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Abstract

We identified biologically relevant moderators of response to tumour necrosis factor (TNF)-a
inhibitor, infliximab, among 60 individuals with bipolar depression. Data were derived from

a 12-week, randomized, placebo-controlled clinical trial secondarily evaluating the efficacy of
infliximab on a measure of anhedonia (ie, Snaith Hamilton Pleasure Scale). Three inflammatory
biotypes were derived from peripheral cytokine measurements using an iterative, machine
learning-based approach. Infliximab-randomized participants classified as biotype 3 exhibited
lower baseline concentrations of pro- and anti-inflammatory cytokines and soluble TNF receptor-1
and reported greater anti-anhedonic improvements, relative to those classified as biotype 1 or

2. Pre-treatment biotypes also moderated changes in neuroinflammatory substrates relevant to
infliximab’s hypothesized mechanism of action. Neuronal origin-enriched extracellular vesicle
(NEV) protein concentrations were reduced to two factors using principal axis factoring:
phosphorylated nuclear factorxB (p-NFxB), Fas-associated death domain (p-FADD), and

IxB kinase (p-1IKKa/B) and TNF receptor-1 (TNFR1) comprised factor “NEV1,” whereas
phosphorylated insulin receptor substrate-1 (p-IRS1), p38 mitogen-activated protein kinase (p-
p38), and c-Jun N-terminal kinase (p-JNK) constituted “NEV2.” Among infliximab-randomized
subjects classified as biotype 3, NEV1 scores were decreased at weeks 2 and 6 and increased at
week 12, relative to baseline, and NEV2 scores increased over time. Decreases in NEV1 scores
and increases in NEV2 scores were associated with greater reductions in anhedonic symptoms
in our classification and regression tree model (r2=0.22, RMSE=0.08). Our findings provide
preliminary evidence supporting the hypothesis that the anti-anhedonic effects of infliximab
require modulation of multiple TNF-a signalling pathways, including NF-xB, IRS1, and MAPK.

Introduction

Bipolar depression is a debilitating brain-based disorder; despite the availability of agents
with demonstrated antidepressant efficacy in randomized clinical trials, health and functional
outcomes remain woefully inadequate in real-world patient populations (1,2). A contributing
factor to the tremendous human costs of bipolar depression is that the pathoetiology
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of bipolar disorder and the neurobiology of treatments remain poorly understood (3).
Consequently, current treatment selection and sequencing strategies largely constitute a
process of trial-and-error, wherein the risk of treatment resistance rises and the odds of full
functional recovery falls with each unsuccessful treatment attempt (5-9). The foregoing

set of observations instantiates the need for a disease model-informed framework for
conceptualizing mechanistically relevant, and clinically useful, biomarkers for the treatment
of bipolar depression.

The immune system is a pertinent therapeutic target for a subpopulation of individuals

with depression (10-12). Infliximab is a tumour necrosis factor (TNF)-a inhibitor that

has exhibited antidepressant and anti-anhedonic effects in preliminary studies among
depressed individuals with aberrant immune-inflammatory activation (13-15). Cellular
targets of TNF-a stimulation include, but are not limited to, pathways involving nuclear
factor-xB (NF-xB), Fas-associated death domain (FADD), mitogen-activated protein kinase
(MAPK), and insulin receptor substrate-1 (IRS1) (16-18). Taken together, immune and
inflammatory processes are relevant to the neurobiology and treatment of depression;
moreover, inflammatory biotypes can inform disease models and aid clinicians in selecting
interventions for patients with bipolar depression (19-21).

Anhedonia is a transdiagnostic neuropsychiatric construct, defined as loss of interest

and/or pleasure in nearly all day-to-day activities, and observed in bipolar disorders,

major depressive disorders, Parkinson’s disease, diabetes mellitus, Alzheimer’s disease, and
many other medical conditions affecting the brain (22,23). Herein, we aimed to develop

an empirically driven model for understanding the mechanism of action of infliximab,

an anti-inflammatory agent that has preliminarily demonstrated anti-anhedonic efficacy
among individuals with bipolar I/11 depression (14). The primary outcome of interest, in

the present post hoc analysis, was improvement in hedonic capacity (i.e., reduction in
anhedonic symptoms), which was operationalized using the Snaith Hamilton Pleasure Scale
(SHAPS) total score (range 14-56), with higher scores indicative of greater hedonic capacity
(24,25). Our secondary outcome of interest was reduction in overall depressive symptom
severity, which was operationalized using the Montgomery-Asberg Depression Rating Scale
(MADRS) total score (range 0-60), with higher scores indicative of greater depressive
symptom severity.

