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A B S T R A C T   

Only 50% of patients with depression respond to the first antidepressant drug administered. Thus, 
biomarkers for prediction of antidepressant responses are needed, as predicting which patients 
will not respond to antidepressants can optimize selection of alternative therapies. We aimed to 
identify biomarkers that could predict antidepressant responsiveness using a novel data-driven 
approach based on statistical pattern recognition. We retrospectively divided patients with 
major depressive disorder into antidepressant responder and non-responder groups. Compre
hensive gene expression analysis was performed using peripheral blood without narrowing the 
genes. We designed a classifier according to our own discrete Bayes decision rule that can handle 
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categorical data. Nineteen genes showed differential expression in the antidepressant non- 
responder group (n = 15) compared to the antidepressant responder group (n = 15). In the 
training sample of 30 individuals, eight candidate genes had significantly altered expression 
according to quantitative real-time polymerase chain reaction. The expression of these genes was 
examined in an independent test sample of antidepressant responders (n = 22) and non- 
responders (n = 12). Using the discrete Bayes classifier with the HERC5, IFI6, and IFI44 genes 
identified in the training set yielded 85% discrimination accuracy for antidepressant respon
siveness in the 34 test samples. Pathway analysis of the RNA sequencing data for antidepressant 
responsiveness identified that hypercytokinemia- and interferon-related genes were increased in 
non-responders. Disease and biofunction analysis identified changes in genes related to inflam
matory and infectious diseases, including coronavirus disease. These results strongly suggest an 
association between antidepressant responsiveness and inflammation, which may be useful for 
future treatment strategies for depression.   

1. Introduction 

Depression is associated with repeated relapses and remissions. The 12-month prevalence of major depressive disorder (MDD) is 
approximately 6%, and the lifetime risk of depression is 15–18% [1]. In one-third of patients, depression is chronic and refractory to 
treatment, resulting in a significant reduction in quality of life [1,2]. Selective serotonin-reuptake inhibitors (SSRIs), which are widely 
used as first-line antidepressants, have a response rate of 39.6–68.0% [2] and remission rate of 23.5% [3]. The STAR*D study, a 
large-scale practical clinical trial, reported a response rate of 48.6% and remission rate of 36.8% in patients with depression who 
received an antidepressant as their first treatment step [4]. Given the low response rates, biological indicators that can predict the 
antidepressant response are desirable. If patients with depression who will not respond to antidepressants could be identified in 
advance, alternative therapies such as electroconvulsive therapy, repetitive transcranial magnetic stimulation, or cognitive behavioral 
therapy could be implemented. 

A recent large-scale genome-wide association study (GWAS) identified three single-nucleotide polymorphisms related to antide
pressant responsiveness, and a gene-enrichment analysis identified immune response genes [5]. However, other GWASs have reported 
that no antidepressant treatment response-related genes meeting genome-wide significance could be identified; thus, no consensus was 
established [6,7]. 

The expression of proinflammatory genes, including interleukin 1 beta (IL1B) and tumor necrosis factor alpha (TNFA), is related to 
treatment response [8]. A recent review describing antidepressant response candidate gene expression studies in peripheral blood 
revealed that mRNA levels of IL1B, IL11, TNFA, and FK506-binding protein 5 (FKBP5) may be potential predictive and mediator 
biomarkers [9]. In a comprehensive analysis without a prior hypothesis, the expression of genes related to inflammatory responses was 
increased in citalopram non-responders [10]. In another report, changes in the expression of genes involved in the immune response 
and inflammation were associated with antidepressant responses [11]. A study of plasma proteins related to treatment prognosis for 
depression indicated that cytokines, such as interleukins, are involved in treatment responsiveness [12]. However, the results of in
dividual gene expression levels are not consistent among studies [13–16]. Therefore, further data accumulation is needed. In addition, 
to the best of our knowledge, only one study has reported the results of a comprehensive gene analysis validated by another method, 
such as quantitative real-time polymerase chain reaction (q-PCR), and in independent samples with further pathway analysis [11]. 

Thus, the present study aimed to comprehensively analyze gene expression in peripheral blood and identify biomarkers that could 
predict antidepressant treatment responsiveness using a novel data-driven approach based on statistical pattern recognition. We also 
aimed to examine the pathophysiology of the treatment response via pathway analysis of the identified genes. 

2. Methods 

2.1. Ethical approval 

This study was conducted in accordance with the principles embodied in the latest version of the Declaration of Helsinki. The Ethics 
Committee of Hiroshima University (approval number H-35), the Institutional Ethics Committee of the University of Tokushima 
Graduate School (approval number R3-24), and the Institutional Review Board of the Yamaguchi University Hospital (approval 
number H30-172) approved this study. All participants provided informed consent before participation. 

2.2. Participants 

Participant set 1: Thirty participants were recruited from the Hiroshima University Hospital and collaborating clinics between 2012 
and 2018 for the Depression Biomarker Project approved by the Ethics Committee of Hiroshima University. Patients with MDD were 
diagnosed by trained psychiatrists following the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV) 
criteria using unstructured interviews, information from medical records, and use of the Mini-International Neuropsychiatric Inter
view (M.I.N.I.) [17] by a research psychiatrist. All participants could provide written informed consent because the severity of 
depressive symptoms was moderate. No patient had taken any antidepressants for ≥1 month preceding their inclusion in the study. 
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Participant set 2: Sixteen unmedicated patients with MDD were recruited from Tokushima University Hospital between 2004 and 
2012 for the Research on Analysis of Genes for Mental Disorders study, which has been approved by the Institutional Ethics Committee 
of the University of Tokushima Graduate School. MDD was diagnosed based on the DSM-IV criteria by at least two trained psychia
trists. None of the patients had any other psychiatric disorders (axis I or II). The exclusion criteria were the use of non-steroidal anti- 
inflammatory agents, steroids, antidepressants, or anticonvulsants at the time of blood collection. 

Participant set 3: Eighteen patients with MDD were recruited at Yamaguchi University Hospital between 2019 and 2020 using 
community posters for the Depression Stratification Project. This project was approved by the Institutional Review Board of Yama
guchi University Hospital. The diagnosis of MDD was based on the DSM-5 criteria by trained psychiatrists. Participants were screened 
using the Japanese version of the M.I.N.I. and/or by clinical interview. The exclusion criteria included current or previous substance 
abuse/dependence, other psychotic illnesses, any neurological disease, family history of hereditary neurological disorder, endocrine 
disease, head trauma, or other severe medical conditions (e.g., liver failure). 

