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Inflammation and Depression Treatment Response to
Electroconvulsive Therapy: Sex-Specific Role of Interleukin-8
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MDP, Eliza Congdon, PhDP, Randall Espinoza, MDP, Katherine L. Narr, PhD¢, Michael R.
Irwin, MD&P

aCousins Center for Psychoneuroimmunology

bJane and Terry Semel Institute for Neuroscience and Human Behavior at UCLA, Department of
Psychiatry and Biobehavioral Sciences, David Geffen School of Medicine

¢Department of Neurology, University of California at Los Angeles, Los Angeles, California

Abstract

Females suffer from depression at twice the rate of males and have differential neural and
emotional responses to inflammation. However, sex-specific evaluation of relationships between
inflammation and response to depression treatments are lacking. Some data suggest that
interleukin(IL)-8 predicts treatment response to antidepressants and shows a sex-dependent
relationship with depressive symptom severity. This study examines whether I1L-8 predicts
treatment response to electroconvulsive therapy (ECT), and whether there are sex specific effects.
In 40 depressed patients (22 female), plasma levels of I1L-8, as well as other markers of
inflammation including 1L-6, IL-10, tumor necrosis factor (TNF)-a, and C-reactive protein (CRP)
were obtained prior to administration of ECT and after completion of the index treatment series.
Depression treatment response was defined as 250% reduction in Hamilton Depression Rating
Scale (HAM-D) Score. Baseline levels of IL-8 differed by responder status, depending on sex
(group x sex interaction: p = —0.571, p=0.04), with female responders having lower levels of IL-8
at baseline as compared to female non-responders [t(20)=2.37, p=0.03]. Further, IL-8 levels from
baseline to end of treatment differed by responder status, depending on sex (group x sex x time
interaction: [F(1,36)=9.48, p= 0.004]), and change in IL-8 from baseline to end of treatment was
negatively correlated with percentage change in HAM-D score in females (B= —0.458, p=0.03),
but not in males (B=0.315, p=0.20). Other inflammatory markers did not differ in relation to
responder status and sex. Further evaluation of sex differences in the relationship between IL-8,
depression, and treatment response, across disparate treatment modalities, may inform
mechanisms of response and aid in development of personalized medicine strategies.
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INTRODUCTION

Inflammation is a risk factor for depressionl2, can cause depressive symptoms3->, is
elevated in association with depression diagnosis®, and is associated with poorer treatment
response to most antidepressant strategies’~11. Given that depression is the leading cause of
disability worldwidel? and is related to inflammation, there is a pressing need to understand
mechanisms underlying these associations, which can inform the development of more
personalized treatment approaches.

Females suffer from depression at twice the rate of males!3 and demonstrate differential
behavioral and neural responses to inflammation1415. For example, markers of inflammation
in females, but not males, are associated with anhedonial®, as well as observed mood,
cognitive symptoms, interest-activity, and suicidalityl’. Moreover, in response to
inflammatory challenge, females show greater affective sensitivity with greater increases in
symptoms of depression and anhedonia as compared to males'®18, and this sex difference is
also observed with regard to the neural effects of inflammationl4. While there are substantial
scientific data demonstrating differences in immune and other biological profiles between
depressed males and females920, relatively little research has examined sex specific
differences in the association between inflammation and depression treatment response.
However, a recent study highlights the importance of ongoing work in this area, identifying
elevated baseline C-reactive protein (CRP) as predictive of worse antidepressant treatment
outcomes in females only?1,

Inflammation is a broadly-defined term and there is a need for nuance in both the assessment
of inflammation and the analysis and interpretation of results, with attention to the role of
sex and consideration of various markers of inflammation. Meta-analyses have demonstrated
associations between depression diagnosis and higher concentrations of I1L-6, tumor necrosis
factor (TNF)-a,, and C-reactive protein (CRP)8:22; circulating concentrations of these
markers have thus been of particular interest, and we have found that in contrast to most
studies of antidepressant treatments, higher baseline I1L-6 was predictive of decreases in
depressive symptom severity following electroconvulsive therapy (ECT)23, although
treatment response was not evaluated despite the salience of treatment response in informing
clinical management of depressed patients. Of additional interest relative to these usual
associated markers, ECT has been found to acutely increase CRP and IL-6 without clear
implications for clinical outcome2324, while decrease in IL-6 and tumor necrosis factor
(TNF) from baseline to the end of an ECT treatment course have been associated with
clinical improvement25-28,

However, recent studies have also implicated depression related differences in IL-8, a
chemokine and proinflammatory cytokine somewhat less frequently studied in depression.
In a large recent meta-analysis, lower baseline levels of IL-8 were reported to predict a more
favorable antidepressant treatment response2?, and our prior work suggested that lower
baseline IL-8 might also predict greater reduction in depression severity following ECT, but
only in females - finding a potentially meaningful effect size (0.17) in support of such a
relationship, although the sample did not have adequate statistical power to test this effect23,
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Severity of depression may be related to I1L-8 levels, as a handful of studies has examined
the relationship between either peripheral or cerebrospinal fluid levels of IL-8 and
depression and found that levels of IL-8 negatively correlate with depression and anxiety
scores among depressed patients, 68% of whom were female;30 and patients who had
attempted suicide3. Patients who had attempted suicide had lower IL-8 concentrations
compared to controls32; levels of IL-8 are negatively correlated with suicide risk among
females with mood and anxiety disorders33. Additionally, a particular allele for IL-8 (IL-8-
251T), that is associated with lower circulating IL-8 levels, was significantly more common
in female patients who had attempted suicide, and also associated with greater anxiety3L.

