences between anFEP and controls but had higher DNAm 

levels in the FEP-2M group compared to controls at a nominal significance threshold (Table S2, 

Figure S3). This pattern suggests their methylation changes are attributable to risperidone treatment, 

since DNAm values in FEP-2M are different from both groups. 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

 

The direction of effect for all these CpGs was consistent in the validation cohort, although 

they did not reach statistical significance (Table S3). A tendency was observed for cg04287747 (one-

sided p-value=0.0725). We did not find any DMPs among the EPIC-only probes after adjusting for 

multiple tests and did not identify any DMRs associated with risperidone treatment. 

 

3.3. Estimated cell-type proportions associated with 2-months of risperidone treatment 

We identified an association between the neutrophil-to-lymphocyte ratio (NLR) and 

risperidone treatment, observing a decrease in the ratio after treatment (Table 2 and Figure S4). The 

NLR was significantly higher in anFEP individuals compared to controls (i.e., at baseline), but it did 

not differ when comparing the FEP-2M group with controls. This suggests that NLR is associated 

with the psychotic state and normalizes to levels comparable with controls after risperidone treatment. 

Similarly, the estimated cell-type proportions for neutrophils, CD4
+
T, and NK cells followed the same 

pattern (Table 2), i.e., opposite direction of effects in the “anFEP vs. FEP-2M” and “controls vs. 

anFEP” comparisons, and no association between control and FEP-2M groups. However, none of 

these associations were replicated in the validation cohort (Table S4). Interestingly, although not 

significant after correction for multiple comparisons, B cell was decreased after 2 months of 

risperidone treatment (Table 2, Figure S5) and a similar decrease was observed in the validation 

cohort after 1 month of risperidone treatment in SCZ cases (one-sided p-value=0.005). This suggests 

that B cell proportions might be specifically influenced by risperidone treatment. 

 

3.4. DNAm changes associated with response rate 

After correcting for multiple comparisons, we identified 214 DMPs associated with 

risperidone response rate (all results in Table S5, Figure S6). Of these, 10 were validated in the 

replication cohort (Table 3, Supplementary Table S10). Half of the validated CpGs decreased their 

DNAm levels with symptom improvement, while the other half showed increased their levels (Table 

3). Considering the EPIC-only probes, 88 DMPs were associated with response rate in the discovery 

cohort (Table S6), six of which were also found in the replication cohort (Table 3, Supplementary 

Table S11). We did not find any DMP to be associated with the interaction between response rate and 

treatment, and no significant pathway was identified considering the 302 DMPs found (Table S7).  

In our sensitivity analyses, we identified 750, 57, and 9,434 CpG sites associated with 

benzodiazepine use, risperidone dosage, and DUP, respectively (Supplementary Tables S12, S13, 

S14). However, only one CpG site associated with benzodiazepine use (cg18137040) and seven CpG 

sites associated with DUP (cg06758350, cg11115431, cg08922308, cg12477880, cg24760414, 

cg00994804, cg26364947) were also among the 302 DMPs associated with risperidone response rate. 

None of these 8 CpG sites overlapped with the 16 validated CpGs. After adjusting for these variables 
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in the response rate model, we found that methylation at five of these CpGs remained significantly 

associated with the response rate: cg18137040 (p=0.039), cg08922308 (p=0.013), cg12477880 

(p=0.023), cg00994804 (p=0.043), and cg06758350 (p=0.039). 

We also evaluated whether the validated CpGs held an association using a categorical 

definition of response. Individuals who showed at least a 50% reduction in the response rate were 

classified as responders. All 10 validated meta-analysis derived-DMPs and 6 EPIC-only derived-

DMPs were associated with this categorical definition of response (nominal p-value<0.05) in the 

discovery cohort, and the direction of effects was consistent across all these CpGs in the replication 

cohort, with six being significant (one-sided p-value < 0.05 – Table S8). The DMP with the highest 

effect size was cg17253517, located in the ARB2A gene. In the discovery cohort, the mean difference 

in DNAm for this CpG between responders and non-responders was over 3% at both baseline and 

follow-up, indicating that this CpG is hypermethylated in non-responders before the initiation of 

treatment, and the methylation state does not change after 2 months of treatment (Table 3, Figure S7). 

In the replication cohort, the mean DNAm difference was 2.1% at baseline and 5.2% after 1 month of 

treatment (Table 3, Figure S7). 

We found 3 DMRs associated with risperidone response rate and 13 DMRs associated with 

the interaction between response rate and treatment (Table 4). Only one region on chromosome 19 

was replicated, spanning 288 bp and located in the body of the SIPA1L3 gene (one-sided p-

value=0.0395). 

 

3.5. B cell estimated proportions is correlated with symptoms improvement 

We did not identify an association between the NLR and response rate or its interaction with 

treatment (Table 2). Although the effect sizes were very small, the estimated proportions of NK cells, 

B cells, and monocytes showed an interaction between response rate and treatment (Table 2).  

To better understand these interactions, we repeated the mixed-effects models and meta-

analyses in the discovery cohort using the categorical definition of response (Figure 2A and Table 

S9). At baseline, the proportion of NK cells was higher in non-responders, with a mean difference of 

1.1% compared to responders. After 2 months of risperidone treatment, NK cell proportions increased 

by 2.3% in responders and by 0.8% in non-responders, resulting in a mean difference of -0.4% (Table 

S9). For monocytes, non-responders had a lower proportion at baseline, with a mean difference of -

0.8% compared to responders. After treatment, monocyte proportions increased by 0.1% in non-

responders and remained unchanged in responders. At follow-up, the proportion of monocytes was 

higher in non-responders, with a mean difference of 0.2% (Table S9). Similarly, non-responders had a 

lower proportion of B cells at baseline, with a mean difference of -0.7% compared to responders. 

Following treatment, B cell proportions decreased by 0.8% in responders and remained unchanged in 

non-responders, resulting in a nearly null mean difference at follow-up (Table S9). 
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In the replication cohort, the association between response rate and estimated B cell 

proportion was confirmed (one-sided p-value=0.013, Figure 2B). After risperidone treatment, a lower 

B cell proportion was statistically correlated with a greater change in the response rate, indicating that 

the lower the proportion, the greater the improvement in symptoms. This aligns with the categorical 

response analysis in the discovery cohort, where it was observed that the B cell proportion decreased 

after treatment in responders but did not change in non-responders. These results suggest that, in 

addition to capturing variation in risperidone treatment, changes in estimated B cell proportions 

capture the variation in symptom improvement, and they are not associated with the psychotic state or 

schizophrenia diagnosis. 

 

4. Discussion 

This study presents the largest investigation to date exploring DNAm signatures and DNAm-

derived cell-type proportions associated with short-term risperidone treatment and response rate in 

antipsychotic-naïve first-episode psychosis (anFEP) individuals, which was replicated in an 

independent cohort. Our study design offers several advantages. Firstly, we used blood samples from 

anFEP individuals, which eliminates the confounding effects of prior medication. Secondly, we 

included age- and sex-matched healthy controls from the same population, which helps disentangle 

the effects of the medication from the psychotic state itself. Thirdly, the inclusion of a replication 

cohort from a different population strengthens the generalizability of our findings. Lastly, by 

investigating DNAm and risperidone response longitudinally, we capture the dynamic changes at both 

phenotype and molecular levels associated with treatment effectiveness, a critical aspect overlooked 

in cross-sectional studies. 

Our results highlight significant findings with important implications for understanding the 

role of DNAm in antipsychotic treatment. We identified two CpG sites associated with the risperidone 

treatment itself (cg04287747 and cg04732910), and two CpGs (cg17931986 and cg18058279) 

associated with the psychotic state. Intriguingly, our results showed increased methylation of 

cg17931986 in anFEP, whereas Li et al. (2021), using a cross-sectional design, observed 

hypomethylation at this CpG site in patients with a first episode of schizophrenia (FES) compared to 

controls (Li et al., 2021). Of note, FES patients may have been exposed to antipsychotic drugs and 

may have had up to three years of disease progression. This suggests that, although cg17931986 is 

hypermethylated in individuals experiencing their first episode of psychosis, DNAm levels at this 

CpG site could decrease as a result of medication exposure, as shown in our results, or psychosis 

progression, as might be indicated by Li et al. (2021). Furthermore, the gene annotated at this CpG, 

COL11A2, was among the most differentially methylated genes in eight previous schizophrenia 

EWAS from different tissues (Guo et al., 2023; Hannon et al., 2021; Li et al., 2021; Tesfaye et al., 

2024; Vitale et al., 2017; Wockner et al., 2015, 2014). This convergence of evidence across various 
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research settings strengthens the candidacy of COL11A2 as a potential therapeutic target or biomarker 

for schizophrenia and its treatment, with our findings specifically highlighting cg17931986 as a 

potential biomarker for predicting psychosis. The COL11A2 (Collagen Type XI Alpha 2 Chain) 

encodes one of the two alpha chains of type XI collagen and lies within the major histocompatibility 

complex (MHC) region, which is a very complex region and is the second most gene-dense genomic 

region.  

