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ARTICLE INFO ABSTRACT
Keywords: Alterations in DNA methylation and inflammation could represent valid biomarkers for the stratification of
Epigenomics patients with major depressive disorder (MDD). This study explored the use of DNA-methylation based immu-
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nological cell-type profiles in the context of MDD and symptom severity over time.

In 119 individuals with MDD, DNA-methylation was assessed on whole blood using the Illumina Infinium
MethylationEPIC 850 k BeadChip. Quality control and data processing, as well as cell type estimation was
conducted using the RnBeads package. The cell type composition was estimated using epigenome-wide DNA
methylation signatures, applying the Houseman method, considering six cell types (neutrophils, natural killer
cells (NK), B cells, CD4+ T cells, CD8+ T cells and monocytes). Two cytokines (IL-6 and IL-1p) and hsCRP were
quantified in serum. We performed a hierarchical cluster analysis on the six estimated cell-types and tested the
differences between these clusters in relation to the two cytokines and hsCRP, depression severity at baseline,
and after 6 weeks of treatment (celecoxib/placebo + vortioxetine). We performed a second cluster analysis with
cell-types and cytokines combined. ANCOVA was used to test for differences across clusters. We applied the
Bonferroni correction.

After quality control, we included 113 participants. Two clusters were identified, cluster 1 was high in CD4+
cells and NK, cluster 2 was high in CD8+ T-cells and B-cells, with similar fractions of neutrophils and monocytes.
The clusters were not associated with either of the two cytokines and hsCRP, or depression severity at baseline,
but cluster 1 showed higher depression severity after 6 weeks, corrected for baseline (p = 0.0060). The second
cluster analysis found similar results: cluster 1 was low in CD8+ T-cells, B-cells, and IL-1p. Cluster 2 was low in
CD4+ cells and natural killer cells. Neutrophils, monocytes, IL-6 and hsCRP were not different between the
clusters. Participants in cluster 1 showed higher depression severity at baseline than cluster 2 (p = 0.034), but no
difference in depression severity after 6 weeks.

DNA-methylation based cell-type profiles may be valuable in the immunological characterization and strati-
fication of patients with MDD. Future models should consider the inclusion of more cell-types and cytokines for
better a prediction of treatment outcomes.

* Corresponding author at: University Hospital of Miinster, Department of Mental Health, Building A9, Albert-Schweitzer-Campus 1, 48149 Miinster, Germany.
E-mail address: bernhard.baune@ukmuenster.de (B.T. Baune).
! European College of Neuropsychopharmacology (ECNP) Pharmacogenomics & Transcriptomics Network list of collaborators: Bernhard T Baune, Alessandra
Minelli, Alessandro Serretti, Mara Dierssen, Eduard Maron, Marie-Claude Potier, Massimo Gennarelli, Roos van Westrhenen, Alessio Squassina, David Stacey, Divja
Mehta, Joost G E Janzing, Chiara Fabbri, Pietro Lio’, Filip Rybakowski, Claudia Pisanu.

https://doi.org/10.1016/j.bbi.2024.09.026

Received 17 July 2024; Received in revised form 2 September 2024; Accepted 21 September 2024

Available online 26 September 2024

0889-1591/© 2024 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-
nc/4.0/).


mailto:bernhard.baune@ukmuenster.de
www.sciencedirect.com/science/journal/08891591
https://www.elsevier.com/locate/ybrbi
https://doi.org/10.1016/j.bbi.2024.09.026
https://doi.org/10.1016/j.bbi.2024.09.026
https://doi.org/10.1016/j.bbi.2024.09.026
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbi.2024.09.026&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

E. Van Assche et al.
1. Introduction

The presence of an inflammatory subtype of depression, also referred
to as ‘immunometabolic’ depression, has been repeatedly suggested
(Drevets et al., 2022; Milaneschi et al., 2020). Multiple studies in
different fields provided independent evidence on the involvement of
inflammation in major depressive disorder (MDD) (Milaneschi et al.,
2020) and treatment effects (Benedetti et al., 2022; Maffioletti et al.,
2020). In the context of personalised medicine, researchers and clini-
cians are highly interested in biomarkers able to stratify patients ac-
cording to their inflammatory subtype, which could have important
implications on treatment, as several immunomodulatory agents have
been explored as augmentation strategies in MDD (Drevets et al., 2022;
Fourrier et al., 2018). However, there is still no clear strategy on the best
approach to identify and stratify depressed individuals based on the
degree and type of inflammatory component (Drevets et al., 2022;
Milaneschi et al., 2020). This is challenging given the high heterogeneity
of MDD, and the available studies did not provide clinical applications
yet (Drevets et al., 2022).

Immunological markers in blood (Himmerich et al., 2019; Felger
et al., 2020) and cerebrospinal fluid (CSF) (Felger et al., 2020; Enache
et al., 2019) have been suggested as possible biomarkers for the study of
the inflammatory component of MDD. Interleukin 6 (IL-6), which shows
both pro- and anti-inflammatory capacities (Scheller et al., 2011), seems
to play a consistent and central role in the link between inflammation
and depression (Howren et al., 2009). However, cytokines do not act
alone but interact amongst each other, and others were particularly
studied in the context of MDD, namely Interleukin 1-beta (IL-1), and
Tumor Necrosis Factor-alfa (TNF-a), as well as C-reactive Protein (CRP)
(Himmerich et al., 2019; Felger et al., 2020; Howren et al., 2009).
Despite some negative findings (Lamers et al., 2019), interleukin-6 (IL-
6) or/and CRP were associated with relevant phenotypes of depression,
such as depression severity and risk of chronicity, and the risk of
developing depressive symptoms in longitudinal studies (Mac Giollab-
hui et al.,, 2021). When considering the role of these biomarkers in
depression, concomitant factors involved in the modulation of systemic
inflammation should be taken in account, such as body mass index (BMI)
(Suneson et al., 2023; Milaneschi et al., 2019). However, the relation-
ship between inflammation and depression seems to be robust, despite
the potential mediating role of BMI (Howren et al., 2009; Lamers et al.,
2019; Ambrosio et al., 2018).

