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Abstract

Adults with bipolar disorder (BD) and major depressive disorder (MDD) have higher circulating
levels of proinflammatory cytokines than healthy controls. However, it is not known whether
pediatric-onset patients with BD or MDD show increases in levels of inflammation or activation of
nuclear factor kappa B (NF-xB), a key transcription factor in inflammatory signaling. Circulating
levels of inflammatory cytokines, as well as spontaneous and stimulated levels of activated NF-xB
in total peripheral blood mononuclear cells, monocytes and lymphocytes were measured in
adolescents with BD (n=18), MDD (n=13), or no psychiatric history (n=20). Participants had a
range of mood symptoms at time of testing. Adolescents with BD had significantly higher
spontaneous levels of NF-xB in peripheral blood mononuclear cells, monocyte and lymphocyte
populations, and higher plasma levels of IL-1f than healthy controls. Following stimulation with
recombinant human TNF-a, participants with BD and MDD both had greater increases in NF-xB
in monocytes than controls. Further, greater stimulated increases of NF-kB in monocytes were
associated with the current severity of depressive symptoms. The results are limited by the small
sample and cross-sectional design. Interventions that target early immunological dysregulation
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should be examined in relation to long-term outcomes in youth with bipolar and depressive
disorders.

Keywords

Inflammation; interleukin-1; peripheral blood mononuclear cells; monocytes; lymphocytes; NF-
«B; inflammatory signaling

1. Introduction

Bipolar disorder (BD), one of the world’s ten most disabling conditions, exerts a
considerable toll on the psychological and physical health of the sufferer (Kupfer, 2005).
The search for biological markers has yielded candidate endophenotypes including abnormal
intracellular signaling cascades, inadequate cortical control over limbic activity when
processing emotions, sleep and circadian rhythm dysregulation, heightened reward
sensitivity, and low levels of brain-derived neurotrophic factor (Geddes and Miklowitz,
2013). Given the high rates of medical illness comorbidity in BD, the potential role of
altered inflammatory activity as an illness mechanism has begun to receive attention
(Goldstein et al., 2015).

It is well-established that inflammatory cytokines induce behaviors associated with
depression, including changes in sleep, anhedonia, and decreased activity. As compared to
healthy controls, adults with major depressive disorder (MDD) show increases in circulating
levels of proinflammatory cytokines (Miller et al., 2009). Increases in systemic markers of
inflammation are also found in patients with BD, especially among those in acutely
depressed or manic states (Modabbernia et al., 2013; Brietzke et al., 2009; O’Brien et al.,
2006; Guloksuz et al., 2010). These studies have focused almost exclusively on circulating
levels of proinflammatory cytokines (e.g., IL-6) in adults with established MDD or BD.
Fewer studies have examined upstream inflammatory signaling mechanisms such as nuclear
factor kappa B (NF-xB), despite evidence that activation of these transcription factors plays
a key role in the regulation of the inflammatory cascade and in responses to psychological
stress (Keri et al., 2014; Pace et al., 2006; Slavich and Irwin, 2014; Wieck et al., 2013).
Compared to healthy volunteers, higher levels of NF-xB activity have been found in adults
with BD during depressed (Spiliotaki et al., 2006) and euthymic states (e.g., Amoruso et al.,
2015). Barbosa et al. (2013) found a 7.2-fold increase in phosphorylated p65 NF-xB protein
levels in euthymic bipolar I patients compared to healthy volunteers. These findings have
been limited to the study of mixed peripheral blood mononuclear cell populations, despite
evidence that activation of NF-xB in monocyte populations is key in initiating the
inflammatory response in vivo.