However, DNAm levels may capture more variation in response rate than in risperidone 

treatment itself, as302 DMPs and 16 DMRs associated with response to risperidone were found, 

indicating that future DNAm studies should focus more on response rate or the prognosis and 

symptom improvement. These results do not appear to be affected by benzodiazepine use before 

blood collection, risperidone dosage, or DUP, although further analyses focused on these specific 

variables should be conducted. The 16 validated CpG sites associated with risperidone response are 

annotated to genes that were differentially methylated in multiple EWAS. Among them, the CD8A 

stood out,  being among the most associated genes in seven schizophrenia EWAS (Luo et al., 2021; 

Nie et al., 2021; Shen et al., 2021; van Eijk et al., 2015; Vitale et al., 2017; Wockner et al., 2015, 

2014), and clozapine treatment in another study (Pérez-Aldana et al., 2022). This gene encodes the 

CD8α chain, a key component of the CD8 molecule expressed on the surface of CD8+ T cells 

(Ellmeier et al., 2013). The methylation levels at cg12606911, located in the CpG island near CD8A 

gene, were positively correlated with response rate and were validated in the replication cohort. This 

finding suggests a potential role for CD8A methylation in mediating response rate, warranting further 

investigation. Other convergent studies also identified that RRM1 gene expression was downregulated 

in superior temporal cortex of SCZ cases using microarray (Sellmann et al., 2014), and single 

nucleotide polymorphisms in SGIP1 were associated with major depressive disorder (Zhao et al., 

2024), smoking and alcohol consumption (Saunders et al., 2022) and educational attainment (Okbay 

et al., 2022) in genome-wide association studies. Regarding the 16 DMRs, the one located in SIPA1L3 

was confirmed in the replication cohort and this gene had been among the most differentially 

methylated genes in schizophrenia EWAS (Nie et al., 2021; Wockner et al., 2014; Xiao et al., 2014) .  

Our findings also suggest alterations in DNAm-derived cell-type proportions in anFEP 

individuals associated with both risperidone treatment and response rate. These results can be 

interpreted in two ways. The first possibility is that these alterations reflect a higher or lower number 

of immune cells in one comparison group compared to another at the time of blood collection. The 

second possibility is that these alterations indicate a widespread alteration in methylation of genes 

related to immune function, as previously proposed by (Luo et al., 2024).  

We observed an increased estimated proportions of neutrophils and NLR, and decreased 

estimated proportions of CD4
+
T, CD8

+
T and NK cells in anFEP compared to controls. Notably, all 

estimated proportions except CD8
+
T returned to control levels following treatment. These findings are 

consistent with previous DNAm studies reporting elevated estimated proportion of neutrophils and 
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reduced estimated proportions of CD8T, CD4T and NK cells in schizophrenia (Hannon et al., 2021; 

Kinoshita et al., 2014; Luo et al., 2024; Montano et al., 2016; Villar et al., 2023). Prior studies 

assessing blood cell counts directly (and not estimated from DNAm) have consistently reported 

increased neutrophils counts (Jackson and Miller, 2020; Steiner et al., 2019) and NLR in 

schizophrenia and FEP (Bioque et al., 2022; Karageorgiou et al., 2019). However, Karageorgiou et al. 

(2019) suggested antipsychotic treatment might influence these results (Karageorgiou et al., 2019), 

and, indeed, Steiner et al. (2019) observed a decrease in neutrophils and NLR in FEP after 6 weeks of 

antipsychotic treatment (Steiner et al., 2019). Our findings, aligned with these latter studies, suggest 

potential inflammatory alterations during acute psychosis that subside with treatment. This is further 

supported by our previous report showing risperidone treatment’s suppressive effect on serum 

cytokine levels (Noto et al., 2015). Also plausible explanation is that acute psychotic episodes may 

elevate proinflammatory pathways related to stress response (Bioque et al., 2024), leading to altered 

circulating immune cells, and the use of antipsychotic medications in schizophrenia patients may 

further modulate the proportion of these cells. Thus, our findings may indicate alterations specific to 

anFEP that are modulated by antipsychotics.  

While the majority of estimated cell-type proportions are associated with the psychotic state, 

B-cells are the only estimated proportion associated with the interaction between response rate and 

treatment, which was validated in the replication cohort. B-cells play a role in the adaptive immune 

system and are best known for antibody production; they can also secrete cytokines and chemokines. 

Few studies have identified a decrease in the number of B-cells in relation to clozapine (McAllister et 

al., 1989) and risperidone treatment (Müller et al., 2004). Interestingly, Steiner et al. (2010) found 

elevated B-cells during acute psychosis compared to controls, with a decline after antipsychotic 

treatment (Steiner et al., 2010). Moreover, different genetic studies have linked complex biological 

pathways of B-cell activation to schizophrenia. For example, enhancers active in CD19+ and CD20+ 

B-cells showed increased enrichment for genetic associations in the landmark GWAS on 

schizophrenia (Schizophrenia Working Group of the Psychiatric Genomics Consortium, 2014). There 

is also evidence from cell studies showing an association between B-cells and schizophrenia. Lago et 

al. (2020) observed abnormal cell signaling phenotypes in B-cells from patients with different 

neuropsychiatric diagnoses, including schizophrenia (Lago et al., 2020). Despite all this evidence 

suggesting an association between B-cells, schizophrenia and its treatment, a mechanistic framework 

explaining this association is still lacking (van Mierlo et al., 2019). Our results show that B-cell levels 

are associated with the interaction between short-term antipsychotic treatment and response rate, with 

changes in B-cell levels occurring over 1-2 months of treatment only in responders. This suggests that 

DNAm-derived B-cell estimated levels might serve as a proxy for the molecular mechanisms 

underlying treatment response. However, to better understand the implications of B-cells in 

antipsychotic treatment and response, new studies specifically focusing on B-cells in schizophrenia 
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and its treatment are warranted, particularly those using novel single-cell technologies, such as single-

cell RNA sequencing, to perform a more in-depth phenotyping of B-cells.  

While this is the largest EWAS to assess risperidone treatment and response rate, the sample 

size might be limited considering the vast number of CpG sites evaluated. To mitigate this, we 

validated our key findings in an independent cohort. Some differences between the cohorts (e.g. 

population background, disease stage, prior antipsychotic exposure and duration of treatment) might 

have limited broader validation. Despite these limitations, the validated results, particularly regarding 

B-cell response rate, suggest these response-related changes are independent of disease stage and 

associated with risperidone treatment, potentially changing within a month of treatment initiation. 

We also need to interpret our results in the light of other limitations. First, blood cell type 

proportions were estimated based on methylation data and not absolute counts. Thus, a decrease in the 

proportion of one cell type could be a consequence of the increase of another or simply reflect 

differences in the accuracy of methylation estimates for various cell types, leading to variable 

sensitivity levels. Second, we did not account for potential confounding environmental exposures or 

somatic comorbidities, such as trauma, diet, stressful events, blood draw time, BMI or obesity, which 

can influence DNAm and may differ between populations. Third, our findings from blood samples 

might not fully capture disease-associated epigenetic changes occurring specifically in the 

brain. While we verified if similar results were reported in EWAS of brain tissues; it is worth noting 

that biomarkers do not need to reflect the underlying pathogenic process to be relevant. Fourth, 

although DNAm and cell type proportions are known to be influenced by genetic variation (Hannon et 

al., 2018, 2017, 2016a, 2016b; Kelly et al., 2024), we did not correct our results for it or population 

structure, although we validated findings in a different population. For the longitudinal analysis, this 

would likely not have a major impact. However, it could influence the observed correlations between 

DNAm and response rate. 

Despite these limitations, our study offers groundbreaking insights into the dynamic interplay 

between DNAm, DNAm-derived cell-type proportions, and response to antipsychotic treatment in the 

early stages of schizophrenia. We report an association between DNAm-derived B-cell proportion and 

short-term treatment response in two independent longitudinal cohorts. These findings nominate B-

cells as a potential biomarker for tailoring antipsychotic treatment strategies. Furthermore, by 

elucidating the connections between DNA methylation, immune function, and treatment response, this 

study paves the way for future investigations into the underlying mechanisms of schizophrenia 

pathophysiology. Additionally, our results can inform the interpretation of past and future case-

control EWAS studies by disentangling the effects of antipsychotic medication and potentially 

revealing novel underlying mechanisms. However, further studies are needed to verify whether the 

results observed with DNAm-derived B-cell proportions replicate with B-cell counts in the blood of 

individuals at their first episode of psychosis and who are drug-naïve. Another question that should be 
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addressed is whether these results are specific to risperidone or can be reproduced by other 

antipsychotics as well. 