Immune cell-types and cell-type composition have been linked to
depression: a meta-analysis showed that an increased mean absolute
count of white blood cells was associated with depression, as well as a
number of specific cell-types, including granulocytes, neutrophils,
monocytes, CD4+ T-cells, natural killer cells, B cells, and activated T-
cells (Foley et al., 2023). The CD4+4/CD8+ T cell ratio and monocyte
count were linked to the severity of MDD as well (Zhou et al., 2022). An
inflammatory MDD subtype was described as having an increased
number of neutrophils, monocytes, and CD4+ T-cells, in combination
with increased CRP and IL-6 (Lynall et al., 2020).

Other biomarkers, such as mRNA (Cattaneo et al., 2020; Zang et al.,
2023) and DNA methylation were suggested to pick-up this inflamma-
tory signal in depressed patients as well (Crawford et al., 2018; Chan
et al., 2020), and they were also linked to treatment outcome (Cattaneo
etal., 2020; Zang et al., 2023). A network co-methylation analysis with a
self-reported history of depression as outcome found a module enriched
for immune-related pathways. This module implied a primary role of IL-
6 in the association between inflammation and depression (Crawford
et al., 2018).

As DNA-methylation is cell-type specific, cell-type composition is
highly relevant in studies examining this biomarker. Cell-type compo-
sition can be estimated using models based on epigenome-wide DNA
methylation (Houseman et al., 2014; Salas et al., 2018), providing
exciting opportunities in the so-called field of ‘immunomethylomics’,
where the focus is primarily on the estimated immunological cell-types
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in whole blood (Salas et al., 2018; Titus et al., 2017). Little is known
about the possible use and implications of these approaches in the
context of depression, as potential biomarkers of disease manifestations
and treatment response. Despite the limitations of methylation-based
cell-type estimates (uncertainty in the estimates, collinearity among
the relative compositions (Teschendorff and Zheng, 2017; Qi and
Teschendorff, 2022), immunomethylomics represents an accessible way
for immunological profiling and exploration of inflammation states in
the context of depression.))

The study of cell-type profiles estimated from epigenome-wide DNA
methylation has been poorly explored in the context of depression and
inflammation. One study linked the estimated cell-types to accelerated
DNA-methylation age (DNAmAge) and found a reduction in natural
killer cells in untreated patients with depression (Shindo et al., 2023). In
other fields of medicine with a more extensive tradition in histopa-
thology, e.g., cancer research, this approach has shown merit already
(Chen et al., 2022; Shanthikumar et al., 2021; Lee et al., 2024). As
estimated cell-type proportions potentially harbour a lot of information
in their combined interpretation, this study aimed to explore the link
between estimated cell-type proportions and depression in the context of
inflammation through hierarchical clustering of the cell-types. We
considered the estimation of six cell-types: neutrophils, natural killer
cells, B cells, CD4+ T cells, CD8+ T cells, and monocytes (Salas et al.,
2018).

In line with the current literature, we hypothesised cell-type clusters
to be associated with two of the cytokines most consistently associated
with inflammation and depression, namely IL-6 and IL-1B, and high-
sensitive CRP (hsCRP). We also tested if these cell-type profiles are
associated with depression severity at baseline, and with depression
severity over time, as immunological cell-types are linked to inflam-
mation, which is a process spanning over time. Finally, we performed
hierarchical clustering combining the estimated cell-types, the two cy-
tokines, and hsCRP, expecting that it will perform better than clustering
based on the estimated cell-type proportions alone. To our knowledge,
this is the first study to analyse DNA-methylation based cell-type profiles
and their combination with cytokine levels in the context of depression
severity.

2. Materials and methods
2.1. Sample description

At baseline, our sample consisted of 119 individuals with Major
Depressive Disorder (MDD), according to DSM-IV-TR (American Psy-
chiatric Association, 1998). Data were collected in Adelaide, Australia
between 2017 and 2020 as part of a longitudinal cohort for a rando-
mised trial (Fourrier et al., 2018). As part of this trial, all individuals
were treated with the antidepressant Vortioxetine. Included patients
were randomised for an augmentation treatment with Celecoxib (10 mg)
or placebo. After quality control (QC), as described below, 113 in-
dividuals were included in the analyses.

After quality control (QC), as described below, 113 individuals were
included in the analyses. Though recruitment was focused on inflam-
mation state (hsCRP>3.0 mg/L vs. hsCRP<3.0 mg/L) this information
was not included in our first analysis as the focus was on immunome-
thylomics. We included hsCRP and both cytokines as variables in the
second cluster analysis to account for the recruitment strategy (hsCRP)
and extend the analysis with both cytokines of interest (IL-6, IL-1pB).
Only baseline data were used for the molecular markers. The sample had
a mean age of 44 years (range 18-75) and consisted of 56 % of women
(N=63). Depression severity was measured using the Montgomery-
Asberg Depression Rating Scale (MADRS) at baseline and after the
treatment period with celecoxib, i.e., 6 weeks. The mean MADRS at
baseline was 27.7 (SD=6.5), reflecting moderate to severe depression for
most participants. In the context of the cohort, longitudinal phenotypic
data are available as well, including MADRS after a 6-week interval,
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following treatment (M=20.2; SD=10.8). For a detailed description of
the sample and trial, we refer to Fourrier et al. (Fourrier et al., 2018).
Relevant exclusion criteria include the presence of a co-morbid psychi-
atric or addiction disorder, as well as primary inflammatory or immune-
related disorders. Furthermore, patients with a neurodegenerative dis-
order or a history of a neurological disorder were excluded, as well as
patients with relative contra-indications for Vortioxetine or Celecoxib,
such as a history of gastro-intestinal bleeding. Any other disorder that
did not lead to exclusion of the patient was registered and considered as
‘medical comorbidity’. These include any known medical condition re-
ported by the patient, such as orthopedic injuries and their treatment,
hypercholesterolemia, endocrinological conditions, asthma and COPD,
benign tumors, etc.

The study and data collection has been approved by the human
research ethics committees of the Royal Adelaide Hospital and the
University of Adelaide (reference number R20170320 HREC/17/RAH/
111), and pre-registered on the Australian New Zealand Clinical Trials
Registry (ACTRN12617000527369; https://www.anzctr.org.au/Trial/
Registration/TrialReview.aspx? ACTRN=12617000527369p). In addi-
tion, patients provided written consent prior to commencing any study
procedures.