We used an iterative, machine learning-based approach to investigate peripheral markers

of inflammatory activation relevant to infliximab’s hypothesized mechanism of action
(Figure 1a). Plasma cytokine and neuronal origin-enriched extracellular vesicle (NEV)
protein concentrations, assessed at weeks 0, 2, 6, and 12, were evaluated to identify
mechanistically relevant inflammatory biotypes. Principal axis factor analyses of plasma
cytokine concentrations reduced the number of cytokine measurements to three factors.
Next, k-means clustering of cytokine factor scores stratified subjects by baseline cytokine
concentrations and yielded three biotypes. Generalized estimating equations were used to
evaluate to what extent these three biotypes moderate infliximab’s effects on neurobiological
substrates (i.e., by comparing change in NEV concentrations across time, treatment groups,
and biotypes). Similarly, we evaluated the biotypes’ clinical utility by evaluating their role
in moderating change in SHAPS and MADRS total scores using generalized estimating
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equations. Finally, classification and regression trees assessed the predictive utility of the
three data-driven biotypes.

Materials and methods

Study Design and Clinical Trial Data

Data were derived from a 12-week, randomized, double-blind, placebo-controlled clinical
trial evaluating the antidepressant efficacy of infliximab in 60 adults (ages 18-65)

with bipolar I/11 disorder (13). We have previously reported that infliximab-randomized
participants exhibited significant reductions in anhedonic symptoms at week 6; however,
the beneficial effects on anhedonia were not sustained at week 12 in the overall study
sample (14). Complete inclusion and exclusion criteria have been published (13). Baseline
participant characteristics are summarized in Table S1.

Sixty subjects were enrolled between October 1, 2015 and April 30, 2018 at the

Mood Disorders Psychopharmacology Unit (MDPU), University Health Network (Toronto,
Ontario, Canada) and the Department of Psychiatry and Behavioral Sciences, School of
Medicine, Stanford University (Palo Alto, California, USA). Participants met diagnostic
criteria for a current major depressive episode according to the Diagnostic and Statistical
Manual of Mental Disorders, Fifth Edition (DSM-5). The study population was enriched

for a pre-treatment systemic pro-inflammatory phenotype, as determined by meeting at least
one of the following metabolic/inflammatory criteria: obesity and dyslipidemia, obesity

and hypertension, daily cigarette smoking, diabetes mellitus, migraine, inflammatory bowel
disease, and/or C-reactive protein level of =5 mg/L (26).

Participants were randomized to intravenously receive 5 mg/kg infliximab (n=29) or saline
placebo (n=31) at weeks 0, 2, and 6. Subjects were assessed weekly for the first 4 weeks
(i.e., at weeks 1, 2, 3, 4) and bi-weekly thereafter (i.e., at weeks 6, 8, 10, 12). Saline

was matched to infliximab in colour and consistency. All study participants, clinicians,
investigators, infusion nurses, and outcome assessors were masked to treatment allocation.
The institutional ethics boards at the University Health Network and Stanford University
approved the study; all participants provided written, informed consent.

Dataset Description

We primarily evaluated predictors and moderators of change in the Snaith Hamilton Pleasure
Scale (SHAPS) total score from baseline to weeks 6 and 12. Our primary analysis included
data from participants that received at least one infusion and completed at least one
post-baseline SHAPS assessment. Data from 25 infliximab- and 27 placebo-randomized
subjects were included. Week 6 SHAPS data were available only in subjects enrolled in

the study after a protocol amendment in December 2016. Eleven infliximab- and 11 placebo-
randomized subjects who completed the 12-week study were missing SHAPS data at week
6. Week 6 SHAPS data were available for 4 infliximab- and 1 placebo-randomized subjects
without week 12 data.

We secondarily evaluated the change in Montgomery-Asberg Depression Scale (MADRS)
total score from baseline to endpoint. At least one post-baseline MADRS assessment data
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was available for 29 infliximab- and 30 placebo-randomized participants. Week 1, 2, 3,

4,5, 6, 8, 10, and 12 data were available for 29, 28, 27, 28, 26, 23, 21, and 22 infliximab-
randomized subjects and 30, 28, 30, 29, 26, 27, 24, 26, and 26 placebo-randomized subjects,
respectively.

Plasma Sample Collection and Analyses

Blood samples were collected after 12-hour fasts at baseline and weeks 2, 6, and 12 in
ethylenediaminetetraacetic acid (EDTA)-coated tubes, centrifuged at 1000 g for 15 minutes
at 4 degrees Celsius, and stored at —80 degrees Celsius until analysis. All personnel involved
in sample analyses were masked to treatment allocation.

Cytokine Analysis

Plasma concentrations of TNF-a, STNFRL, interleukin (IL)-1pB, I1L-2, IL-4, IL-6, IL-8,
IL-10, and IL-12 were quantified by personnel at Eve Technology (Calgary, AB, Canada)
using BioPlex-200 (Luminex Corporation, Austin, TX, USA) and Millipore MILLIPLEX
panels Human Cytokine Array Proinflammatory Focused 13-plex and Human Soluble
Cytokine Receptor Array 14-plex (MilliporeSigma Corporation, Billerica, MA, USA).
Baseline and endpoint samples were analysed in a single replication on the same day;
analyte concentrations were calculated using a standard curve as per the manufacturer’s
instructions.