 

5. Acknowledgments 

We would like to thank the patients, controls, their families, the psychiatrists, nurses and all the staff 

for their participation in this study.  Also, we would like to thank the staff from: a) Luiz de Queiroz 

College of Agriculture (ESALQ/USP), where the EPIC arrays were scanned, particularly Ricardo 

Brassaloti and Luiz Coutinho; b) MRC Social, Genetics & Developmental Psychiatry Centre (SGDP, 

at King’s College London), where the 450K arrays were analyzed; and c) the Centre National de 

Recherche en Génomique Humaine (CNRGH, Évry-Courcouronnes, France); where the EPIC arrays 

from the replication cohort were analyzed.  

 

6. Role of Funding Source 

 
This study was supported by Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP 

2010/08968-6; 2011/50740-5; 2014/50830-2, 2014/07280-1; 2014/22223-4; 2012/12686-1, 

2017/25016-8), Brazil; by the Conselho Nacional de Desenvolvimento Científico e Tecnológico 

(CNPq), Brazil; by the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior–Brasil 

(CAPES)–Finance Code 001; and by a UK Medical Research Council/FAPESP Newton Award 

(MRC MR/M026337/1). This work is supported in part by the NIHR Biomedical Research Centre 

(‘BRC’) and NIHR Dementia Biomedical Research Unit (‘BRU’) hosted at King’s College London 

and South London and Maudsley NHS Foundation Trust and funded by the National Institute for 

Health Research under its Biomedical Research Centres funding initiative. This study was also 

supported by the Norwegian Research Council (grant #273446 and 223273). These agencies had no 

further role in study design; in the collection, analysis and interpretation of data; in the writing of the 

report; and in the decision to submit the paper for publication 

 

7. Contributors 

VKO, SIB, LMS, AG, CSN, and SLH designed the study. VKO and LMS performed the data 

analyses and wrote the first draft of the manuscript. AKS and SLH supervised the data analyses. 

GOC, CSN, and MNN assisted with data collection. AVGB, CMC, SHL, and VKO conducted the 

biological experiments. AL, CGA, DGS, RPR, FB, SJ, and CMC collected data from the replication 

cohort and performed the initial analyses. RAB, GB, SIN, and SLH were the principal investigators of 

the funding grants. All the authors revised and approved the final manuscript. 

 

8. Conflicts of interest 

The authors have nothing to disclose 

  



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

 

9. References 

Aryee, M.J., Jaffe, A.E., Corrada-Bravo, H., Ladd-Acosta, C., Feinberg, A.P., Hansen, K.D., Irizarry, 

R.A., 2014. Minfi: a flexible and comprehensive Bioconductor package for the analysis of 

Infinium DNA methylation microarrays. Bioinformatics 30, 1363–1369. 

https://doi.org/10.1093/bioinformatics/btu049 

Bates, D., Mächler, M., Bolker, B., Walker, S., 2015. Fitting Linear Mixed-Effects Models Using 

lme4. J. Stat. Soft. 67, 1–48. https://doi.org/10.18637/jss.v067.i01 

Bioque, M., Catarina Matias-Martins, A., Llorca-Bofí, V., Mezquida, G., Cuesta, M.J., Vieta, E., 

Amoretti, S., Lobo, A., González-Pinto, A., Moreno, C., Roldán, A., Martinez-Aran, A., Baeza, 

I., Bergé, D., García-Rizo, C., Mas Herrero, S., Bernardo, M., 2EPs GROUP, Madero, S., 

González, J., Andreu-Bernabeu, Á., Recio, S., Selma, J., Tonda, M., García-Corres, E., 

Fernández-Sevillano, J., De-la-Cámara, C., Modrego-Pardo, P., Escartí, M.J., Pérez-Rando, M., 

Vázquez, G., Cristeto, S., Sanchez-Moreno, J., Gimenez-Palomo, A., Castro-Fornieles, J., de la 

Serna, E., Contreras, F., González-Blanco, L., A Sáiz, P., Gutiérrez-Fraile, M., Zabala, A., 

Sanchez-Pastor, L., Rodriguez-Jimenez, R., Usall, J., Butjosa, A., Pomarol-Clotet, E., Sarró, S., 

Ibáñez, Á., Sánchez-Torres, A.M., Balanzá, V., 2022. Neutrophil to Lymphocyte Ratio in 

Patients With a First Episode of Psychosis: A Two-Year Longitudinal Follow-up Study. 

Schizophrenia Bulletin 48, 1327–1335. https://doi.org/10.1093/schbul/sbac089 

Bioque, M., Llorca-Bofí, V., Salmerón, S., García-Bueno, B., MacDowell, K.S., Moreno, C., Sáiz, 

P.A., González-Pinto, A., Hidalgo-Figueroa, M., Barcones, M.F., Rodriguez-Jimenez, R., 

Bernardo, M., Leza, J.C., FLAMMPEPS STUDY - Centro de Investigación Biomédica en Red 

de Salud Mental, 2024. Association between neutrophil to lymphocyte ratio and inflammatory 

biomarkers in patients with a first episode of psychosis. J Psychiatr Res 172, 334–339. 

https://doi.org/10.1016/j.jpsychires.2024.02.044 

Braun, P.R., Han, S., Hing, B., Nagahama, Y., Gaul, L.N., Heinzman, J.T., Grossbach, A.J., Close, L., 

Dlouhy, B.J., Howard, M.A., Kawasaki, H., Potash, J.B., Shinozaki, G., 2019. Genome-wide 

DNA methylation comparison between live human brain and peripheral tissues within 

individuals. Transl Psychiatry 9, 47. https://doi.org/10.1038/s41398-019-0376-y 

Burghardt, K.J., Khoury, A.S., Msallaty, Z., Yi, Z., Seyoum, B., 2020. Antipsychotic Medications and 

DNA Methylation in Schizophrenia and Bipolar Disorder: A Systematic Review. 

Pharmacotherapy 40, 331–342. https://doi.org/10.1002/phar.2375 

Cavalcante, D.A., Noto, M., Cerqueira, R. de O., Costa, G.O., Coutinho, L., Malinovski, F., Fonseca, 

A.O., Santoro, M.L., Ota, V., Cordeiro, Q., Bressan, R.A., Belangero, S., Gadelha, A., Noto, C., 

2024. GAPi: A description of the initiative for early psychosis intervention in Latin America 

and the short- to medium-term outcomes in early psychosis patients. Asian J Psychiatr 98, 

104104. https://doi.org/10.1016/j.ajp.2024.104104 

Elliott, H.R., Tillin, T., McArdle, W.L., Ho, K., Duggirala, A., Frayling, T.M., Davey Smith, G., 

Hughes, A.D., Chaturvedi, N., Relton, C.L., 2014. Differences in smoking associated DNA 

methylation patterns in South Asians and Europeans. Clin Epigenet 6, 4. 

https://doi.org/10.1186/1868-7083-6-4 

Ellmeier, W., Haust, L., Tschismarov, R., 2013. Transcriptional control of CD4 and CD8 coreceptor 

expression during T cell development. Cellular and Molecular Life Sciences 70, 4537–4553. 

https://doi.org/10.1007/s00018-013-1393-2 

FlowSorted.Blood.EPIC, n.d. . Comprehensive R Archive Network. 

https://doi.org/10.18129/B9.bioc.FlowSorted.Blood.EPIC 

Fortin, J.-P., Labbe, A., Lemire, M., Zanke, B.W., Hudson, T.J., Fertig, E.J., Greenwood, C.M., 

Hansen, K.D., 2014. Functional normalization of 450k methylation array data improves 

replication in large cancer studies. Genome Biol 15, 503. https://doi.org/10.1186/s13059-014-

0503-2 

Fortin, J.-P., Triche, T.J., Hansen, K.D., 2016. Preprocessing, normalization and integration of the 

Illumina HumanMethylationEPIC array with minfi. Bioinformatics btw691. 

https://doi.org/10.1093/bioinformatics/btw691 

Guo, L.-K., Su, Y., Zhang, Y.-Y.-N., Yu, H., Lu, Z., Li, W.-Q., Yang, Y.-F., Xiao, X., Yan, H., Lu, 

T.-L., Li, J., Liao, Y.-D., Kang, Z.-W., Wang, L.-F., Li, Y., Li, M., Liu, B., Huang, H.-L., Lv, 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

 

L.-X., Yao, Y., Tan, Y.-L., Breen, G., Everall, I., Wang, H.-X., Huang, Z., Zhang, D., Yue, W.-

