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Abstract: Background: Elevated S100 calcium binding protein B (S100B) levels in systemic
circulation may induce neuroinflammation and reflect greater blood-brain barrier (BBB) dysfunction.
Neuroinflammation in patients with major depressive disorder (MDD), in turn, may reduce likelihood
of improvement with serotonergic antidepressants. Methods: Levels of S100B were measured
in plasma samples obtained prior to initiation of treatment with bupropion-plus-escitalopram,
escitalopram-plus-placebo, or venlafaxine-plus-mirtazapine in participants of Combining Medications
to Enhance Depression Outcomes trial (1 = 153). Depression severity was measured with 16-item Quick
Inventory of Depressive Symptomatology Self-Report and anhedonia was measured with 3 items of
30-item Inventory of Depressive Symptomatology. Differential changes in depression severity and
anhedonia over acute-phase (baseline, weeks 1, 2, 4, 6, 8, 10, and 12) in the three treatment arms were
tested with logS100B-by-treatment-arm interaction in mixed model analyses after controlling for age,
gender, and body mass index. Results: There was a significant 1ogS100B-by-treatment-arm interaction
for anhedonia (F = 3.21; df = 2, 142; p = 0.04) but not for overall depression severity (F = 1.99; df = 2,
142; p = 0.14). Higher logS100B levels were associated with smaller reductions in anhedonia (effect
size = 0.67, p = 0.047) in escitalopram monotherapy but not in the other two arms. Correlation
coefficients of anhedonia severity averaged over acute-phase (including baseline) with baseline
S100B levels were 0.57, —0.19, and 0.22 for escitalopram monotherapy, bupropion-plus-escitalopram
and venlafaxine-plus-mirtazapine arms respectively. Conclusion: Higher baseline S100B levels in
depressed patients resulted in poorer response to escitalopram monotherapy. Addition of bupropion,
a dopaminergic antidepressant, partially mitigated this effect.

Keywords: S100B; anhedonia; antidepressant response; SSRIs; bupropion; blood-brain barrier;
moderator; dopamine; serotonin

1. Introduction

Stress can increase levels of pro-inflammatory cytokines in peripheral circulation as well as
in central nervous system (CNS) due to increased permeability of blood-brain barrier (BBB) [1,2].
Enhancement of BBB integrity, in turn, may mitigate the effect of acute stress in animal models and has
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been shown to reduce the rate of development of learned helplessness and lower levels of circulating
inflammatory cytokines [2]. Dysfunction of BBB may partly explain the CNS effects of peripheral
inflammation [3]. In a recent report, levels of c-reactive protein (CRP), a non-specific marker of
inflammation synthesized by liver, in blood and in cerebrospinal fluid (CSF) were highly correlated [4].
Further, elevated levels of CRP in this report were associated with increased levels of inflammatory
cytokines in CSF [4]. Taken together, these findings suggest propagation of peripheral immune signals
to central nervous system (CNS) which is reflected in reports linking peripheral inflammation to
impaired reward behaviors and symptoms of anhedonia [5,6]. Thus, an improved understanding
of how inflammation relates to BBB dysfunction may have immediate application in developing
novel antidepressants and in antidepressant treatment selection, both of which continue to be a
trial-and-error process [7-9]. Recent reports suggest that elevated markers of inflammation such as CRP
and interleukin 17 (IL-17) may predict poor outcomes with selective serotonin reuptake inhibitor (SSRI)
antidepressants [10-16]. These findings are consistent with reports linking obesity, a frequent cause of
systemic inflammation, to poorer outcomes to SSRIs like escitalopram [17,18]. This report builds on
these previous findings of peripheral immune markers and evaluates the prognostic utility of S100
calcium binding protein B (5100B), an intracellular protein expressed mostly in glial cells and a potential
peripheral marker of both immune activation and disruption of BBB integrity, in predicting response
to acute-phase antidepressant treatment with SSRI monotherapy vs. antidepressant combinations.

Multiple lines of investigation suggest the utility of measuring levels of S100B in depression.
At low concentration, S100B in brain serves as a neurotrophic factor. However, higher extracellular
levels may indicate reduced BBB integrity and may provoke inflammatory response by engaging
receptors for damage associated molecular patterns [19]. Additionally, due to predominantly glial
origin, elevated levels of S100B in plasma may also be a marker of reduced integrity of BBB [20,21].
Reduced BBB integrity may be a putative mechanistic link between peripheral inflammation and CNS
effects as previous reports suggest that pro-inflammatory cytokines in peripheral circulation bind to
the endothelial cells of BBB and result in formation of reactive oxygen species [22]. This resulting
oxidative stress has been shown to increase BBB permeability and to facilitate CNS infiltration of
peripheral immune cells [23]. Elevated stress and peripheral inflammation have also been shown
to damage the BBB and facilitate monocytic infiltration of CNS [24]. As reviewed in detail by
Miller et al. [25], inflammatory changes within CNS may result in induction of nitric oxide synthase
(NOS) which in turn may reduce synthesis of dopamine by diversion of tetrahydrobiopterin, an essential
cofactor of NOS and tyrosine hydroxylase, away from rate limiting step (conversion of tyrosine to
L-3,4-dihydroxyphenylalanine) in dopamine synthesis. Thus, assessing BBB integrity with peripheral
markers such as S100B may elucidate the biological underpinning of reward dysfunction, including
symptoms of anhedonia, that is associated with peripheral inflammation [26].

Several reports have found elevated levels of S100B in peripheral circulation of patients with
depression [27-29]. Two previous reports have evaluated the association between pre-treatment S100B
levels and response to treatment outcomes and found that elevated levels of S100B were associated with
better outcomes to antidepressants [30,31]. However, neither of these reports evaluated whether levels
of S100B differentially predicted improvement with one antidepressant medication versus another.