Minimum detectable concentrations (pg/mL) were: TNF-a (0.1), STNFR1 (12), IL-1p (0.4),
IL-2 (0.3), IL-4 (0.6), IL-6 (0.3), IL-8 (0.2), IL-10 (0.3), and IL-12 (0.4). The mean intra-
assay coefficients of variation (CVs) were <10% for sSTNFR1 and <5% for TNF-a, IL-18,
IL-2, IL-4, IL-6, IL-8, IL-10, and IL-12; the mean inter-assay coefficients of variation were
<15% for TNF-a, STNFR1, IL-1p, IL-2, IL-4, and IL-8 and <20% for IL-6, IL-10, and
IL-12.

Neuronal Origin-enriched Extracellular Vesicle (NEV) Analysis

Investigators at the Laboratory of Clinical Investigation, Intramural Research Program,
National Institute on Aging, National Institutes of Health (Baltimore, MD, USA) quantified
plasma concentrations of NEVs in accordance with published methods. A detailed
description of the procedures and evidence supporting its use are available elsewhere (27—
31).

We quantified NEV protein concentrations of pS312-insulin receptor substrate-1 (p-1RS1),
pT183/Y185-c-Jun N-terminal kinase (p-JNK), and pT180/Y 182-p38 mitogen-activated
protein kinase (p-p38) using the MESO SCALE DISCOVERY (MSD) Phospho-IRS1

and Mitogen-Activated Protein Kinase (MAPK) Phosphoprotein Assay Whole Cell Lysate
Kits (catalogue IDs: K150HLD, K15101D). We quantified phosphorylated nuclear factor
x-light-chain-enhancer of activated B cells (p-NFxB; Ser536), Fas-associated protein with
death domain (p-FADD; Ser194), and 1xB kinase (IKKa/B; Ser177/Ser181), as well as

total protein levels of TNFR1 using the MILLIPLEX MAP 6-Plex NF-xB Magnetic

Bead Signaling kit (48-630MAG; MilliporeSigma Corporation, Billerica, MA, USA). We
quantified Alix concentrations using the Human Programmed cell death 6-interacting protein
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(PDCD6IP) ELISA kit (CSB-EL017673HU; Cusabio Biotech Co., LTD, Houston, TX,
USA).

The samples were precipitated with Exoquick (System Biosciences, Inc., Mountainview,
CA, USA) to enrich for extracellular vesicle concentrations and mouse anti-human

CD171 (L1CAM) biotinylated antibody (clone 5G3; Thermo Scientific, Inc., Waltham,
MA) to isolate neuronal surface antigen LLCAM. Extracellular vesicles were lysed with
Mammalian Protein Extraction Reagent (M-PER; Thermo Scientific, Inc.). Plates with

the MSD phosphoassays were read using the MESO QuickPlex SQ120 imager (Meso

Scale Discovery, Rockville, MD, USA); plates with the MILLIPLEX panel were read

using the Luminex 200 System (Luminex Corporation, Austin, TX, USA). We analyzed
electrochemiluminescence signals for the MSD phosphoassays and fluorescence signals for
the MILLIPLEX panel as a standard curve could not be constructed. Alix plates were read
using the Synergy H1 microplate reader, which was set to 450 nm as per the manufacturer’s
instructions, and Gen5 Microplate Data Collection Software (BioTek Instruments, Winooski,
VT, USA).

All assays were conducted in duplicate. The mean intra-assay and inter-assay CVs were
<15% and <20%, respectively, for all NEV analytes. The limits of detection (LODs) were, in
ng/mL: 84.08 (p-IRS1), 119.42 (p-JNK), 158.86 (p-p38), 48.16 (p-NF«B), 52.68 (p-FADD),
46.42 (p-1IKKa/B), 34.43 (TNFR1), and 168.71 (Alix). We excluded from our analyses
samples that had a mean CV >15% (42 p-IRS1, 11 p-JNK, 9 p-p38, 35 p-NF«xB, 32
p-FADD, 32 p-IKKa/B, 34 TNFR1, 5 Alix) or were below the LOD (3 p-IRS1, 0 p-JNK, 0
p-p38, 1 p-NF«xB, 10 p-FADD, 0 p-IKKa/B, 1 TNFR1, 0 Alix).

