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A B S T R A C T

Background: Rates of depression increase and peak during late adolescence and alterations in immune processes are thought to be both a risk factor and outcome of
depression. However, few studies have examined depression-immune dynamics among adolescents. Using a functional genomics approach, the current study ex-
amined whether depressive symptoms were associated with activation of a gene expression profile, characterized by upregulated expression of pro-inflammatory-
related genes and downregulated expression of antiviral-related genes in a sample of older adolescents (Mage=18.37, SD=0.51).
Method: Participants (n= 87) reported on their depressive symptoms during the past week using the CES-D, and provided blood samples for genome-wide tran-
scriptional profiling of mRNA.
Results: Adolescents with clinically-significant levels of depressive symptoms (CES-D≥16) exhibited upregulated expression of inflammation-related genes and
downregulated expression of antiviral-related genes compared to their peers with lower levels of depressive symptoms (CES-D < 16). Bioinformatics analyses
suggested that this pattern of differential gene expression was mediated by greater activity of the pro-inflammatory transcription factor, nuclear factor-kappa B (NF-
κB), and reduced activity of glucocorticoid receptors (GRs) and interferon response factors (IRFs). Additional analyses implicated monocytes, B cells, and dendritic
cells as primary cellular sources of the observed gene expression patterns associated with depressive symptoms.
Conclusion: Results are consistent with past work demonstrating links between depression and altered immunity. They provide a molecular basis for these asso-
ciations and suggest that the underlying molecular signature may emerge as early as late adolescence when rates of depression tend to increase.

Depression is the leading cause of disability worldwide and is one of
the most common health disorders, affecting more than 300 million
individuals (World Health Organization, 2017). This is especially con-
cerning because in addition to compromising functioning in psychoso-
cial and behavioral domains, depression is associated with serious
health consequences, including cardiovascular disease (Bortolato et al.,
2017; Moussavi et al., 2007; Penninx, 2017). Consequently, significant
efforts to understand the etiology of depression and the pathways by
which depression confers risk for disease have been made. Alterations
in the immune system, particularly in aspects of inflammatory and
antiviral processes, have been identified as both a critical precursor to
depression and a consequence that increases vulnerability to disease.
However, the majority of past work has focused on adults despite the
fact that depression increases during adolescence, and underlying sig-
naling pathways remain unclear. Therefore, the purpose of the present
investigation was to examine the relation between depressive symp-
toms and transcriptional control pathways relevant to inflammatory
and antiviral processes in a sample of older adolescents.

A substantial body of work has linked elevated levels of depressed
mood to higher levels of inflammation, as summarized in several meta-
analyses (Dowlati et al., 2010; Haapakoski et al., 2015; Howren et al.,
2009; Liu et al., 2012). Prospective studies, in particular, have shown
that depression subsequently predicts heightened levels of inflamma-
tion, and vice versa–that initially higher levels of inflammation subse-
quently predict depressed mood (Bell et al., 2017; Deverts et al., 2010;
Huang et al., 2019; Niles et al., 2018; Stewart et al., 2009; Valkanova
et al., 2013; Zalli et al., 2016). There is ample evidence for a reciprocal
relation between depression and inflammation, though not all studies
have observed these links (Herder et al., 2018; Jones et al., 2015), and
the depression-inflammation link may be apparent only in a subgroup
of individuals (Danese et al., 2008; Glassman and Miller, 2007).
Depression has also been linked to alterations in antiviral processes.

For example, in the National Health and Nutrition Examination Survey,
elevated levels of depression were associated with greater risk for
herpes simplex virus type 2 (Gale et al., 2018). Lifetime prevalence of
major depressive disorder has also been linked to greater risk for
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hepatitis C infection (Carta et al., 2007), and among patients with he-
patitis C viral infections, those with more depressive symptoms are less
likely to clear the virus in response to treatment (Raison et al., 2005).
Other studies have similarly shown that depressed adults compared to
non-depressed adults have compromised immune responses to the
vaccination for the varicella-zoster virus vaccine for it (Irwin et al.,
2013), as well as to the virus itself (Irwin et al., 1998, 2011). Other viral
infections that depression has been associated with include Borna dis-
ease virus, herpes simplex virus type 1, Epstein-Barr virus, cytomega-
lovirus, and chlamydophila trachomatis (Haeri et al., 2011; Miller et al.,
2005; Wang et al., 2014).
Curiously, much of the work on depression and immune functioning