Little is known about changes in the inflammatory biology of pediatric-onset major
depression or BD. Limited cross-sectional data suggest that children with MDD show
elevations in proinflammatory cytokines such as IL-1 beta (IL-1p) and IL-6 as compared to
healthy controls (Henje-Blom et al., 2012; Gabbay et al., 2009; Brambilla et al., 2004;
Mitchell and Goldstein, 2014). No study has examined whether levels of the anti-
inflammatory cytokine IL-10 are correspondingly lower in pediatric MDD or BD.
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Preliminary findings suggest increases in pro-inflammatory gene expression in adolescent
offspring of adults with BD (Padmos et al., 2008) and increases in a systemic marker of
inflammation, C-reactive protein (CRP) in adolescents with a bipolar spectrum disorder (i.e.,
bipolar disorder 1,11, or not elsewhere classified) (Goldstein et al., 2011). In a within-group
analysis of 123 bipolar adolescents and young adults (mean age 20.4), there was a positive
association between high-sensitivity CRP levels (hs-CRP) and earlier age at illness onset, as
well as the severity of depressive symptoms over 6 months (Goldstein et al., 2015).
Importantly, mean levels of hs-CRP in this young sample were above the established
threshold for increased risk for cardiovascular disease among adults.

The present study examined systemic and cellular markers of inflammation in adolescents
who had lifetime BD spectrum disorders or MDD (currently in remission or with
subsyndromal symptoms) compared to healthy controls. Our primary hypothesis was that
adolescents with BD and MDD would show greater circulating concentrations of
proinflammatory cytokines (TNF-a, IL-1p, IL-6, and IL-8) and/or lower levels of IL-10, as
compared to healthy volunteers. Secondarily, given the key role of the NF-xB transcription
control pathway in regulating cellular expression of proinflammatory genes and increases in
inflammatory cytokines, we hypothesized that among adolescents with BD or MDD, levels
of NF-xB activation would be higher in peripheral blood mononuclear cells, including
monocyte and lymphocyte subpopulations, than among adolescents with no psychiatric
history. We measured levels of NF-xB signaling in spontaneous (unstimulated) states (i.e.,
activation in cells in the peripheral blood) to provide an index of in vivo activation of NF-
«kB. Additionally, we evaluated the ability of peripheral blood mononuclear cells and
lymphocyte and monocyte populations to respond to a TNF-a challenge, because this
proinflammatory cytokine induces a rapid (i.e., within 15 minutes) activation of the NF-xB
signaling pathway, regardless of cell type, as would occur in an inflammatory response. NF-
kB signaling was expressed as the change in intensity between unstimulated and stimulated
cells. Finally, we examined the current severity of depressive and manic symptoms, body
mass index, and medication regimens as additional independent variables or covariates for
these group comparisons.

2. Material and Methods

2.1 Participants

All subjects were between age 12 and 18 yrs. Patient participants had to meet lifetime DSM-
IV-TR (American Psychiatric Association, 2000) criteria for bipolar disorder (BD), type I (n
=7), type Il (n =5), or not otherwise specified (n = 6); or major depressive disorder (MDD,
n = 13). Bipolar disorder not otherwise specified was operationalized as per the Course and
Outcome of Bipolar Youth criteria (Birmaher et al., 2009): (1) a distinct period of
abnormally elevated, expansive, or irritable mood plus at least 2 DSM-IV-TR symptoms of
mania (3, if irritable mood only) that caused a clear change in functioning, (2) mood and
associated symptoms were present for > 1 day, and (3) there have been at least 10 lifetime
days in which the child met these mood, symptom, and functional change criteria. Youths
who meet BD, not otherwise specified criteria are at substantially increased risk of
converting to bipolar I or I disorder within 4 years (Birmaher et al., 2009).
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Study candidates were recruited from consecutive admissions to a registry of patients who
had completed an intake evaluation at the UCLA Child and Adolescent Mood Disorders
clinic. Control subjects (n = 20) had no lifetime history of mental health diagnoses. Seven
healthy controls were recruited directly for this study through web advertising and flyers
posted at the UCLA Medical Center. Data from 13 additional controls came from two prior
UCLA studies of inflammatory functioning in healthy adolescents that used nearly identical
screening, sample collection and assay procedures (i.e., multiplex cytokine assays, flow
cytometry) as those in this study (Muscatell et al., 2015; Moieni et al., 2015). Potential
participants were excluded if they had a current illness (cold, flu, infection) and/or were
taking antibiotics, had preexisting inflammatory disease, met DSM-IV-TR criteria for
current (prior month) alcohol or substance abuse or dependence disorder, or had pervasive
developmental disorder. Participants (and if under 18, a parent) provided written informed
consent for the study after receiving a full explanation of the procedures. The study was
approved by the UCLA Medical Institutional Review Board.