The depressive symptoms of all participants were assessed using the Structured Interview Guide for the Hamilton Depression Rating 
Scale (SIGH-D) [18,19] before and after treatment in accordance with the planned evaluation period (set 1: 6–8 weeks, set 2: 8 weeks, 
set 3: 4–12 weeks). Participants whose scores improved by ≥ 50% compared with their pre-treatment scores were defined as the 
responder group, and those whose scores improved by <50% were defined as the non-responder group. The demographic information 
of all participants is shown in Table 1. The main classes of antidepressants used are shown in Supplementary Table 1. 

2.3. RNA isolation from human blood samples 

Participant set 1: Total RNA was isolated from blood samples following our previous study [20]. In brief, for each participant, 7 mL 
of venous blood sample was collected in EDTA-Na2 tubes and then stored in a deep freezer at − 80 ◦C for several years. Once thawed, 
the blood samples were immediately mixed with the lysis buffer of the NucleoSpin RNA blood kit (Takara Bio, Kusatsu, Japan). RNA 
was isolated following the protocol established by the manufacturer. 

Participant sets 2 and 3: At the Tokushima University Hospital and Yamaguchi University Hospital, venous blood samples were 
collected from participants into PAXgene tubes (Becton, Dickinson and Company, Franklin Lakes, NJ, USA). RNA isolation from the 
filled PAXgene tubes was performed using the PAXgene Blood RNA Kit (Qiagen, Venlo, Netherlands) following the protocol established 
by the manufacturer. 

The quality and quantity of RNA were measured with a NanoDrop One spectrophotometer (Thermo Fisher Scientific, Waltham, MA, 
USA). The RNA integrity numbers were measured with an Agilent Bioanalyzer with the Agilent RNA 6000 nano or pico kit (Agilent 
Technologies, Santa Clara, CA, USA) following the protocol established by the manufacturer. 

2.4. RNA sequencing 

For participant set 1, sequencing libraries were constructed employing the TruSeq Stranded Total RNA with Ribo-Zero Gold LT 
sample prep kit (Illumina, San Diego, CA, USA) following the protocol established by the manufacturer. After ribosomal RNA was 
removed, reverse transcription was performed to prepare the libraries. The libraries were pooled after quantification by bioanalyzer 
analysis and fluorometry with the Qubit dsDNA HS assay kit and a Qubit 2.0 fluorometer (Thermo Fisher Scientific, Waltham, MO, 
USA). Sequencing of paired-end fragments (75 bp × 2) was performed on a NextSeq 500 sequencing platform (Illumina; BGI, Beijing, 
China) to a depth of 13–35 (average: 21) million fragments. 

For participant set 2, sequencing libraries were constructed with the TruSeq RNA Library Preparation Kit v2 (Illumina), and 
sequencing was performed using ṯhe HiSeq 4000 System (Illumina; BGI, Beijing, China). 

Table 1 
Demographic characteristics of participants.   

Group Number Sex (Male/ 
Female) 

Age 
(years) 

SIGH-D- 
pre 

SIGH-D- 
post 

Equivalent dose of IMI-pre 
(mg) 

Equivalent dose of IMI- 
post (mg) 

Participant set 
1 

RES 15 8/7 36.5 ± 7.3 19.3 ±
3.3 

5.8 ± 2.8* 0 83.3 ± 47.4 

NRES 15 6/9 37.3 ± 8.7 20.7 ±
5.6 

15.4 ±
4.0 

0 110.0 ± 50.0 

Participant set 
2 

RES 11 3/8 43.3 ±
15.8 

23.8 ±
6.3 

5.7 ± 4.2* 0 100.2 ± 53.8 

NRES 5 0/5 40.6 ±
17.0 

25.4 ±
4.2 

18.6 ±
5.7 

0 127.5 ± 33.5 

Participant set 
3 

RES 11 8/3 56.0 ±
19.3 

21.3 ±
6.9 

4.4 ± 3.0* 80.7 ± 132.7 106.8 ± 79.7 

NRES 7 2/5 65.0 ±
12.7 

19.4 ±
9.4 

17.6 ±
5.9 

117.9 ± 92.9 196.4 ± 89.2 

Data are shown as mean ± standard deviation. 
*P < 0.05 (unpaired Student’s t-test). 
Abbreviations: RES, responder; NRES, non-responder; SIGH-D, Structured Interview Guide for the Hamilton Depression Rating Scale; IMI, 
imipramine. 
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Data for each sample were separated to generate FASTQ files. Next-generation sequencing data were cleaned with cutadapt 
(version 1.8.3) [21] and cmpfastq_pe.pl (http://compbio.brc.iop.kcl.ac.uk/software/cmpfastq_pe.php). After a step of quality control, 
the filtered short reads were mapped to the reference genome (hg38) with STAR (version 2.5.1b) [22]. Strand-specific or 
non-strand-specific transcripts per million were calculated for each sample with RSEM (version 1.3.3.) [23] and were then normalized 
using the trimmed mean of M value method. P-values were calculated using a likelihood ratio test. Gene functional analysis was 
performed using an ingenuity pathway analysis (Qiagen, Hilden, Germany). 

2.5. q-PCR 

cDNA synthesis and q-PCR were conducted following our previous study [20]. In brief, cDNA was synthesized with a PrimeScript 
RT reagent kit (Takara Bio, Kusatsu, Japan) with oligo (dT) primers and 1 μg of total RNA. It was then mixed with SYBR Premix Ex 
TaqII (Takara Bio, Kusatsu, Japan) and specific primers. Amplification was conducted for 50 cycles with a StepOnePlus real-time PCR 
system (Thermo Fisher Scientific, Waltham, MO, USA). Each cycle included amplification for 15 s at 95 ◦C and 1 min at 60 ◦C. The 
primers we used are presented in Supplementary Table 2. All measurements were conducted in duplicate. To quantify the levels of 
candidate gene expression and those of Beta-2-microglobulin (B2M; the internal control), a calibration curve was created with 10, 5, 
2.5, 1.25, 0.625, and 0.3125 fM synthetic DNA, which included the target sequence (Integrated DNA Technologies, Coralville, IA, 
USA). Fold change was calculated by the ratio of each gene to the B2M expression level of the internal control, with the mean value of 
the responders as 1. The synthetic DNA sequences we used are shown in Supplementary Table 3. 