H., 2023. Prediction of treatment response to antipsychotic drugs for precision medicine 

approach to schizophrenia: randomized trials and multiomics analysis. Mil Med Res 10, 24. 

https://doi.org/10.1186/s40779-023-00459-7 

Hannon, E., Dempster, E., Viana, J., Burrage, J., Smith, A.R., Macdonald, R., St Clair, D., Mustard, 

C., Breen, G., Therman, S., Kaprio, J., Toulopoulou, T., Hulshoff Pol, H.E., Bohlken, M.M., 

Kahn, R.S., Nenadic, I., Hultman, C.M., Murray, R.M., Collier, D.A., Bass, N., Gurling, H., 

McQuillin, A., Schalkwyk, L., Mill, J., 2016a. An integrated genetic-epigenetic analysis of 

schizophrenia: evidence for co-localization of genetic associations and differential DNA 

methylation. Genome Biol 17, 176. https://doi.org/10.1186/s13059-016-1041-x 

Hannon, E., Dempster, E.L., Mansell, G., Burrage, J., Bass, N., Bohlken, M.M., Corvin, A., Curtis, 

C.J., Dempster, D., Di Forti, M., Dinan, T.G., Donohoe, G., Gaughran, F., Gill, M., Gillespie, 

A., Gunasinghe, C., Hulshoff, H.E., Hultman, C.M., Johansson, V., Kahn, R.S., Kaprio, J., 

Kenis, G., Kowalec, K., MacCabe, J., McDonald, C., McQuillin, A., Morris, D.W., Murphy, 

K.C., Mustard, C.J., Nenadic, I., O’Donovan, M.C., Quattrone, D., Richards, A.L., Rutten, 

B.P., St Clair, D., Therman, S., Toulopoulou, T., Van Os, J., Waddington, J.L., Wellcome Trust 

Case Control Consortium (WTCCC), CRESTAR consortium, Sullivan, P., Vassos, E., Breen, 

G., Collier, D.A., Murray, R.M., Schalkwyk, L.S., Mill, J., 2021. DNA methylation meta-

analysis reveals cellular alterations in psychosis and markers of treatment-resistant 

schizophrenia. Elife 10, e58430. https://doi.org/10.7554/eLife.58430 

Hannon, E., Gorrie-Stone, T.J., Smart, M.C., Burrage, J., Hughes, A., Bao, Y., Kumari, M., 

Schalkwyk, L.C., Mill, J., 2018. Leveraging DNA-Methylation Quantitative-Trait Loci to 

Characterize the Relationship between Methylomic Variation, Gene Expression, and Complex 

Traits. The American Journal of Human Genetics 103, 654–665. 

https://doi.org/10.1016/j.ajhg.2018.09.007 

Hannon, E., Spiers, H., Viana, J., Pidsley, R., Burrage, J., Murphy, T.M., Troakes, C., Turecki, G., 

O’Donovan, M.C., Schalkwyk, L.C., Bray, N.J., Mill, J., 2016b. Methylation QTLs in the 

developing brain and their enrichment in schizophrenia risk loci. Nat Neurosci 19, 48–54. 

https://doi.org/10.1038/nn.4182 

Hannon, E., Weedon, M., Bray, N., O’Donovan, M., Mill, J., 2017. Pleiotropic Effects of Trait-

Associated Genetic Variation on DNA Methylation: Utility for Refining GWAS Loci. The 

American Journal of Human Genetics 100, 954–959. https://doi.org/10.1016/j.ajhg.2017.04.013 

Hu, M., Xia, Y., Zong, X., Sweeney, J.A., Bishop, J.R., Liao, Y., Giase, G., Li, B., Rubin, L.H., 

Wang, Y., Li, Z., He, Y., Chen, X., Liu, C., Chen, C., Tang, J., 2022. Risperidone-induced 

changes in DNA methylation in peripheral blood from first-episode schizophrenia patients 

parallel changes in neuroimaging and cognitive phenotypes. Psychiatry Res 317, 114789. 

https://doi.org/10.1016/j.psychres.2022.114789 

Jackson, A.J., Miller, B.J., 2020. Meta‐analysis of total and differential white blood cell counts in 

schizophrenia. Acta Psychiatr Scand 142, 18–26. https://doi.org/10.1111/acps.13140 

Karageorgiou, V., Milas, G.P., Michopoulos, I., 2019. Neutrophil-to-lymphocyte ratio in 

schizophrenia: A systematic review and meta-analysis. Schizophrenia Research 206, 4–12. 

https://doi.org/10.1016/j.schres.2018.12.017 

Kelly, D.L., Glassman, M., Wonodi, I., Vyas, G., Richardson, C.M., Nwulia, E., Wehring, H.J., 

Oduguwa, T., Mackowick, M., Hipolito, M.M.S., Peters, O., Rai, N., Park, J., Adebayo, A.O., 

Gorelick, D.A., Weiner, E., Liu, F., Kearns, A.M., Adams, H.A., Love, R.C., Chen, S., 

Olaniyan, A., Ambulos, N., McKoy, D., Nallani, M.C., Lanzkron, S., Mengistab, M., Barr, B., 

Davis, E., Lawal, R., Buchanan, R.W., Adebayo, R., 2024. Clozapine and neutrophil response 

in patients of African descent: A six-month, multinational, prospective, open-label clinical trial. 

Schizophr Res 268, 312–322. https://doi.org/10.1016/j.schres.2023.08.002 

Khavari, B., Cairns, M.J., 2020. Epigenomic Dysregulation in Schizophrenia: In Search of Disease 

Etiology and Biomarkers. Cells 9, 1837. https://doi.org/10.3390/cells9081837 

Kinoshita, M., Numata, S., Tajima, A., Ohi, K., Hashimoto, R., Shimodera, S., Imoto, I., Takeda, M., 

Ohmori, T., 2014. Aberrant DNA methylation of blood in schizophrenia by adjusting for 

estimated cellular proportions. Neuromolecular Med 16, 697–703. 

https://doi.org/10.1007/s12017-014-8319-5 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

 

Lago, S.G., Tomasik, J., van Rees, G.F., Ramsey, J.M., Haenisch, F., Cooper, J.D., Broek, J.A., 

Suarez-Pinilla, P., Ruland, T., Auyeug, B., Mikova, O., Kabacs, N., Arolt, V., Baron-Cohen, S., 

Crespo-Facorro, B., Bahn, S., 2020. Exploring the neuropsychiatric spectrum using high-

content functional analysis of single-cell signaling networks. Mol Psychiatry 25, 2355–2372. 

https://doi.org/10.1038/s41380-018-0123-4 

Leucht, S., Davis, J.M., Engel, R.R., Kissling, W., Kane, J.M., 2009. Definitions of response and 

remission in schizophrenia: recommendations for their use and their presentation. Acta 

Psychiatr Scand Suppl 7–14. https://doi.org/10.1111/j.1600-0447.2008.01308.x 

Li, Mingrui, Li, Y., Qin, H., Tubbs, J.D., Li, Minghui, Qiao, C., Lin, J., Li, Q., Fan, F., Gou, M., 

Huang, J., Tong, J., Yang, F., Tan, Y., Yao, Y., 2021. Genome-wide DNA methylation analysis 

of peripheral blood cells derived from patients with first-episode schizophrenia in the Chinese 

Han population. Mol Psychiatry 26, 4475–4485. https://doi.org/10.1038/s41380-020-00968-0 

Li, S., Wong, E.M., Bui, M., Nguyen, T.L., Joo, J.-H.E., Stone, J., Dite, G.S., Giles, G.G., Saffery, R., 

Southey, M.C., Hopper, J.L., 2018. Causal effect of smoking on DNA methylation in peripheral 

blood: a twin and family study. Clin Epigenet 10, 18. https://doi.org/10.1186/s13148-018-0452-

9 

Lisoway, A.J., Chen, C.C., Zai, C.C., Tiwari, A.K., Kennedy, J.L., 2021. Toward personalized 

medicine in schizophrenia: Genetics and epigenetics of antipsychotic treatment. Schizophr Res 

232, 112–124. https://doi.org/10.1016/j.schres.2021.05.010 

Lokmer, A., Alladi, C.G., Troudet, R., Bacq-Daian, D., Boland-Auge, A., Latapie, V., Deleuze, J.-F., 

RajKumar, R.P., Shewade, D.G., Bélivier, F., Marie-Claire, C., Jamain, S., 2023. Risperidone 

response in patients with schizophrenia drives DNA methylation changes in immune and 

neuronal systems. Epigenomics 15, 21–38. https://doi.org/10.2217/epi-2023-0017 

Luo, C., Pi, X., Hu, N., Wang, X., Xiao, Y., Li, S., Sweeney, J.A., Bishop, J.R., Gong, Q., Xie, D., 