has focused on adults. However, it may be crucial to focus on the
adolescent period given that depression tends to emerge during this
developmental stage. Rates of depression increase dramatically from
childhood to adolescence and into young adulthood (Avenevoli et al.,
2015; Mojtabai et al., 2016). Up to 3.1 million or 12.8% of adolescents
in the US met DSM-IV criteria for clinical depression in 2016 (Substance
Abuse and Mental Health Services Administration, 2016; Mojtabai
et al., 2016), and some studies suggest that nearly a third of adolescents
exhibit subclinical levels of depressive symptomatology (Balázs et al.,
2013). Importantly, rates of depression have been rising more rapidly in
youth than in adults (Weinberger et al., 2018), suggesting that an in-
creasing number of adolescents may go on to develop depression-re-
lated disabilities. Although rates of depression have long been known to
increase during adolescence, only relatively recently have immune-
depression relations during earlier stages of development been ex-
amined.
These studies show that clinical depressive disorders and subclinical

symptoms of depression are cross-sectionally associated with higher
levels of inflammation (Brambilla et al., 2004; Gabbay et al., 2009;
Oddy et al., 2018; Pallavi et al., 2015), though not all cross-sectional
studies have observed this association (Caserta et al., 2011; Chaiton
et al., 2010). Three prospective studies have also linked depression to
higher subsequent levels of C-reactive protein (CRP) in children, ado-
lescents, and young adults (Copeland et al., 2012; Duivis et al., 2015;
Elovainio et al., 2006), suggesting that depression may precede ele-
vated inflammation. Other prospective studies of youth have also pre-
dicted later depression from previous levels of heightened in-
flammatory markers (Khandaker et al., 2014; Khandaker et al., 2018;
Miller and Cole, 2012), supporting the notion that inflammation con-
tributes to the development of depression (although one study showed
that CRP did not prospectively predict depression (Copeland et al.,
2012)). It may be that depression and heightened inflammation may
cluster together only for certain adolescents, such as those with a his-
tory of early adversity, excess adiposity, or low parental support (Beach
et al., 2017; Chiang et al., 2017; Guan et al., 2016; Miller and Cole,
2012), or for certain subtypes of depression, as has been shown in
adults (Kaestner et al., 2005; Lamers et al., 2013). Links between de-
pression and antiviral processes have been much less studied among
youth. Nevertheless, similar to results from adult studies, one recent
study of 11 to 17-year-old adolescents showed that depressive symp-
toms were associated with reactivation of the Epstein-Barr virus among
female adolescents positive for the virus (Ford and Stowe, 2017). To-
gether, these studies start to provide initial evidence that links between
depression and the immune system can become apparent by the second
decade of life. However, given the relatively few studies on youth, the
molecular bases of these associations are not entirely clear.
One molecular pathway underlying the relation between depression

and alterations in inflammatory-related and antiviral-related outcomes
may involve activation of a conserved transcriptional response to ad-
versity (CTRA). The CTRA refers to a transcriptomic pattern char-
acterized by upregulation of pro-inflammatory gene expression and
downregulation of antiviral gene expression, due in part by increased
signaling by nuclear factor-kappa B (NF-κB) and decreased signaling by
glucocorticoid receptors (GRs) and interferon response factors (IRFs)

(Cole, 2014; Irwin and Cole, 2011; Slavich and Cole, 2013). NF-κB and
GRs are critical players of the inflammatory response: whereas in-
creased NF-κB activity can upregulate production of pro-inflammatory
cytokines, cortisol bound to GRs in immune cells can inhibit the pro-
duction of pro-inflammatory cytokines and terminate the inflammatory
response. With respect to antiviral processes, IRFs are critically in-
volved in the transcription of interferons, which contributes to host
resistance to viral pathogens.
Whether depression is associated with the CTRA pattern during