In this report, using a sample of convenience from the Combining Medications to Enhance
Depression Outcomes (CO-MED) trial, we evaluated if pre-treatment S100B levels differentially
predicted response to escitalopram monotherapy versus combinations of escitalopram plus bupropion
or venlafaxine plus mirtazapine. We measured changes both in overall depressive symptoms and in
anhedonia as we have previously found that inflammation was more strongly linked to anhedonia
than other depressive symptoms in CO-MED trial [5]. Thus, in this report, we asked the following
specific questions:

(1). Does baseline S100B differentially predict changes in anhedonia with escitalopram
monotherapy versus antidepressant combinations?
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(2). Does baseline S100B differentially predict changes in overall depression severity with
escitalopram monotherapy versus antidepressant combinations?

2. Methods

2.1. Study Overview

Data for this report were obtained from the CO-MED trial where participants (1 = 665) were
randomized after stratification for site to one of the following treatment arms: escitalopram plus
placebo, bupropion sustained-release (SR) plus escitalopram, and venlafaxine extended-release (XR)
plus mirtazapine [32]. The analytic sample of this report (n = 153) includes a sub-set of CO-MED
trial participants who provided plasma samples at baseline as part of a separate add-on optional
biomarker study that required an additional consent. As previously reported, participants who did not
provide plasma samples in CO-MED trial were younger and had lower use of statin medication than
those who provided plasma samples at baseline, but did not differ on any other baseline clinical and
sociodemographic features [12]. Additionally, as participation in the continuation-phase of CO-MED
was censured for those participants with inadequate response [32], only acute-phase visits (baseline
and weeks 1, 2, 4, 6, 8, 10, and 12) were included in this report. The CO-MED trial used broad inclusion
and exclusion criteria, (fully listed at https://clinicaltrials.gov/ct2/show/NCT00590863) while recruiting
from psychiatric and primary care clinics that were chosen to ensure adequate minority representation
and a diverse participant group [32]. The trial was reviewed and approved by the Institutional Review
Boards at UT Southwestern Medical Center at Dallas, the University of Pittsburgh Data Coordinating
Center, each participating regional center, and all relevant clinics. All subjects gave their informed
consent for inclusion before they participated in the study. The study was conducted in accordance with
the Declaration of Helsinki, and the protocol was approved by the Ethical and Compliance Committee
and the Institutional Review Board for Human Subjects Research (IRB Code Number: 112007-032) of UT
Southwestern Medical Center at Dallas, Texas. More details about this study are available at the clinical
trials.gov site: https://clinicaltrials.gov/ct2/show/NCT00590863. Additionally, de-identified data for this
study has been made publicly available by NIMH at https://nda.nih.gov/edit_collection.html?id=2158.

2.2. Medications

Participants in all three treatment arms received two types of pills in single blind fashion (study
personnel knew of both pill types, but participants knew only the first pill type). Dosage adjustments
were made during the first 8 weeks of participation using principles of measurement-based care,
with dose increases permitted only if side effects were tolerable and depression severity was not
adequately controlled [33]. Dose escalation regime as well as mean doses of medications in each
treatment arm have been previously described in detail by Rush et al. [32]. Briefly, participants in the
escitalopram monotherapy arm were started on escitalopram at 10 mg/day and placebo was added at
week 2 as the second pill type. At the end of 12 weeks, the mean escitalopram dose was 17.6 mg/day
and mean placebo dose was 1.4 pills/day. For the bupropion plus escitalopram arm, participants were
started on 150 mg of bupropion SR and titrated to 300 mg/day at week 1 and escitalopram 10 mg/day
was added as the second pill type at week 2. At the end of 12 weeks, mean bupropion SR dose was
324.0 mg/day and mean escitalopram dose was 14.0 mg/day. Participants in the venlafaxine-mirtazapine
treatment arm were started on venlafaxine XR which was titrated from 37.5 mg/day to 150 mg/day
at week 1 visit, and mirtazapine 15 mg/day was added at week 2 as the second pill type. At the
end of 12 weeks, the mean venlafaxine XR dose was 207.6 mg/day and mean mirtazapine dose was
25.3 mg/day.

2.3. Assessments

Participants provided sociodemographic information (age, sex, race, ethnicity, and years of
education) at baseline. Height and weight were obtained at baseline to compute BMI. Clinicians
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completed a structured diagnostic interview to establish current diagnosis of MDD and to obtain the
age of onset of first depressive episode [32]. As previously described by Rush et al. [32], presence of
anxious features in CO-MED trial was ascribed at baseline if the score of anxiety somatization factor
{anxiety, psychic; anxiety, somatic; somatic symptoms, gastrointestinal; somatic symptoms, general;
hypochondriasis; and insight) of Hamilton Rating Scale for Depression (HAM-D) was greater than or
equal to 7. At baseline and each treatment visit, participants filled out the 16-item Quick Inventory of
Depressive Symptomatology-Self-Report (QIDS-SR) and clinicians completed the 30-item Inventory of
Depressive Symptomatology Clinician-Rated (IDS-C).

2.3.1. Quick Inventory of Depressive Symptomatology Self-Report (QIDS-SR)

This commonly used scale has 16 items, each of which includes 4 choices that are scored from
0-3. A total score is calculated from nine of these 16 items (consistent with the nine criterion symptom
domains of MDD) leading to a range of 0-27 [34]. In previous reports, the reported Cronbach’s o of
QIDS-SR has ranged from 0.86 to 0.87 [34-36]. The mean (SD) Cronbach’s o« of QIDS-SR across visits
(weeks 0-12) was 0.782 (0.041). In the CO-MED trial, the QIDS-SR served as the primary depression
symptom severity outcome measure.