Lui, S., 2021. Subtypes of schizophrenia identified by multi-omic measures associated with 

dysregulated immune function. Mol Psychiatry 26, 6926–6936. https://doi.org/10.1038/s41380-

021-01308-6 

Luo, C., Pi, X., Zhang, Q., Hu, N., Xiao, Y., Sweeney, J.A., Bishop, J.R., Gong, Q., Xie, D., Lui, S., 

2024. A subtype of schizophrenia patients with altered methylation level of genes related to 

immune cell activity. Psychol Med 1–9. https://doi.org/10.1017/S0033291724000667 

McAllister, C.G., Rapaport, M.H., Pickar, D., Paul, S.M., 1989. Effects of short-term administration 

of antipsychotic drugs on lymphocyte subsets in schizophrenic patients. Arch Gen Psychiatry 

46, 956–957. https://doi.org/10.1001/archpsyc.1989.01810100098019 

Min, J.L., Hemani, G., Davey Smith, G., Relton, C., Suderman, M., 2018. Meffil: efficient 

normalization and analysis of very large DNA methylation datasets. Bioinformatics. 

https://doi.org/10.1093/bioinformatics/bty476 

Montano, C., Taub, M.A., Jaffe, A., Briem, E., Feinberg, J.I., Trygvadottir, R., Idrizi, A., Runarsson, 

A., Berndsen, B., Gur, R.C., Moore, T.M., Perry, R.T., Fugman, D., Sabunciyan, S., Yolken, 

R.H., Hyde, T.M., Kleinman, J.E., Sobell, J.L., Pato, C.N., Pato, M.T., Go, R.C., Nimgaonkar, 

V., Weinberger, D.R., Braff, D., Gur, R.E., Fallin, M.D., Feinberg, A.P., 2016. Association of 

DNA Methylation Differences With Schizophrenia in an Epigenome-Wide Association Study. 

JAMA Psychiatry 73, 506. https://doi.org/10.1001/jamapsychiatry.2016.0144 

Müller, N., Ulmschneider, M., Scheppach, C., Schwarz, M.J., Ackenheil, M., Möller, H.-J., Gruber, 

R., Riedel, M., 2004. COX-2 inhibition as a treatment approach in schizophrenia: 

immunological considerations and clinical effects of celecoxib add-on therapy. Eur Arch 

Psychiatry Clin Neurosci 254, 14–22. https://doi.org/10.1007/s00406-004-0478-1 

Nie, F., Zhang, M., Shang, S., Zhang, Q., Zhang, R., Chen, P., Ma, J., 2021. Methylome-wide 

association study of first-episode schizophrenia reveals a hypermethylated CpG site in the 

promoter region of the TNIK susceptibility gene. Progress in Neuro-Psychopharmacology and 

Biological Psychiatry 106, 110081. https://doi.org/10.1016/j.pnpbp.2020.110081 

Noto, C., Ota, V.K., Gouvea, E.S., Rizzo, L.B., Spindola, L.M.N., Honda, P.H.S., Cordeiro, Q., 

Belangero, S.I., Bressan, R.A., Gadelha, A., Maes, M., Brietzke, E., 2015. Effects of 

Risperidone on Cytokine Profile in Drug-Naive First-Episode Psychosis. International Journal 

of Neuropsychopharmacology 18, pyu042–pyu042. https://doi.org/10.1093/ijnp/pyu042 

Okbay, A., Wu, Y., Wang, N., Jayashankar, H., Bennett, M., Nehzati, S.M., Sidorenko, J., Kweon, H., 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

 

Goldman, G., Gjorgjieva, T., Jiang, Y., Hicks, B., Tian, C., Hinds, D.A., Ahlskog, R., 

Magnusson, P.K.E., Oskarsson, S., Hayward, C., Campbell, A., Porteous, D.J., Freese, J., Herd, 

P., 23andMe Research Team, Social Science Genetic Association Consortium, Watson, C., 

Jala, J., Conley, D., Koellinger, P.D., Johannesson, M., Laibson, D., Meyer, M.N., Lee, J.J., 

Kong, A., Yengo, L., Cesarini, D., Turley, P., Visscher, P.M., Beauchamp, J.P., Benjamin, D.J., 

Young, A.I., 2022. Polygenic prediction of educational attainment within and between families 

from genome-wide association analyses in 3 million individuals. Nat Genet 54, 437–449. 

https://doi.org/10.1038/s41588-022-01016-z 

Owen, M.J., Sawa, A., Mortensen, P.B., 2016. Schizophrenia. The Lancet 388, 86–97. 

https://doi.org/10.1016/S0140-6736(15)01121-6 

Pérez-Aldana, B.E., Martínez-Magaña, J.J., Mayén-Lobo, Y.G., Dávila-Ortiz de Montellano, D.J., 

Aviña-Cervantes, C.L., Ortega-Vázquez, A., Genis-Mendoza, A.D., Sarmiento, E., Soto-Reyes, 

E., Juárez-Rojop, I.E., Tovilla-Zarate, C.A., González-Castro, T.B., Nicolini, H., López-López, 

M., Monroy-Jaramillo, N., 2022. Clozapine Long-Term Treatment Might Reduce Epigenetic 

Age Through Hypomethylation of Longevity Regulatory Pathways Genes. Front Psychiatry 13, 

870656. https://doi.org/10.3389/fpsyt.2022.870656 

Phipson, B., Maksimovic, J., Oshlack, A., 2016. missMethyl: an R package for analyzing data from 

Illumina’s HumanMethylation450 platform. Bioinformatics 32, 286–288. 

https://doi.org/10.1093/bioinformatics/btv560 

Pidsley, R., Y Wong, C.C., Volta, M., Lunnon, K., Mill, J., Schalkwyk, L.C., 2013. A data-driven 

approach to preprocessing Illumina 450K methylation array data. BMC Genomics 14, 293. 

https://doi.org/10.1186/1471-2164-14-293 

Ritchie, M.E., Phipson, B., Wu, D., Hu, Y., Law, C.W., Shi, W., Smyth, G.K., 2015. limma powers 

differential expression analyses for RNA-sequencing and microarray studies. Nucleic Acids 

Res 43, e47. https://doi.org/10.1093/nar/gkv007 

Rowbal, T., Kajy, M., Burghardt, K.J., 2023. Epigenome-wide studies of antipsychotics: a systematic 

review and pathway meta-analysis. Epigenomics 15, 1085–1094. https://doi.org/10.2217/epi-

2023-0222 

Salas, L.A., Koestler, D.C., Butler, R.A., Hansen, H.M., Wiencke, J.K., Kelsey, K.T., Christensen, 

B.C., 2018. An optimized library for reference-based deconvolution of whole-blood 

biospecimens assayed using the Illumina HumanMethylationEPIC BeadArray. Genome Biol 

19, 64. https://doi.org/10.1186/s13059-018-1448-7 

Sandberg, A.A., Steen, V.M., Torsvik, A., 2021. Is Elevated Neutrophil Count and Neutrophil-to-

Lymphocyte Ratio a Cause or Consequence of Schizophrenia?-A Scoping Review. Front 

Psychiatry 12, 728990. https://doi.org/10.3389/fpsyt.2021.728990 

Saunders, G.R.B., Wang, X., Chen, F., Jang, S.-K., Liu, M., Wang, C., Gao, S., Jiang, Y., 

Khunsriraksakul, C., Otto, J.M., Addison, C., Akiyama, M., Albert, C.M., Aliev, F., Alonso, A., 

Arnett, D.K., Ashley-Koch, A.E., Ashrani, A.A., Barnes, K.C., Barr, R.G., Bartz, T.M., Becker, 

D.M., Bielak, L.F., Benjamin, E.J., Bis, J.C., Bjornsdottir, G., Blangero, J., Bleecker, E.R., 

Boardman, J.D., Boerwinkle, E., Boomsma, D.I., Boorgula, M.P., Bowden, D.W., Brody, J.A., 

Cade, B.E., Chasman, D.I., Chavan, S., Chen, Y.-D.I., Chen, Z., Cheng, I., Cho, M.H., 

Choquet, H., Cole, J.W., Cornelis, M.C., Cucca, F., Curran, J.E., de Andrade, M., Dick, D.M., 

Docherty, A.R., Duggirala, R., Eaton, C.B., Ehringer, M.A., Esko, T., Faul, J.D., Fernandes 

Silva, L., Fiorillo, E., Fornage, M., Freedman, B.I., Gabrielsen, M.E., Garrett, M.E., Gharib, 

S.A., Gieger, C., Gillespie, N., Glahn, D.C., Gordon, S.D., Gu, C.C., Gu, D., Gudbjartsson, 

D.F., Guo, X., Haessler, J., Hall, M.E., Haller, T., Harris, K.M., He, J., Herd, P., Hewitt, J.K., 