adolescence has been rarely examined, but preliminary evidence points
to the possibility that the two may be linked. For instance, in one re-
latively recent study, adolescents with major depressive disorder com-
pared to healthy controls exhibited greater NF-κB activation in response
to cell stimulation (Miklowitz et al., 2016). This study did not examine
GR sensitivity, but previous studies of adults have shown that depressed
adults, compared to non-depressed adults, exhibit altered GR function,
including diminished GR sensitivity (Carvalho et al., 2014; Pace et al.,
2007; Pariante and Miller, 2001; Rohleder et al., 2010). Adult studies
have also shown that under various circumstances related to depres-
sion, including social isolation, socioeconomic disadvantage, bereave-
ment, and early deprivation, circulating leukocytes exhibit CTRA acti-
vation (Cole, 2014; Slavich and Cole, 2013).
The purpose of the current study was to extend these prior findings

and determine whether depression relates to the CTRA pattern during
adolescence. We examined this in a sub-study of adolescents from a
three-wave longitudinal study aimed at understanding the psychosocial
contributions to early health risk. Previous analyses of those data
showed that greater levels of depressive symptoms were associated with
greater circulating inflammatory responses to stress among adolescents
with greater adiposity (Chiang et al., 2017) and with higher levels of
CRP among those with low parental support (Guan et al., 2016). Here,
we take a more in-depth look at the relation between depressive
symptoms and immune transcriptional profiles to help elucidate po-
tential underlying molecular signaling pathways of previously reported
links between depression and immune alterations. We first identified a
set of genes that showed an empirical association with high vs. low
levels of depressed mood, and then used bioinformatic analyses of
transcription factor activity to infer whether these distinct gene ex-
pression profiles were mediated by differences in the activity of tran-
scription factors specifically involved in inflammation (NF-κB, GR)
and/or Type I interferon antiviral responses (IRFs). Based on previous
work reviewed above, we hypothesized that gene expression profiles
from late adolescents with elevated depressed mood would exhibit a
CTRA pattern, including indications of up-regulated NF-κB activity, and
down-regulated GR and IRF activity. In additional follow-up analyses,
we examined whether any observed patterns were mediated in part by
increased output of immature “classical” monocytes from the bone
marrow (Heidt et al., 2014; Powell et al., 2013).

1. Methods

1.1. Participants

As described previously (Chiang et al., 2017, 2018), participants
(n= 91; Mage= 18.37, SD= 0.51; 57% female) of the current study
were from a three-wave longitudinal study aimed at understanding the
psychosocial contributions to early health risk. In between the second
and third wave of data collection, participants who were at least
18 years old and self-identified as Latino or European-American were
invited to participate in an experimental study. Other ethnicities were
excluded due to insufficient numbers in the larger study. Blood samples
were unavailable for two participants, leaving a total of 89 participants
with samples available for gene expression assays. Of these participants,
two had missing data on covariates, leaving a final analytic sample of
87. Characteristics of the samples are presented in Table 1.
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1.2. Procedures

Eligible individuals were contacted via telephone, and those who
responded were given information about the experimental study.
Individuals expressing interest were scheduled for a laboratory visit and
instructed to refrain from eating or drinking anything (except water)
the hour prior to the visit. During the laboratory visit, a nurse measured
height and weight using an electronic scale and stadiometer, assessed
vital signs, and inserted an indwelling intravenous catheter in the
antecubital vein of the non-dominant arm. Participants then viewed a
neutral-content video for 20min to facilitate acclimation to the testing
environment. After this baseline period, blood samples were collected
into CPT tubes for the assessment of RNA. Participants then completed
a standardized laboratory-based stress task and provided additional
blood and saliva samples, which are not part of the current study. They
also completed a set of psychosocial questionnaires. All study proce-
dures were approved by the UCLA Institutional Review Board and all
study participants provided written consent.

1.3. Measures

1.3.1. Depressive symptoms
During the lab visit, participants reported their depressive symp-

toms during the past week using the 20-item Center for Epidemiologic
Studies Depression Scale (CES-D; Radloff, 1977). On a 4-point scale
(0= rarely or none of the time, 3=most or all of the time), participants
indicated how often they experienced cognitive, affective, and somatic
symptoms of depression. Example items include “You were bothered by
things that usually don’t bother you,” and “You talked less than usual.”
CESD scores of 16 or higher suggest clinical depression, and thus,
participants were categorized as likely to have clinical depressed mood
(CES-D≥ 16) and unlikely to have clinical depressed mood (CES-
D < 16). The CES-D has demonstrated excellent reliability and validity
(Radloff, 1977) and in the current sample, internal reliability was good
(α=0.90).