2.3.2. Inventory of Depressive Symptomatology Clinician Rated (IDS-C)

Of the 30 items of IDS-C (each item has 4 choices which are scored from 0-3), 28 items are
summed to generate a total score (range 0-84) which correlates very highly (Pearson’s moment
correlation equals 0.95) with HAM-D [36]. In previous reports, the Cronbach’s « of IDS-C has
ranged from 0.67 to 0.94 [37,38]. The mean (SD) Cronbach’s « of IDS-C across visits (weeks 0-12)
was 0.844 (0.043). Anhedonia, as measured by a subscale of three items of IDS-C (involvement,
pleasure/enjoyment (exclude sexual activities), and sexual interest), has been shown to compare
favorably to Snaith-Hamilton Pleasure Scale [26,39] and was used as an outcome for this report.
The mean (SD) Cronbach’s « of IDS anhedonia subscale across visits (weeks 0-12) was 0.655 (0.038).

2.4. Measurement of S100B Levels in Plasma

Plasma samples used in this report (n = 153) were obtained from the Biologic Core of National
Institute of Mental Health Repository and Genomics Resource (NIMH RGR) and transported to
UT Southwestern on dry ice for storage at —80 °C until immediately prior to assays without any
freeze/thaw cycles. During CO-MED trial, plasma extracted from participants were transported
overnight to the Biologic Core of National Institute of Mental Health Repository and Genomics
Resource (NIMH RGR) for storage at —80 °C. Levels of S100B protein were measured in all plasma
samples by the Metabolic Phenotyping Core, UT Southwestern Medical Center at Dallas using the
Human S100B enzyme-linked immunosorbent assay (ELISA) kit (Human S100 calcium binding protein
B ELISA Kit, Catalog No. MBS2503148) from MyBioSource Co, USA using the ELISA Microplate
reader (TECAN) according to the manufacturer’s instructions. The concentration gradients of the
kit standards or positive controls have a detection range from 31.25-2000 pg/mL with an estimated
sensitivity of 18.75 pg/mL. The sandwich ELISA is based on combination of polyclonal antibody coated
microtiter plate and HRP-labelled (HRP, horseradish peroxidase) monoclonal antibody conjugate.
Three incubation steps were included (1st-standards, samples or controls, 2nd-conjugate, 3rd-substrate)
separated by washing steps. Then optical density was measured at 450 nm and the concentration of
S100B in pg/mL were calculated using a system-generated four parameter logistic (4-PL) curve-fit for
the standards and the samples. The inter- and intra-assay coefficients of variation were 5% and 6.5%,
respectively. Levels of other immune markers, including CRP, were available from previously reported
analyses [11,12,15].
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2.5. Statistical Analyses

Baseline sociodemographic and clinical features were compared among the three treatment arms
using analysis of variance and chi-square test for continuous and categorical variables respectively.
Levels of all biomarkers, including S100B were log transformed due to skewed distribution. Pearson’s’
correlation coefficient were estimated to evaluate the association between S100B and peripheral immune
markers. Separate repeated measures mixed model analyses with depression severity (QIDS-SR) and
anhedonia (IDS-C anhedonia subscale) were used to evaluate if treatment outcomes differed by baseline
S100B levels using a baseline log S100B-by-treatment arm interaction. The symptom measures were
used as continuous outcomes in mixed model analyses to maximize the power and utilize all available
data. To interpret a significant interaction, analyses were repeated after stratification for treatment
arm. Age, gender, and BMI were used as covariates for these mixed model analyses. To evaluate if
these findings were significant even after controlling for baseline severity, we repeated these stratified
mixed model analyses with anhedonia from week-1 to week-12 as the outcome variable and baseline
anhedonia as a covariate. All analyses were conducted with SAS 9.4 version. Threshold for statistical
significance was set at p < 0.05.

3. Results

The three treatment arms did not differ on baseline sociodemographic status except for age which
was significantly lower in the venlafaxine plus mirtazapine arm, Table 1. Additionally, levels of S100B
did not differ among the three treatment arms at baseline. Levels of S100B were correlated with those
of IL-17 (r = 0.20, p = 0.013), IL-4 (r = 0.24, p = 0.002), IL-5 (r = 0.22, p = 0.007), platelet derived growth
factor (r = 0.16, p = 0.046), IL-6 (r = 0.19, p = 0.023), and IL-9 (r = 0.18, p = 0.026). There was no
significant association of S100B with levels of CRP (r = 0.10, p = 0.23).

Table 1. Baseline sociodemographic and clinical characteristics of Combining Medications to Enhance
Depression Outcomes (CO-MED) trial participants (1 = 153) who provided plasma at baseline.

Escitalopram Bupropion Plus Venlafaxine Plus

Total Monotherapy Escitalopram Mirtazapine p-Value
Number 153 44 53 56
Categorical variables N % N % N % N % x2 (df)

Sex 0.03 (2) 0.98

Male 45 294 13 29.6 16 30.2 16 28.6

Female 108 70.6 31 70.4 37 69.8 40 714
Race 4.00 (4) 0.41

White 100 65.4 24 54.6 37 69.8 39 69.6

Black 40 26.1 14 31.8 12 226 14 25.0

Other 13 85 6 13.6 4 7.6 3 5.4
Hispanic ethnicity 1.53(2) 0.46

No 128 83.7 36 81.8 47 88.7 45 80.4

Yes 25 16.3 8 18.2 6 11.3 11 19.6
Education 423 (4) 0.38

<12 years 24 15.7 4 9.1 11 20.8 9 l6.1

12-15 years 91 59.5 31 70.4 27 50.9 33 58.9

>15 years 38 24.8 9 20.5 15 283 14 25.0
Anxious features 114 74.5 30 68.2 42 79.3 42 75.0 1.56 (2) 0.49
Onset of depression before age 18 64 41.8 17 38.6 23 43.4 24 429 0.26 (2) 0.88

Continuous variables Mean SD Mean  SD Mean SD Mean SD F value (df) p value

Age in years 43.8 11.8 468 11.4 45.2 12.0 40.2 11.2 4.64 (2, 150) 0.01
QIDS-SR 15.7 4.0 16.1 3.0 15.1 438 16.1 4.0 1.03 (2, 150) 0.36
IDS anhedonia 5.4 2.0 5.3 2.0 5.3 2.1 5.7 19 0.76 (2, 150) 0.47
Body mass index 320 9.3 335 11.5 315 7.9 312 8.5 0.88 (2, 150) 0.42
Log of S100B -1.1 13 085 11 -1.1 14 -1.19 131 0.88 (2, 150) 0.42

S100B is S100 calcium binding protein B, CO-MED is Combining Medications to Enhance Depression
Outcomes, QIDS-SR is Quick Inventory of Depressive Symptomatology Self-Report, IDS is Inventory of
Depressive Symptomatology.
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3.1. Does Baseline S100B Differentially Predict Changes in Anhedonia with Escitalopram Monotherapy versus
Antidepressant Combinations?