2.2. Assessment of immunomethylomics, hsCRP, and cytokines

All 119 participants provided whole blood for DNA-methylation
analysis with the the [llumina Infinium MethylationEPIC 850 k Bead-
Chip. DNA was isolated from whole blood samples using standard pro-
cedures (QIAamp DNA Blood Midi-Kit, Qiagen, Hilden, Germany)
followed by purification (Amicon 0,5ml 3 K; Merck/Millipore, Darm-
stadt, Germany) and pipetting on 96-well plates for chip-based analyses.
Bisulfite conversion and handling of the DNA methylation chips were
performed in the Life&Brain Institute Bonn (Zillich et al., 2022). Sam-
ples were randomized on plates and chips based on patients’ sex, age,
and treatment. Following analysis on HiScan array scanning systems
(Illumina, San Diego, CA), data were transferred as.idat files.

As genomic variants are available from the described participants,
they were used to estimate principal components that reflect ancestry
(see supplementary figure S1) to include in the subsequent analyses.

The further processing and QC measures of the epigenome-wide DNA
methylation data was performed using R (version 4.3.1) and the
‘RnBeads’ pipeline (Package RnBeads 2.0, (Assenov et al., 2014;
RnBeads 2.0: comprehensive analysis of DNA methylation data |
Genome Biology | Full Text [Internet], 2023). Following QC procedures,
113 participants were included for the baseline measurement (for details
on QC, see supplementary materials, Table S1). Using the available
epigenome-wide DNA-methylation data, immunological cell-types were
estimated using the Houseman method (Houseman et al., 2014) through
the build-in RnBeads command (rnb.execute.ct.estimation(), settings:
test.max.markers = 10000, top.markers = 500). The dataset GSE110554
as published by Salas et al. (Salas et al., 2018) as a validated reference
was used for the estimation of the proportions of the 6 cell-types of in-
terest (neutrophils, natural killer cells (NK), B cells, CD4+ T cells, CD8+
T cells, monocytes). An estimate of a proportion for each of the cell-types
was returned for each of the individuals, based on the distinct meth-
ylomic signature for each cell-type. The raw coefficients were used for
the analysis.

The cytokines of interest for this study (IL-1p and 1L-6) were ob-
tained using serum. IL-1p and 1L-6 were analysed with the LEGEND-
plex™ Human Inflammation Panel 1 (BioLegend in line with the
manufacturer’s manual. Raw data were analysed using the Qognit
software (BioLegend®; version 2022-07-15). Further QC-steps include a
minimum of 50 for the bead-count and a maximum of 30 for the coef-
ficient of variance (CV). All samples of the individuals were in triplo on
the assays, with all samples of one individual on the same assay. The
mean value of at least two out of three samples were used for the final
concentration. Furthermore, raw data were standardised using a

599

Brain Behavior and Immunity 123 (2025) 597-605

positive control to reduce batch effects, quantile normalised, log-
transformed, and residualised for the statistical analyses. For hsCRP
we relied on the BNTM II System (Siemens Healthcare GmbH, Erlangen,
Germany) with serum and the reagent “N CardioPhaseTM hsCRP”
(#0QIY13/10446090, Siemens Healthcare GmbH, Erlangen, Germany)
as used for immunonephelometry at the central laboratory of the Uni-
versity Hospital Miinster (UKM).

2.3. Statistical analyses

All cell-types, hsCRP, and cytokines were scaled to perform a hier-
archical clustering on 1) the six cell-types combined and 2) the six cell-
types, hsCRP, and the two cytokines combined. For the hierarchical
clustering, Euclidian distances were estimated, and the ‘ward’ method
was used in form of ‘ward.D’, as we are not interested in strengthening
the effect of longer distances, we decided against methods using squared
distances (e.g., squared Euclidean distances or ward.D2). We used to
GAP-statistic to decide on two clusters for the best fit for our data (see
supplementary data and fig. S2).

Following cluster identification based on the six estimated cell-types,
ANCOVA was used to explore their characteristics. Relevant confound-
ing variables included sex, age, BMI, years of education as a proxy for
socioeconomic status, and the presence of any other reported medical
comorbidity (yes vs. no). Ancestry was estimated by genome-based
principal components (PC1 and PC2). As shown in supplementary
figure S1, ancestry is very homogeneous in this sample and did not differ
between the identified clusters (PC1: F(1,111) = 0.10, p = 0.75; PC2: F
(1,111) = 0.03, p = 0.87). Therefore, it was not included in the
regression analyses.

In light of our hypothesis, the relationship between the clusters,
hsCRP, and available cytokines was explored (i.e., IL-1p and IL6), as well
as depression severity (MADRS) at baseline and end of RCT (i.e., 6
weeks), controlled for baseline. We counted a total of four hypotheses to
test, resulting in a Bonferroni correction for multiple testing of p <
0.0125.

Descriptive statistics on demographic variables (Table 1) were per-
formed with Fisher’s exact test and ANOVA.

3. Results
3.1. Cluster analysis

The optimal solution for the hierarchical clustering analysis of the six
cell-types resulted in two clusters. The characteristics of the clusters are
described below in Table 1 and Fig. 1.

Cluster 1 shows a relative underrepresentation of CD8+ T and B-
cells, whereas CD4+ T and NK are relatively overrepresented as
compared to cluster 2. Therefore, cluster 1 will be called “CD4+/NK”
and cluster 2 “CD8+/B".

3.2. Interplay of cell-types and cytokines per cluster

The selected cytokines (IL-6 and IL-1f), and hsCRP did not show a
significant association with the identified clusters, nor in a model with
all three predictors, nor in models looking at the individual cytokines
separately. Fig. 2 shows the clusters in relation to each of the combi-
nations of hsCRP and the two cytokines of interest. All models were
corrected for sex, BMI, age, years of education, and other medical co-
morbidity. Sex-stratified sub-analyses did not show any significant re-
sults either. Full models and results are presented in the supplementary
data (Table S2).