1.3.2. Gene expression profiling
Baseline blood samples for RNA were collected during the labora-

tory visit. Within two hours of sample collection, peripheral blood
mononuclear cells (PBMCs) were separated from red blood cells, lysed
in RNA-stabilization buffer (RLT, Qiagen Inc.), and stored at −80 °C.
When all samples were available, total RNA was extracted from PBMC
(Qiagen RNeasy) and checked for suitable mass (> 200 ng by
NanoDrop ND1000 spectrophotometry) and integrity (RNA integrity
number>3 by Agilent TapeStation capillary electrophoresis). Samples
were assayed by RNA sequencing (RNAseq) in the UCLA Neuroscience
Genomics Core Laboratory using Lexogen QuantSeq 3′ FWD cDNA li-
brary synthesis and multiplex DNA sequencing on an Illumina HiSeq
4000 instrument with single strand 65 nt sequence reads (all following
the manufacturer’s standard protocol). Samples yielded>10 million
sequence reads, each of which was mapped to the RefSeq human
genome sequence using the STAR aligner (Dobin et al., 2013) to gen-
erate transcript counts per million total transcripts (TPM). No addi-
tional RNAseq read-level QC or sample normalization was required
because STAR accounts for variations in read quality in the mapping
and transcript quantification process, and TPM normalization controls
for variations in library size/sequencing depth. To ensure that this
specific form of normalization did not influence substantive results, we
repeated analyses with other sample normalizations (e.g., median ratio
standardization, and reference gene standardization (Eisenberg and
Levanon, 2013) and found similar substantive results.

1.3.3. Covariates
Sociodemographic characteristics (i.e., gender, ethnicity, parental

education), body mass index (BMI), and health behaviors (smoking,
alcohol consumption) were included in models as potential con-
founding factors. Gender was based on participant self-reports, and
ethnicity was based on both participant self-reports and parent reports
of parents’ own birth countries as well as the birth countries of parti-
cipants’ grandparents. Family SES was also based on parent reports.
Specifically, on an 11-point scale (1= some elementary school,
11= graduated from medical, law, or graduate school), primary care-
givers reported the highest level of education they and their spouses
completed. Responses were then averaged across both parents. BMI was
computed from height and weight assessment collected during the la-
boratory visit, and information on history of smoking (ever taken more
than two cigarette puffs) and of alcohol consumption (ever had more
than a few sips of alcohol) was collected during Wave 2 of the parent
study.

1.4. Data analysis

Analyses first involved identifying a set of genes that showed an
empirical association with depressive symptoms. In the next stage of
analyses, we tested whether any observed empirical transcriptome
difference might be attributable to differential activity of inflammatory
and interferon-related transcription factors. For empirical tran-
scriptome mapping, TPM values were floored at 1 and log2-transformed
for analysis by standard linear statistical models relating transcript
abundance to depressive symptom level (CESD ≥ vs.< 16) while
controlling for gender, ethnicity, body mass index (kg/m2), smoking
history, heavy alcohol consumption history, and parental educational
attainment. Genes with minimal level or variation in expression (mean
or SD < 0.5 log2 expression units) were excluded. Genes showing a
point estimate of> 1.5-fold difference in average transcript abundance
in participants with high vs. low levels of depressive symptoms served
as input into the second-stage analysis of transcription factor activity
(see below). Individual genes were not tested for statistically significant
difference in expression because the goal of this study was solely to
assess transcription factor activity. For this application point, estimate-
based screening has been shown to provide more reliable results than
gene screening based on p-values (Cole et al., 2005).

Table 1
Sample characteristics.