2.6. Statistical analysis 

The distribution of participant age, SIGH-D score before starting treatment, antidepressant dose, and mRNA expression data from q- 
PCR were investigated with Student’s t-tests, whereas the distribution of participant sex was investigated with Fisher’s exact test with 
EZR v1.54 (http://www.jichi.ac.jp/saitama-sct/SaitamaHP.files/statmedEN.html) [24]. Holm’s multi-testing correction was per
formed for the q-PCR results (Supplementary Table 4). The significance level was set to 0.05. 

2.7. Data analysis 

2.7.1. Classifier design by discrete bayes decision rule 
The discrete Bayes classifier handles discrete data. x1 and x2 are two markers and their range is exclusively divided into divisions. 
Suppose that x1 has two divisions and x2 has three divisions. Moreover, the discretized data of a patient belong to the first division 

x1(1) in marker x1 and the third division x2(3) in marker x2 That is, x =
(
x1(1) , x2(3)

)
. Then, P

(
x1(1) |ω1

)
and P

(
x2(3) |ω1

)
are defined as 

follows: 

P
(
x1(1) |ω1

)
=

n1
1(1)

n1
1(1) + n1

2(3)

and 

P
(
x2(3) |ω1

)
=

n1
2(3)

n1
1(1) + n1

2(3)

where n1
1(1) denotes the number of training samples for ω1 belonging to the division x1(1) and n1

2(3) denotes the number of the training 
samples for ω1 belonging to the division x2(3) Then, the class-conditional probability P

(
x1(1) , x2(3)|ω1

)
for fx1 is given by 

P
(
x1(1) , x2(3)|ω1

)
= P

(
x1(1) |ω1

)
P
(
x2(3) |ω1

)

Using n2
1(1) and n2

2(3) for ω2, we similarly get 

P
(
x1(1) |ω2

)
=

n2
1(1)

n2
1(1) + n2

2(3)

and  

P
(
x2(3) |ω2

)
=

n2
2(3)

n2
1(1) + n2

2(3)

P
(
x1(1) , x2(2)|ω2

)
for ω2 is also given by 

P
(
x1(1) , x2(3)|ω2

)
= P

(
x1(1) |ω2

)
P
(
x2(3) |ω2

)

The posterior probabilities of classes ωi are given as follows: 
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P(ωi|x) =
P
(
x1(1) , x2(3)|ωi

)

P
(
x1(1) , x2(3)|ω1

)
+ P

(
x1(1) , x2(3)|ω2

)

In this study, we assumed that in the a priori probability, P(ωi),P(ω1) = P(ω2). The patient was then assigned to the class with the 
maximum posterior probability. For additional details, refer to previous studies [25,26]. 

2.7.2. Marker selection 
The following eight candidate genes were used to predict antidepressant response: ISG15, RSAD2, HERC5, IFIT1, IFI6, IFI44, IFI44L, 

and IFIT3. Among them, the combination of two markers was selected under conditions and examined. There were 30 training samples 
from participant set 1 and 34 test samples from participant sets 2 and 3. Note that marker selection was performed using only training 
samples. 

We used the leave-one-out method [27] to identify an optimal combination of markers. According to the leave-one-out method, one 
training sample was selected as a sub-test sample from the 30 training samples and the remaining 29 training samples were assigned as 
sub-training samples (Supplementary Figure 1). 

In pattern recognition fields, markers cannot be selected based on their individual effectiveness. Therefore, the combination of 
markers should be carefully selected. For this purpose, we first selected one combination of two markers. The discrete Bayes classifier 
was designed using 29 sub-training samples, and the re-substitution estimate for the candidate marker combination was obtained by 
reclassifying the 29 sub-training samples. 

Next, feature criteria were calculated. Note that one sub-test sample was not used. This process was then repeated until all 
candidate marker combinations (8C2 = 28) had been evaluated. Among the 28 two-marker combinations, one marker combination 
with either maximal sensitivity subject to a specificity of ≥50% or a maximal F1 measure was selected to predict antidepressant 
response. Using the leave-one-out method, the above process was repeated 30 times (i.e., until each training sample had been selected 
once only as a sub-test sample). As a result, the most frequent combination of two markers identified in the leave-one-out loop was 
considered the optimal combination of markers. When the number of markers was three, marker selection was conducted again ac
cording to the same procedure. 

3. Results 

To identify genetic markers predictive of treatment response, we first conducted a genome-wide gene expression analysis without 
an a priori hypothesis. Among the untreated patients with MDD of participant set 1, we retrospectively assessed the treatment response 
after 6–8 weeks and divided them into the treatment responder (n = 15) and treatment non-responder groups (n = 15). We then 
performed RNA-Seq analysis using RNA obtained before starting treatment. Patient demographic data are shown in Table 1. There 
were no differences in sex, age, SIGH-D score before starting treatment, or antidepressant dose at the time of treatment response 
determination between groups. The SIGH-D score after treatment was significantly lower in the responder group than in the non- 
responder group (P = 3.22E-08). 

When we compared responders and non-responders, we identified 19 genes (P < 0.01 and a fold change of >1.5; Table 2). Among 
the 19 genes, the top 10 genes with an average count of 50 or more were validated using q-PCR. We found significant expression 
changes in eight genes (P < 0.05) (Fig. 1); however, OAS3 did not show significant changes according to q-PCR (P = 0.08), and 

Table 2 
Genes with altered expression in non-responders of participant set 1 compared with those in responders based on RNA-Seq.  