To address knowledge gaps in the relationship between IL-8 and depression treatment
response, this study evaluated whether IL-8 predicts treatment response to ECT, and whether
there are sex specific differences. Whereas our prior report tested correlations between
baseline levels of immune markers and severity of depressive symptoms after
electroconvulsive therapy (ECT), the sample size was not adequate to examine treatment
response23, or to consider sex differences. Here, with an increase in sample size, we focus
on baseline to post-treatment inflammatory marker change stratified by both responder
status and sex, and investigate the potential for sex and responder status to jointly associate
with levels of inflammatory markers, with a primary focus on IL-8. In 40 depressed patients,
including 22 females, who were administered a course of ECT, we hypothesized that lower
IL-8 at baseline and subsequent increase in IL-8 across ECT treatment would relate to more
favorable treatment outcome, and that these effects would be more robust in females as
compared to males. Additionally, given prior interest in other markers of inflammation in
relation to depression treatment response to ECT, as described above, we also explored
relationships between several other inflammatory markers including CRP, IL-6, IL-10, TNF-
a, and ECT treatment outcome.

AND METHODS

Subjects were depressed patients (N=40; 22 females, 18 males) who were scheduled to
undergo ECT treatment at the University of California, Los Angeles (UCLA) Resnick
Neuropsychiatric Hospital; this study reports on a subsample of those reported on previously
for imaging analyses34, including those who completed a course of ECT and for whom
inflammatory marker data were available. Twenty-nine of the 40 current patients were
included in a previous study of baseline inflammatory markers23. All procedures were
approved by the UCLA Institutional Review Board. Written informed consent was obtained
from all participants. Data were collected between December 2011 and February 2017.

Inclusion criteria were current major depressive episode, and failure to respond to at least
two prior antidepressant medications in the index episode. DSM-IV-TR diagnosis of major
depressive episode was confirmed by a board-certified psychiatrist and by using the Mini-
International Neuropsychiatric Interview (M.I.N.1.)46. Exclusion criteria were history of
alcohol or substance abuse within the past 6 months and/or dependence within the past 12
months, primary psychotic disorder, dementia, serious medical illness, onset of first episode
of depression after age 50, and prior ECT and/or other neuromodulation treatment such as
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vagal nerve stimulation or repetitive transcranial magnetic stimulation within 6 months of
the current ECT index treatment series. Prior to receiving ECT, patients were tapered off of
antidepressants and benzodiazepines (48 — 72 hours). Medication taper was done in
collaboration with the patient’s treating psychiatrist, at variable rates, depending upon the
medications, the tolerability of the taper, and in an effort to consolidate often unwieldy drug
regimens and to improve tolerance to ECT.

Participants completed an index series of ECT treatments (an average of 11.8 total ECT
treatments per index series, with a standard deviation of 3.4 treatments) with formal clinical
assessments and blood sampling pre- and post-treatment. The time points were: baseline
(prior to, but within 24 hours of the first ECT treatment); and post-treatment (within a week
of completing the ECT index treatment series, approximately 4-6 weeks after baseline).
Clinical assessment of depressive symptom severity and blood sampling for inflammatory
markers were obtained at both time points.

ECT Treatment

Adhering to the seizure threshold (ST) titration method of ECT treatment administration,
after obtaining the ST, ECT treatments were administered at 5-6x ST for right unilateral
(RUL) d’Elia lead placement, using an ultra-brief pulse-width (0.3msec), and at 1.5x ST for
bilateral placement, using a brief pulse-width (0.5msec). As current evidence suggests that
right unilateral ultrabrief ECT following the seizure threshold titration method results in
good efficacy but improved tolerability, patients start with this approach. A change to
bilateral electrode placement was dependent on periodic clinical assessment and extent of
improvement, and made on a case-by-case basis and in collaboration with the patient. Out of
the 40 patients, 26 received exclusively unilateral lead placements (24 right unilateral, 2 with
both right unilateral and left unilateral sessions), and 14 received at least one bilateral lead
placement. Non-responders were more likely to progress to bilateral lead placement
(p=0.01). See Table 1 for ECT treatment information and response rates. For the index
series, ECT (5000Q MECTA Corp.) was administered three times a week, for a mean (SD)
of 11.8 (3.4) sessions per subject, using a standard protocol for anesthesia (methohexital at
1mg/kg dosage) and relaxation (succinylcholine at 1mg/kg dosage). Duration of the index
course of treatment was decided collaboratively by the ECT psychiatrist, patient, and patient
family, with various variables considered, including degree of improvement/benefit,
tolerability, and patient preference. ECT treatments were continued even after clinical
improvement was noticed in responders, to ensure stability of improvement and aim for
clinical remission.

Clinical assessment of depressive symptom severity

The 17-item Hamilton Depression Rating Scale (HAM-D)#7 was collected at baseline and
following completion of the ECT index treatment series. Response was defined as =50%
reduction in HAM-D score from baseline to post-treatment. Percent change in HAM-D score
from baseline to end-of-treatment was used as the continuous outcome measure.
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Assessment of inflammation

At baseline and following completion of the ECT index treatment series, blood samples
were obtained. Because of diurnal variations in circulating cytokine levels that confound
interpretation, whole blood samples were collected in the morning between 8 a.m. and 11
a.m. in EDTA tubes, chilled on wet ice, and then centrifuged at 4°C. Plasma was harvested
into multiple aliquots, and then stored in a —80°C freezer until assay.