Variable CESD < 16 n=61 CESD≥16 n=26

n (%) / Mean (SD) n (%) / Mean (SD)

Gender
Female 35 (58.38%) 13 (50.00%)_
Male 26 (42.62%) 13 (50.00%)

Ethnicity
European-American 20 (32.79%) 10 (38.46%)
Latino 41 (67.21%) 16 (61.54%)

Parent education 7.46 (0.26) 7.27 (0.42)
Less than high school diploma 8 (13.11%) 5 (19.23%)
High school diploma 5 (8.20%) 2 (7.69%)
Trade or vocational school or some
college,

25 (40.98%) 9 (34.62%)

College degree or higher 23 (37.70%) 10 (38.46%)

BMI (mean (SD)) 25.34 (0.71) 25.04 (1.35)
Smoking history (ever smoked more

than 2 puffs)
15 (24.59%) 9 (34.62%)

Alcohol history (ever had more than
a few sips)

35 (57.38%) 16 (61.54%)

Note. Categories for parent education were 1= some elementary school,
2= completed elementary school, 3= some junior high school, 4= completed
junior high school, 5= some high school, 6= graduated high school, 7= trade
or vocational school, 8= some college, 9= graduated from college, 10= some
medical, law, or graduate school, and 11=graduated from medical, law, or
graduate school. Education was averaged across parents. CESD=Center for
Epidemiologic Studies Depression Scale.
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The next phase of analyses involved transcription factor bioinfor-
matics using the TELiS promoter sequence database (Cole et al., 2005)
to test three a priori-specified hypotheses regarding activity of tran-
scription control pathways relevant to CTRA biology: 1) the positive
CTRA component of inflammation (as indicated by over-representation
of NF-κB binding sites in promoters of upregulated genes relative to
down-regulated genes, as indicated by the TRANSFAC position-specific
weight matrix V$NFKAPPAB_01), 2) the inverse CTRA component of
innate antiviral responses (IRFs, as indicated by under-representation of
V$ISRE_01 in up-regulated vs. down-regulated genes), and 3) GR de-
sensitization (as indicated by under-representation of the V$GR_Q6
promoter motif). TELiS analyses were conducted using 9 different
parametric combinations of core promoter DNA sequence length
(−300, −600, and −1000 to +200 nucleotides surrounding the Re-
fSeq-designated transcription start site) and transcription factor-
binding motif (TFBM) detection stringency (TRANSFAC mat_sim values
of 0.80, 0.90, and 0.95) (Cole et al., 2005). Log2-transformed TFBM
ratios (comparing prevalence in promoters of up- vs. down-regulated
genes) were averaged across the 9 parametric combinations and tested
for statistical significance using standard errors derived from bootstrap
resampling of linear model residual vectors (controlling for potential
correlation across genes).
Lastly, to identify the specific subtypes of PBMCs that may mediate

any observed differences in gene expression, secondary analyses of
transcript cellular origin were conducted using the same set of up- and
down-regulated genes as input into Transcript Origin Analysis as pre-
viously described (Cole et al., 2011), with reference cell type-specific
gene expression profiles derived from publicly available data sets (Gene
Expression Omnibus GSE1133 and GSE25913).

2. Results

Descriptive information is displayed in Table 1. Approximately 30%
of participants showed clinically significant levels of depressive symp-
toms (CESD≥16). There were no gender (x2(1)=0.29, p= .587) or
ethnic (x2(1)=0.39, p= .535) differences in adolescents with clini-
cally significant vs. non-clinically significant levels of depressive
symptoms. Parent education (t(86)=0.50, p= .640), BMI (t
(86)=0.44, p= .664), smoking behavior (x2(1)=1.54, p= .215),
and drinking behavior (x2(1)=0.06, p= .806) also did not differ be-
tween these two groups.

2.1. Transcription factor activity

Analyses of PBMC transcriptomes identified 45 gene transcripts that
differed in average expression level by> 1.5-fold in adolescents with
low vs. clinically significant levels of depressive symptoms after con-
trolling for participant gender, ethnicity, BMI, smoking history, alcohol
history, and parental educational attainment (35 up-regulated and 10
down-regulated; listed in Supporting Information Table 1). Bioinfor-
matic analysis of transcription factor-binding motifs (TFBMs) in the
promoters of these genes linked clinically significant depressive symp-
toms to increased activity of NF-κB (mean log2-trasnformed TFBM ratio
in up- vs down-regulated genes= 1.822 ± standard error 0.529,
p= .001), reduced GR activity (−0.905 ± 0.395, p= .023), and re-
duced activity of IRF family factors (−1.541 ± 0.575, p= .008), as
depicted in Fig. 1. Similar results emerged when CESD scores were
analyzed as a continuous variable, with higher levels of depressive
symptoms again associating with increased activity of NF-κB
(0.922 ± 0.426, p= .032), and reduced GR activity
(−0.869 ± 0.345, p= .013), although variation in IRF activity could
no longer be quantified due to an insufficient number of genes bearing
promoter sequences for this factor1.