Gene Gene name Participant set 1 

Log FC P-value 

OAS3 2’-5’-Oligoadenylate synthetase 3 0.864 0.0001 
ISG15 ISG15 ubiquitin-like modifier 0.923 0.0001 
RSAD2 Radical S-adenosyl methionine domain containing 2 0.905 0.0001 
HERC5 HECT and RLD domain containing E3 ubiquitin protein ligase 5 0.795 0.0002 
IFIT1 Interferon-induced protein with tetratricopeptide repeats 3 1.161 0.0002 
SIGLEC1 Sialic acid-binding Ig-like lectin 1 1.178 0.0003 
IFI6 Interferon-alpha inducible protein 6 0.908 0.0005 
GYPE Glycophorin E (MNS blood group) − 0.6 0.0007 
IFI44 Interferon-induced protein 44 0.704 0.0012 
IFI44L Interferon-induced protein 44 like 0.997 0.0013 
IFIT3 Interferon-induced protein with tetratricopeptide repeats 3 0.799 0.0018 
LRRC2 Leucine-Rich repeat containing 2 0.707 0.0021 
EPHX1 Epoxide hydrolase 1 0.631 0.0023 
RAP1GAP RAP1 GTPase activating protein 1.959 0.0023 
RPS26 Ribosomal protein S26 1.012 0.0025 
OASL 2’-5’-Oligoadenylate synthetase like 0.641 0.0025 
ACCS 1-Aminocyclopropane-1-carboxylate synthase homolog (inactive) − 0.736 0.0034 
MGC70870 C-terminal-binding protein 2 pseudogene − 0.731 0.005 
SLC14A1 Solute carrier family 14 member 1 (Kidd blood group) 0.696 0.0071 

Abbreviations: FC, fold change. 
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Fig. 1. Comparison of candidate gene expression between responders and non-responders in participant set 1.1A-1I represent gene expression levels 
of OAS3, ISG15, RSAD2, HERC5, IFIT1, IFI6, IFI44, IFI44L, and IFIT3, respectively. Data are shown as mean ± standard deviation. Each vertical axis 
indicates a fold change. *P < 0.05 (unpaired Student’s t-test) and #P = 0.08 for RES versus NRES. Details of the p-values are shown in Supple
mentary Table 4. Abbreviations: RES, responder; NRES, non-responder; q-PCR, qualitative real-time polymerase chain reaction. 
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SIGLEC1 was not successfully amplified using q-PCR. Thus, the remaining eight genes were selected as candidate predictive markers of 
antidepressant responsiveness. 

We then examined the untreated patients with MDD from an independent institution (participant set 2), whom we retrospectively 
divided into a treatment response group (n = 11) and treatment-resistance group (n = 5) after 8 weeks and performed comprehensive 
expression analysis without an a priori hypothesis using RNA-Seq data obtained before starting the treatment. The demographic data 
are presented in Table 1. There were no differences in sex, age, SIGH-D score before treatment initiation, or antidepressant dose at the 
time of treatment response determination after treatment between groups. The SIGH-D score after treatment was significantly lower in 
the responder group than in the non-responder group (P = 1.64E-05). The P-values and fold changes of eight candidate genes from 
participant set 1 are shown in Supplementary Table 5. We also identified 87 genes that met the criteria of P-values of <0.01 and fold 
changes of >1.5 in the responders compared with those in the non-responders according to the genome-wide gene expression analysis 
without an a priori hypothesis (Supplementary Table 6). 

Furthermore, among the patients with MDD from another independent institute (participant set 3), we retrospectively examined 
the treatment response after 4–12 weeks and divided the patients into the responder (n = 11) and non-responder (n = 7) groups. The 
demographic data are provided in Table 1. There were no differences in sex, age, SIGH-D score before treatment, or antidepressant 
dose between groups. q-PCR was performed for these eight candidate genes identified from participant set 1 (Supplementary Figure 2). 

Marker selection was then performed for eight candidate genes. In marker selection, feature criteria, such as accuracy, sensitivity, 
and F1 measure, were estimated using the discrete Bayes classifier designed with training samples from participant set 1. Varying the 
number of markers from two to three, all combinations of these eight genes were evaluated in the training samples. According to the 
feature criteria, two combinations were selected (Table 3). The two combinations were evaluated using this discrete Bayes classifier in 
the independent test samples from participant sets 2 and 3 (Table 3). The combination of HERC5 and IFI6 demonstrated high accuracy 
(79%). The combination of HERC5, IFI6, and IFI44 exhibited the highest accuracy (sensitivity of 91%, specificity of 75%, and accuracy 
of 85%). 

Finally, for functional analysis, we performed pathway analysis using 19 candidate genes identified in the comprehensive analysis 
of participant set 1. In the ingenuity canonical pathway, interferon signaling (P = 1.38E-08) and the role of hypercytokinemia/ 
hyperchemokinemia in the pathogenesis of influenza (P = 4.79E-07) were significantly enhanced in non-responders relative to re
sponders (Supplementary Table 7). Similar results were obtained using the 87 genes identified in participant set 2, an independent 
sample (Supplementary Table 8). These results suggested that markedly enhanced cytokine levels and interferon signaling were 
present in the antidepressant non-responder group. 

In the analysis of diseases and biofunctions, the altered expression of genes associated with inflammatory and infectious diseases, 
including replication of hepatitis C (participant set 1; P = 5.81E-07, participant set 2; P = 4.24E-07) and coronavirus disease (COVID- 
19) (participant set 1; P = 2.7E-11, participant set 2; P = 3.95E-10), was observed (Supplementary Tables 9 and 10). 

4. Discussion 

Immune responses and inflammation have been implicated in the pathogenesis of MDD. We performed a comprehensive gene 
expression analysis without an a priori hypothesis using blood samples from patients with MDD who were not yet taking antide
pressants associated with treatment response. The expression levels of the identified genes were validated using q-PCR. Gene 
expression was further validated using independent samples by RNA sequencing (participant set 2) or q-PCR (participant set 3). 
Although we could not compare gene expression levels directly among samples from different facilities owing to different protocols for 
RNA purification and analysis, we could separate responders from non-responders with a discrimination accuracy of 85% using a 
combination of three genes, HERC5, IFI6, and IFI44, for independent test samples. Most importantly, we could classify the treatment 
response in completely independent test samples obtained from different facilities using genes identified in training samples via the 
data-driven approach. Our results suggested that the combination of these genes could be used as a predictive marker of treatment 
response. In recent depression treatment guidelines, antidepressant medication is only one option for first-line treatment, as is psy
chological therapy [28,29]. Prediction of potential antidepressant non-responders can be useful for a shared decision-making process. 
During the treatment selection phase, psychological therapy alone or in combination of psychological treatment and pharmacotherapy 
may be chosen, or electroconvulsive therapy may be recommended for cases of more severe depression. 