3.3. Cell-types and depression at baseline

No significant association was found between the cell-type based
clusters and depression at baseline (model corrected for all named
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Table 1

Description of both clusters. Summary of cluster 1 (high in CD4+ T-cells and
natural killer cells (NK)) and cluster 2 (high in CD8+ T-cells and B-cells). Both
clusters are well comparable regarding standard demographics, including sex,
age, BMI, years of education, and the presence of any medical comorbidity. Cell-
type proportions, hsCRP (mg/L), and cytokines (pg/mL) are described as non-
scaled, raw coefficients, concentrations, and standardized concentrations,
respectively.

Cluster 1: Cluster 2:
CD4+/NK CD8+/B
Sample
N N=43 N=70
% women (N) 65 % (28) N=50 % p=0.12
(35)
Age (M; SD) 42.5 (14.2) 45.6 (14.2) F(1,111) =1.27,p =
0.26
BMI (M; SD) 30.2 (7.9) 29.5 (6.7) F(1,111) = 0.25,p =
0.62
Years of education (M; 13.6 (2.6) 14.3 (2.0) F(1,111) =2.85,p =
SD) 0.09
Presence of medical 37/6 62/8 p=0.77
Comorbidity (yes/no)
hsCRP > 3 mg/L (N; %) 16; 37 % 21;30 % p=0.54
(*) Intervention group 25 (58 %) 30 (43 %) p=0.13
(celecoxib (%))
MADRS (baseline) 28.7 (7.2) 27.2 (5.9) F(1,111) = 0.36,p =

0.22

Estimated cell-type proportions, hsCRP, and cytokines

B-cells (M; SD) 0.07 (0.02) 0.08 (0.02) F(1,111) =11.87,p <
0.001
Monocytes (M; SD) 0.10 (0.02) 0.10 (0.03) F(1,111) = 0.95,p =
0.33
Neutrophils (M; SD) 0.60 (0.10) 0.62 (0.07) F(1,111) = 0.71,p =
0.40
Natural Killer-cells (M; 0.00 (0.03) —0.04 F(1,111) =78.73,p <
SD) (0.03) 0.001
CD4-T (M; SD) 0.10 (0.06) —0.06 F(1,111) =163.1,p <
(0.07) 0.001
CD8-T (M; SD) 0.20 (0.06) 0.39 (0.09) F(1,111) =158.1,p <
0.001
hsCRP (median; SD) 1.80 (4.97) 1.23 (3.90) CL.[-0.30,1.10],p =
0.31
IL-1p (median; SD) 0.0082 0.012 CL:[-3.05x107%,
(0.16) (0.22) 5.66x107°], p = 0.83
IL-6 (median; SD) 0.045 (0.19)  0.055 CL.[-0.022, 0.019], p
(0.21) =0.92

(*) As we included MADRS after the 6-week intervention, mode of intervention
(celecoxib vs. placebo) was described as well in the demographics table. No
statistical difference was seen between both clusters as based on the estimated
cell-types using baseline DNA-methylation.

confounding variables: F(1,106) = 1.54, p = 0.22), see also Fig. 3 (A).
Sex-stratified analyses did not show any significant association either.
Full models are presented in the supplementary data (Table S3, fig. S3).

3.4. Cell-types at baseline and depression severity over time (6 weeks)

The model, controlled for depression severity (MADRS) at baseline,
sex, BMI, education and the presence of another medical comorbidity,
showed a significant association with depression severity after the
intervention at 6 weeks (F(1,105) = 7.99, p = 0.0056). The CD4-+/NK-
cluster showed more severe depression after 6 weeks as compared to the
CD8+/B cluster. This result remained robust as well after additional
correction for treatment modality (celecoxib vs. placebo; F(1,105) = 8.0,
p = 0. 0056) and is below our cut-off for multiple testing (p < 0.0125).
The explained variance (R?) of the cell-type clusters on depression
severity after 6 weeks is estimated to be 0.070 (F(3,109) = 3.80, p =
0.012; corrected for severity at baseline and sex). Group differences per
Cluster, as well as the relationship of estimated cell-type composition
and depression severity at week 6, are shown in Fig. 3. A sex-stratified
analysis showed that this effect is primarily present in women (F
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(1,56) = 6.95, p = 0.011), as compared to men (F(1,43) = 2.06, p =
0.160).

3.5. Re-clustering with cell-types, hsCRP, and cytokines

For the hierarchical re-clustering with the cell-types enriched with
the two cytokines and hsCRP, we stuck to the two-cluster solution,
despite it being second best after the single cluster solution
(supplementary data Fig. S4). Both clusters showed high overlap with
the clusters of the first hierarchical clustering analysis (Fig. 4); 88.5 % of
individuals (N=100) stayed in their respective clusters. The first cluster
was very similar to the cluster CD4+/NK and was named “CD4+/NK-2”
as it was also high in CD4+ T-cells and natural killer cells. It consists of
38 individuals with four individuals that moved from cluster CD8+/B to
CD4+/NK-2. The second cluster was very similar to cluster CD8+/B,
though also relatively high in IL-1p and was therefore called “CD8-+/B/
IL-1f”. This cluster consisted of 75 individuals with 9 individuals having
moved in the opposite direction, from CD4+/NK to CD8+/B/IL-1p.
Neutrophils, monocytes, IL-6 and hsCRP were not statistically different
between the two clusters. Demographics of clusters CD4+/NK-2 and
CD8+/B/IL-1p are shown in the supplementary data, Table S5. Both
clusters were comparable for sex, age, BMI, and the presence of co-
morbidity. CD8+/B/IL-1p showed higher education than cluster CD4+/
NK-2 (F(1,111) = 3.95, p = 0.049).

This cluster solution was associated with depression severity at
baseline, though not withstanding correction for multiple testing. This
was the case in a model corrected for age, BMI, years of education, sex,
and the presence of comorbidity (F(1,106) = 4.46, p = 0.037). Cluster
CD4-+/NK-2 showed higher depression severity at baseline. However,
clusters were not different for depression severity after 6 weeks, cor-
rected for all confounding variables, including baseline severity (F
(1,105) = 3.33, p = 0.071).