2.2. Cellular origin

Transcript Origin Analysis indicated that genes up-regulated in as-
sociation with clinically significant depressive symptoms derived pre-
ferentially from monocytes in general (mean cell diagnosticity
score= 0.678 ± standard error 0.11, p= .001), and from the subset
of classical monocytes in particular (0.561 ± 0.150, p < .001). We
had no hypothesis about the cellular origin of down-regulated gene
transcripts, but results of exploratory analyses of major PBMC subsets
implicated B cells (1.257 ± 0.283, p= .001) and dendritic cells
(0.711 ± 0.164, p= .001), and analyses of monocyte subsets im-
plicated non-classical monocytes in the derivation of down-regulated
gene transcripts (0.912 ± 0.197, p < .001).

3. Discussion

In a sample of older adolescents from Latino and European-
American backgrounds, clinically significant levels of depressive
symptoms were tied to expression of the CTRA pattern. Specifically,
elevated levels of depressive symptoms were associated with increased
expression of genes bearing response elements for NF-κB, and reduced
expression of genes bearing response elements for GRs and IRFs.
Notably, this pattern of results was independent of demographic and
behavioral risk factors known to influence inflammatory processes
(gender, ethnicity, BMI, smoking, alcohol consumption).
Results of the present investigation converge with previous studies

linking depression to heightened protein levels of inflammatory mar-
kers and altered antiviral responses in adults (e.g., Howren et al., 2009;
Wang et al., 2014). They are also consistent with previous gene ex-
pression studies showing upregulation of inflammatory-related genes in
post-mortem brain tissue of depressed adults compared relative to
healthy controls (Sharma, 2016; Shelton et al., 2011), although another
study showed that NF-κB and GR control pathways of differntially ex-
pressed genes did not differ between individuals with major depressive
disorders and health controls (Mellon et al., 2016). Nonetheless, a
broader body of work on adults has demonstrated that chronic stress (a
construct related to depression) is associated with the CTRA pattern,

Fig. 1. Bioinformatic analysis of pro-inflammatory and anti-viral transcription
control pathways in PBMCs of adolescents with high vs. low levels of depressive
symptoms. Data represent log2-transformed ratios of transcription factor-
binding motifs (TFBMs) for pro-inflammatory (NF-κB, GR) and antiviral (IRF)
transcription factors in the promoters of identified differentially expressed
genes (> 1.5-fold greater difference in average transcript abundance in high vs.
low levels of depressive symptoms). *p < .05 **p < .01 ***p≤0.001.

1 As previously reported, IL-6 was measured but we observed no link between

(footnote continued)
continuous measures CESD scores and circulating levels of IL-6 (Chiang et al.,
2017). Dichotomous CESD scores were also unrelated to circulating levels of IL-
6 (b(SE) = -0.16(0.19), p = .191). We may not have observed links between
CESD scores and protein levels of IL-6 because the expression of inflammation-
related genes and upregulated NF-κB activity may represent a multitude of pro-
inflammatory signals, and not just IL-6. Moreover, whereas immune cells were
specifically probed in the current study, the cellular origins of circulating IL-6
cannot be determined as multiple tissues release IL-6.
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including increased pro-inflammatory gene expression as well as re-
duced expression of genes involved in Type I interferon innate antiviral
responses, and reduced expression of GR target genes that may be
secondary to functional desensitization of the GR protein (Cole, 2014;
Slavich and Cole, 2013). Results from the current investigation extend
these previous findings to depressed mood in otherwise healthy late
adolescents.
To our knowledge, this is one of the first studies connecting elevated