We performed pathway analysis using identified gene sets and found that gene expression related to hypercytokinemia and 
interferon signaling was increased in non-responders. These results are in line with those of previous reports that inflammatory signals 
are involved in antidepressant responsiveness [8–11]. 

Table 3 
Discrimination performance for identifying responders in training and test samples.   

Combination of 
markers 

Accuracy Sensitivity Specificity Precision F1 
measure 

Discrimination performance for training samples (participant set 1) 
RES; n = 15, NRES; n = 15 

HERC5, IFI6 0.83 0.93 0.73 0.78 0.85 
HERC5, IFI6, IFI44 0.90 0.93 0.87 0.88 0.90 

Discrimination performance for test samples (participant sets 2 and 
3) RES; n = 22, NRES; n = 12 

HERC5, IFI6 0.79 0.91 0.58 0.80 0.85 
HERC5, IFI6, IFI44 0.85 0.91 0.75 0.87 0.89 

Abbreviations: RES, responder; NRES, non-responder. 
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The gene clusters associated with hypercytokinemia and interferon signaling were significantly increased in treatment non- 
responders in three independent sample groups, and this provides a basis for speculating on the pathological mechanisms underly
ing antidepressant responsiveness. Interferon signaling induces depression and may be associated with increases in cytokine levels. For 
example, in patients with hepatitis C who were depressed after receiving interferon-alpha, increased spinal fluid IL-6 and monocyte 
chemotactic protein 1 levels were noted. Spinal fluid IL-6 was also negatively correlated with 5-hydroxyindole acetic acid, a serotonin 
metabolite [30]. Interferon-alpha has also been reported to cause reduced serum brain-derived neurotrophic factor levels, which may 
contribute to the mechanism underlying depression [31]. Peripheral interferon increased the expression of interferon-stimulated genes 
such as Rsad2, Isg15, and Ifit3 in the cortical microglia of mice and induced microglial activation [32]. In humans, microglia are 
considered to play crucial roles in various psychiatric disorders, including depression [33]. 

Regarding inflammatory cytokines and treatment responsiveness, as mentioned in the Introduction, several studies have demon
strated increased inflammatory cytokine levels in treatment-resistant depression. Therefore, the administration of anti-inflammatory 
agents has been proposed as a potential novel treatment for MDD. For example, depressive-like behavior and impaired neurogenesis in 
the hippocampus induced by interferon-alpha can be improved by minocycline administration in mice [34]. In humans, a large 
meta-analysis of randomized controlled trials (RCTs) of anti-inflammatory treatments reported the antidepressant effects of 
non-steroidal anti-inflammatory drugs (NSAIDs) and anti-inflammatory drugs [35–37]. Moreover, the tolerability of NSAIDs was 
reported to be superior to that of a placebo [37]. In contrast, large RCTs have yielded negative results on the preventive effect of small 
doses of aspirin on depression [38]. Thus, anti-inflammatory drugs are considered to have promising antidepressant effect; however, 
the selection of target patients is also important. For example, if the gene expression changes identified in this study are established as 
biomarkers and anti-inflammatory drugs are introduced after the identification of patients who are likely to be resistant to treatment, 
more effective therapeutic interventions are possible. 

Notably, COVID-19 was identified in the analysis of diseases and biofunctions. It has been reported that 23.0% of COVID-19 pa
tients had pre-existing depression [39]. Patients with psychiatric disorders, including depression, have increased mortality, hospi
talization, and intensive care unit admission after severe acute respiratory coronavirus 2 infection [40]. It has also been reported that 
the levels of inflammatory markers, including IL-6, are increased in patients with COVID-19 [41]. The involvement of immune 
dysfunction in the development of depression has also been proposed [42]. Recently, OAS3, a gene identified in this study, was noted to 
be associated withCOVID-19 severity according to a GWAS analysis [43]. COVID-19-induced depression may be a factor affecting 
antidepressant resistance. In contrast, SSRIs may prevent the development of COVID-19 [44]. It will be important to monitor whether 
COVID-19 patients with depression respond well to antidepressants. 

This study has several limitations. Firstly, the number of cases was small. However, depression is not a homogeneous disease but a 
heterogeneous syndrome. We previously reported that DNA methylation and gene expression profiles differ according to age of onset 
and sex [45–48]. Rather than merely increasing the number of participants, it is also important to collect more distinctive and uniform 
cases in future studies. In this study, reproducible changes in gene expression were identified in patients from three independent 
institutes focusing on antidepressant responsiveness. The second limitation was that this was an observational study rather than a 
double-blind interventional study with a placebo; hence, the effects of a placebo and nocebo on treatment response cannot be ignored. 
Thirdly, it was difficult to standardize the classes and dosages of antidepressants and match the timing of assessment because this study 
was conducted in a real-world clinical practice setting to reduce the burden on patients. However, the fact that we were able to identify 
reproducible treatment response markers among patients may be a strength of this study. To address these limitations, multicenter, 
double-blinded, large-scale interventional studies need to be conducted. The fourth limitation is that the methods of RNA purification 
and expression analysis differed among institutions. In our previous study, when RNA-Seq was conducted with RNA purified using 
different methods, significant differences in housekeeping gene expressions were identified [20]. It is necessary to standardize RNA 
purification methods and establish discrimination criteria at each institution for clinical application as predictive markers of treatment 
responses. The final limitation is that only RNA analysis was performed. A more robust biomarker could be identified by setting up a 
complex biomarker with plasma or DNA methylation. 

Despite these limitations, the results of this study form the basis for the development of predictive markers of the therapeutic 
response to depression and may provide insights into the development of novel therapeutic strategies for depression, such as anti- 
inflammatory drugs. 