Hickie, I., Hidalgo, B., Hokanson, J.E., Hopfer, C., Hottenga, J., Hou, L., Huang, H., Hung, Y.-

J., Hunter, D.J., Hveem, K., Hwang, S.-J., Hwu, C.-M., Iacono, W., Irvin, M.R., Jee, Y.H., 

Johnson, E.O., Joo, Y.Y., Jorgenson, E., Justice, A.E., Kamatani, Y., Kaplan, R.C., Kaprio, J., 

Kardia, S.L.R., Keller, M.C., Kelly, T.N., Kooperberg, C., Korhonen, T., Kraft, P., Krauter, K., 

Kuusisto, J., Laakso, M., Lasky-Su, J., Lee, W.-J., Lee, J.J., Levy, D., Li, L., Li, K., Li, Y., Lin, 

K., Lind, P.A., Liu, C., Lloyd-Jones, D.M., Lutz, S.M., Ma, J., Mägi, R., Manichaikul, A., 

Martin, N.G., Mathur, R., Matoba, N., McArdle, P.F., McGue, M., McQueen, M.B., Medland, 

S.E., Metspalu, A., Meyers, D.A., Millwood, I.Y., Mitchell, B.D., Mohlke, K.L., Moll, M., 

Montasser, M.E., Morrison, A.C., Mulas, A., Nielsen, J.B., North, K.E., Oelsner, E.C., Okada, 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

 

Y., Orrù, V., Palmer, N.D., Palviainen, T., Pandit, A., Park, S.L., Peters, U., Peters, A., Peyser, 

P.A., Polderman, T.J.C., Rafaels, N., Redline, S., Reed, R.M., Reiner, A.P., Rice, J.P., Rich, 

S.S., Richmond, N.E., Roan, C., Rotter, J.I., Rueschman, M.N., Runarsdottir, V., Saccone, 

N.L., Schwartz, D.A., Shadyab, A.H., Shi, J., Shringarpure, S.S., Sicinski, K., Skogholt, A.H., 

Smith, J.A., Smith, N.L., Sotoodehnia, N., Stallings, M.C., Stefansson, H., Stefansson, K., 

Stitzel, J.A., Sun, X., Syed, M., Tal-Singer, R., Taylor, A.E., Taylor, K.D., Telen, M.J., Thai, 

K.K., Tiwari, H., Turman, C., Tyrfingsson, T., Wall, T.L., Walters, R.G., Weir, D.R., Weiss, 

S.T., White, W.B., Whitfield, J.B., Wiggins, K.L., Willemsen, G., Willer, C.J., Winsvold, B.S., 

Xu, H., Yanek, L.R., Yin, J., Young, K.L., Young, K.A., Yu, B., Zhao, W., Zhou, W., Zöllner, 

S., Zuccolo, L., 23andMe Research Team, Biobank Japan Project, Batini, C., Bergen, A.W., 

Bierut, L.J., David, S.P., Gagliano Taliun, S.A., Hancock, D.B., Jiang, B., Munafò, M.R., 

Thorgeirsson, T.E., Liu, D.J., Vrieze, S., 2022. Genetic diversity fuels gene discovery for 

tobacco and alcohol use. Nature 612, 720–724. https://doi.org/10.1038/s41586-022-05477-4 

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

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

https://doi.org/10.1038/nature13595 

Schwarzer, G., Carpenter, J.R., Rücker, G., 2015. Meta-Analysis with R, Meta-analysis with R. 

Springer International Publishing, Cham. 

Sellmann, C., Pildaín, L.V., Schmitt, A., Leonardi-Essmann, F., Durrenberger, P.F., Spanagel, R., 

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

Falkai, P., Gebicke-Haerter, P.J., Matthäus, F., 2014. Gene expression in superior temporal 

cortex of schizophrenia patients. European Archives of Psychiatry and Clinical Neuroscience 

264, 297–309. https://doi.org/10.1007/s00406-013-0473-5 

Shen, L., Lv, X., Huang, H., Li, M., Huai, C., Wu, X., Wu, H., Ma, J., Chen, L., Wang, T., Tan, J., 

Sun, Y., Li, L., Shi, Y., Yang, C., Cai, L., Lu, Y., Zhang, Y., Weng, S., Tai, S., Zhang, N., He, 

L., Wan, C., Qin, S., 2021. Genome-wide analysis of DNA methylation in 106 schizophrenia 

family trios in Han Chinese. eBioMedicine 72, 103609. 

https://doi.org/10.1016/j.ebiom.2021.103609 

Smith, A.K., Kilaru, V., Klengel, T., Mercer, K.B., Bradley, B., Conneely, K.N., Ressler, K.J., 

Binder, E.B., 2015. DNA extracted from saliva for methylation studies of psychiatric traits: 

evidence tissue specificity and relatedness to brain. Am J Med Genet B Neuropsychiatr Genet 

168B, 36–44. https://doi.org/10.1002/ajmg.b.32278 

Steiner, J., Frodl, T., Schiltz, K., Dobrowolny, H., Jacobs, R., Fernandes, B.S., Guest, P.C., Meyer-

Lotz, G., Borucki, K., Bahn, S., Bogerts, B., Falkai, P., Bernstein, H.-G., 2019. Innate Immune 

Cells and C-Reactive Protein in Acute First-Episode Psychosis and Schizophrenia: Relationship 

to Psychopathology and Treatment. Schizophrenia Bulletin sbz068. 

https://doi.org/10.1093/schbul/sbz068 

Steiner, J., Jacobs, R., Panteli, B., Brauner, M., Schiltz, K., Bahn, S., Herberth, M., Westphal, S., Gos, 

T., Walter, M., Bernstein, H.-G., Myint, A.M., Bogerts, B., 2010. Acute schizophrenia is 

accompanied by reduced T cell and increased B cell immunity. Eur Arch Psychiatry Clin 

Neurosci 260, 509–518. https://doi.org/10.1007/s00406-010-0098-x 

Suderman, M., Staley, J.R., French, R., Arathimos, R., Simpkin, A., Tilling, K., 2018. dmrff: 

identifying differentially methylated regions efficiently with power and control. bioRxiv 

508556. https://doi.org/10.1101/508556 

Taylor, M., Cavanagh, J., Hodgson, R., Tiihonen, J., 2012. Examining the effectiveness of 

antipsychotic medication in first-episode psychosis. J Psychopharmacol 26, 27–32. 

https://doi.org/10.1177/0269881112439252 

Tesfaye, M., Spindola, L.M., Stavrum, A.-K., Shadrin, A., Melle, I., Andreassen, O.A., Le Hellard, S., 

2024. Sex effects on DNA methylation affect discovery in epigenome-wide association study of 

schizophrenia. Mol Psychiatry. https://doi.org/10.1038/s41380-024-02513-9 

van Eijk, K.R., de Jong, S., Strengman, E., Buizer-Voskamp, J.E., Kahn, R.S., Boks, M.P., Horvath, 

S., Ophoff, R.A., 2015. Identification of schizophrenia-associated loci by combining DNA 

methylation and gene expression data from whole blood. Eur J Hum Genet 23, 1106–1110. 

https://doi.org/10.1038/ejhg.2014.245 

van Mierlo, H.C., Broen, J.C.A., Kahn, R.S., de Witte, L.D., 2019. B-cells and schizophrenia: A 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

 

promising link or a finding lost in translation? Brain Behav Immun 81, 52–62. 

https://doi.org/10.1016/j.bbi.2019.06.043 

Villar, J.D., Stavrum, A.-K., Spindola, L.M., Torsvik, A., Bjella, T., Steen, N.E., Djurovic, S., 

Andreassen, O.A., Steen, V.M., Le Hellard, S., 2023. Differences in white blood cell 

proportions between schizophrenia cases and controls are influenced by medication and 

variations in time of day. Transl Psychiatry 13, 211. https://doi.org/10.1038/s41398-023-02507-

1 

Vitale, A.M., Matigian, N.A., Cristino, A.S., Nones, K., Ravishankar, S., Bellette, B., Fan, Y., Wood, 

S.A., Wolvetang, E., Mackay-Sim, A., 2017. DNA methylation in schizophrenia in different 

patient-derived cell types. npj Schizophr 3, 6. https://doi.org/10.1038/s41537-016-0006-0 

Wockner, L.F., Morris, C.P., Noble, E.P., Lawford, B.R., Whitehall, V.L.J., Young, R.M., Voisey, J., 

2015. Brain-specific epigenetic markers of schizophrenia. Transl Psychiatry 5, e680–e680. 

https://doi.org/10.1038/tp.2015.177 

Wockner, L.F., Noble, E.P., Lawford, B.R., Young, R.M., Morris, C.P., Whitehall, V.L.J., Voisey, J., 

2014. Genome-wide DNA methylation analysis of human brain tissue from schizophrenia 

patients. Transl Psychiatry 4, e339–e339. https://doi.org/10.1038/tp.2013.111 

Xiao, Y., Camarillo, C., Ping, Y., Arana, T.B., Zhao, H., Thompson, P.M., Xu, Chaohan, Su, B.B., 

Fan, H., Ordonez, J., Wang, L., Mao, C., Zhang, Y., Cruz, D., Escamilla, M.A., Li, X., Xu, 

Chun, 2014. The DNA methylome and transcriptome of different brain regions in schizophrenia 

and bipolar disorder. PLoS One 9, e95875. https://doi.org/10.1371/journal.pone.0095875 

Yousefi, P.D., Suderman, M., Langdon, R., Whitehurst, O., Davey Smith, G., Relton, C.L., 2022. 