4. Discussion

Our results provide the first evidence that immune-related cell-type
profiles based on epigenome-wide DNA-methylation may be a valuable
biomarker in depression. A hierarchical clustering model distinguished a
CD4+/NK cluster, with a relative underrepresentation of CD8T and B-
cells, and CD4T and NK cells overrepresentation as compared to cluster
2, which was named CD8+/B. These clusters showed different depres-
sion severity after 6 weeks of treatment, independent of depression
severity at baseline or treatment modality (celecoxib vs. placebo). In-
dividuals in the CD4+/NK cluster showed indeed more severe depres-
sive symptoms at week 6, with sex-differences, which is in line with the
prior literature, though primarily discussed in relation to IL-6 (Lamers
et al., 2019). Contrary to our expectations, however, the identified
clusters were not associated with IL-6, IL-18 or hsCRP in our sample.
Neither cluster was associated with depression severity at baseline, i.e.,
the time-point of blood collection for DNA methylation.

In a second cluster analysis we integrated estimated cell-types,
hsCRP, and the two cytokines of interest. IL-1p played an additional
discriminatory role in this analysis. These clusters were associated with
depression severity at baseline, with again higher depression severity in
individuals with high fractions of CD4+ T-cells and NK-cells, though not
withstanding multiple testing correction. This cluster solution was not
associated with depression severity after 6 weeks of treatment. This
discrepancy between the results of the two cluster analyses may be due
the different nature of the considered biomarkers, i.e., only estimated
cell-types in the first cluster analysis and estimated cell-types + cytokine
levels in the second one. At this point, pre-existing data that compare
cell-type-models with or without cytokines at the same time-point, are
still scarce. Hence, every interpretation is highly speculative and creates
new hypotheses to be tested. One hypothesis, that needs further testing
in a sample with a longer time span, is that cytokines may fluctuate
rapidly and reflect inflammation levels in a certain moment (in this
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Fig. 1. Result of Hierarchical clustering. (A) Result of hierarchical clustering analysis based on six cell-types reflecting the epigenome-wide signature at baseline. (B)

Composition of clusters per estimated cell-type fraction (raw coefficients).

25-
2% 15+
o o =% |
0.0- Y L)
o
«© @ 10-
= 2
= -25- <
5-
50- o

0
IL-1p

2

o-

Fig. 2. Cytokines, hsCRP, and clusters. As the two cytokines and hsCRP are kno
three cytokines of interest.

study, baseline), whereas the estimated cell-types may reflect inflam-
mation in the longer term, with impact on depression severity over time.

Previous research linked monocytes and neutrophils to depression,
in particular when comparing cases and controls (Lynall et al., 2020).
Neutrophils and monocytes are also the immunological cell-types pri-
marily associated with IL-6 and IL-1p (Drevets et al., 2022), while CRP is
typically dependent on both cytokines (Howren et al., 2009). Our hi-
erarchical clustering algorithm was applied within a sample including
depressed patients only. This can explain why the identified clusters
were not associated with monocytes and neutrophils, cytokines levels or
depression severity at baseline. This is also consistent with the results of

IL-1p

& 10- Cell-type
(o] Cluster
£ 5. CD4+/NK
- zve
T CD8+/B

»2‘6 0‘0

IL-6

25

wn to interact, the clusters are depicted in relation of each combination of two out of

the second cluster analysis, where a one-cluster solution was suggested
as best fit. This implies the presence of a relatively immunologically
homogenous sample when considering also cytokine levels. In the
broader literature, a higher proportion of natural killer cells, CD4+ T-
cells and a higher CD4/CD8 ratio has been linked to depressed patients
in comparison to healthy controls (Foley et al., 2023; Lynall et al., 2020;
Sgrensen et al., 2023); which can be seen as a state marker. Interestingly,
in our study, the cluster analysis identified these cell types have also
been identified as best discriminators within our population of
depressed patients, which was then associated with treatment outcome
six weeks later. Therefore, these cell-type profiles can be interpreted as
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trait markers too, e.g., regarding likeliness to respond to treatment
within a depressed patient population. This might not say so much about
inflammation per se, but more about the responsiveness of the immu-
nological system in its mediating capacity in the context of treatment
response. As we have no healthy controls available in this proof-of-
concept study to use as an additional reference population to answer
this question, future research is required to also include healthy
controls.

Despite the inflammation-focused recruitment strategy and stratifi-
cation by hsCRP as a biomarker, hsCRP did not contribute significantly
to either cluster analysis. However, our data suggest that, for future
research in the context of inflammation and depression, stratification by
CD4+/NK proportions versus CD8+/B-cells should be tested for its
validity for treatment response prediction.

Based on our first proof-of-concept analysis, we conclude that
immunological cell-type composition based on epigenome-wide DNA
methylation in blood can be an asset in immunological stratification,
specifically for the longitudinal treatment prognosis, e.g., over the
course of 6 weeks, as compared to cytokines.

Our study has some limitations. We have no absolute white-blood
counts available to compare or validate the DNA-methylation based
estimates of cell-types for our sample. Nevertheless, in other samples it
was demonstrated that the DNA-methylation based estimates are reli-
able, being highly correlated with the actual cell-counts (Salas et al.,
2018; Titus et al., 2017; Teschendorff and Zheng, 2017). Another limi-
tation is that fractions are estimated. This interdependency can lead to
collinearity, which can be an issue for statistical modeling. Using hier-
archical clustering, we intend to use the variability among these esti-
mated fractions to overcome this specific issue. Analyses were restricted
to six immunological cell-types. This reflects only a small part of all the
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possible interactions between immunological cell-types and cytokines
relevant for the understanding of the complex processes involved in
inflammation in depression. A more extensive panel of cell-type pro-
portions and cytokines could be more informative.

In addition, as all our molecular data stem from the baseline
assessment, we don’t expect our data or results to be affected by the
treatment arm patients were assigned to for the rest of the study.
Overall, results of anti-inflammatory treatment augmentation are mixed
(Simon et al., 2023; Miller and Pariante, 2020; Husain et al., 2020).
Nonetheless, cell-type profiles or their immunomethylomic estimates
might become valuable early indicators of individuals more sensitive to
immunomodulatory treatment modalities.