Author contributions 

Conceptualization: HY, SU, YO, TO, SN. Data curation: HY, RT, TK, KH, NY, CC, HO, YH, GO, MF, SN, MK, RH, YO, TO, SN. Formal 
analysis: HY, RT, CC, HO, YH. Funding acquisition: HY, TAK, SU, YO, TO, SN. Investigation: HY, RT, AK, SN, MK. Methodology: HY, 
RT, AK. Project administration: HY, SU, YO, TO, SN. Resources: HY, TK, AK, TS, MK, KH, NY, GO, MF, SN, MK, YO, TO, SN. Super
vision: SU, YH, JI, SN, TAK, HN, SU, YO, TO, SN. Validation: HY, RT, AK, HO, YH. Visualization: HY, RT, HO, YH. Writing – original 
draft preparation: HY. Writing – review & editing: HY, RT, TK, AK, TS, MK, KH, NY, CC, SU, HO, YH, GO, MF, JI, SN, MK, TAK, RH, HN, 
SU, YO, TO, SN. 

Funding 

This study was supported by the Japan Agency for Medical Research and Development (AMED) (JP20dk0307076h0003 to SU, YO, 
TO, and SN and JP20dk0307075 to TAK). HY was partially supported by the Japan Society for the Promotion of Science (JSPS) 
KAKENHI program (20K07946); SENSHIN Medical Research Foundation; and grants from the Finding-Out & Crystallization of 

H. Yamagata et al.                                                                                                                                                                                                    



Heliyon 9 (2023) e13059

9

Subliminals (FOCS) project by the Yamaguchi University of Medicine. 

Declaration of competing interest 

HY received honoraria and/or research grant support from Pfizer, Eisai, MSD, Sumitomo Dainippon Pharma, Mochida Pharma
ceutical, Mylan, Viatris, Otsuka Pharmaceutical, and Yoshitomiyakuhin. GO received lecture fees from Otsuka Pharmaceutical, Pfizer 
Japan, and Sumitomo Dainippon Pharma. JI received speaker’s honoraria from Otsuka Pharmaceutical, Meiji Seika Pharma, Sumitomo 
Dainippon Pharma, Kyowa Pharmaceutical Industry, Shionogi, Mochida Pharmaceutical, Eisai, Mylan, Sawai Pharmaceutical, 
Novartis Pharma, Eli Lilly, MSD, Ono Pharmaceutical, Takeda Pharmaceutical, Janssen Pharmaceutical, Sanofi, Viatris, and Yoshi
tomiyakuhin. SN received honoraria and/or research grant support from Otsuka Pharmaceutical, Sumitomo Dainippon Pharma, 
Mochida Pharmaceutical, and Eisai. TAK received honoraria and/or research grant support from Otsuka Pharmaceutical, Mitsubishi 
Tanabe Pharma, Mochida Pharmaceutical, and Pfizer. TO received research support or speakers’ honoraria from, or has served as a 
consultant to Sumitomo Dainippon Pharma, Otsuka Pharmaceutical, Eisai, Pfizer, Eli Lilly, Janssen, Meiji Seika Pharma, Shionogi, 
Mitsubishi Tanabe Pharma, Takeda Pharmaceutical and Yoshitomiyakuhin. SN received honoraria and/or research grant support from 
Otsuka Pharmaceutical, Meiji Seika Pharma, Sumitomo Dainippon Pharma, Kyowa Pharmaceutical Industry, Shionogi, Mitsubishi 
Tanabe Pharma, Mochida Pharmaceutical, Eisai, Tsumura, Eli Lilly, MSD, Astellas, and Pfizer. The remaining authors declare no actual 
or potential conflicts of interest. 

Acknowledgments 

The authors thank Dr. Kenji Hashimoto (Chiba University) for advice on blood sampling and RNA purification. We would like to 
thank Editage [http://www.editage.com] for editing and reviewing this manuscript for English language. 

Appendix A. Supplementary data 

Supplementary data related to this article can be found at https://doi.org/10.1016/j.heliyon.2023.e13059. 

References 

[1] G.S. Malhi, J.J. Mann, Depression, Lancet 392 (10161) (2018) 2299–2312, https://doi.org/10.1016/s0140-6736(18)31948-2. 
[2] J.M. Biernacka, K. Sangkuhl, G. Jenkins, R.M. Whaley, P. Barman, A. Batzler, R.B. Altman, V. Arolt, J. Brockmoller, C.H. Chen, K. Domschke, D.K. Hall-Flavin, C. 

J. Hong, A. Illi, Y. Ji, O. Kampman, T. Kinoshita, E. Leinonen, Y.J. Liou, T. Mushiroda, S. Nonen, M.K. Skime, L. Wang, B.T. Baune, M. Kato, Y.L. Liu, 
V. Praphanphoj, J.C. Stingl, S.J. Tsai, M. Kubo, T.E. Klein, R. Weinshilboum, The International SSRI Pharmacogenomics Consortium (ISPC): a genome-wide 
association study of antidepressant treatment response, Transl. Psychiatry 5 (2015) e553, https://doi.org/10.1038/tp.2015.47. 

[3] G.I. Papakostas, M. Fava, M.E. Thase, Treatment of SSRI-resistant depression: a meta-analysis comparing within- versus across-class switches, Biol. Psychiatr. 63 
(7) (2008) 699–704, https://doi.org/10.1016/j.biopsych.2007.08.010. 

[4] A.J. Rush, M.H. Trivedi, S.R. Wisniewski, A.A. Nierenberg, J.W. Stewart, D. Warden, G. Niederehe, M.E. Thase, P.W. Lavori, B.D. Lebowitz, P.J. McGrath, J. 
F. Rosenbaum, H.A. Sackeim, D.J. Kupfer, J. Luther, M. Fava, Acute and longer-term outcomes in depressed outpatients requiring one or several treatment steps: 
a STAR*D report, Am. J. Psychiatr. 163 (11) (2006) 1905–1917, https://doi.org/10.1176/ajp.2006.163.11.1905. 

[5] Q.S. Li, C. Tian, D. Hinds, 23andMe_Research_Team, Genome-wide association studies of antidepressant class response and treatment-resistant depression, 
Transl. Psychiatry 10 (1) (2020) 360, https://doi.org/10.1038/s41398-020-01035-6. 