depressed mood to divergent immune gene expression profiles during
late adolescence. The focus on older adolescents in this study is parti-
cularly noteworthy given that depression risk tends to increase during
adolescence, peaks during the transition into adulthood, and can have
consequences for future mental and physical health in adulthood. Yet,
relatively few studies have examined depression-immune dynamics,
particularly as they relate to antiviral processes, in young individuals.
Furthermore, extant studies focusing on inflammatory processes in
particular have yielded inconsistent findings, with some studies linking
depressive symptoms to elevated levels of CRP and others showing no
associations (e.g., Chaiton et al., 2010; Copeland et al., 2012). Mixed
findings may in part be due to limitations of assessing markers of sys-
temic inflammation in young individuals. Most past studies focus on
circulating markers of systemic inflammation, but systemic inflamma-
tion generally remains low early in life, as the immune system remains
relatively intact and may be more effective at terminating inflammatory
responses once threats have been resolved (Miller and Chen, 2010).
Moreover, circulating markers of inflammation can come from non-
immune sources (e.g., adipose tissue), and thus potential effects of
depressed mood on inflammatory signaling at the systemic level may be
more difficult to detect among young individuals. Our findings point to
the possibility that inflammatory dynamics at the genomic level may
offer another means of investigating how depressed mood may alter
inflammatory activity in young individuals.
Building on previous studies linking depressed mood to heightened

systemic inflammation in adolescents, our findings highlight two po-
tential molecular pathways underlying this association. First, we found
that depressed mood was associated with increased expression of genes
bearing response elements for the pro-inflammatory transcription factor
NF-κB, suggesting that upstream pathways that act on NF-κB signaling
may also play a role. One such pathway may have to do with im-
balanced activity of the sympathetic and parasympathetic branches of
the autonomic nervous system. Previous studies indicate that depres-
sion is associated with persistent or over-activation of the sympathetic
nervous system (SNS) and sometimes reduced or under-activation of the
parasympathetic nervous system (PNS) (Headrick et al., 2017; Koschke
et al., 2009; Penninx, 2017; Schumann et al., 2017; Sgoifo et al., 2015).
Importantly, SNS activity can increase NF-κB activity and inflammatory
gene transcription (Cole et al., 2010; Grebe et al., 2010) whereas PNS
activity can inhibit NF-κB activity and inflammatory responses (Martelli
et al., 2014; Tracey, 2009). Thus, a proinflammatory gene expression
profile related to depressed mood may emerge via elevated SNS and
reduced PNS activity.
Second, we found that clinically significant depressed mood was

associated with reduced expression of genes bearing response elements
for GRs, suggesting decreased glucocorticoid signal transduction and
potential failure of the HPA axis to dampen pro-inflammatory pro-
cesses. This finding converges with previous work in adults demon-
strating that GR sensitivity is diminished in depressed individuals
compared to non-depressed individuals (Carvalho et al., 2014; Pace
et al., 2007; Pariante and Miller, 2001; Rohleder et al., 2010), and
points to the possibility that this association may emerge as early as late
adolescence. Decreased GR activity related to depressive symptoms
may emerge from initially high levels of cortisol. Depression has been
associated with heightened levels of cortisol (Stetler and Miller, 2011),
which may subsequently contribute to the development of glucocorti-
coid resistance in immune cells, a state in which immune cells’ gluco-
corticoid receptors become desensitized to cortisol’s anti-inflammatory

signals (Cohen et al., 2012; Miller et al., 2002). In previous analyses,
however, we did not find evidence that depressive symptoms were
linked to cortisol responses to acute stress in the current sample (Chiang
et al., 2017). This may have to do with the fact that we focused on HPA
reactivity to stress and/or with the temporal dynamics between de-
pression, HPA activity, and GR sensitivity. Thus, further research is
needed to clarify whether cortisol output is a primary pathway linking
depressive symptoms to decreased GR sensitivity during late adoles-
cence.
The current study further contributes to previous work linking de-