DNA methylation-based predictors of health: applications and statistical considerations. Nat 

Rev Genet 23, 369–383. https://doi.org/10.1038/s41576-022-00465-w 

Zeilinger, S., Kühnel, B., Klopp, N., Baurecht, H., Kleinschmidt, A., Gieger, C., Weidinger, S., 

Lattka, E., Adamski, J., Peters, A., Strauch, K., Waldenberger, M., Illig, T., 2013. Tobacco 

Smoking Leads to Extensive Genome-Wide Changes in DNA Methylation. PLoS ONE 8, 

e63812. https://doi.org/10.1371/journal.pone.0063812 

Zhao, P., Ying, Z., Yuan, C., Zhang, H., Dong, A., Tao, J., Yi, X., Yang, M., Jin, W., Tian, W., 

Karasik, D., Tian, G., Zheng, H., 2024. Shared genetic architecture highlights the bidirectional 

association between major depressive disorder and fracture risk. Gen Psychiatr 37, e101418. 

https://doi.org/10.1136/gpsych-2023-101418 

Zong, X., He, C., Huang, X., Xiao, J., Li, L., Li, M., Yao, T., Hu, M., Liu, Z., Duan, X., Zheng, J., 

2022. Predictive Biomarkers for Antipsychotic Treatment Response in Early Phase of 

Schizophrenia: Multi-Omic Measures Linking Subcortical Covariant Network, Transcriptomic 

Signatures, and Peripheral Epigenetics. Front Neurosci 16, 853186. 

https://doi.org/10.3389/fnins.2022.853186 

Zong, X., Wang, G., Nie, Z., Ma, S., Kang, L., Zhang, N., Weng, S., Tan, Q., Zheng, J., Hu, M., 2023. 

Longitudinal multi-omics alterations response to 8-week risperidone monotherapy: Evidence 

linking cortical thickness, transcriptomics and epigenetics. Front Psychiatry 14, 1127353. 

https://doi.org/10.3389/fpsyt.2023.1127353 

Zong, X., Zhang, Q., He, C., Huang, X., Zhang, J., Wang, G., Lv, L., Sang, D., Zou, X., Chen, H., 

Zheng, J., Hu, M., 2021. DNA Methylation Basis in the Effect of White Matter Integrity 

Deficits on Cognitive Impairments and Psychopathological Symptoms in Drug-Naive First-

Episode Schizophrenia. Front. Psychiatry 12, 777407. 

https://doi.org/10.3389/fpsyt.2021.777407 

 

  



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

 

Figure Legends 

 

Figure 1: Study design for assessing DNA methylation (DNAm) to identify cell type proportions 

(CTP), differentially methylated positions (DMPs), differentially methylated regions (DMRs) (B) in 

relation to risperidone response rate and treatment in the discovery cohort (A) and replication cohort 

(C). After quality control, the discovery cohort was composed of 114 antipsychotic-naïve first-episode 

psychosis (FEP) individuals assessed at baseline and after two months of risperidone. The main 

results were compared to a sample of 115 healthy controls. The replication cohort was composed of 

26 individuals with schizophrenia assessed before and after one month of risperidone treatment. 

Response was assessed using the Positive and Negative Symptoms Scale (PANSS). 

 

Figure 2: (A) Violin and box plots for estimated B cells, NK cells and monocytes proportions. Red 

dots represent the mean within groups. Estimated proportions for the control group were plotted to 

estimate control levels. (B) Scatter plot of estimated B-cell proportions and percentage change in the 

total PANSS score after risperidone treatment in both discovery and validation cohorts. 
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Tables 

Table 1: Characteristics of participants in discovery and replication cohorts. 

 DISCOVERY COHORT REPLICATION COHORT 

 
Control 

(n=115) 
FEP (n=114) Stats p SCZ cases (n=26) 

Males (%) 60.9 66.7 
χ2 = 

0.601 
0.438 53.8 

Age (mean 

years ± SD) 
25.8 ± 6.69 25.3 ± 6.92 

U = 

6159.5 
0.430 32.8 ± 9.04 

Smoking score 

at baseline 

(mean ± SD) 

-4.25 ± 2.85 -3.26 ± 3.96 U = 7448 0.075 -7.35 ± 3.01 

Smoking score 

at the follow-

up (mean ± 

SD) 

-- -3.04 ± 3.69 
U = 7420 

(*) 
0.017 -7.54 ± 3.00 

 
Responders 

(n=52) 

Non-

responders 

(n=54) 

Stats p 
Responders 

(n=16) 

Non-

responders 

(n=10) 

Stats p 

Males (%) 65.4 68.5 
χ2 = 

0.019 
0.892 37.5 80  0.051 

Age (mean 

years ± SD) 
24.7 ± 6.45 25.4 ± 7.30 U = 1355 0.759 32.3 ± 7.93 33.5 ± 11.0 U = 83 0.895 

Smoking score 

at baseline 

(mean ± SD) 

-3.70 ± 4.25 -3.18 ± 3.53 U = 1211 0.224 -8.29 ± 2.45 -5.86 ± 3.33 U = 44 0.060 

Smoking score 

at the follow-

up (mean ± 

SD) 

-3.05 ± 4.12 -3.10 ± 3.47 U = 1252 0.758 -8.39 ± 2.33 -6.18 ± 3.56 U = 53 0.165 

Total PANSS 

score at 

baseline (mean 

± SD) 

93.4 ± 24.1 89 ± 19.5 

t = 

1.041, df 

= 104 

0.301 92.2 ± 12.1 89.5 ± 17.3 

t = 

0.477, 

df = 24 

0.637 

Total PANSS 

at the follow-

up (mean ± 

SD) 

48.6 ± 11.4 74.1 ± 15.2 

t = -

9.636, df 

= 100 

< 

0.001 
49.4 ± 10.8 72.9 ± 13.4 

t = -

4.929, 

df = 24 

< 

0.001 

FEP: first-episode psychosis. SCZ: schizophrenia. SD: standard deviation. U: statistics from the Mann-Whitney U test. χ2 : 

statistics from the Chi-squared test. t: statistics from the Student’s t test. (*) smoking scores of FEP individuals at the follow-up 

were compared with control scores.  

Table 2: Meta-analysis results of the estimated cell-type proportions associated with 2-months of risperidone 

treatment, with psychotic state and response rate considering common effect model in the discovery cohort. 

Estimate

d 

Proportio

ns 

anFEP (ref) vs. FEP-

2M 

Controls (ref) vs. 

anFEP 

Controls (ref) vs. 

FEP-2M 

Response Response*Ti

me point 

Interaction 

Estima

te 

SE p Estima

te 

SE p Estima

te 

SE p Estima

te 

SE p Estima

te 

SE p 

NLR -0.651 0.17

6 
<0.00

1 

0.883 0.22

2 
<0.0

01 

0.141 0.12

6 

0.26

2 

0.0003 0.00

49 

0.95

6* 

0.0032 0.006

2 

0.60

4 

Neutroph

ils 

-0.036 0.01

1 
0.001 0.063 0.01

5 
<0.0

01 

0.018 0.01

5 

0.23

9 

< -

0.0001 

0.00

04 

0.95

8* 

0.0001 0.000

4 

0.88

6 

CD4+T 

cells 

0.012 0.00

4 
0.006

* 

-0.025 0.00

7 
<0.0

01 

-0.004 0.00

6 

0.55

9 

0.0001 0.00

02 

0.51

7 

0.0001 0.000

2 

0.71

5 

CD8+T 

cells 

0.015 0.00

3 
<0.00

1* 

-0.030 0.00

5 
<0.0

01 

-0.014 0.00

6 
0.01

6 

-

0.0001 

0.00

01 

0.25

9* 

-

0.0001 

0.000

1 

0.62

1 

NK cells 0.014 0.00

3 
<0.00

1 

-0.013 0.00

4 
0.004

* 

-0.002 0.00

5 

0.75

8 

-

0.0001 

0.00

01 

0.37

5 

0.0003 0.000

1 
0.00

2 

B-cells -0.006 0.00

3 

0.035 -0.001 0.00

4 

0.879 -0.004 0.00

3 

0.19

9 

0.0001 0.00

01 

0.21

5* 

-

0.0002 

0.000

1 
0.00

7 

Monocyt

es 

0.002 0.00

2 

0.459 0.001 0.00

3 

0.694 0.004 0.00

3 

0.24

9 

0.0001 0.00

01 

0.15

1 

-

0.0002 

0.000

1 
0.01

6 
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Estimated cell proportions associated with the outcome after correction for multiple comparisons (Bonferroni correction for 