2.2. Assessment

All adolescents with suspected mood disorders and the 7 healthy volunteers recruited
directly for the study were interviewed by a research staff member using the Kiddie
Schedule for Affective Disorders and Schizophrenia, Present and Lifetime Version (KSADS-
PL; Kaufman et al., 1997; Chambers et al., 1985). The mood disorder modules of the
KSADS-PL were replaced by the KSADS Depression and Mania Rating Scales (Chambers
et al., 1985; Axelson et al., 2003) to enable finer-grained distinctions between manic or
hypomanic states varying in severity, duration and functional impairment. The interview
covered symptoms experienced during the worst week of the past month (current ratings)
and the worst 1-2 weeks lifetime (past ratings). Parents were interviewed separately and
KSADS item consensus judgments — leading to axis | diagnoses - were made using all
sources of information. The 13 healthy controls from the two prior UCLA studies had no
psychiatric history as reported on the Structured Clinical Interview for DSM-IV Axis |
disorders (First et al., 1995) interview.

The first study visit lasted 2-3 hours and included dimensional ratings of current (prior
week) manic/hypomanic symptoms using the Young Mania Rating Scale (YMRS; Young et
al., 1978) and current (prior 2 weeks) depression symptoms using the Children’s Depression
Rating Scale-Revised (CDRS-R; Poznanski and Mokros, 1995). These clinical interview-
based rating scales were not administered to control subjects who, by design and by
diagnostic interview, had no history of a mood disorder or other axis | disorders (Table 1).
Interrater reliability for the YMRS averaged .98; for CDRS-R ratings, .93; for KSADS
mania items, .90; and for KSADS depression items, .96 (intraclass rs).

Height and weight were obtained for all subjects, and Body Mass Index (BMI) was
calculated (kg/m2). Blood samples (non-fasting) were obtained between 9:00 a.m. and 1:30
p.m. There were no effects of time of day of blood sampling on levels of cytokines (pg/ml)
or NF-xB mean fluorescence intensity levels (for all comparisons, p > .10). Thus, these
values were pooled in the primary group comparisons.
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2.3. Blood sampling and immunological measures

Whole blood samples were collected in EDTA tubes. After collection, the samples were
centrifuged at 4°C, plasma was harvested into multiple aliquots, and then stored in a =70°C
freezer until assayed. Plasma concentrations of IL-1p, IL-6, IL-8, TNF-a, and I1L-10 were
measured in duplicate. Using a Bio-Plex 200 (Luminex) Instrument, Bio-Plex software v4.1,
and a 5-parameter logistic curve fit, plasma levels of each cytokine were quantified by
means of high sensitivity bead-based multiplex immunoassays (Performance High
Sensitivity Human Cytokine, R& D Systems, Minneapolis, MN). This multiplex assay has
been shown to have excellent intra- and inter-assay reproducibility in a temporal stability
study of circulating cytokine levels (Epstein et al., 2013) and strong correlations (r> .94)
across a wide range of concentrations with high sensitivity ELISA kits from the same
manufacturer (Breen et al., 2014). All multiplex assays were performed on plasma samples
diluted 2-fold according to the manufacturer’s protocol, and all calculated concentrations
=0.1 pg/mL generated by the BioPlex Manager software were included in data analyses. A
recent comparison of high-sensitivity multiplex cytokine assays indicated that assay
sensitivity is effectively limited to concentrations above 0.1 pg/mL (Epstein et al., 2013). For
this reason, we considered all extrapolated concentrations of <0.1 pg/mL as below the lower
limit of detection. All observations deemed undetectable were assigned a value equal to one-
half of the plate-specific lower limit and retained in the analysis.