Yes. There was a significant interaction between baseline S100B level and treatment arm in
predicting levels of anhedonia during acute-phase antidepressant treatment (F = 3.21, df = 1, 142,
p = 0.043) even after controlling for age, gender, and BM]I, see Table 2. In subsequent analyses stratified
by treatment arm, the effect of baseline S100B was significant in the escitalopram monotherapy arm
(F=4.20,df =1, 37, p = 0.048) but not in bupropion plus escitalopram (F = 1.76, df = 1, 48, p = 0.19) or
in venlafaxine plus mirtazapine arm (F = 0.81, df = 1, 51, p = 0.37). As shown in Figure 1, participants
of CO-MED trial with higher levels of S100B at baseline and treated with escitalopram monotherapy
experienced smaller reductions in anhedonia with treatment (as reflected in higher anhedonia averaged
overall in all visits including baseline). This trend was reversed in the bupropion escitalopram group
but not in venlafaxine mirtazapine group. The effect of baseline S100B continued to be significant
(F =4.90, df =1, 33, p = 0.034) in escitalopram monotherapy arm in mixed model analyses with
levels of anhedonia from weeks 1-12 as outcome and baseline anhedonia as an additional covariate.
Furthermore, in these mixed model analyses, there was no significant effect of baseline S100B on levels
of anhedonia in bupropion plus escitalopram ((F = 0.46, df = 1, 45, p = 0.499) and venlafaxine plus
mirtazapine (F = 0.00, df = 1, 47, p = 0.999).

Table 2. Results of repeated-measures mixed model analyses predicting changes in anhedonia and
depression severity based on pre-treatment S100B levels by treatment arms in CO-MED trial.

Anhedonia Severity

Overall Depression Severity

F Value df p F Value df p
Age 0.32 1,142 0.57 0.49 1,142 0.49
Gender 9.71 1,142 0.002 291 1,142 0.09
Body Mass Index 0.75 1,142 0.39 0.05 1,142 0.82
Baseline Log S100B 2.06 1,142 0.15 0.55 1,142 0.46
Time 68.18 7,790 <0.0001 103.58 7,787 <0.0001
Group 3.08 2,142 0.049 1.68 2,142 0.19
Time-by-treatment arm interaction 0.69 14,790 0.78 0.44 14,787 0.96
Log S100B-by-treatment arm interaction 3.21 2,142 0.043 1.99 2,142 0.14

S100B is S100 calcium binding protein B, CO-MED is Combining Medications to Enhance Depression Outcomes.

Escitalopram monotherapy

Bupropion plus escitalopram

o 2 4 6 8

Average anhedonia during acute-phase
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Average anhedonia during acute-phase

Venlafaxine plus mirtazapine
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Figure 1. Higher S100B at baseline is associated with persistently elevated anhedonia during acute-phase
treatment with escitalopram monotherapy. Legends: S100B is S100 calcium binding protein B.

3.2. Does Baseline S100B Differentially Predict Changes in Overall Depression Severity with Escitalopram
Monotherapy versus Antidepressant Combinations?

No. There was no significant baseline S100B-by-treatment arm interaction (F = 1.99, df = 2, 142,
p = 0.14) for levels of overall depression severity, as measured by QIDS-SR, also see Table 2.
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4. Discussion

In this report of outpatients with MDD, we found that levels of S100B at baseline predicted
persistently elevated levels of anhedonia with escitalopram monotherapy but not with bupropion plus
escitalopram or venlafaxine plus mirtazapine. Further, we found that this association was specific to
anhedonia as there was no treatment arm by S100B interaction for overall depression severity.

Findings of this report are consistent with previous findings linking elevated levels of inflammatory
markers, such as CRP or IL-17 with poorer response to escitalopram monotherapy [11,12]. However, it is
noteworthy that levels of S100B were either not correlated with immune markers (such as CRP) or had
a significant but small association (such as IL-17). This likely reflects the complexity of immune system
and the syndromic nature of MDD. Among the different blood-based immune markers, CRP appears
to be the most pragmatic and currently available for clinical use [14], while markers such as S100B may
elucidate pathophysiological mechanisms and guide development of novel treatments.

While this is the first report to look at treatment arms separately, our findings that bupropion plus
escitalopram combination (resembling in pharmacological action to serotonin norepinephrine reuptake
inhibitors) may have trended towards greater efficacy in those with elevated S100B is partly consistent
with previous findings of responders to venlafaxine and imipramine (both serotonin norepinephrine
reuptake inhibitors) having elevated levels of S100B at baseline [30]. However, our findings differ from
those of Jang et al. who found that elevated levels of S100B predicted better outcomes to antidepressants
(a mix of various meds but mostly mirtazapine and fluoxetine) as we did not find any association
between levels of S100B at baseline and levels of overall depression severity across study visits as
measured by QIDS-SR [31].

By emphasizing a stronger link of immune-related markers with anhedonia than overall depressive
symptoms, findings of this report argue against the use of overall depressive symptoms as the treatment
outcome for studies of anti-inflammatory treatments in patients with MDD [8]. This may be important
as in a recently completed study of Sukuma (anti-IL-6 monoclonal antibody) in patients with MDD,
while there was no significant difference in overall depression severity between sirukumab and placebo,
sirukumab was more effective than placebo in reducing severity of anhedonia [40]. Furthermore,
findings of this study also argue for better assessment of BBB integrity with imaging modalities to
elucidate the mechanistic link between peripheral inflammation and CNS dysfunction.