Plasma concentrations of pro-inflammatory cytokines IL-1p, IL-6, IL-8, and TNF-a, and the
anti-inflammatory cytokine 1L-10, were measured utilizing a Bio-Plex 200 (Luminex)
instrument and a high-sensitivity multiplex immunoassay (Performance High Sensitivity
Human Cytokine, R& D Systems, Minneapolis, MN). Data acquisition and analyses were
performed with Bio-Plex software v4.1, and a 5-parameter logistic curve fit. As previously
described,*® this multiplex assay has excellent intra-assay (<8% coefficient of variation
[CV]) and inter-assay (11-16% CV) reproducibility. Multiplex assays were performed on
samples diluted 2-fold according to the manufacturer’s protocol. Plasma concentrations of
CRP were determined utilizing the Human CRP Quantikine ELISA (R&D Systems)
according to the manufacturer’s protocol with the following modifications: samples were
diluted 500-fold, and the standard curve was extended to 0.4 ng/mL to obtain a lower limit
of detection of 0.2 mg/mL, taking sample dilution into account. Mean intra-assay CV was
<9%, inter-assay CV was <15%. All biomarker assays were performed in duplicate, with all
samples from a single individual tested in the same batch, and on the same assay plate. The
mean of the duplicate sample was used in all analyses. Multiplex assays for cytokines were
performed in 3 batches with different kit lots (batch 1: n=15 subjects; batch 2: n=14
subjects; batch 3: n=11 subjects). There were 15 overlapping samples between batches 1 and
2, and there were 20 overlapping samples between batches 1 and 3. The cytokine values of
these overlapping samples were therefore used to calculate adjustment multipliers to remove
the modest variability (<10%) observed across the batches (analyses using the unadjusted
values generated identical effects). All time points for a particular subject were completed in
the same batch, on the same plate. CRP assays were completed in a single batch.

Results of the assays were evaluated and showed that 36% of samples for IL-1p had
concentrations below the limit of detection of the multiplex assay (0.1-0.4 pg/mL,
depending on the specific assay plate); hence IL-1f was not included in statistical analyses.
For the small proportion (5%) of samples with IL-6 concentrations below the lower limit of
detection (0.1 pg/mL), a value equal to one-half the lower limit (0.05 pg/mL) was assigned.
For the small proportion (2.5%) of samples with IL-10 concentrations below the lower limit
of detection (0.1 pg/mL), a value equal to one-half the lower limit (0.05 pg/mL) was
assigned. TNF-a and 1L-8 were detectable in 100% of samples. For the small proportion
(6%) of samples with CRP concentrations below the limit of detection (0.2 mg/L), a value
equal to one-half the lower limit (0.1 mg/L) was assigned. No sample had a CRP
concentration above the upper limit of the standard curve (>25 mg/L).

Statistical Analyses

All statistical analyses were conducted using the IBM SPSS (Version 26, IBM Corp,
Armonk, New York). As cytokine and CRP data were not normally distributed, we
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performed a base-10 logarithmic transformation on the data prior to statistical analyses.
Linear regression models were used to evaluate the joint effects of group (i.e., responder,
non-responder) and sex (i.e., females, males), on baseline concentrations of inflammatory
markers. Follow-up analyses of significant results included independent t-tests for baseline
concentrations of inflammatory markers in responders versus non-responders, stratified by
Sex.

Mixed linear effects models were used to evaluate the joint effects of group (i.e., responder,
non-responder), sex (i.e. females, males) and time (i.e., baseline, post-treatment) on the
inflammatory markers. Sensitivity analyses including the covariates age and BMI were
completed for significant findings.

For those inflammatory markers in which there was evidence of a three-way interaction
between group, sex, and time, linear regression analyses examined the relationship between
change in the inflammatory marker (post-treatment minus baseline) and percentage change
in HAM-D scores: [(post-treatment minus baseline)/baseline] x 100.

Given that we previously reported?? the effect of baseline inflammatory markers on
depression outcome following ECT in an overlapping sample (n=29) of the 40 patients
evaluated in the current report, linear regression analyses evaluating effect of baseline
inflammatory markers on depression outcome following ECT were repeated for the full
sample evaluated in the current study (n=40) and are provided as supplementary results.
Supplementary results additionally include a correlation matrix of baseline concentrations of
inflammatory markers.

Significance was evaluated at an alpha level of a=0.05, two-tailed.

Table 1 summarizes patient demographic and treatment information. Fifty-five percent of
participants were females (n=22). Fifty percent (n=20) of participants were depression
treatment responders to ECT. No significant differences in demographic variables or clinical
severity variables were identified between females and males, nor between responders and
non-responders.

Baseline Interleukin-8 and Depression Treatment Response

Linear regression models were used to evaluate the joint effects of group (i.e., responder,
non-responder) and sex (i.e., females, males) on baseline level of IL-8 (Table 2), and found a
significant interaction between responder status and sex on baseline IL-8 concentration
(standardized B coefficient = -0.571, p=0.04), with similar results after covarying age and
BMI (standardized B coefficient = —0.582, p=0.04). Among females, responders had lower
levels of IL-8 at baseline as compared to non-responders [t(20)=2.37, p=0.03]. Among
males, baseline levels of IL-8 did not differ between responders and non-responders
[t(16)=0.70, p=0.50] (Figure 1). There were no main effects of sex (standardized p
coefficient = 0.32, p=0.17) or responder status (standardized p coefficient = 0.14, p=0.56) on
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baseline IL-8 concentration. None of the other inflammatory markers at baseline showed a
responder status by sex interaction (Table 2).