Levels of activated NF-«xB in peripheral blood mononuclear cells as well as in monocyte and
lymphocyte subpopulations, were evaluated using flow cytometry (Compton et al., 2015).
Briefly, heparinized blood samples were collected. Peripheral blood mononuclear cells were
purified by Ficoll density centrifugation, and resuspended in phosphate buffered saline at 1 x
10% cells/mL. Aliquots of 1 x 108 peripheral blood mononuclear cells were either left
unstimulated (spontaneous) or stimulated with 10 ng of recombinant human TNF-a (R&D
Systems), and incubated for 15 minutes at 37°C. TNF-a was used because it activates the
NF-xB signaling pathway, mimicking an inflammatory response in vivo. Lipopolysaccharide
or ionomycin/PMA were not used, as these are highly artificial mitogens targeted to specific
cell types. In particular, we were interested in responsiveness of the total lymphocyte
population, so a T cell-specific mitogen was not appropriate. Moreover, lipopolysaccharide
does not directly activate the NF-xB pathway, but acts indirectly by inducing cytokines such
as TNF-a and IL-1.

Each cell aliquot was then fixed in a final concentration of 2 percent paraformaldehyde and
frozen at —80°C. For flow cytometric analyses, peripheral blood mononuclear cells were
thawed, washed, and treated with 90 percent methanol to permeabilize the nuclear
membrane. Peripheral blood cells were washed again, then stained with phycoerythrin-
labeled monoclonal antibody specific for the phosphorylated (activated) serine 529 (pS529)
in the transactivation domain of human NF-xB p65 (BD Biosciences). Stained peripheral
blood mononuclear cells were analyzed by single color flow cytometry using CellQuest
software (BD), gating on total cells, lymphocytes only, or monocytes only, based on forward
versus side scatter. The amount of unstimulated NF-xB signaling was expressed as the mean
fluorescent intensity (MFI) of the population of cells being analyzed; NF-xB signaling
following in vitro stimulation with TNF-a was expressed as the change in MFI between
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unstimulated and stimulated cells (stimulated MFI — unstimulated MFI). All samples were
analyzed using the same flow cytometer instrument and settings. Laboratory assistants were
unaware of the participants’ control vs. patient status.

We present data using MFI analysis rather than flow cytometric plots for several reasons.
Flow cytometric dot plots describe the proportion of cells positive for NF-xB, and hence
provide a categorical indication of whether a cell was activated or not. Hence, dot plots show
percentages of positive and negative cells, but this method does not reveal necessary
information about the level of activation within an individual cell. Importantly, the number
of positive cells may be similar in different individuals, yet levels of activated NF-kB within
those cells could be different. MFI analysis provides an assessment of differences in the
intensity of NF-xB signaling, particularly in unstimulated cells. In this study, we were
interested in the levels of activation of NF-xB at the cellular level using peripheral blood
mononuclear cell, lymphocyte and monocyte populations. We believe that the MFI analysis
is appropriate for use in adolescent populations who are likely to have low levels of NF-xB
activation, because MFI would provide a continuous measure of intensity of signaling,
especially in the unstimulated cells that are most representative of the in vivo condition.
Similarly, MFI analysis can be used to evaluate within person differences (stimulated minus
unstimulated) in levels of NF-kB activation with a finer grain of analysis than is afforded by
dot plots that classify cells as positive or negative.

2.4, Statistical analysis

The BD, MDD, and health volunteer groups were first compared on demographic and illness
history variables at study intake. Upon visual inspection, the distributions of the cytokine
and NF-xB intensity levels were found to be positively skewed. Thus, natural log
transformations were undertaken to normalize the distributions prior to statistical analyses.
Plasma concentrations of IL-1f or IL-6 that were below 0.1 pg/mL were assigned a value of
0.05 (one-half the lower limit of detection) prior to log transformation; this assignment was
undertaken for IL-1f with 12 subjects (5 patients and 7 controls) and for IL-6 with 2 subjects
(1 patient, 1 control). In one case, a subject’s IL-1p concentration (1.9 pg/mL) was 5 SDs
above the sample mean and 3.5 SDs above the next highest concentration. As recommended
by Dixon (1960) and others, this value was replaced by the next highest value in the
distribution (0.8 pg/mL).