There are several limitations of this report. As finding a difference between treatment arms
based on pre-treatment S100B levels was not a primary aim of CO-MED, the study may not have
been adequately powered to detect these differences. As such, these reports should be considered
preliminary. Use of IDS-C to define anhedonia is limited and future studies that assess anhedonia
more comprehensively (such as anticipatory, consummatory, and social anhedonia) are needed. Use of
plasma samples only to measure S100B and lack of cerebrospinal fluid samples is another limitation.
Furthermore, prospective studies are needed to establish the clinical utility of measuring S100B in
driving treatment precision. This report is also limited by assessment of S100B at one time-point only
and by inclusion of treatment-seeking outpatients. An ongoing large observation study, Texas Resilience
Against Depression (T-RAD), offers the opportunity to validate and extend these findings in a large
sample of depressed outpatients by using both clinical and neuroimaging data collected over several
years [41]. This study is also enrolling youths and young adults at-risk for depression, which may
elucidate whether immune changes precede neural circuit dysfunction and syndromic presentation.
Finally, novel and comprehensive computational strategies are needed that can combine information
across multiple modalities [42] to fully capture the complexities of immune system and how it relates
to syndromic manifestation of MDD.

In conclusion, this report identified S100B as a novel blood-based biomarker that predicts
differential changes in anhedonia with escitalopram monotherapy versus antidepressant combinations.
These findings argue for careful consideration of immune dysfunction and blood-brain barrier integrity
in patients with MDD.



Pharmaceuticals 2019, 12, 184 8 of 10

Author Contributions: M.H.T.: Conceptualization, funding acquisition, investigation, methodology, project
administration, resources, software, supervision, validation, writing—editing. M.K.J.: Conceptualization, formal
analysis, investigation, methodology, visualization, writing—original draft. B.S.G.: Data Curation, investigation,
methodology, writing—editing. A.M.: data curation, writing—editing. C.C.E.: data curation, writing—editing.

Funding: The CO-MED trial was funded by National Institute of Mental Health under contract NO1 MH-90003 to
the University of Texas Southwestern Medical Center at Dallas (Principal Investigators, M.H. Trivedi, and A.J. Rush).

Acknowledgments: This work was also supported in part through the Center for Depression Research and
Clinical Care at UT Southwestern (Principal Investigator: Madhukar H. Trivedi, MD) and Hersh Foundation.
The authors thank the clinical staff at each clinical site for their assistance with this project; all of the study
participants; and Georganna Carlock, B.A. for administrative support. Forest Pharmaceuticals, GlaxoSmithKline,
Organon, and Wyeth Pharmaceuticals provided medications for CO-MED trial at no cost. The content of this
publication does not necessarily reflect the views or policies of the U.S. Department of Health and Human
Services, nor does mention of trade names, commercial products, or organizations imply endorsement by the U.S.
government. NIMH had no role in the drafting or review of the manuscript or in the collection or analysis of the
data. The authors would like to thank the Metabolic Phenotyping Core at UT Southwestern Medical Center at
Dallas, Texas for performing the S100B ELISA assays for the proposed study.

Conflicts of Interest: Minhajuddin, Chin Fatt, and Gadad have no conflicts to report. Jha has received contract
research grants from Acadia Pharmaceuticals and Janssen Research & Development. Trivedihas served as anadviser
or consultant for Abbott Laboratories, Abdi Ibrahim, Akzo (Organon Pharmaceuticals), Alkermes, AstraZeneca,
Axon Advisors, Bristol-Myers Squibb, Cephalon, Cerecor, CME Institute of Physicians, Concert Pharmaceuticals,
Eli Lilly, Evotec, Fabre Kramer Pharmaceuticals, Forest Pharmaceuticals, GlaxoSmithKline, Janssen Global
Services, Janssen Pharmaceutica Products, Johnson & Johnson PRD, Libby, Lundbeck, Meade Johnson,
MedAvante, Medtronic, Merck, Mitsubishi Tanabe Pharma Development America, Naurex, Neuronetics,
Otsuka Pharmaceuticals, Pamlab, Parke-Davis Pharmaceuticals, Pfizer, PgxHealth, Phoenix Marketing Solutions,
Rexahn Pharmaceuticals, Ridge Diagnostics, Roche Products, Sepracor, Shire Development, Sierra, SK Life
and Science, Sunovion, Takeda, Tal Medical/Puretech Venture, Targacept, Transcept, VantagePoint, Vivus,
and Wyeth-Ayerst Laboratories; he has received grants or research support from the Agency for Healthcare
Research and Quality, Cyberonics, NARSAD, NIDA, and NIMH.

References

1. Slavich, G.M.; Irwin, M.R. From stress to inflammation and major depressive disorder: A social signal
transduction theory of depression. Psychol. Bull. 2014, 140, 774-815. [CrossRef]

2. Cheng, Y.; Desse, S.; Martinez, A.; Worthen, R.J.; Jope, R.S.; Beurel, E. TNFalpha disrupts blood brain barrier
integrity to maintain prolonged depressive-like behavior in mice. Brain Behav. Immun. 2018, 69, 556-567.
[CrossRef] [PubMed]

3. Banks, W.A. The blood-brain barrier in neuroimmunology: Tales of separation and assimilation. Brain Behav.
Immun. 2015, 44, 1-8. [CrossRef] [PubMed]

4.  Felger, ].C.; Haroon, E.; Patel, T.A.; Goldsmith, D.R.; Wommack, E.C.; Woolwine, B.J.; Le, N.-A.; Feinberg, R ;
Tansey, M.G.; Miller, A.-H. What does plasma CRP tell us about peripheral and central inflammation in
depression? Mol. Psychiatry 2018, 1. [CrossRef] [PubMed]

5. Jha, M.K,; Miller, A.H.; Minhajuddin, A.; Trivedi, M.H. Association of T and non-T cell cytokines with
anhedonia: Role of gender differences. Psychoneuroendocrinology 2018, 95, 1-7. [CrossRef]

6. Treadway, M.T.; Admon, R.; Arulpragasam, A.R.; Mehta, M.; Douglas, S.; Vitaliano, G.; Olson, D.P;
Cooper, J.A.; Pizzagalli, D.A. Association Between Interleukin-6 and Striatal Prediction-Error Signals
Following Acute Stress in Healthy Female Participants. Boil. Psychiatry 2017, 82, 570-577. [CrossRef]

7.  Gelenberg, A.]J. Practice Guideline for the Treatment of Patients with Major Depressive Disorder Third
Edition. Am. ]. Psychiatry 2010, 167, 1.