Differences in Interleukin-8 in Relation to Depression Treatment Response

Mixed linear effects models showed that levels of IL-8 changed differentially from baseline
to post-treatment in relation to responder status and sex, with a statistically significant
interaction between group (responder status) x sex X time [F(1,36)=9.48, p=0.004], which
remained significant after covarying age and BMI [F(1,35.94)=9.45, p=0.004]. (Table 2,
Figure 2). None of the other inflammatory markers changed differentially in relation to
responder status and sex.

To further examine the associations between treatment differences in IL-8 and depression
response to ECT, percentage difference in HAM-D score was calculated from baseline to
post-treatment. Linear regression analyses showed that change in IL-8 (post-treatment minus
baseline) was negatively related to percentage change in HAM-D score (post-treatment
minus baseline) in females (= —0.458, p=0.03). No such relationship between treatment
differences in IL-8 and HAM-D was found in males (B= 0.315, p=0.20) (Figure 2).

See Table 2 for pre- and post-treatment IL-8 concentrations stratified by responder status and
Sex.

DISCUSSION

Here we report that lower IL-8 concentration at baseline, and subsequent increase in 1L-8
over the course of ECT treatment, are each associated with depression improvement among
females, but not males. Our previous work identified higher baseline IL-6 as a potential
predictor of depression improvement following ECT23, without regard to sex. Here,
exploratory analyses of IL-6, IL-10, TNF-a, and CRP, did not identify sex-specific
relationships with ECT treatment outcome.

Similar to our IL-8 findings in females treated with ECT, a recent meta-analysis found that
responders to antidepressant medication had lower baseline concentrations of IL-829, though
this was without evaluation according to sex. In contrast to our findings, the meta-analysis
did not identify increasing IL-8 as a correlate of treatment response to antidepressants. The
meta-analysis, however, could not evaluate the potential role of sex in these relationships.
While relationships between inflammation and depression that are driven primarily by one
sex may sometimes be strong enough to drive significance in the overall sample, we suspect
that meaningful relationships between inflammatory markers and depression may go
undetected when investigators control for sex instead of exploring relationships with sex.

Though we are unaware of any previous sex-specific evaluation of relationships between
IL-8 and treatment response, IL-8 was previously found to be negatively correlated with
depression and anxiety scores among depressed patients3? and patients who attempted
suicide3. Additionally, patients who attempted suicide had lower IL-8 concentrations
compared to controls32, and IL-8 concentration was negatively associated with suicide risk
among females with mood and anxiety disorders (males were not included in the study)33.
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Thus, at least among females with depression, our findings are consistent with literature
suggesting that “more” IL-8 may be better; relationships between IL-8 and symptom
severity among psychiatric populations to date have largely been inverse. In other words,
lower IL-8 concentrations are associated with greater symptom burden among depressed
patients. In our study, female responders to ECT started with lower baseline IL-8, and
increasing IL-8 was associated with decreasing HAM-D scores in females only. These
findings, together with extant literature, suggest the possibility that low IL-8 in depressed
females may be associated with both greater symptom severity and also greater propensity to
respond to treatment interventions, at least ECT, as IL-8 concentrations increase from that
low baseline.

At first glance, the suggestion that lower concentrations of IL-8 may associate with greater
symptom severity seems contrary to the general notion that proinflammatory markers are
“bad” for mental health, given established associations between higher concentrations of
inflammatory markers and depression. However, the literature indicates a need for nuance
rather than black-and-white thinking as it relates to the spectrum of inflammation. In a study
of a TNF-a inhibitor for depression, for example, patients with low inflammation fared
worse when treated with the TNF-a inhibitor compared to placebo, suggesting that further
lowering inflammation might be harmful in patients without elevated baseline levels*®.
Indeed, cytokines at physiological levels are necessary for various processes related to
neuroplasticity and neurogenesis®C. Specifically with regard to ECT, a linked neuroimmune
and neurotrophic mechanism of ECT response has been postulated®!, given that ECT
induces rapid changes in inflammatory markers23:52, while also leading to volumetric
increases in the hippocampus and other regions38:45.53.54 This, paired with pre-clinical
evidence that an inflammatory challenge leads to hippocampal neurogenesis and reversal of
depressive-like behaviors in stressed animals®®, suggests that the acute inflammatory effects
and corresponding neurotrophic effects of ECT may be part of the therapeutic mechanism.