The primary hypotheses — that the BD and MDD groups would show higher levels of
proinflammatory cytokines (IL-1f, IL-6, IL-8, TNF-a), lower levels of the anti-
inflammatory cytokine IL-10 and higher MFIs for NF-xB cell populations (peripheral blood
mononuclear cells, monocytes, and lymphocytes in the spontaneous and stimulated states)
than the healthy controls - were tested with univariate analyses of variance (ANOVAS), with
planned comparisons of (1) bipolar (n = 18) vs. healthy control subjects (n = 20), and (2)
MDD (n = 13) vs. control subjects. BMI was included as a covariate in these ANOVA
models given evidence that BMI correlates with inflammation (O’Connor et al., 2009).

The majority of subjects with BD or MDD had become ill only recently. Thus, we limited
our examination of illness variables to the severity of current symptoms and current
medication regimens. Within the mood disorder subsample (n = 31), we examined whether
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immunological variables were related to YMRS or CDRS-R ratings of the worst week in the
prior month. A series of dummy variables (present/absent) summarized the youths’
pharmacological treatment (mood stabilizers, antipsychotics, antidepressants, or stimulants).
In one-way ANOVAs, we examined whether there were differences in inflammatory
cytokines or NF-kB activity among participants who were on or off each class of
medication.

All statistical comparisons used a two-tailed p-value of 0.05. Because the study addressed
novel a priori hypotheses that relied on a limited number of dependent variables, we did not
adjust p-values for multiple comparisons.

3.1. Sample Composition

Of 150 candidates screened by telephone or in person, 60 refused and 52 were deemed
ineligible. Of the 52 ineligible candidates, 34 were outside the 12-18 year age range, and 10
had autism spectrum disorders, psychosis, or chronic medical illnesses. Six candidates for
the control group were excluded because they had siblings who were being treated for
depression or BD. Two reported being afraid of needles. The remaining 38 participants met
the study’s inclusionary criteria:18 had BD, 13 had MDD, and 7 had no psychiatric history.
As explained earlier, data were included from 13 additional controls from prior studies who
had been recruited and tested using methods very similar to the 7 youths without psychiatric
history. There were no differences among the BD, MDD or healthy control (n = 20) groups
in gender, race/ethnicity, or BMI (Table 1). The MDD participants were, however, an
average of 2.0 years younger than the controls (F[2, 48]) = 3.21, p<0.05).

3.2. Cytokines and NF-xB activity across diagnostic groups

The means and standard errors for the cytokine variables are presented in table 2. For ease of
interpretation, we report non-transformed values adjusted for covariates. With BMI covaried,
plasma levels of IL-18 were found to be significantly higher in youth with BD than in
controls (F[1,33] = 4.93, p = 0.03; unadjusted mean difference 0.17, 95% CI: .03 - .32;
Figure 1). Exclusion of the 12 subjects with IL-1p plasma concentrations below 0.1 pg/mL
did not change the size of this difference (F[1,24] = 4.54, p = 0.044; mean diff. 0.18, 95%
Cl, .01 - .35) nor did excluding the participant with the extreme IL-1p level (p = 0.049). The
BD group did not differ from the healthy controls on IL-6, IL-8, TNF-a, or IL-10. Youth
with MDD did not differ from bipolar participants or healthy controls on any of the
cytokines.

Spontaneous (unstimulated) levels of activated NF-kB in total peripheral blood mononuclear
cells were higher in bipolar youth than healthy controls (F[1,33] = 4.94, p= 0.03; mean diff.
7.07, 95% CI: 0.67-13.48; Fig. 2). Further examination revealed that youth with BD had
higher levels of spontaneous NF-xB in monocytes (F[1,33]=7.24, p = 0.01; mean diff. 12.04,
95% ClI, 3.11 — 20.97) and lymphocytes (F[1,33]=4.98, p = 0.03; mean diff. = 5.48, 95% ClI,
0.14 - 10.83) than controls (see online supplement, Table S1). In the sample as a whole,
levels of NF-xB activation in monocytes were higher than levels of NF-xB activation in
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lymphocytes (t[50] = 19.41, p < .0001). Levels of IL-1f and unstimulated levels of activated
NF-xB were uncorrelated (all p>0.10).