pressed mood to youth’s immune systems by examining antiviral pro-
cesses in addition to inflammatory processes. The present data showed
that elevated depressed mood was associated with reduced expression
of genes bearing response elements for IRFs. This finding is consistent
with previous work showing that adults with greater depressive
symptoms or clinical diagnosis of depression are more likely to be vi-
rally infected and have impaired immune responses to vaccines (e.g.,
Irwin et al., 2013; Gale et al., 2018; Wang et al., 2014). Recently, this
pattern was shown in adolescents (Ford and Stowe, 2017), and the
present findings provide a molecular basis for this association. It may be
that elevated depressive symptoms act on IRF signaling pathways to
decrease host resistance to viruses. That said, in one study, reductions
of depressive symptoms after a mindfulness intervention was not as-
sociated with changes in expression of the antiviral CTRA sub-
component (Boyle et al., 2019). This discrepant finding with that of the
current study may stem from several study differences—for instance,
the previous study was based on a smaller sample size of 22 and on a
group of breast cancer survivors. Clearly, replication of our findings is
necessary.
Using transcript origin analysis, we identified the cellular origins of

the observed pattern of upregulated and downregulated genes in rela-
tion to depressive symptoms. These analyses implicated monocytes in
general, and the classical monocyte subset in particular, as primary
sources of up-regulated genes associated with elevated depressive
symptoms. This pattern converges with previous CTRA research linking
chronic social threat to upregulation of myelopoiesis mediated by SNS
activation (Cole et al., 2015; Powell et al., 2013). Increased production
and/or activation of monocytes, then, may be one primary contributor
to altered inflammatory dynamics related to depression. In exploratory
analyses related to downregulated genes, B cells, dendritic cells, and
non-classical monocytes were identified as primary sources of down-
regulated genes associated with elevated depressive symptoms. This
suggests that increased production or activation of these particular
leukocytes may mediate the observed pattern of depression-related
downregulated genes; however, given the exploratory nature of these
analyses, future research is needed to solidify these results.
The current study had several limitations that should be considered.

First, the cross-sectional study design precludes drawing any conclusion
about the causality and directionality of the relation between immune
functioning and depressive symptoms. For instance, other factors as-
sociated with depressive symptoms or immune processes, like stress,
may play an important role, and future work is needed to disentangle
the role of depression from that of stress. Second, depressive symptoms
were assessed via self-reports as opposed to more formal clinical diag-
nosis of depression, and thus there may have been misclassification of
likelihood of clinical levels of depression. Third, the study’s sample size
was limited and thus the current study was not powered for hypothesis-
free discovery of statistically significant associations between in-
dividual gene transcripts and depressive symptoms. However, power
analyses indicated that our sample size was sufficient to detect a
moderate effect size of depressive symptoms on gene set-based bioin-
formatic assessments of CTRA-related transcription factor activity with
statistical power of 0.80. Fourth, this study recruited a localized po-
pulation of community-dwelling adolescents and the generalizability of
these results to other socio-demographic contexts remains to be de-
termined. Future research in larger samples will be required to replicate
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the current findings, evaluate their generalizability to other settings,
and identify additional transcriptional correlates of depression beyond
the CTRA-related transcriptional dynamics examined here.
Previous research has linked clinical and subclinical levels of de-

pression to altered immune functioning, as evidenced by heightened
circulating levels of systemic inflammatory markers (Dowlati et al.,
2010; Howren et al., 2009; Liu et al., 2012) and compromised immunity
to viral infections (e.g., Wang et al., 2014). Our findings provide a
potential molecular basis of these associations. Importantly, these mo-
lecular alterations were observed in late adolescents of a relatively
narrow age range that represents the developmental period when de-
pression rates begin to peak. Thus, findings suggest that late adolescents
with heightened levels of depressed mood may exhibit an altered im-
mune phenotype characterized by upregulation of monocytes and NF-
κB signaling and downregulation of GR and IRF signaling. To the extent
that such a phenotype persists over time, older adolescents with ele-
vated levels of depressive symptoms may be at greater risk for later
immune-related somatic disease in adulthood. Given the causal role
that inflammatory cytokines are thought to play in depression, the in-
flammatory subcomponent of the CTRA related to depressive symptoms
observed here may also be implicated in recurring depressive episodes
in adulthood, thus perpetuating a cycle between depression and in-
flammation. Accordingly, the present investigation further justifies the
increasing attention towards the importance of adolescence as a sen-
sitive developmental period for laying the foundations of both physical
and mental health (Fuhrmann et al., 2015; Viner et al., 2012).
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