IL-8, in addition to its role as a pro-inflammatory cytokine, may have neuroprotective and
neurotrophic properties, modulating calcium release®® and neurotransmitter release®’,
defending against Fas-mediated death of astrocytes®8, and prolonging neuronal survival®®. It
is conceivable that when IL-8 levels are too low, homeostatic neurophysiological processes
may be disrupted. It is unclear how ECT may lead to sex-specific increases in IL-8 in
association with treatment response, though the acute inflammatory response initiated by
ECT23.24 could plausibly activate central nervous system production of IL-8 by astrocytes
and microglia®%-61. However, we do not have central measures of IL-8 in the current study,
nor is it clear that peripheral measures of 1L-8 reflect central measures, though both have
been found to negatively correlate with symptoms. With regard to sex differences, estradiol
has been found to increase secretion of 1L-8 by immature dendritic cells in culture®?; thus,
there may be a relationship between sex hormones and I1L-8. However, across studies in both
humans and rodents, physiological and psychological stressors that induce inflammation
result in sex-specific neural and behavioral effects1418.:63 but the underlying mechanisms
leading to such differences require further study. The effect of sex on the relationship
between IL-8, symptom severity, and depression treatment response, among depressed
patients, including potential neural correlates, warrants investigation in future studies.
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We did not find evidence of significant sex-specific relationships between ECT treatment
outcome and IL-6, IL-10, TNF-a, and CRP levels. While higher inflammation at baseline
(as indexed by 1L-623 and CRP54) may predict better treatment response to ECT, we did not
find any difference in such relationships on the basis of sex. However, inflammatory markers
have indeed been found to be differentially related to depression symptoms according to sex.
For example, anhedonial®, observed mood, cognitive symptoms, interest-activity, and
suicidalityl” were positively associated with levels of CRP in females but not males. The
current study did not evaluate symptom profiles, but focused on treatment response. We are
unaware of previous studies evaluating sex-specific relationships between inflammation and
treatment outcome that would either support or refute our negative results.

There are several study limitations. Antidepressants and benzodiazepines were tapered and
discontinued within 48-72 hours of ECT initiation, and it is unknown whether this taper
may impact inflammatory markers. Additionally, as a naturalistic treatment study evaluating
biomarkers of response to ECT, there was no randomized arm with which to compare
inflammatory or depressive changes. Additionally, replication of results in independent
samples with larger samples would be helpful in both determining the stability of the current
findings as well as investigating effects that were not statistically significant in the current
sample but still fairly large. Another limitation is that we are unable at this time to
independently manipulate 1L-8 levels to directly test this effect, which might be a strategy of
future pre-clinical work. Further, we did not assay for sex hormones, we do not have central
measures of inflammation, and we do not have measurements of some markers of
inflammation that are also of interest in depression work, such as interferon gamma or
IL-17, all of which would be a strength of future work in this area.

This report provides novel evidence that baseline IL-8 and treatment-related I1L-8 change
may be uniquely related to depression improvement in females, but not males, treated with
ECT. Together with previous work demonstrating that higher baseline IL-6 may predict
better ECT treatment outcome, this sex-specific finding for IL-8 represents progress toward
identifying a panel of inflammatory markers that associate with subsequent treatment
response to ECT. Females suffer from major depression at twice the rate as males; the
current study suggests that IL-8 may be of particular importance in the future study of
depression among females. Further evaluation of sex differences in the relationship between
IL-8, depressive symptoms, and depression treatment response is warranted, in larger
cohorts of patients, and across disparate treatment modalities.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENTS

The authors would like to thank the UCLA Cousins Center for Psychoneuroimmunology Laboratory for technical
support, and for the performance of the multiplex assays.

FUNDING AND DISCLOSURE

Brain Behav Immun. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kruse et al.

Page 10

This study was supported by the following from NIH to Dr. Kruse (K23MH116127), Drs. Narr and Espinoza
(RO1MH092301, K24MH102743) and to Dr. Irwin (R01-AG034588; R0O1AG026364; R0O1CA160245-01;
R01CA119159; RO1HL095799; R01DA032922), and by the Muriel Harris Endowed Chair of Geriatric Psychiatry
(Dr. Espinoza). The research described was additionally supported by NIH/National Center for Advancing
Translational Science (NCATS) UCLA CTSI Grant Number UL1TR001881. Role of the funding agency: Research
reported in this publication was supported by the National Institutes of Health. The content is solely the
responsibility of the authors and does not necessarily represent the official views of the National Institutes of
Health. The sponsor was involved in reviewing and approving the study for funding, but not involved in any of the
following: design and conduct of the study; collection, management, analysis, and interpretation of the data; and
preparation, review, or approval of the manuscript.

The authors declare no conflict of interest.

REFERENCES

1. Gimeno D, Kivimaki M, Brunner EJ, et al. Associations of C-reactive protein and interleukin-6 with
cognitive symptoms of depression: 12-year follow-up of the Whitehall Il study. Psychological
medicine. 2009;39(3):413-423. [PubMed: 18533059]

2. Au B, Smith KJ, Gariepy G, Schmitz N. The longitudinal associations between C-reactive protein
and depressive symptoms: evidence from the English Longitudinal Study of Ageing (ELSA).
International journal of geriatric psychiatry. 2015;30(9):976-984. [PubMed: 25537199]

3. Reichenberg A, Yirmiya R, Schuld A, et al. Cytokine-associated emotional and cognitive
disturbances in humans. Archives of general psychiatry. 2001;58(5):445-452. [PubMed: 11343523]

4. Eisenberger NI, Berkman ET, Inagaki TK, Rameson LT, Mashal NM, Irwin MR. Inflammation-
induced anhedonia: endotoxin reduces ventral striatum responses to reward. Biological psychiatry.
2010;68(8):748-754. [PubMed: 20719303]

5. Capuron L, Gumnick JF, Musselman DL, et al. Neurobehavioral effects of interferon-alpha in cancer
patients: phenomenology and paroxetine responsiveness of symptom dimensions.
Neuropsychopharmacology : official publication of the American College of
Neuropsychopharmacology. 2002;26(5):643-652. [PubMed: 11927189]

6. Haapakoski R, Mathieu J, Ebmeier KP, Alenius H, Kivimaki M. Cumulative meta-analysis of
interleukins 6 and 1beta, tumour necrosis factor alpha and C-reactive protein in patients with major
depressive disorder. Brain, behavior, and immunity. 2015;49:206-215.