8. Jha, M.K. Anti-Inflammatory Treatments for Major Depressive Disorder: What’s on the Horizon? J. Clin.
Psychiatry 2019, 80, 1-3. [CrossRef]

9.  Jha, MK, Trivedi, M.H. Pharmacogenomics and Biomarkers of Depression. Handb. Exp. Pharmacol. 2019,
250,101-113.

10. Jha, MK,; Trivedi, M.H. Personalized Antidepressant Selection and Pathway to Novel Treatments:
Clinical Utility of Targeting Inflammation. Int. ]. Mol. Sci. 2018, 19, 233. [CrossRef]

11.  Jha, M.K; Minhajuddin, A.; Gadad, B.S.; Greer, T.; Grannemann, B.; Soyombo, A.; Mayes, T.L.; Rush, A.].;
Trivedi, M.H. Can C-reactive protein inform antidepressant medication selection in depressed outpatients?
Findings from the CO-MED trial. Psychoneuroendocrinology 2017, 78, 105-113. [CrossRef] [PubMed]


http://dx.doi.org/10.1037/a0035302
http://dx.doi.org/10.1016/j.bbi.2018.02.003
http://www.ncbi.nlm.nih.gov/pubmed/29452218
http://dx.doi.org/10.1016/j.bbi.2014.08.007
http://www.ncbi.nlm.nih.gov/pubmed/25172555
http://dx.doi.org/10.1038/s41380-018-0096-3
http://www.ncbi.nlm.nih.gov/pubmed/29895893
http://dx.doi.org/10.1016/j.psyneuen.2018.05.017
http://dx.doi.org/10.1016/j.biopsych.2017.02.1183
http://dx.doi.org/10.4088/JCP.18ac12630
http://dx.doi.org/10.3390/ijms19010233
http://dx.doi.org/10.1016/j.psyneuen.2017.01.023
http://www.ncbi.nlm.nih.gov/pubmed/28187400

Pharmaceuticals 2019, 12, 184 90f 10

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Jha, M.K.; Minhajuddin, A.; Gadad, B.S.; Greer, T.L.; Mayes, T.L.; Trivedi, M.H. Interleukin 17 selectively
predicts better outcomes with bupropion-SSRI combination: Novel T cell biomarker for antidepressant
medication selection. Brain Behav. Immun. 2017, 66, 103-110. [CrossRef] [PubMed]

Uher, R; Tansey, K.E.; Dew, T.; Maier, W.; Mors, O.; Hauser, ].; Dernovsek, M.Z.; Henigsberg, N.; Souery, D.;
Farmer, A.; et al. An Inflammatory Biomarker as a Differential Predictor of Outcome of Depression Treatment
with Escitalopram and Nortriptyline. Am. J. Psychiatry 2014, 171, 1278-1286. [CrossRef] [PubMed]

Miller, A.H.; Trivedi, M.H.; Jha, M.K. Is C-reactive protein ready for prime time in the selection of
antidepressant medications? Psychoneuroendocrinology 2017, 84, 206. [CrossRef] [PubMed]

Jha, M.K,; Minhajuddin, A.; Gadad, B.S.; Trivedi, M.H. Platelet-Derived Growth Factor as an Antidepressant
Treatment Selection Biomarker: Higher Levels Selectively Predict Better Outcomes with Bupropion-SSRI
Combination. Int. ]. Neuropsychopharmacol. 2017, 20, 919-927. [CrossRef] [PubMed]

Jha, M.K.; Minhajuddin, A.; Chin-Fatt, C.; Greer, T.L.; Carmody, T.J.; Trivedi, M.H. Sex differences in the
association of baseline c-reactive protein (CRP) and acute-phase treatment outcomes in major depressive
disorder: Findings from the EMBARC study. J. Psychiatr. Res. 2019, 113, 165-171. [CrossRef]

Green, E.; Goldstein-Piekarski, A.N.; Schatzberg, A.F; Rush, A.J.; Ma, J.; Williams, L. Personalizing
antidepressant choice by sex, body mass index, and symptom profile: An iSPOT-D report. Pers. Med.
Psychiatry 2017, 1, 65-73. [CrossRef]

Jha, M.K.; Wakhlu, S.; Dronamraju, N.; Minhajuddin, A.; Greer, T.L.; Trivedi, M.H. Validating pre-treatment
body mass index as moderator of antidepressant treatment outcomes: Findings from CO-MED trial. . Affect.
Disord. 2018, 234, 34-37. [CrossRef]

Franklin, T.C.; Xu, C.; Duman, R.S. Depression and sterile inflammation: Essential role of danger associated
molecular patterns. Brain Behav. Immun. 2018, 72, 2-13. [CrossRef]

Thelin, E.P; Johannesson, L.; Nelson, D.; Bellander, B.-M. 5100B Is an Important Outcome Predictor in
Traumatic Brain Injury. J. Neurotrauma 2013, 30, 519-528. [CrossRef]

Koh, 5.X.; Lee, ].K. S100B as a marker for brain damage and blood-brain barrier disruption following exercise.
Sports Med. 2014, 44, 369-385. [CrossRef] [PubMed]