[6] K.E. Tansey, M. Guipponi, N. Perroud, G. Bondolfi, E. Domenici, D. Evans, S.K. Hall, J. Hauser, N. Henigsberg, X. Hu, B. Jerman, W. Maier, O. Mors, 
M. O’Donovan, T.J. Peters, A. Placentino, M. Rietschel, D. Souery, K.J. Aitchison, I. Craig, A. Farmer, J.R. Wendland, A. Malafosse, P. Holmans, G. Lewis, C. 
M. Lewis, T.B. Stensbol, S. Kapur, P. McGuffin, R. Uher, Genetic predictors of response to serotonergic and noradrenergic antidepressants in major depressive 
disorder: a genome-wide analysis of individual-level data and a meta-analysis, PLoS Med. 9 (10) (2012), e1001326, https://doi.org/10.1371/journal. 
pmed.1001326. 

[7] GENDEP_Investigators, MARS_Investigators, STAR*D_Investigators, Common genetic variation and antidepressant efficacy in major depressive disorder: a meta- 
analysis of three genome-wide pharmacogenetic studies, Am. J. Psychiatr. 170 (2) (2013) 207–217, https://doi.org/10.1176/appi.ajp.2012.12020237. 

[8] A. Cattaneo, C. Ferrari, L. Turner, N. Mariani, D. Enache, C. Hastings, M. Kose, G. Lombardo, A.P. McLaughlin, M.A. Nettis, N. Nikkheslat, L. Sforzini, C. Worrell, 
Z. Zajkowska, N. Cattane, N. Lopizzo, M. Mazzelli, L. Pointon, P.J. Cowen, J. Cavanagh, N.A. Harrison, P. de Boer, D. Jones, W.C. Drevets, V. Mondelli, E. 
T. Bullmore, D. Neuroimmunology of Mood, C. Alzheimer’s Disease, C.M. Pariante, 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) (2020) 
232, https://doi.org/10.1038/s41398-020-00874-7. 

[9] R. Belzeaux, R. Lin, C. Ju, M.A. Chay, L.M. Fiori, P.E. Lutz, G. Turecki, Transcriptomic and epigenomic biomarkers of antidepressant response, J. Affect. Disord. 
233 (2018) 36–44, https://doi.org/10.1016/j.jad.2017.08.087. 

[10] C. Ju, L.M. Fiori, R. Belzeaux, J.F. Theroux, G.G. Chen, Z. Aouabed, P. Blier, F. Farzan, B.N. Frey, P. Giacobbe, R.W. Lam, F. Leri, G.M. MacQueen, R. Milev, D. 
J. Muller, S.V. Parikh, S. Rotzinger, C.N. Soares, R. Uher, Q. Li, J.A. Foster, S.H. Kennedy, G. Turecki, Integrated genome-wide methylation and expression 
analyses reveal functional predictors of response to antidepressants, Transl. Psychiatry 9 (1) (2019) 254, https://doi.org/10.1038/s41398-019-0589-0. 

[11] J.P. Guilloux, S. Bassi, Y. Ding, C. Walsh, G. Turecki, G. Tseng, J.M. Cyranowski, E. Sibille, Testing the predictive value of peripheral gene expression for 
nonremission following citalopram treatment for major depression, Neuropsychopharmacology 40 (3) (2015) 701–710, https://doi.org/10.1038/ 
npp.2014.226. 

[12] C. Yang, K.J. Wardenaar, F.J. Bosker, J. Li, R.A. Schoevers, Inflammatory markers and treatment outcome in treatment resistant depression: a systematic review, 
J. Affect. Disord. 257 (2019) 640–649, https://doi.org/10.1016/j.jad.2019.07.045. 

[13] H.I. Woo, S.W. Lim, W. Myung, D.K. Kim, S.Y. Lee, Differentially expressed genes related to major depressive disorder and antidepressant response: genome- 
wide gene expression analysis, Exp. Mol. Med. 50 (8) (2018) 1–11, https://doi.org/10.1038/s12276-018-0123-0. 

[14] K. Hodgson, K.E. Tansey, T.R. Powell, G. Coppola, R. Uher, M. Zvezdana Dernovsek, O. Mors, J. Hauser, D. Souery, W. Maier, N. Henigsberg, M. Rietschel, 
A. Placentino, K.J. Aitchison, I.W. Craig, A.E. Farmer, G. Breen, P. McGuffin, R. Dobson, Transcriptomics and the mechanisms of antidepressant efficacy, Eur. 
Neuropsychopharmacol 26 (1) (2016) 105–112, https://doi.org/10.1016/j.euroneuro.2015.10.009. 

H. Yamagata et al.                                                                                                                                                                                                    

http://www.editage.com
https://doi.org/10.1016/j.heliyon.2023.e13059
https://doi.org/10.1016/s0140-6736(18)31948-2
https://doi.org/10.1038/tp.2015.47
https://doi.org/10.1016/j.biopsych.2007.08.010
https://doi.org/10.1176/ajp.2006.163.11.1905
https://doi.org/10.1038/s41398-020-01035-6
https://doi.org/10.1371/journal.pmed.1001326
https://doi.org/10.1371/journal.pmed.1001326
https://doi.org/10.1176/appi.ajp.2012.12020237
https://doi.org/10.1038/s41398-020-00874-7
https://doi.org/10.1016/j.jad.2017.08.087
https://doi.org/10.1038/s41398-019-0589-0
https://doi.org/10.1038/npp.2014.226
https://doi.org/10.1038/npp.2014.226
https://doi.org/10.1016/j.jad.2019.07.045
https://doi.org/10.1038/s12276-018-0123-0
https://doi.org/10.1016/j.euroneuro.2015.10.009


Heliyon 9 (2023) e13059

10

[15] K. Pettai, L. Milani, A. Tammiste, U. Vosa, R. Kolde, T. Eller, D. Nutt, A. Metspalu, E. Maron, Whole-genome expression analysis reveals genes associated with 
treatment response to escitalopram in major depression, Eur. Neuropsychopharmacol 26 (9) (2016) 1475–1483, https://doi.org/10.1016/j. 
euroneuro.2016.06.007. 

[16] J.M. Hennings, M. Uhr, T. Klengel, P. Weber, B. Putz, C. Touma, D. Czamara, M. Ising, F. Holsboer, S. Lucae, RNA expression profiling in depressed patients 
suggests retinoid-related orphan receptor alpha as a biomarker for antidepressant response, Transl. Psychiatry 5 (2015) e538, https://doi.org/10.1038/ 
tp.2015.9. 