Dimension Reduction

Principal axis factor analyses of In-transformed plasma cytokine and NEV concentrations
were conducted, pooling data from weeks 0, 2, 6, and 12 to maximize sample size
(cytokines, 7= 216: Mpeek 0 = 58, /m =58, ng =52, Mo = 48; NEVS, n= 164: Myeek 0

=44, np, =41, ng = 42, my = 37). Peripheral cytokine and NEV measurements were analyzed
separately to avoid stratification due to differences in methodologies and to include cases
missing NEV data in cytokine analyses. There was adequate sampling for the analysis, as
determined using the Kaiser-Meyer-Olkin method (KMO = 0.76 and 0.70 for the cytokine
and NEV factor analyses, respectively). The rotated factor scores of cytokine biomarkers
were then analyzed using k-means clustering. The resultant clusters were used to stratify
subjects by baseline cytokine measurements.

Model Development

We evaluated baseline cytokine biotype, intervention assignment, and week as predictors

of pro-hedonic efficacy using classification and regression trees (CART). Classification and
regression trees are a versatile, nonparametric type of decision tree (supervised) learning
algorithm capable of predicting and explaining non-linear relationships and high-order
interactions (32). Change in hedonic capacity was operationalized as change in SHAPS
total score from baseline as a proportion of baseline SHAPS total score: (SHAPSweek 6 or 12
= SHAPSweek 0)/SHAPS\eek 0-
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Data were pooled across visits to maximize sample size (infliximab: Ayeek 6 = 13, M2

= 21; placebo: Mpeek 6 = 16, m» = 25). A randomized search was used to optimize
hyperparameters (i.e., splitting criterion [search range: random, best]; maximum tree depth
[2:6, None], number of leaf nodes [10:24, None], number of features to consider for each
split [auto, None, log2]; minimum numbers of observations per leaf [1:19], required to split
an internal node [2:20]) (33). We used cross-validation on the entire dataset and, to increase
explanatory power, we did not reserve a separate test set, as our overarching objective was
to characterize biomarkers with clinical relevance (i.e., pro-hedonic intervention efficacy),
rather than to maximize predictive capability at the expense of elucidating mechanisms or
moderators of treatment response (34).

Generalized estimating equations were used to evaluate the effect of baseline cytokine
cluster biotypes on change in treatment outcome measures. We used negative binomial
and gamma distributions, as appropriate. We included In-transformed Alix concentration
as a moderator in generalized estimating equations where an NEV concentration was the
outcome of interest.

Statistical Analysis

Results

Factor and cluster analyses were conducted on R version 3.6.2 (35). Factor analyses with
the principal axis method, varimax rotation, and 100 iterations were performed using the fa
function from the package psychand varimax from stats. Scree plots identified 3 and 2 as
the optimal numbers of factors for plasma cytokine and NEV factor analyses, respectively.
There was adequate sampling for the analyses (Kaiser-Meyer-Olkin [KMQO] = 0.76 for
cytokines, 0.70 for NEVS). Factor scores were predicted using the regression method.
K-means clustering analyses were conducted with 1000 iterations, 2000 bootstraps, and

an a value of 0.05 using clusterboot and kmeansCB/ from foc (36,37). The Elbow method
determined 3 as the optimal number of clusters. The Jaccard coefficients were examined to
evaluate clusterwise stability (38).

Classification and regression trees were developed on Python 3.6.8 using the module sk/earn
(39). We ran DecisionTreeRegressor with mean squared error splitting criteria, a maximum
tree depth of 3, a minimum of 11 samples at each node, and a minimum of 18 samples
required to split an internal node. Hyperparameters were determined by results from a
randomized search with 10-fold cross-validation, 600 iterations, and r2 scoring criteria using
RandomizedSearchCV. Generalized estimating equations were conducted on SPSS Statistics
26 for Windows. Missing data were omitted (i.e., pairwise deletion).

Extraction of Component Factor Scores

Plasma cytokine concentrations were reduced to three factors henceforth named, “PL1,”
“PL2,” and “PL3,” which were, respectively, characterized by (PL1:) high levels of
interleukin (IL)-4, IL-6, and IL-8; (PL2:) elevations in IL-1B, IL-2, IL-12, and soluble TNF
receptor-1 (STNFR1); and (PL3:) high IL-10 with low TNF-a. Plasma NEVs produced

an additional two factors. Phosphorylated nuclear factor-xB (p-NFxB), phosphorylated
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Fas-associated death domain (p-FADD), phosphorylated IxB kinase (p-1IKKa/B), and TNF
receptorl (TNFR1) comprised factor “NEV1,” whereas phosphorylated insulin receptor
substrate-1 (p-IRS1), p38 mitogen-activated protein kinase (p-p38), and c-Jun N-terminal
kinase (p-JNK) constituted “NEV2.” Factor loadings and fit indices are depicted in Figure
1b. Factors PL1, PL2, and PL3 respectively explained 28.2%, 19.1%, and 8.0% of the
variance in plasma cytokine concentrations; factors NEV1 and NEV2 respectively accounted
for 50.8% and 26.1% of the variance in NEV concentrations.