Higher levels of stimulated NF-xB in peripheral blood mononuclear cells were observed in
youth with BD compared to control subjects (F([1,33])=4.30, p= 0.046; mean diff. 13.70,
95% Cl, —1.18 to 28.58). Participants with BD (F([1,33])=4.50, p = 0.042; mean diff. 16.67,
95% CI, —7.02 to 40.36) and participants with MDD (F[1,27] = 6.31, p= 0.018; mean diff.
28.02, 95% CI, .61-55.44) had higher levels of stimulated monocytes than control subjects
(Fig. 3). Youth with MDD did not differ from youth with BD on NF-xB monocytes in either
the stimulated or unstimulated states.

Secondary analyses were undertaken to compare participants who had diagnoses of bipolar
disorder 1, 11, or not otherwise specified. There were no differences between cytokine levels
or NF-xB MFI scores between these three subgroups, although cell sizes were too small to

permit a fully powered comparison.

3.3. Effects of current mood symptoms and medications

Of the 31 participants with mood disorders, 13 (41.9%) had scores of 40 or above on the
CDRS-R, indicating significant depressive symptoms; and 13 (41.9%) had scores of 12 or
above on the YMRS, indicating significant hypomanic/manic symptoms. Overall, 15 of 31
patients (48.4%) were clinically remitted (CDRS-R < 40 and YMRS < 12) on both
measures.

Levels of cytokines and NF-kB in the spontaneous and stimulated states were examined in
relation to current CDRS-R and YMRS scores. Higher levels of stimulated NF-«xB activity
in peripheral blood mononuclear cells were associated with higher CDRS-R scores (r(31)=.
42, p=0.02). This relationship between levels of NF-xB activation and CDRS-R scores held
for stimulated monocytes (r(31) = .54, p= 0.002) but not for stimulated lymphocytes (r(31)=.
29, p=0.11). The association between stimulated monocytes and CDRS-R scores was
significant in the bipolar subgroup (r(18)=.48, p= 0.046) and the MDD subgroup (r(13)=.59,
p=0.032). There were no associations between spontaneous levels of NF-kB activation and
CDRS-R or YMRS scores, or between cytokines and concurrent mood scores in the two
diagnostic groups.

As expected, participants with BD were more likely than participants with MDD to be
taking mood stabilizers (i.e., lithium, divalproex, or lamotrigine) or second generation
antipsychotics (x2(1)=6.48, p= 0.01), whereas participants with MDD were more likely to be
taking antidepressants than participants with BD (32(1)=7.30, p= 0.007; Table 1). The two
mood groups were equally likely to be taking psychostimulants. There were no differences
in levels of cytokines or NF-xB activation (either spontaneous or stimulated) between
participants who were vs. were not taking mood stabilizers, antipsychotics, antidepressants,
or stimulants. Inclusion of concurrent medications as covariates did not alter the associations
between diagnostic group and IL-1 or NF-xB variables.
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Miklowitz et al. Page 9

4. Discussion

Early onset of bipolar disorder (i.e., under age 18) is a consistent predictor of a poor course
of illness over time, including an increased frequency of suicide attempts, more severe
residual symptoms, higher rates of recurrence, and treatment resistance (Post et al., 2010).
The present study examined whether adolescents with BD differed from adolescents with
MDD or no psychiatric history on measures of inflammation. Examining a young sample
reduces the role of illness burden or extensive histories of antipsychotic usage on
inflammatory variables. Despite the limited sample size, a pattern of increased activation in
spontaneous levels of NF-xB in total peripheral blood mononuclear cells, as well as within
the monocyte and lymphocyte subpopulations, distinguished youth with BD from a group of
healthy volunteers of the same age. These results are similar to those of Barbosa et al.
(2013), who observed hyperactivation of the NF-xB and mitogen-activated protein kinase
pathways in euthymic adults with BD compared to healthy controls.