Age and age-related processes, such as menopause, are also known to
affect the immune system and cell-type composition. In particular the
age-range between 45 and 55 years is potentially relevant for immu-
nological processes (Nissen et al., 2023). Unfortunately, our sample has
no detailed information on women entering (peri-)menopause or other
processes typical for this age-range to further investigate their impact on
the estimated cell-type composition.

Furthermore, it is well-known that the choice of depression scale
affects how the symptom dimensions of depression are represented e.g.,
by means of selection bias (Fried, 2017). This may affect the interpre-
tation of change in MADRS over time depending on the individual’s
immunological contribution to the diagnosis of depression in the context
of anti-inflammatory augmentation therapy in depression (Wessa et al.,
2023). For MADRS, three out of 10 items reflect involvement of somatic
symptoms in depression. These items have been shown to be highly
correlated with somatic symptom items of other depression scales, e.g.,
Hamilton Depression scale (HAM-D; 17 items; McIntyre et al., 2006). To
better understand the immunological subtype of depression, the
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development and validation of a specific scale to differentiate the
immune-related subtype of MDD could bring the field forward.

Finally, we expected our sample to be sufficiently powered and
diverse. However, the results of the second cluster analysis, with cluster
CD8+/B/IL-1f being more highly educated than cluster CD4+/NK-2,
shows that groups are not always completely comparable.

As our cell-type estimates rely on epigenomic information, the un-
derlying genomic information remains relevant, including susceptibility
to ancestry. We tested this for our sample using the available genomic
information which underlined the homogeneity of our predominantly
Caucasian sample. However, this also means that more research is
needed to extrapolate our results to a more ancestrally diverse popula-
tion. Also, the association analyses following this second cluster analysis
seem to imply that a larger sample size may have resulted in better
interpretable results, withstanding our correction for multiple testing.
However, our correction may have been too strict, as, of course, the four
hypotheses and their analyses are highly interdependent.

Overall, we are optimistic about the use of ‘immuno-methylomics’
and immunological cell-type profiles based on the cell-type specific
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DNA-methylation signatures. We showed that the immunological cell-
type based profiles are associated with depression severity at baseline
and over time. In addition, a hsCRP and cytokine-enriched cluster
analysis seemed to be informative for the short-term change of symp-
toms. Further research with more diverse immunological cell-types and
cytokines can be helpful to validate this proof-of-concept study, for the
identification and stratification of individuals with an inflammatory
depression subtype. Our results suggest that immunological cell-type
composition can also play a predicting role in treatment response
versus chronicity.

Funding sources

Bernhard T Baune, Claudia Pisanu, Mara Dierssen, Marie-Claude
Potier, Chiara Fabbri, Alessandro Serretti, Alessio Squassina, Alessan-
dra Minelli received support from Psych-STRATA, a project funded from
the European Union’s Horizon Europe research and innovation pro-
gramme under Grant Agreement No. 101057454.



E. Van Assche et al.

CRediT authorship contribution statement

Evelien Van Assche: Writing — original draft, Methodology, Formal
analysis, Conceptualization. Christa Hohoff: Writing — review & edit-
ing, Methodology, Data curation, Conceptualization. Ecem Su Atil:
Writing — review & editing, Methodology. Sophia M. Wissing: Writing —
review & editing, Methodology. Alessandro Serretti: Writing — review
& editing, Methodology. Chiara Fabbri: Writing — original draft,
Methodology. Claudia Pisanu: Writing — review & editing. Alessio
Squassina: Writing — review & editing. Alessandra Minelli: Writing —
review & editing. Bernhard T. Baune: Writing — review & editing,
Conceptualization, Methodology, Funding acquisition, Project admin-
istration, Supervision.

Data availability
The data that has been used is confidential.
Acknowledgements

The presented work is part of the ECNP Network “Pharmacoge-
nomics and Transcriptomics™ which is supported by the European Col-
lege of Neuropsychopharmacology (ECNP).

The authors thank the Lab of Systems Neurobiology at the Depart-
ment of Psychiatry, the University Hospital Miinster for the high quality
of cytokine data.

Evelien Van Assche thanks the faculty of medicine of the university
of Miinster for the awarded flexible research time.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bbi.2024.09.026.

References

Ambrésio, G., Kaufmann, F.N., Manosso, L., Platt, N., Ghisleni, G., Rodrigues, A.L.S.,
etal., 2018. Depression and peripheral inflammatory profile of patients with obesity.
Psychoneuroendocrinology 1 (91), 132-141.

American Psychiatric Association, editor. Diagnostic and statistical manual of mental
disorders: DSM-1V ; includes ICD-9-CM codes effective 1. Oct. 96. 4. ed., 7. print.
Washington, DC; 1998. 886 p.

Assenov, Y., Miiller, F., Lutsik, P., Walter, J., Lengauer, T., Bock, C., 2014.
Comprehensive analysis of DNA methylation data with RnBeads. Nat. Methods 11
(11), 1138-1140.

Benedetti, F., Zanardi, R., Mazza, M.G., 2022. Antidepressant psychopharmacology: is
inflammation a future target? Int Clin Psychopharmacol. 37 (3), 79-81.

Cattaneo, A., Ferrari, C., Turner, L., Mariani, N., Enache, D., Hastings, C., et al., 2020.
Whole-blood expression of inflammasome- and glucocorticoid-related mRNAs
correctly separates treatment-resistant depressed patients from drug-free and
responsive patients in the BIODEP study. Transl Psychiatry. 10 (1), 1-14.

Chan, R.F., Turecki, G., Shabalin, A.A., Guintivano, J., Zhao, M., Xie, L.Y., et al., 2020.
Cell Type-Specific Methylome-wide Association Studies Implicate Neurotrophin and
Innate Immune Signaling in Major Depressive Disorder. Biol. Psychiatry 87 (5),
431-442.

Chen, J.Q., Salas, L.A., Wiencke, J.K., Koestler, D.C., Molinaro, A.M., Andrew, A.S., et al.,
2022. Immune profiles and DNA methylation alterations related with non-muscle-
invasive bladder cancer outcomes. Clin Epigenet. 14 (1), 14.

Crawford, B., Craig, Z., Mansell, G., White, 1., Smith, A., Spaull, S., et al., 2018. DNA
methylation and inflammation marker profiles associated with a history of
depression. Hum. Mol. Genet. 27 (16), 2840-2850.