Plasma Cytokine Concentrations Define Three Biotypes

We grouped participants by plasma cytokine measurements using k-means clustering. Our
analysis of cytokine factor scores identified three clusters defined by distinct patterns of
plasma cytokine levels, comprising 38.4%, 22.7%, and 38.9% of the 216 samples. The 2000-
bootstrapped Jaccard coefficients were >0.75, indicating the clusters were valid and stable
(Jaccard = 0.79, 0.92, 0.77). The mean PL1, PL2, and PL3 scores were, by cluster: —0.77,
0.54, 0.23 (cluster 1); 1.55, 0.56, —0.01 (cluster 2); and —-0.14, —-0.87, —0.22 (cluster 3).

Of the 56 subjects with at least one post-baseline assessment of SHAPS: 16 subjects
(Ninfliximab= 8, Nplacebo= 8) were classified as cluster 1 at baseline—hereafter referred to

as biotype 1-with lowerPL1 and higher PL2 and PL3 scores, indicative of lower IL-4, IL-6,
IL-8, and TNF-aand higher IL-1p, IL-2, IL-12, STNFR1, and IL-10 levels prior to the first
infusion. Eleven subjects (Njnfiiximab= 4:Nplacebo= 7) €xhibited elevations in all cytokines

at baseline and were classified as biotype 2 (Figure 1c). Twenty-five subjects (Ninfliximab=
13,npacebo= 12) were classified as biotype 3,with lower PL1, PL2, and PL3 scores.

Baseline Biotypes Predict Treatment Outcomes

Baseline cytokine biotype, intervention allocation, week, as well as baseline and change

in NEV1 and NEV?2 factor scores, predicted baseline-to-endpoint reduction in anhedonic
symptoms (r2 = 0.22, RMSE = 0.08). Decreases in NEV1 factor scores and increases in
NEV?2 factor scores were associated with greater reductions in anhedonic symptoms (Figure
1d).

We used generalized estimating equations to further characterize changes in hedonic
capacity over time across intervention and baseline biotype groups. Baseline biotype
significantly moderated change in SHAPS total score (Table 1). Biotype 3 subjects exhibited
greater improvements in hedonic capacity with infliximab (vs placebo) at weeks 6 and

12. Biotype 2 subjects also derived greater pro-hedonic benefits with infliximab relative

to placebo at week 6; however, the effects were not sustained 6 weeks past the last

infusion (Figure 1e). In contrast, baseline biotype did not significantly moderate changes

in MADRS total score (Table 1), although a similar stratification of antidepressant response
was observed across baseline biotypes (Figure 1e).

Baseline Biotypes Moderate Treatment Effects on Plasma Cytokines and Neuronal Origin-
enriched Extracellular Vesicles

Given that the baseline biotypes were associated with disparate treatment trajectories, we
hypothesized that the baseline biotypes would also moderate divergent changes in peripheral
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inflammatory biomarkers in response to treatment with infliximab or placebo. Furthermore,
we hypothesized that individuals randomized to infliximab who were classified as biotype 3
would exhibit cellular and molecular changes in the immune-inflammatory system targeted
by infliximab that would be absent or differentially modulated in individuals classified as
biotype 1 or biotype 2. To investigate to what extent baseline biotypes moderate the effects
of treatment on the immune-inflammatory system, we assessed and compared changes

in cytokine factor scores and individual NEV markers between intervention groups and
baseline biotypes using generalized estimating equations.

Overall, individuals classified as biotype 3 exhibited significant reductions in PL1 (i.e.,

IL-4, IL-6, IL-8) and increases in PL2 (i.e., IL-1p, IL-2, IL-12, STNFR1) factor scores

with infliximab, whereas those classified as biotype 1 or biotype 3 exhibited different
patterns of change in PL1 and PL2 factor scores (Figure S1). Participants randomized to
infliximab exhibited significant increases in PL3 (i.e., increased I1L-10, reduced TNF-a.)
factor scores across all biotypes when compared to participants receiving placebo. The
results of the generalized estimating equations are summarized in Table 2 and detailed in the
Supplementary Results.

The baseline biotypes moderated changes in NEV markers of inflammation (Figure

1f), notably NEV1 factor scores (i.e., p-NFxB, p-FADD, p-IKKa/, TNFR1). Among
infliximab-randomized subjects classified as biotype 3, NEV1 scores decreased after the
first and second infusions (i.e., from baseline to weeks 2 and 6) and increased after the

third infusion (i.e., from baseline to week 12). In contrast, among infliximab-randomized
subjects classified as biotype 1, NEV1 scores were decreased at week 2 and increased at
weeks 6 and 12, relative to baseline levels. Similarly, among subjects classified as biotype

2, NEV1 scores increased after one infusion of infliximab and gradually returned to baseline
levels thereafter. Baseline NEV1 factor scores were higher among those classified as biotype
2, relative to those classified as biotype 1 or biotype 3; the foregoing differences between
biotypes were not significant within the infliximab group (/1/2 =2.64, p=0.27) but were
significant within the placebo group (y“ = 9.75, p <0.01).