3 comparisons – p < 0.017) are highlighted in bold. anFEP: antipsychotic-naïve first-episode of psychosis. FEP-2M: first-

episode of psychosis after 2-months of risperidone treatment. Ref: reference level. (*) Between-study heterogeneity measure 

I2 statistic > than 40% 

 

 

Table 3: Results of differentially methylated positions (DMPs) associated with the risperidone response rate in the 

discovery and replication cohorts. Response rate was defined as the percentage change in total PANSS score. For the 

discovery cohort, statistics were derived from a meta-analysis using a common effect model, except for EPIC-only 

probes, which used mixed-effects regression models. Statistics for the replication cohort were also derived from 

mixed-effects regression models. 

 

CpG ID 
ch

r 
Gene 

Discovery Cohort Replication Cohort 

Mean 

Diff. 

Baseli

ne 

Mean 

Diff. 

Follo

w-up 

Estima

te 
SE 

p-

valu

e 

I

2 

Mean 

Diff. 

Baseli

ne 

Mean 

Diff. 

Follo

w-up 

Estima

te 
SE 

One

-

side

d p 

cg126069

11 
2 CD8A -0.010 0.010 0.0093 

0.00

18 

2.42

E-07 
0 -0.014 

-

0.011 
0.0004 

0.00

02 

0.04

8 

cg130520

34 
1 SGIP1 0.001 0.015 

-

0.0055 

0.00

11 

1.64

E-06 

8

6 
0.031 0.011 

-

0.0013 

0.00

08 

0.03

8 

cg172535

17 
5 ARB2A 0.035 0.037 

-

0.0047 

0.00

10 

4.73

E-06 
0 0.021 0.052 

-

0.0012 

0.00

06 

0.02

2 

cg263129

20 
7 

NEURO

D6 
-0.005 0.003 0.0040 

0.00

09 

4.89

E-06 

2

1 
-0.004 

-

0.016 
0.0006 

0.00

03 

0.00

1 

cg223158

44 
6  -0.016 

-

0.014 
0.0051 

0.00

11 

5.44

E-06 
0 -0.069 

-

0.060 
0.0014 

0.00

06 

0.01

1 

cg082891

30 
16  0.038 0.028 

-

0.0082 

0.00

18 

7.73

E-06 
0 0.045 0.039 

-

0.0019 

0.00

09 

0.01

6 

cg186787

63 
11 RRM1 -0.008 

-

0.005 
0.0052 

0.00

12 

1.07

E-05 

7

3 
-0.014 

-

0.005 
0.0005 

0.00

03 

0.03

6 

cg274019

45 
10  0.012 0.012 

-

0.0049 

0.00

11 

1.09

E-05 
0 0.067 0.049 

-

0.0015 

0.00

09 

0.04

2 

cg087135

68 
1  0.016 0.016 

-

0.0033 

0.00

08 

2.67

E-05 
0 0.021 0.022 

-

0.0008 

0.00

04 

0.01

8 

cg033165

87 
8  -0.010 

-

0.021 
0.0031 

0.00

08 

2.75

E-05 

4

3 
0.009 

-

0.005 
0.0008 

0.00

04 

0.03

8 

cg121886

34* 
5  -0.040 

-

0.034 
0.0066 

0.00

12 

3.91

E-07 
-- -0.043 

-

0.004 
0.0017 

0.00

06 

0.00

2 

cg212506

89* 
2  0.027 0.023 

-

0.0064 

0.00

12 

5.02

E-07 
-- 0.028 0.046 

-

0.0012 

0.00

06 

0.02

4 

cg220833

01* 
11 YIF1A -0.020 

-

0.022 

-

0.0041 

0.00

08 

9.39

E-06 
-- -0.020 

-

0.024 
0.0007 

0.00

04 

0.03

0 

cg246622

24* 
2 RFX8 0.006 0.006 

-

0.0034 

0.00

07 

6.71

E-06 
-- 0.005 

< 

0.001 

-

0.0002 

0.00

01 

0.03

2 

cg039591

41* 
20  -0.044 

-

0.036 
0.0087 

0.00

17 

7.38

E-07 
-- -0.041 

-

0.047 
0.0013 

0.00

07 

0.03

3 

cg033352

13* 
20 EYA2 -0.030 

-

0.023 
0.0063 

0.00

11 

5.48

E-07 
-- -0.048 

-

0.003 
0.0010 

0.00

06 

0.03

9 

I2: degree of heterogeneity. (*) Epic-only probes. Mean differences were calculated as [average of beta values in non-

responders] – [average of beta values in responders]

Table 4: Differentially methylated regions (DMRs) associated with risperidone response rate and with the interaction 

between response rate and time point in the discovery cohort. The DMR validated in the validation cohort is 

highlighted in bold.  

Outcome Chr Start BP End BP n Genes Estimate SE Adj-pval 

Response 2 3933739 3934010 2 --- -0.019 0.003 1.55E-03 

 17 73824354 73824620 3 UNC13D -0.016 0.003 1.90E-02 

 17 171006 171257 4 RPH3AL -0.016 0.003 4.75E-02 

Interaction 1 93646459 93646505 2 
TMED5; 

CCDC18 
-0,011 0,002 2.79E-02 

 19 39881719 39881847 2 PAF1; MED29 -0.010 0.001 1.29E-07 

 11 93474015 93474146 3 C11orf54; TAF1D -0.011 0.002 4.55E-02 

 3 44626453 44626538 3 ZNF660 -0.010 0.002 2.66E-02 

 17 41856489 41856518 3 
DUSP3; 

C17orf105 
-0.009 0.002 2.25E-04 
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 13 45563688 45563889 4 
KIAA1704; 

NUFIP1 
-0.009 0.001 2.02E-04 

 19 38572847 38573135 4 SIPA1L3 0.006 0.001 1.93E-03 

 17 80050646 80051063 4 FASN 0.010 0.002 8.29E-04 

 22 29702810 29702866 5 GAS2L1 -0.010 0.002 8.74E-03 

 5 153418426 153418565 5 
MFAP3; 

FAM114A2 
-0.008 0.002 1.78E-02 

 5 176074358 176074720 5 TSPAN17 -0.008 0.001 1.81E-03 

 3 126422945 126423272 8 CHCHD6 -0.007 0.001 7.07E-03 

 3 47844180 47844655 10 DHX30 -0.006 0.001 4.35E-03 
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Figures 

 

Figure 1: Study design for assessing DNA methylation (DNAm) to identify cell type proportions (CTP), differentially 

methylated positions (DMPs), differentially methylated regions (DMRs) (B) in relation to risperidone response rate 

and treatment in the discovery cohort (A) and replication cohort (C). After quality control, the discovery cohort was 

composed of 114 antipsychotic-naïve first-episode psychosis (FEP) individuals assessed at baseline and after two 

months of risperidone. The main results were compared to a sample of 115 healthy controls. The replication cohort 

was composed of 26 individuals with schizophrenia assessed before and after one month of risperidone treatment. 

Response was assessed using the Positive and Negative Symptoms Scale (PANSS). 
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Figure 2: (A) Violin and box plots for estimated B cells, NK cells and monocytes proportions. Red dots represent the 

mean within groups. Estimated proportions for the control group were plotted to estimate control levels. (B) Scatter 

plot of estimated B-cell proportions and percentage change in the total PANSS score after risperidone treatment in 

both discovery and validation cohorts. 
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Ethical statements 

 

The Research Ethics Committee of the Federal University of Sao Paulo (UNIFESP) approved the 

research protocol (CEP 0603/10, CAAE 89057218.7.0000.5505 and CAAE: 48242015.9.0000.5505), 

and all participants or family members provided written informed consent before enrollment. The 

project was also approved by the Research Ethic Committee of Norway (REK #686185) 
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Highlights 

 

- Blood DNA methylation predicts risperidone response 

- 302 CpG sites and 16 regions linked to risperidone response 

- B cell changes predict risperidone response 

- Risperidone alters DNA methylation 

- Risperidone normalizes immune cell levels 



Figure 1



Figure 2