7. Eller T, Vasar V, Shlik J, Maron E. Pro-inflammatory cytokines and treatment response to
escitalopram in major depressive disorder. Prog Neuropsychopharmacol Biol Psychiatry.
2008;32(2):445-450. [PubMed: 17976882]

8. Lanquillon S, Krieg JC, Bening-Abu-Shach U, Vedder H. Cytokine production and treatment
response in major depressive disorder. Neuropsychopharmacology : official publication of the
American College of Neuropsychopharmacology. 2000;22(4):370-379. [PubMed: 10700656]

9. Chang HH, Lee IH, Gean PW, et al. Treatment response and cognitive impairment in major
depression: association with C-reactive protein. Brain, behavior, and immunity. 2012;26(1):90-95.

10. Uher R, Tansey KE, Dew T, et al. An Inflammatory Biomarker as a Differential Predictor of
Outcome of Depression Treatment With Escitalopram and Nortriptyline. The American journal of
psychiatry. 2014.

11. Amitai M, Taler M, Carmel M, et al. The Relationship Between Plasma Cytokine Levels and
Response to Selective Serotonin Reuptake Inhibitor Treatment in Children and Adolescents with
Depression and/or Anxiety Disorders. Journal of child and adolescent psychopharmacology.
2016;26(8):727-732. [PubMed: 26771135]

12. Friedrich MJ. Depression Is the Leading Cause of Disability Around the World. JAMA : the
journal of the American Medical Association. 2017;317(15):1517-1517.

13. Bromet E, Andrade LH, Hwang I, et al. Cross-national epidemiology of DSM-1V major depressive
episode. BMC medicine. 2011;9:90. [PubMed: 21791035]

14. Moieni M, Tan KM, Inagaki TK, et al. Sex Differences in the Relationship Between Inflammation
and Reward Sensitivity: A Randomized Controlled Trial of Endotoxin. Biological Psychiatry:
Cognitive Neuroscience and Neuroimaging. 2019.

Brain Behav Immun. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kruse et al.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

Page 11

Udina M, Castellvi P, Moreno-Espana J, et al. Interferon-induced depression in chronic hepatitis C:
a systematic review and meta-analysis. J Clin Psychiatry. 2012;73(8):1128-1138. [PubMed:
22967776]

Felger JC, Haroon E, Patel TA, et al. What does plasma CRP tell us about peripheral and central
inflammation in depression? Molecular psychiatry. 2018.

Kohler-Forsberg O, Buttenschon HN, Tansey KE, et al. Association between C-reactive protein
(CRP) with depression symptom severity and specific depressive symptoms in major depression.
Brain, behavior, and immunity. 2017.

Moieni M, Irwin MR, Jevtic |, Olmstead R, Breen EC, Eisenberger NI. Sex differences in
depressive and socioemotional responses to an inflammatory challenge: implications for sex
differences in depression. Neuropsychopharmacology : official publication of the American
College of Neuropsychopharmacology. 2015;40(7):1709-1716. [PubMed: 25598426]

Rainville JR, Hodes GE. Inflaming sex differences in mood disorders. Neuropsychopharmacology :
official publication of the American College of Neuropsychopharmacology. 2019;44(1):184-199.
[PubMed: 29955150]

Labonte B, Engmann O, Purushothaman |, et al. Sex-specific transcriptional signatures in human
depression. Nat Med. 2017;23(9):1102-1111. [PubMed: 28825715]

Jha MK, Minhajuddin A, Chin-Fatt C, Greer TL, Carmody TJ, Trivedi MH. 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. Journal of psychiatric research.
2019;113:165-171. [PubMed: 30959227]

Dowlati Y, Herrmann N, Swardfager W, et al. A Meta-Analysis of Cytokines in Major Depression.
Biological psychiatry. 2010;67(5):446-457. [PubMed: 20015486]

Kruse JL, Congdon E, Olmstead R, et al. Inflammation and Improvement of Depression Following
Electroconvulsive Therapy in Treatment-Resistant Depression. The Journal of clinical psychiatry.
2018;79(2).

Yrondi A, Sporer M, Peran P, Schmitt L, Arbus C, Sauvaget A. Electroconvulsive therapy,
depression, the immune system and inflammation: A systematic review. Brain stimulation.
2018;11(1):29-51. [PubMed: 29111078]

Jarventausta K, Sorri A, Kampman O, et al. Changes in interleukin-6 levels during
electroconvulsive therapy may reflect the therapeutic response in major depression. Acta
psychiatrica Scandinavica. 2017;135(1):87-92. [PubMed: 27858966]

Kranaster L, Hoyer C, Aksay SS, et al. Antidepressant efficacy of electroconvulsive therapy is
associated with a reduction of the innate cellular immune activity in the cerebrospinal fluid in
patients with depression. The world journal of biological psychiatry : the official journal of the
World Federation of Societies of Biological Psychiatry. 2018;19(5):379-389.