Within biotype 3, NEV2 scores increased over time with infliximab, denoting increases in
the NEV markers p-IRS1, p-JNK, and p-p38, relative to baseline concentrations. Among
infliximab-randomized subjects classified as biotype 1, NEV2 scores decreased at weeks

2 and 6 and increased at week 12, relative to baseline levels. Among those classified

as biotype 2, NEV2 scores increased at weeks 2 and 6 and decreased at week 12 with
infliximab. Baseline NEV2 scores were numerically higher among baseline NEV2 scores
were numerically higher among participants classified as biotype 2 when compared to
participants classified as biotypel or biotype 3; however, the differences were not significant
in either treatment group (infliximab: XZ: 1.35, p= 0.51; placebo: XZ: 2.30, p=0.32).

Discussion

We used an iterative approach to identify and characterize biologically relevant predictors
of treatment response among adult patients with bipolar depression. Pre-treatment biotypes,
derived from peripheral cytokine measurements, were capable of predicting anti-anhedonic
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efficacy with the anti-inflammatory biologic drug, infliximab. In our sample, which was
enriched for elevated baseline inflammatory activity, participants classified as biotype 3
who exhibited lower plasma concentrations of pro- and anti-inflammatory cytokines and
STNFR1 prior to randomization relative to those classified as biotype 1 or biotype 2—-were
more likely to report reductions in anhedonic severity with infliximab than with placebo.
Participants classified as biotype 1 or biotype 2, who exhibited higher PL2 factor scores
relative to those classified as biotype 3, exhibited a less favourable response trajectory with
infliximab when compared to those classified as biotype 3.

The pre-treatment inflammatory biotypes, informed solely by peripheral cytokine
measurements, significantly moderated the observed changes in markers of
neuroinflammation with infliximab (vs. placebo). Differences across biotypes in NEV1
scores may be explained by the aberrant increases in p-FADD and dysregulation of NF-xB
substrates observed among infliximab-randomized participants classified as biotype 1 or 2
(Figure S2A-D). In contrast, p-FADD and p-1IKKa/p decreased with infliximab treatment
among those classified as biotype 3, particularly from weeks 2 to 6. Relative to baseline,
NEV TNFR1 concentrations decreased with infliximab within biotype 3 and increased with
infliximab within biotypes 1 and 2. The activation of TRADD by TNFR1 leads to the
phosphorylation of FADD; increases in p-FADD are associated with NF-xB activation via
the IKK complex (40).

Increase in p-NFxB in the context of moderately decreased p-FADD and p-1IKKa/B, as was
observed among participants classified as biotype 3 between weeks 2 and 6, suggests a
shift from a pro-inflammatory state to an anti-inflammatory state may have occurred early
with infliximab treatment (e.g., repression of pro-inflammatory cytokines, increased IL-10
expression) (41-45). The foregoing hypothesis is supported by the observed decrease in PL1
(i.e., IL-6, IL-8) and increase in PL3 (i.e., IL-10) scores among those classified as biotype
3. Similarly, genes relevant to TNF-related apoptosis (i.e., TNF superfamily member 12
[TNFSF12], TNF-like weak inducer of apoptosis [TWEAK]), NF-xB, and toll-like receptor
(TLR) signalling have been reported to be differentially downregulated among individuals
with major depressive disorder who exhibited improvements with infliximab, relative to
those who did not respond favourably to infliximab (46).

Infliximab is a monoclonal antibody with high binding affinity for soluble, transmembrane,
and receptor-bound TNF-a; moreover, infliximab is capable of lysing activated
macrophages, which are the largest source of TNF-a (47-51). Phosphorylation of the

p65 subunit of NF-xB and nuclear accumulation of IxBa have been associated with
inflammatory resolution (52). Previous clinical trials investigating the efficacy of infliximab
for the treatment of inflammatory bowel disease have reported that nuclear accumulation

of mucosal p65 NF-xB, indicating immune reactivation, predicts non-response and relapse
(53,54).

Differences in NEV2 scores between baseline biotypes are driven by disparate patterns of
change in phosphorylated IRS1, p38, and JNK concentrations. We observed a gradual and
sustained increase in NEV2 scores with infliximab among subjects classified as biotype 3,
denoting significant increases in NEV concentrations of p-IRS1, p-p38, and p-JNK (Figure
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S2E-G). In contrast, changes in NEV2 scores with infliximab were not sustained among
those classified as biotype 1 or biotype 2. Baseline NEV concentrations and factor scores are
compared across biotypes in Figure S2H-I.