NF-xB is a transcription factor that regulates proinflammatory cytokine gene expression and
is implicated in a variety of cancer, autoimmune, and inflammatory disease processes
(DiDonato et al., 2012). NF-xB is activated by acute stress (Bierhaus et al., 2003), as well as
sleep loss (Irwin et al., 2008) and may have a role in mediating cellular responses to stressful
life events, the latter of which have been strongly implicated in the relapse/remission course
of MDD and BD (Slavich and Irwin, 2014; Johnson et al., 2008). The consequences of
increased NF-xB inflammatory signaling may include increased expression of
proinflammatory cytokines and attenuated neuroendocrine responses to stress (Wieck et al.,
2013). NF-xB hyperactivation in BD may also be protective against cell loss, helping to
compensate for the neurotoxic effects of repeated illness episodes (Barbosa et al., 2013).

Only one proinflammatory cytokine, IL-18, observed at low circulating concentrations, was
higher in youth with BD compared to healthy controls. Neither IL-6, IL-8, or TNF-a
distinguished youth with BD or MDD from healthy volunteers, nor were there group
differences in 1L-10, which is considered an anti-inflammatory cytokine. One other study
(Goldstein et al., 2011; Goldstein et al., 2015) observed high levels of inflammatory
cytokines (notably, hs-CRP) in adolescents with BD, although without reference to a
comparison group.

Prior studies have found that depressive symptoms — notably sleep disturbance or
deprivation - are associated with increased cytokine levels and activation of NF-xB in adults
with MDD (Motivala et al., 2005) and healthy controls (Irwin et al., 2008). Thus, it is
surprising that the MDD participants did not differ from the BD participants or the healthy
controls on these measures. Although the youths with MDD showed numerical elevations on
several inflammatory variables, only one — stimulated levels of NF-xB monocytes —
distinguished participants with MDD from controls. Independently of diagnosis, we
observed that levels of activated NF-kB in stimulated peripheral blood mononuclear
cells(and specifically, in stimulated monocytes) were associated with the severity of
depression in the two mood disorder groups. In contrast, unstimulated NF-xB values and
circulating cytokine levels were fully independent of concurrent clinical state. Examining
inflammatory activity in BD and MDD patients across illness phases — and with
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consideration of depression as a severity dimension as well as a diagnostic category - will be
necessary to determine whether increased inflammatory activity distinguishes youth with
mood disorders from healthy youth, independent of clinical state.

As has been true in studies of adults with BD (e.g., do Prado et al., 2013), we found no
associations between taking mood stabilizers, antipsychotics, antidepressants or
psychostimulants and either levels of proinflammatory cytokines or NF-xB activation in
pediatric-onset BD or MDD. Few studies have examined whether cytokine levels are
abnormal in patients with BD or MDD when medications are controlled. One cross-sectional
study (Henje Blom et al., 2012) found that levels of IL-6 in adolescent females with MDD
were higher than among adolescent females without depression, but only among those not
taking selective-serotonin reuptake inhibitors. Kim et al. (2004) found that medication-free
adult patients with mania could be distinguished from healthy volunteers on elevated levels
of IFN-y and IL-4 and lower levels of TGF-B1 at the time of a hospital admission; TGF-1
levels increased significantly from admission to a reassessment after 8 weeks of mood
stabilizer treatment. Among 10 treatment-naive bipolar patients, three months of treatment
with lithium were associated with normalization of inflammatory markers (Boufidou et al.,
2004). Examining inflammatory cytokines or upstream inflammatory signaling mechanisms
among pediatric patients with BD or MDD before and after pharmacological agents are
added or discontinued may clarify the degree to which medications account for variations in
inflammatory states.

Our results must be considered within the limitations of a cross-sectional study. A single
assessment of peripheral blood is not adequate for determining the longer-term nature of
immune system dysfunction. Relatedly, our sample was comprised of adolescents across the
full spectrum of BD (I, I, and NOS) who may have had different illness trajectories before
the study. Heterogeneous group composition has been the rule more than the exception in
studies of pediatric bipolar disorder (Van Meter et al., 2011). Youth with subthreshold BD
can present quite differently from those with bipolar | disorder, despite their increased risk
of developing the full bipolar syndrome over time (Birmaher et al., 2009).