Rotter A, Biermann T, Stark C, et al. Changes of cytokine profiles during electroconvulsive therapy
in patients with major depression. The journal of ECT. 2013;29(3):162-169. [PubMed: 23609520]

Hestad KA, Tonseth S, Stoen CD, Ueland T, Aukrust P. Raised plasma levels of tumor necrosis
factor alpha in patients with depression: normalization during electroconvulsive therapy. The
journal of ECT. 2003;19(4):183-188. [PubMed: 14657769]

Liu JJ, Wei YB, Strawbridge R, et al. Peripheral cytokine levels and response to antidepressant
treatment in depression: a systematic review and meta-analysis. Molecular psychiatry. 2019.

Zou W, Feng R, Yang Y. Changes in the serum levels of inflammatory cytokines in antidepressant
drug-naive patients with major depression. PloS one. 2018;13(6):e0197267. [PubMed: 29856741]
Janelidze S, Suchankova P, Ekman A, et al. Low IL-8 is associated with anxiety in suicidal
patients: genetic variation and decreased protein levels. Acta psychiatrica Scandinavica.
2015;131(4):269-278. [PubMed: 25251027]

Isung J, Aeinehband S, Mobarrez F, et al. Low vascular endothelial growth factor and interleukin-8
in cerebrospinal fluid of suicide attempters. Translational psychiatry. 2012;2:e196. [PubMed:
23168996]

Keaton SA, Madaj ZB, Heilman P, et al. An inflammatory profile linked to increased suicide risk.
Journal of affective disorders. 2019.

Brain Behav Immun. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kruse et al.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

Page 12

Wade BSC, Sui J, Hellemann G, et al. Inter and intra-hemispheric structural imaging markers
predict depression relapse after electroconvulsive therapy: a multisite study. Translational
psychiatry. 2017;7(12):1270. [PubMed: 29217832]

Wade BS, Joshi SH, Njau S, et al. Effect of Electroconvulsive Therapy on Striatal Morphometry in
Major Depressive Disorder. Neuropsychopharmacology : official publication of the American
College of Neuropsychopharmacology. 2016;41(10):2481-2491. [PubMed: 27067127]

Vasavada MM, Leaver AM, Njau S, et al. Short- and Long-term Cognitive Outcomes in Patients
With Major Depression Treated With Electroconvulsive Therapy. The journal of ECT.
2017;33(4):278-285. [PubMed: 28617690]

Pirnia T, Joshi SH, Leaver AM, et al. Electroconvulsive therapy and structural neuroplasticity in
neocortical, limbic and paralimbic cortex. Translational psychiatry. 2016;6(6):e832. [PubMed:
27271858]

Oltedal L, Narr KL, Abbott C, et al. Volume of the Human Hippocampus and Clinical Response
Following Electroconvulsive Therapy. Biological psychiatry. 2018;84(8):574-581. [PubMed:
30006199]

Lyden H, Espinoza RT, Pirnia T, et al. Electroconvulsive therapy mediates neuroplasticity of white
matter microstructure in major depression. Translational psychiatry. 2014;4:e380. [PubMed:
24713861]

Leaver AM, Wade B, Vasavada M, et al. Fronto-Temporal Connectivity Predicts ECT Outcome in
Major Depression. Front Psychiatry. 2018;9:92. [PubMed: 29618992]

Leaver AM, Vasavada M, Joshi SH, et al. Mechanisms of Antidepressant Response to
Electroconvulsive Therapy Studied With Perfusion Magnetic Resonance Imaging. Biological
psychiatry. 2019;85(6):466—476. [PubMed: 30424864]

Leaver AM, Espinoza R, Pirnia T, Joshi SH, Woods RP, Narr KL. Modulation of intrinsic brain
activity by electroconvulsive therapy in major depression. Biological psychiatry Cognitive
neuroscience and neuroimaging. 2016;1(1):77-86. [PubMed: 26878070]

Leaver AM, Espinoza R, Joshi SH, et al. Desynchronization and Plasticity of Striato-frontal
Connectivity in Major Depressive Disorder. Cerebral cortex (New York, NY : 1991).
2016;26(11):4337-4346.

Kubicki A, Leaver AM, Vasavada M, et al. Variations in Hippocampal White Matter Diffusivity
Differentiate Response to Electroconvulsive Therapy in Major Depression. Biological psychiatry
Cognitive neuroscience and neuroimaging. 2019;4(3):300-309. [PubMed: 30658916]

Joshi SH, Espinoza RT, Pirnia T, et al. Structural Plasticity of the Hippocampus and Amygdala
Induced by Electroconvulsive Therapy in Major Depression. Biological psychiatry.
2016;79(4):282-292. [PubMed: 25842202]

Sheehan DV, Lecrubier Y, Sheehan KH, et al. The Mini-International Neuropsychiatric Interview
(M.L.N.L): the development and validation of a structured diagnostic psychiatric interview for
DSM-1V and ICD-10. J Clin Psychiatry. 1998;59 Suppl 20:22-33;quiz 34-57.

Hamilton M A rating scale for depression. Journal of neurology, neurosurgery, and psychiatry.
1960;23:56-62.

Epstein MM, Breen EC, Magpantay L, et al. Temporal stability of serum concentrations of
cytokines and soluble receptors measured across two years in low-risk HIV-seronegative men.
Cancer epidemiology, biomarkers & prevention : a publication of the American Association for
Cancer Research, cosponsored by the American Society of Preventive Oncology.
2013;22(11):2009-2015.