Tyrosine phosphorylation of IRS1 is required for the activation of insulin signalling
cascades; insulin-evoked responses are attenuated by a negative feedback loop via serine
phosphorylation of IRS1 (55-58). A previous clinical trial evaluating the effects of
exenatide, a glucagon-like peptide 1 agonist, on NEV markers of insulin signalling also
observed increased Ser312 and Ser616 phosphorylation of IRS1 and concomitant tyrosine
phosphorylation of IRS1, as well as activation of downstream AKT and mTOR signaling
(29). Similarly, altered glucose and lipid metabolism-related gene expression has been
hypothesized to subserve the antidepressant effects of infliximab in patients with major
depressive disorder (46). Mood disorders also increase cardiometabolic risk and patients
often present with other medical comorbidities (e.g., atherosclerosis, obesity, diabetes
mellitus) (58-60).

It may be hypothesized that the aberrant regulation and/or lack of sustained modulation

of NF-xB and IRS1 pathways may at least partially explain the insufficient reductions in
anhedonic symptoms observed in subjects classified as biotype 1 or biotype 2 (Figure 2).
We observed a decrease in p-JNK, which regulates IRS1 via activation of p70S6 kinase and
NF-xB via c-Myc, among those classified as biotype 2 (Figure S2F). The activation of p38
MAPK has also been reported to subserve infliximab’s beneficial anti-inflammatory effects
in populations with inflammatory bowel disease (61-63).

Taken together, our analysis integrating peripheral cytokine and neuronal origin-enriched
biomarkers of inflammation provides preliminary evidence supporting the hypothesis

that the anti-anhedonic effects of TNF-a antagonist infliximab may be subserved by
modulation of NF-xB, IRS1, and MAPK signalling pathways. Our findings also support the
clinical utility of inflammatory biomarkers for personalizing bipolar depression treatments
and targeting anhedonia, for which specific treatments are unavailable. Moreover, the
observation that baseline biotypes did not significantly predict changes in overall depressive
symptom severity (i.e., MADRS total score) suggests that our results may be specific to the
treatment of anhedonia, a discrete and transdiagnostic symptom dimension that correlates
with, yet diverges from, overall depressive symptom severity. However, interpretations of
our findings are limited by the secondary post fioc nature of the analysis and our relatively
small sample size, which limit the generalizability of our results and warrant a prospectively
designed replication study.
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We used an iterative, machine learning-based approach to investigate peripheral markers

of inflammatory activation relevant to infliximab’s hypothesized mechanism of action.

a. Plasma cytokine and neuronal origin-enriched extracellular vesicle (NEV) protein
concentrations, assessed at weeks 0, 2, 6, and 12, were evaluated to identify mechanistically
relevant inflammatory biotypes: principal axis factor analyses of plasma cytokine
concentrations reduced the number of cytokine measurements to three factors; next, k-means
clustering of cytokine factor scores stratified subjects by baseline cytokine concentrations
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and yielded three biotypes. Generalized estimating equations were used to evaluate to what
extent these three biotypes moderate infliximab’s effects on neurobiological substrates (i.e.,
by comparing change in NEV concentrations across time, treatment groups, and biotypes).
Similarly, we evaluated the biotypes’ clinical utility by evaluating their role in moderating
change in SHAPS and MADRS total scores using generalized estimating equations. Finally,
classification and regression trees assessed the predictive utility of the three data-driven
biotypes. Plasma NEV biomarker concentrations were reduced to two factors, given their
interrelatedness, for improved interpretability.

Figure 1b. Principal axis factor analyses with varimax rotation were performed for
peripheral cytokine measurements. Rotated factor loadings are presented as standardized
z-scores. Fit indices: (left) KMO = 0.76, RMSEA = 0.12 (95%Cl: 0.074, 0.16), SRMR =
0.03, TLI =0.88; (right) KMO = 0.70, RMSEA = 0.29 (95%CIl: 0.237, 0.346), SRMR =
0.04, TLI =0.72.

Abbreviations: CI: confidence interval; IL: interleukin; KMO: Kaiser-Meyer-Olkin; NEV:
neuronal origin-enriched extracellular vesicle factor; p-: phosphorylated; p-FADD:pS194-
Fas-associated protein with death domain; p-IKKa/g: pS177/181-1xB kinase; p-IRS1:
pS312-insulin receptor substrate-1; p-JNK: pT183/Y185-c-Jun N-terminal kinase; p-NFxB:
pS536-nuclear factork-light-chain-enhancer of activated B cells; PL: plasma cytokine factor;
p-p38: pT180/Y182-p38 mitogen-activated protein kinase;RMSEA: Root Mean Square
Error of Approximation; SRMR: Standardized Root Mean Square Residual; sSTNFR: soluble
TNFR; TLI: Tucker-Lewis Index; TNF: tumour necrosis factor; TNFR: TNF receptor.
Figure 1c. Mean (left) standardized cytokine factor scores and (right) z-scores of individual
plasma biomarker measurements are presented by cluster biotypes at baseline. Subjects with
bipolar disorder, meeting criteria for a current major depressive episode at the time of study
enrollment, were stratified by baseline cytokine factor scores into three biotypes through k-
means clustering (2000-bootstrapped Jaccard coefficients = 0.79, 0.92, 0.77). Abbreviations:
IL. interleukin, PL. plasma factor; STNFR: soluble TINF receptor; TNF: tumour necrosis
factor.