Drevets, W.C., Wittenberg, G.M., Bullmore, E.T., Manji, H.K., 2022. Immune targets for
therapeutic development in depression: towards precision medicine. Nat Rev Drug
Discov. 21 (3), 224-244.

Enache, D., Pariante, C.M., Mondelli, V., 2019. Markers of central inflammation in major
depressive disorder: A systematic review and meta-analysis of studies examining
cerebrospinal fluid, positron emission tomography and post-mortem brain tissue.
Brain Behav. Immun. 1 (81), 24-40.

Felger, J.C., Haroon, E., Patel, T.A., Goldsmith, D.R., Wommack, E.C., Woolwine, B.J.,
et al., 2020. What does plasma CRP tell us about peripheral and central
inflammation in depression? Mol Psychiatry. 25 (6), 1301-1311.

Foley, E.M., Parkinson, J.T., Mitchell, R.E., Turner, L., Khandaker, G.M., 2023.
Peripheral blood cellular immunophenotype in depression: a systematic review and
meta-analysis. Mol Psychiatry. 28 (3), 1004-1019.

604

Brain Behavior and Immunity 123 (2025) 597-605

Fourrier, C., Sampson, E., Mills, N.T., Baune, B.T., 2018. Anti-inflammatory treatment of
depression: study protocol for a randomised controlled trial of vortioxetine
augmented with celecoxib or placebo. Trials 19 (1), 447.

Fried, E.I, 2017. The 52 symptoms of major depression: Lack of content overlap among
seven common depression scales. J. Affect. Disord. 208, 191-197.

Himmerich, H., Patsalos, O., Lichtblau, N., Ibrahim, M.A.A., Dalton, B., 2019. Cytokine
Research in Depression: Principles, Challenges, and Open Questions. Frontiers in
Psychiatry [Internet]. 10. Available from: https://www.frontiersin.org/arti
cles/10.3389/fpsyt.2019.00030.

Houseman, E.A., Molitor, J., Marsit, C.J., 2014. Reference-free cell mixture adjustments
in analysis of DNA methylation data. Bioinformatics (oxford, England). 30 (10),
1431-1439.

Howren, M.B., Lamkin, D.M., Suls, J., 2009. Associations of Depression With C-Reactive
Protein, IL-1, and IL-6: A Meta-Analysis. Psychosom. Med. 71 (2), 171.

Husain, M.I., Chaudhry, I.B., Khoso, A.B., Husain, M.O., Hodsoll, J., Ansari, M.A., et al.,
2020. Minocycline and celecoxib as adjunctive treatments for bipolar depression: a
multicentre, factorial design randomised controlled trial. Lancet Psychiatry 7 (6),
515-527.

Lamers, F., Milaneschi, Y., Smit, J.H., Schoevers, R.A., Wittenberg, G., Penninx, B.W.J.H.,
2019. Longitudinal Association Between Depression and Inflammatory Markers:
Results From the Netherlands Study of Depression and Anxiety. Biol. Psychiatry 85
(10), 829-837.

Lee, M.K., Zhang, Z., Sehgal, K., Butler, R., Stolrow, H., Ramush, G., et al., 2024.
Immunomethylomic profiles of long-term head and neck squamous cell carcinoma
survivors on immune checkpoint inhibitors. Epigenomics 16 (11-12), 799-807.

Lynall, M.E., Turner, L., Bhatti, J., Cavanagh, J., de Boer, P., Mondelli, V., et al., 2020.
Peripheral Blood Cell-Stratified Subgroups of Inflamed Depression. Biol. Psychiatry
88 (2), 185-196.

Mac Giollabhui, N., Ng, T.H., Ellman, L.M., Alloy, L.B., 2021. The longitudinal
associations of inflammatory biomarkers and depression revisited: systematic
review, meta-analysis, and meta-regression. Mol Psychiatry. 26 (7), 3302-3314.

Maffioletti, E., Minelli, A., Tardito, D., Gennarelli, M., 2020. Blues in the Brain and
Beyond: Molecular Bases of Major Depressive Disorder and Relative Pharmacological
and Non-Pharmacological Treatments. Genes (Basel) 11 (9), 1089.

S. McIntyre R, Konarski JZ, Mancini DA, Zurowski M, Giacobbe P, Soczynska JK, et al.
Improving outcomes in depression: A focus on somatic symptoms. Journal of
Psychosomatic Research. 2006 Mar 1;60(3):279-82.

Milaneschi, Y., Simmons, W.K., van Rossum, E.F.C., Penninx, B.W., 2019. Depression and
obesity: evidence of shared biological mechanisms. Mol Psychiatry. 24 (1), 18-33.

Milaneschi, Y., Lamers, F., Berk, M., Penninx, B.W.J.H., 2020. Depression Heterogeneity
and Its Biological Underpinnings: Toward Immunometabolic Depression. Biol.
Psychiatry 88 (5), 369-380.

Miller, A.H., Pariante, C.M., 2020. Trial failures of anti-inflammatory drugs in
depression. Lancet Psychiatry 7 (10), 837.

Nissen, E., Reiner, A., Liu, S., Wallace, R.B., Molinaro, A.M., Salas, L.A., et al., 2023.
Assessment of immune cell profiles among post-menopausal women in the Women’s
Health Initiative using DNA methylation-based methods. Clin Epigenet. 15 (1), 69.

Qi, L., Teschendorff, A.E., 2022. Cell-type heterogeneity: Why we should adjust for it in
epigenome and biomarker studies. Clin. Epigenetics 14 (1), 31.

RnBeads 2.0: comprehensive analysis of DNA methylation data | Genome Biology | Full
Text [Internet]. Available from: https://genomebiology.biomedcentral.com/articles
/10.1186/513059-019-1664-9.

Salas, L.A., Koestler, D.C., Butler, R.A., Hansen, H.M., Wiencke, J.K., Kelsey, K.T., et al.,
2018. An optimized library for reference-based deconvolution of whole-blood
biospecimens assayed using the Illumina HumanMethylationEPIC BeadArray.
Genome Biol. 19 (1), 64.