[17] T. Otsubo, K. Tanaka, R. Koda, J. Shinoda, N. Sano, S. Tanaka, H. Aoyama, M. Mimura, K. Kamijima, Reliability and validity of Japanese version of the mini- 
international neuropsychiatric interview, Psychiatr. Clin. Neurosci. 59 (5) (2005) 517–526, https://doi.org/10.1111/j.1440-1819.2005.01408.x. 

[18] M. Hamilton, A rating scale for depression, J. Neurol. Neurosurg. Psychiatry 23 (1960) 56–62, https://doi.org/10.1136/jnnp.23.1.56. 
[19] J.B. Williams, A structured interview guide for the Hamilton Depression Rating Scale, Arch. Gen. Psychiatr. 45 (8) (1988) 742–747, https://doi.org/10.1001/ 

archpsyc.1988.01800320058007. 
[20] H. Yamagata, A. Kobayashi, R. Tsunedomi, T. Seki, M. Kobayashi, K. Hagiwara, C. Chen, S. Uchida, G. Okada, M. Fuchikami, T. Kamishikiryo, J.I. Iga, 

S. Numata, M. Kinoshita, T.A. Kato, R. Hashimoto, H. Nagano, Y. Okamoto, S. Ueno, T. Ohmori, S. Nakagawa, Optimized protocol for the extraction of RNA and 
DNA from frozen whole blood sample stored in a single EDTA tube, Sci. Rep. 11 (1) (2021), 17075, https://doi.org/10.1038/s41598-021-96567-2. 

[21] A. Kechin, U. Boyarskikh, A. Kel, M. Filipenko, cutPrimers: a new tool for accurate cutting of primers from reads of targeted next generation sequencing, 
J. Comput. Biol. 24 (11) (2017) 1138–1143, https://doi.org/10.1089/cmb.2017.0096. 

[22] T. Wang, J. Liu, L. Shen, J. Tonti-Filippini, Y. Zhu, H. Jia, R. Lister, J.W. Whitaker, J.R. Ecker, A.H. Millar, B. Ren, W. Wang, STAR: an integrated solution to 
management and visualization of sequencing data, Bioinformatics 29 (24) (2013) 3204–3210, https://doi.org/10.1093/bioinformatics/btt558. 

[23] B. Li, C.N. Dewey, RSEM: accurate transcript quantification from RNA-Seq data with or without a reference genome, BMC Bioinf. 12 (2011) 323, https://doi. 
org/10.1186/1471-2105-12-323. 

[24] Y. Kanda, Investigation of the freely available easy-to-use software ‘EZR’ for medical statistics, Bone Marrow Transplant. 48 (3) (2012) 452–458, https://doi. 
org/10.1038/bmt.2012.244. 

[25] H. Ogihara, N. Iizuka, Y. Hamamoto, Prediction of early recurrence of liver cancer by a novel discrete Bayes decision rule for personalized medicine, BioMed 
Res. Int. 2016 (2016), 8567479, https://doi.org/10.1155/2016/8567479. 

[26] A. Goto, J. Nishikawa, E. Hideura, R. Ogawa, M. Nagao, S. Sasaki, R. Kawasato, S. Hashimoto, T. Okamoto, H. Ogihara, Y. Hamamoto, I. Sakaida, Lymph node 
metastasis can be determined by just tumor depth and lymphovascular invasion in early gastric cancer patients after endoscopic submucosal dissection, Eur. J. 
Gastroenterol. Hepatol. 29 (12) (2017) 1346–1350, https://doi.org/10.1097/MEG.0000000000000987. 

[27] P.A. Lachenbruch, Estimation of Error Rates in Discriminant Analysis, PhD. Dissertation, University of California, Los Angeles, 1965. 
[28] NICE, in: Depression in Adults: Treatment and Management, 2018. www.nice.org.uk/guidance/ng222. 2022. 
[29] G.S. Malhi, E. Bell, D. Bassett, P. Boyce, R. Bryant, P. Hazell, M. Hopwood, B. Lyndon, R. Mulder, R. Porter, A.B. Singh, G. Murray, The 2020 Royal Australian 

and New Zealand College of Psychiatrists clinical practice guidelines for mood disorders, Aust. N. Z. J. Psychiatr. 55 (1) (2021) 7–117, https://doi.org/10.1177/ 
0004867420979353. 

[30] C.L. Raison, A.S. Borisov, M. Majer, D.F. Drake, G. Pagnoni, B.J. Woolwine, G.J. Vogt, B. Massung, A.H. Miller, Activation of central nervous system 
inflammatory pathways by interferon-alpha: relationship to monoamines and depression, Biol. Psychiatr. 65 (4) (2009) 296–303, https://doi.org/10.1016/j. 
biopsych.2008.08.010. 

[31] F.E. Lotrich, S. Albusaysi, R.E. Ferrell, Brain-derived neurotrophic factor serum levels and genotype: association with depression during interferon-alpha 
treatment, Neuropsychopharmacology 38 (6) (2013) 985–995, https://doi.org/10.1038/npp.2012.263. 

[32] E. Aw, Y. Zhang, M. Carroll, Microglial responses to peripheral type 1 interferon, J. Neuroinflammation 17 (1) (2020) 340, https://doi.org/10.1186/s12974- 
020-02003-z. 

[33] H. Suzuki, M. Ohgidani, N. Kuwano, F. Chretien, G. Lorin de la Grandmaison, M. Onaya, I. Tominaga, D. Setoyama, D. Kang, M. Mimura, S. Kanba, T.A. Kato, 
Suicide and microglia: recent findings and future perspectives based on human studies, Front. Cell. Neurosci. 13 (2019) 31, https://doi.org/10.3389/ 
fncel.2019.00031. 

[34] L.S. Zheng, N. Kaneko, K. Sawamoto, Minocycline treatment ameliorates interferon-alpha- induced neurogenic defects and depression-like behaviors in mice, 
Front. Cell. Neurosci. 9 (2015) 5, https://doi.org/10.3389/fncel.2015.00005. 
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