Raison CL, Rutherford RE, Woolwine BJ, et al. A randomized controlled trial of the tumor
necrosis factor antagonist infliximab for treatment-resistant depression: the role of baseline
inflammatory biomarkers. JAMA psychiatry. 2013;70(1):31-41. [PubMed: 22945416]

Yirmiya R, Goshen I. Immune modulation of learning, memory, neural plasticity and neurogenesis.
Brain, behavior, and immunity. 2011;25(2):181-213.

van Buel EM, Patas K, Peters M, Bosker FJ, Eisel ULM, Klein HC. Immune and neurotrophin
stimulation by electroconvulsive therapy: is some inflammation needed after all[quest].
Translational psychiatry. 2015;5:609. [PubMed: 26218851]

Brain Behav Immun. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kruse et al.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Page 13

Lehtimaki K, Keranen T, Huuhka M, et al. Increase in plasma proinflammatory cytokines after
electroconvulsive therapy in patients with depressive disorder. The journal of ECT. 2008;24(1):88—
91. [PubMed: 18379341]

Nordanskog P, Dahlstrand U, Larsson MR, Larsson EM, Knutsson L, Johanson A. Increase in
hippocampal volume after electroconvulsive therapy in patients with depression: a volumetric
magnetic resonance imaging study. The journal of ECT. 2010;26(1):62-67. [PubMed: 20190603]

Dukart J, Regen F, Kherif F, et al. Electroconvulsive therapy-induced brain plasticity determines
therapeutic outcome in mood disorders. Proc Natl Acad Sci U S A. 2014;111(3):1156-1161.
[PubMed: 24379394]

Kreisel T, Frank MG, Licht T, et al. Dynamic microglial alterations underlie stress-induced
depressive-like behavior and suppressed neurogenesis. Molecular psychiatry. 2014;19(6):699-709.
[PubMed: 24342992]

Puma C, Danik M, Quirion R, Ramon F, Williams S. The chemokine interleukin-8 acutely reduces
Ca(2+) currents in identified cholinergic septal neurons expressing CXCR1 and CXCR2 receptor
mRNAs. J Neurochem. 2001;78(5):960-971. [PubMed: 11553670]

Giovannelli A, Limatola C, Ragozzino D, et al. CXC chemokines interleukin-8 (IL-8) and growth-
related gene product alpha (GROalpha) modulate Purkinje neuron activity in mouse cerebellum. J
Neuroimmunol. 1998;92(1-2):122-132. [PubMed: 9916887]

Saas P, Walker PR, Quiquerez A-L, et al. A self-defence mechanism of astrocytes against Fas-
mediated death involving interleukin-8 and CXCR2. Neuroreport. 2002;13(15).

Araujo DM, Cotman CW. Trophic effects of interleukin-4, —=7 and —8 on hippocampal neuronal
cultures: potential involvement of glial-derived factors. Brain research. 1993;600(1):49-55.
[PubMed: 8422590]

Choi SS, Lee HJ, Lim I, Satoh J, Kim SU. Human astrocytes: secretome profiles of cytokines and
chemokines. PloS one. 2014;9(4):€92325. [PubMed: 24691121]

Ehrlich LC, Hu S, Sheng WS, et al. Cytokine regulation of human microglial cell 1L-8 production.
Journal of immunology (Baltimore, Md : 1950). 1998;160(4):1944-1948.

Bengtsson AK, Ryan EJ, Giordano D, Magaletti DM, Clark EA. 17beta-estradiol (E2) modulates
cytokine and chemokine expression in human monocyte-derived dendritic cells. Blood.
2004;104(5):1404-1410. [PubMed: 15142882]

Liu LL, Li JM, SuWJ, Wang B, Jiang CL. Sex differences in depressive-like behaviour may relate
to imbalance of microglia activation in the hippocampus. Brain, behavior, and immunity. 2019.
Carlier A, Berkhof JG, Rozing M, et al. Inflammation and remission in older patients with
depression treated with electroconvulsive therapy; findings from the MODECT study. Journal of
affective disorders. 2019;256:509-516. [PubMed: 31279250]

Brain Behav Immun. Author manuscript; available in PMC 2021 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Kruse et al.

IL-8 (pg/mL)

8.00

6.00

4.00

2.00

.00

Page 14

Clustered Boxplot of IL-8 by Time Point by Responder Status
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Figure 1. Interleukin-8 at Baseline and Post-Treatment, in Responders versus Non-Responders,
Stratified by Sex
Figure 1. At baseline there was a significant group (i.e. responder, non-resonder) by sex

interaction for IL-8 concentration; female responders had lower baseline 1L-8 than female
non-responders [t(20)=2.37, p=0.03]. Baseline IL-8 did not differ between male responders
vs. non-responders [t(16)=0.70, p=0.50]. Mixed linear effects models showed that levels of
IL-8 changed differentially from baseline to post-treatment in relation to responder status
and sex, with a three way interaction of group (responder status) x sex x time [F(1,36)=9.48,
p=0.004], which remained significant adjusting for age and BMI [F(1,35.94)=9.45,
p=0.004].
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Figure 2. Interleukin-8 Change from Baseline to Post-Treatment Associates with HAM-D

Percentage Change in Females, but Not in Males.

Figure 2. Linear regression analyses showed that the difference in IL-8 (post-treatment
minus baseline) was negatively related to percentage difference in HAM-D score in females
(B= —0.458, p=0.03), in which increases in IL-8 over treatment were associated with
decrease in HAM-D scores. No such relationship between treatment differences in IL-8 and
HAM-D was found in males (p= 0.315, p=0.20).
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