Scheller, J., Chalaris, A., Schmidt-Arras, D., Rose-John, S., 2011. The pro- and anti-
inflammatory properties of the cytokine interleukin-6. Biochim Biophys Acta. 1813
(5), 878-888.

Shanthikumar, S., Neeland, M.R., Saffery, R., Ranganathan, S.C., Oshlack, A.,
Maksimovic, J., 2021. DNA Methylation Profiles of Purified Cell Types in
Bronchoalveolar Lavage: Applications for Mixed Cell Paediatric Pulmonary Studies.
Front Immunol. [Internet]. 12. Available from: https://www.frontiersin.org/
journals/immunology/articles/10.3389/fimmu.2021.788705/full.

Shindo R, Tanifuji T, Okazaki S, Otsuka I, Shirai T, Mouri K, et al. Accelerated epigenetic
aging and decreased natural killer cells based on DNA methylation in patients with
untreated major depressive disorder. npj Aging. 2023 Sep 6;9(1):1-9.

Simon, M.S., Arteaga-Henriquez, G., Fouad Algendy, A., Siepmann, T., Illigens, B.M.,
2023. Anti-Inflammatory Treatment Efficacy in Major Depressive Disorder: A
Systematic Review of Meta-Analyses. Neuropsychiatr. Dis. Treat. 31 (19), 1-25.

Sgrensen, N.V., Frandsen, B.H., Orlovska-Waast, S., Buus, T.B., @dum, N., Christensen, R.
H., et al., 2023. Immune cell composition in unipolar depression: a comprehensive
systematic review and meta-analysis. Mol Psychiatry. 28 (1), 391-401.

Suneson, K., Grudet, C., Ventorp, F., Malm, J., Asp, M., Westrin, 10\., et al., 2023. An
inflamed subtype of difficult-to-treat depression. Prog. Neuropsychopharmacol. Biol.
Psychiatry 13 (125), 110763.

Teschendorff, A.E., Zheng, S.C., 2017. Cell-type deconvolution in epigenome-wide
association studies: a review and recommendations. Epigenomics 9 (5), 757-768.

Titus, A.J., Gallimore, R.M., Salas, L.A., Christensen, B.C., 2017. Cell-type deconvolution
from DNA methylation: a review of recent applications. Hum. Mol. Genet. 26 (R2),
R216-R224.

Wessa, C., Morrens, M., De Picker, L.J., 2023. Choice of Outcome Measure Predicts Anti-
Inflammatory Treatment Efficacy in Major Depressive Disorder [Letter].
Neuropsychiatr. Dis. Treat. 31 (19), 515-517.

Zang, J.C.S., Hohoff, C., Van Assche, E., Lange, P., Kraft, M., Sandmann, S., et al., 2023.
Immune gene co-expression signatures implicated in occurence and persistence of


https://doi.org/10.1016/j.bbi.2024.09.026
https://doi.org/10.1016/j.bbi.2024.09.026
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0005
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0005
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0005
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0015
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0015
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0015
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0020
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0020
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0025
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0025
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0025
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0025
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0030
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0030
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0030
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0030
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0035
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0035
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0035
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0040
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0040
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0040
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0045
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0045
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0045
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0050
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0050
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0050
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0050
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0055
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0055
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0055
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0060
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0060
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0060
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0065
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0065
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0065
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0070
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0070
https://www.frontiersin.org/articles/10.3389/fpsyt.2019.00030
https://www.frontiersin.org/articles/10.3389/fpsyt.2019.00030
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0080
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0080
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0080
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0085
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0085
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0090
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0090
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0090
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0090
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0095
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0095
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0095
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0095
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0100
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0100
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0100
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0105
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0105
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0105
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0110
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0110
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0110
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0115
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0115
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0115
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0125
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0125
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0130
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0130
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0130
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0135
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0135
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0140
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0140
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0140
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0145
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0145
https://genomebiology.biomedcentral.com/articles/10.1186/s13059-019-1664-9
https://genomebiology.biomedcentral.com/articles/10.1186/s13059-019-1664-9
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0155
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0155
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0155
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0155
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0160
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0160
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0160
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2021.788705/full
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2021.788705/full
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0175
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0175
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0175
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0180
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0180
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0180
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0185
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0185
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0185
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0190
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0190
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0195
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0195
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0195
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0200
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0200
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0200
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0205
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0205

E. Van Assche et al.

cognitive dysfunction in depression. Prog Neuropsychopharmacol Biol Psychiatry.
20 (127), 110826.

Zhou, D., Yu, H., Yao, H., Yuan, S., Xia, Y., Huang, L., et al., 2022. A novel joint index
based on peripheral blood CD4-/CD8+ T cell ratio, albumin level, and monocyte

605

Brain Behavior and Immunity 123 (2025) 597-605

count to determine the severity of major depressive disorder. BMC Psychiatry 22 (1),
248.

Zillich, L., Poisel, E., Frank, J., Foo, J.C., Friske, M.M., Streit, F., et al., 2022. Multi-omics
signatures of alcohol use disorder in the dorsal and ventral striatum. Transl.
Psychiatry 12 (1), 190.


http://refhub.elsevier.com/S0889-1591(24)00631-7/h0205
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0205
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0210
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0210
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0210
http://refhub.elsevier.com/S0889-1591(24)00631-7/h0210
http://refhub.elsevier.com/S0889-1591(24)00631-7/h9000
http://refhub.elsevier.com/S0889-1591(24)00631-7/h9000
http://refhub.elsevier.com/S0889-1591(24)00631-7/h9000

	Exploring the use of immunomethylomics in the characterization of depressed patients: A proof-of-concept study
	1 Introduction
	2 Materials and methods
	2.1 Sample description
	2.2 Assessment of immunomethylomics, hsCRP, and cytokines
	2.3 Statistical analyses

	3 Results
	3.1 Cluster analysis
	3.2 Interplay of cell-types and cytokines per cluster
	3.3 Cell-types and depression at baseline
	3.4 Cell-types at baseline and depression severity over time (6 ​weeks)
	3.5 Re-clustering with cell-types, hsCRP, and cytokines

	4 Discussion
	Funding sources
	CRediT authorship contribution statement
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