Huppert, J.; Closhen, D.; Croxford, A.; White, R.; Kulig, P; Pietrowski, E.; Bechmann, I.; Becher, B.;
Luhmann, H.J.; Waisman, A_; et al. Cellular mechanisms of IL-17-induced blood-brain barrier disruption.
FASEB . 2010, 24, 1023-1034. [CrossRef] [PubMed]

Kebir, H.; Kreymborg, K.; Ifergan, I.; Dodelet-Devillers, A.; Cayrol, R.; Bernard, M.; Giuliani, F; Arbour, N.;
Becher, B.; Prat, A. Human TH17 lymphocytes promote blood-brain barrier disruption and central nervous
system inflammation. Nat. Med. 2007, 13, 1173-1175. [CrossRef] [PubMed]

Wohleb, E.S.; McKim, D.B.; Sheridan, ]J.F.; Godbout, ].P. Monocyte trafficking to the brain with stress
and inflammation: A novel axis of immune-to-brain communication that influences mood and behavior.
Front Neurosci. 2014, 8, 447. [CrossRef] [PubMed]

Miller, A.H.; Haroon, E.; Felger, ].C. Therapeutic Implications of Brain-Immune Interactions: Treatment in
Translation. Neuropsychopharmacology 2017, 42, 334-359. [CrossRef] [PubMed]

Felger, ].C.; Li, Z.; Haroon, E.; Woolwine, B.].; Jung, M.Y.; Hu, X.; Miller, A.H. Inflammation is associated
with decreased functional connectivity within corticostriatal reward circuitry in depression. Mol. Psychiatry
2015, 21, 1358-1365. [CrossRef]

Swardfager, W.; Rosenblat, ]J.D.; Benlamri, M.; McIntyre, R.S. Mapping inflammation onto mood:
Inflammatory mediators of anhedonia. Neurosci. Biobehav. Rev. 2016, 64, 148-166. [CrossRef]

Schroeter, M.L.; Abdul-Khaliq, H.; Krebs, M.; Diefenbacher, A.; Blasig, I.E. Serum markers support
disease-specific glial pathology in major depression. J. Affect. Disord. 2008, 111, 271-280. [CrossRef]
Polyakova, M.; Sander, C.; Arelin, K.; Lampe, L.; Luck, T.; Luppa, M.; Kratzsch, J.; Hoffmann, K.-T.;
Riedel-Heller, S.; Villringer, A.; et al. First evidence for glial pathology in late life minor depression: S100B is
increased in males with minor depression. Front. Cell. Neurosci. 2015, 9, 523. [CrossRef]

Pearlman, D.M.; Brown, J.R.; MacKenzie, T.A.; Hernandez, F.; Najjar, S. Blood Levels of S-100 Calcium-Binding
Protein B, High-Sensitivity C-Reactive Protein, and Interleukin-6 for Changes in Depressive Symptom Severity
after Coronary Artery Bypass Grafting: Prospective Cohort Nested within a Randomized, Controlled Trial.
PLoS ONE 2014, 9, e111110. [CrossRef]


http://dx.doi.org/10.1016/j.bbi.2017.07.005
http://www.ncbi.nlm.nih.gov/pubmed/28698115
http://dx.doi.org/10.1176/appi.ajp.2014.14010094
http://www.ncbi.nlm.nih.gov/pubmed/25017001
http://dx.doi.org/10.1016/j.psyneuen.2017.04.006
http://www.ncbi.nlm.nih.gov/pubmed/28449941
http://dx.doi.org/10.1093/ijnp/pyx060
http://www.ncbi.nlm.nih.gov/pubmed/29016822
http://dx.doi.org/10.1016/j.jpsychires.2019.03.013
http://dx.doi.org/10.1016/j.pmip.2016.12.001
http://dx.doi.org/10.1016/j.jad.2018.02.089
http://dx.doi.org/10.1016/j.bbi.2017.10.025
http://dx.doi.org/10.1089/neu.2012.2553
http://dx.doi.org/10.1007/s40279-013-0119-9
http://www.ncbi.nlm.nih.gov/pubmed/24194479
http://dx.doi.org/10.1096/fj.09-141978
http://www.ncbi.nlm.nih.gov/pubmed/19940258
http://dx.doi.org/10.1038/nm1651
http://www.ncbi.nlm.nih.gov/pubmed/17828272
http://dx.doi.org/10.3389/fnins.2014.00447
http://www.ncbi.nlm.nih.gov/pubmed/25653581
http://dx.doi.org/10.1038/npp.2016.167
http://www.ncbi.nlm.nih.gov/pubmed/27555382
http://dx.doi.org/10.1038/mp.2015.168
http://dx.doi.org/10.1016/j.neubiorev.2016.02.017
http://dx.doi.org/10.1016/j.jad.2008.03.005
http://dx.doi.org/10.3389/fncel.2015.00406
http://dx.doi.org/10.1371/journal.pone.0111110

Pharmaceuticals 2019, 12, 184 10 of 10

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Ambrée, O,; Bergink, V,; Grosse, L.; Alferink, J.; Drexhage, H.A.; Rothermundt, M.; Arolt, V.; Birkenh&ger, T.K.
5100B Serum Levels Predict Treatment Response in Patients with Melancholic Depression. Inf. ].
Neuropsychopharmacol. 2015, 19, 103. [CrossRef] [PubMed]

Jang, B.-S.; Kim, H.; Lim, S.-W.; Jang, K.-W.; Kim, D.-K. Serum S100B Levels and Major Depressive Disorder:
Its Characteristics and Role in Antidepressant Response. Psychiatry Investig. 2008, 5, 193-198. [CrossRef]
[PubMed]

Rush, A].; Trivedi, M.H.; Stewart, ].W.; Nierenberg, A.A.; Fava, M.; Kurian, B.T.; Warden, D.; Morris, D.W.;
Luther, J.F; Husain, M.M.; et al. Combining medications to enhance depression outcomes (CO-MED):
Acute and long-term outcomes of a single-blind randomized study. Am. J. Psychiatry 2011, 168, 689-701.
[CrossRef] [PubMed]