This study did not control variables that are important in determining health status in
children and adolescents, such as family history of mood or immunological disorders,
substance misuse, interpersonal stress, adherence with pharmacological treatments, and
sleep irregularity (Mitchell and Goldstein, 2014; DelBello et al., 2007). Sleep disruption
may be a mediating variable in the pathways between inflammatory dysregulation and mood
instability, and treatments that help train adolescents to keep regular sleep/wake hours or
maximize sleep efficiency may help regulate immune functioning (Irwin et al., 2015).
Likewise, a greater frequency of negative interpersonal interactions with family members or
peers is associated with higher levels of inflammation in healthy adolescents (Fuligni et al.,
2009). The roles of sleep deprivation and adverse family interactions in the cycling of
bipolar and other mood disorders are becoming increasingly clear. Indeed, most
psychosocial interventions for BD emphasize sleep/wake regularity and stress management
skills as central to long-term mood stability (Geddes and Miklowitz, 2013).
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It is unknown whether early dysregulation in the immune system contributes to the later
onset of chronic and life-threatening physical illnesses that often co-occur with BD, such as
cardiovascular disease (Goldstein et al., 2015). Nonetheless, treatment options that would
not ordinarily be considered in BD and that may target abnormalities in immunological
functioning, such as nonsteroidal anti-inflammatory agents, cytokine antagonists, or
insomnia treatments, should be examined as elements of maintenance care (Mitchell and
Goldstein, 2014; Harvey, 2011). Examining inflammatory markers, including NF-xB, as
mediators of the clinical effects of pharmacological or psychosocial interventions has the
potential to refine identification of those at greatest risk and the targeted specificity of
treatments, consistent with the broad research agenda of precision medicine (Pine and
Leibenluft, 2015).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Few studies have examined immunological functioning in youths with
bipolar disorder.

Bipolar, depressed, and healthy adolescents were compared on
inflammatory measures.

Bipolar adolescents had higher levels of NF-xB and IL-1f3 than controls.

Immune dysregulation may be a target for early intervention in bipolar
disorder.
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Fig. 1.

Interleukin -1f8 (IL-1B) Levels in Adolescents with Bipolar Disorder, Major Depressive
Disorder (MDD), or No Psychiatric History (Controls). Note. Mean IL-1f levels + standard
errors, adjusted for Body Mass Index, are pictured. Plasma levels of IL-1p were significantly
higher in youth with BD than in controls (p = 0.03).
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Spontaneous (Unstimulated) Nuclear Factor-Kappa B (NF-xB) Levels in Adolescents with
Bipolar Disorder, Major Depressive Disorder (MDD), or No Psychiatric History (Controls).
Notes. Values are mean (+ standard error) fluorescence intensity scores expressing amount
of NF-xB signaling in monocyte, lymphocyte and total peripheral blood mononuclear cell
(PBMC) populations. Spontaneous levels of NF-xB in monocytes, lymphocytes, and total
peripheral blood mononuclear cells were higher in bipolar youth compared to healthy
controls but did not differ from levels observed in adolescents with MDD.
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Fig. 3.
Increases in Nuclear Factor - Kappa B (NF-xB) Activation following TNF-alpha Stimulation

in Adolescents with Bipolar Disorder, Major Depressive Disorder (MDD), or No Psychiatric
History (Controls). Notes. MDD = Major Depressive Disorder; PBMC= Peripheral Blood
Mononuclear Cells. Values are mean (+ standard error) changes in fluorescence intensity
scores (stimulated MFI - unstimulated MFI) in monocyte, lymphocyte and total peripheral
blood mononuclear cell populations. The bipolar and MDD groups both had greater
increases in stimulated monocyte levels than controls (p<0.05). The bipolar group also had
greater increases in stimulated peripheral blood mononuclear cells than controls (p<0.05).
The two mood groups did not significantly differ in increases in NF-xB activation following
stimulation.
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