Trivedi, M.H.; Rush, A.; Wisniewski, S.R.; Nierenberg, A.A.; Warden, D.; Ritz, L.; Norquist, G.; Howland, R H.;
Lebowitz, B.; McGrath, PJ.; et al. Evaluation of Outcomes With Citalopram for Depression Using
Measurement-Based Care in STAR*D: Implications for Clinical Practice. Am. ]. Psychiatry 2006, 163, 28—40.
[CrossRef] [PubMed]

Rush, A.; Trivedi, M.H.; Ibrahim, H.M.; Carmody, T.].; Arnow, B.; Klein, D.N.; Markowitz, ].C.; Ninan, P.T,;
Kornstein, S.; Manber, R.; et al. The 16-Item quick inventory of depressive symptomatology (QIDS), clinician
rating (QIDS-C), and self-report (QIDS-SR): A psychometric evaluation in patients with chronic major
depression. Boil. Psychiatry 2003, 54, 573-583. [CrossRef]

Rush, A.].; Bernstein, I.H.; Trivedi, M.H.; Carmody, T.J.; Wisniewski, S.; Mundyt, J.C.; Shores-Wilson, K.;
Biggs, M.M.; Woo, A.; Nierenberg, A.A.; et al. An Evaluation of the Quick Inventory of Depressive
Symptomatology and the Hamilton Rating Scale for Depression: A Sequenced Treatment Alternatives to
Relieve Depression Trial Report. Biol. Psychiatry 2006, 59, 493-501. [CrossRef]

Trivedi, M.H.; Rush, AJ.,; Ibrahim, HM.; Carmody, TJ.; Biggs, M.M.; Suppes, T.; Crismon, M.L,;
Shores-Wilson, K.; Toprac, M.G.; Dennehy, E.B.; et al. The Inventory of Depressive Symptomatology,
Clinician Rating (IDS-C) and Self-Report (IDS-SR), and the Quick Inventory of Depressive Symptomatology,
Clinician Rating (QIDS-C) and Self-Report (QIDS-SR) in public sector patients with mood disorders:
A psychometric evaluation. Psychol. Med. 2004, 34, 73-82.

Rush, AlJ.; Gullion, CM.; Basco, M.R.; Jarrett, R.B.; Trivedi, M.H. The Inventory of Depressive
Symptomatology (IDS): Psychometric properties. Psychol. Med. 1996, 26, 477-486. [CrossRef]

Snaith, R.P; Hamilton, M.; Morley, S.; Humayan, A.; Hargreaves, D.; Trigwell, P. A Scale for the Assessment
of Hedonic Tone the Snaith—-Hamilton Pleasure Scale. Br. J. Psychiatry 1995, 167, 99-103. [CrossRef]
Salvadore, G.; Nash, A.; Bleys, C.; Hsu, B.; Saad, Z.; Gause, A.; Moyer, J.; Xi, L.; Manji, H.; Van Nueten, L.;
et al. A double-blind, placebo-controlled, multicenter study of sirukumab as adjunctive treatment to
monoaminergic antidepressants in adults with major depressive disorder. In Proceedings of the Selected
Abstracts from the American College of Neuropsychopharmacology (ACNP) 57th Annual Meeting,
Hollywood, FL, USA, 9-13 December 2018.

Trivedi, M.H.; Chin Fatt, C.; Jha, M.K.; Cooper, C.M.; Trombello, ].M.; Mason, B.L.; Hughes, J.; Gadad, B.;
Czysz, A H.; Toll, RT; et al. Comprehensive phenotyping of depression disease trajectory and risk:
Rationale and design of Texas Resilience Against Depression (T-RAD). J. Psychiatr. Res. 2019, in press.
[CrossRef]

Trivedi, M.H.; South, C.; Jha, M.K,; Rush, A.].; Cao, J.; Kurian, B.; Phillips, M.; Pizzagalli, D.A.; Trombello, ].M.;
Oquendo, M.A; et al. A Novel Strategy to Identify Placebo Responders: Prediction Index of Clinical and
Biological Markers in the EMBARC Trial. Psychother. Psychosom. 2018, 87, 285-295. [CrossRef] [PubMed]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1093/ijnp/pyv103
http://www.ncbi.nlm.nih.gov/pubmed/26364276
http://dx.doi.org/10.4306/pi.2008.5.3.193
http://www.ncbi.nlm.nih.gov/pubmed/20046365
http://dx.doi.org/10.1176/appi.ajp.2011.10111645
http://www.ncbi.nlm.nih.gov/pubmed/21536692
http://dx.doi.org/10.1176/appi.ajp.163.1.28
http://www.ncbi.nlm.nih.gov/pubmed/16390886
http://dx.doi.org/10.1016/S0006-3223(02)01866-8
http://dx.doi.org/10.1016/j.biopsych.2005.08.022
http://dx.doi.org/10.1017/S0033291700035558
http://dx.doi.org/10.1192/bjp.167.1.99
http://dx.doi.org/10.1016/j.jpsychires.2019.12.004
http://dx.doi.org/10.1159/000491093
http://www.ncbi.nlm.nih.gov/pubmed/30110685
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Study Overview 
	Medications 
	Assessments 
	Quick Inventory of Depressive Symptomatology Self-Report (QIDS-SR) 
	Inventory of Depressive Symptomatology Clinician Rated (IDS-C) 

	Measurement of S100B Levels in Plasma 
	Statistical Analyses 

	Results 
	Does Baseline S100B Differentially Predict Changes in Anhedonia with Escitalopram Monotherapy versus Antidepressant Combinations? 
	Does Baseline S100B Differentially Predict Changes in Overall Depression Severity with Escitalopram Monotherapy versus Antidepressant Combinations? 

	Discussion 
	References