Figure 1d. Classification and regression trees were used to predict change in anhedonic
symptom severity from baseline-to-endpoint as a proportion of baseline severity:
(SHAPSWeek 6 or 12 ~SHAPSweek 0)/SHAPSWeek o- Fit indices: r2 = 0.22, RMSE = 0.08.
Abbreviations.: mse. mean squared error; NEV: exosome factor 1 (p-NFxB, p-FADD,
p-IKKa/B, TNFR1), 2 (p-IRS1, p-INK, p-p38); RMSE: root-mean-square error; SHAPS.
Snaith-Hamilton Pleasure Scale.

Figure 1e. Differences in mean change in (a) SHAPS and (b) MADRS total scores between
infliximab- and placebo-randomized subjects with bipolar I/11 depression, stratified by
baseline cytokine biotypes. Increases in SHAPS and decreases in MADRS total scores
indicate improvements in hedonic capacity and reductions in overall depressive symptom
severity, respectively. Abbreviations.: LSMD. least squares mean difference; MADRS.
Montgomery-Asberg Depression Rating Scale (range 0 to 60); SHAPS. Snaith-Hamilton
Pleasure Scale (14 to 56), *: Significant (p<0.05) baseline-to-endpoint change within the
treatment-biotype group.

Figure 1f. Mean difference in change in NEV factor scores between infliximab- and
placebo-randomized patients with bipolar 1/11 depression, stratified by baseline biotype.
Abbreviations: NEV: exosome factor 1 (p-NFxB, p-FADD, p-IKKa/B, TNFR1), 2 (p-IRS1,
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P-INK, p-p38); LSMD: least squares mean difference; *: Significant (p < 0.05) baseline-to-
enapoint change within the treatment-biotype group.
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Figure 2.
Hypothesized mechanism of action of infliximab in bipolar depression. Abbreviations: AP1:

activator protein 1; AKT. protein kinase B; ERK1/2: extracellular signal-regulated kinases
1/2; FADD: Fas-associated protein with death domain, GRBZ2: growth factor receptor-bound
protein 2; GSK3B. glycogen synthase kinase 3B, IxBa. inhibitor of NF-xB,a, IKKa/B:

1B kinase, IL: interleukin, IRAK: IL-1 receptor-associated kinase, IRS1. insulin receptor
substrate-1; INK: c-Jun N-terminal kinase; MAPK: mitogen activated protein kinase; MEK:
MAPK/ERK kinase; MEKK1: MAPK/ERK kinase kinase 1; mTOR: mechanistic target of
rapamycin; mTORCI1: mTOR complex 1, mTORC2: mTOR complex 2; NFxB. nuclear
factor «-light-chain enhancer of activated B cells; NIK: NFxB inducing kinase; NOS: nitric
oxide synthase; p38: p38 MAPK, PI3K. phosphoinositide 3-kinase, PSD-95. postsynaptic
density protein 95, RIP: receptor-interacting protein; ROS. reactive oxygen species; S6K.
p70S6 kinase; STNFR: soluble TNFR; TLR: toll-like receptor;, TNF: tumour necrosis factor;
TNFR: TINF receptor; TRADD. TNFR-associated death domain; TRAFZ2: TINFR-associated
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factor 2. Original illustration created with BioRender.com by Yena Lee. The figure was
exported under a paid subscription.
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Model effects of baseline cytokine biotypes on measures of anhedonia (SHAPS) and overall depressive
symptom severity (MADRS) in patients with bipolar I/11 disorder who were experiencing a current major
depressive episode at the time of study enrollment. A generalized estimating equation with a negative binomial

Table 1.

distribution and autoregressive covariance structure was used.

SHAPS MADRS
Model effects
daf  y? p daf 2 p
Time 2 1989 <0.001 3 7366 <0.001
Treatment 1 0.005 0.946 1 0.29 0.593
Biotype 2 0.003  0.999 2 1.55 0.460
Time x Treatment 2 8.26 0.016 3 722 0.065
Time x Biotype 4 2.31 0.679 6 1.36 0.968
Treatment x Biotype 2 0.06 0.972 2 0.87 0.649
Time x Treatment x Biotype 4 1040 0.034 6 513 0.528

Abbreviations: df: degree of freedom; MADRS: Montgomery-Asberg Depression Rating Scale (0 to 60); SHAPS: Snaith-Hamilton Pleasure Scale

(14 to 56).
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Table 2.

Model effects of baseline cytokine biotypes on plasma cytokine and NEV factor scores. A generalized
estimating equation with a gamma distribution and exchangeable covariance structure was used.

PL1 PL2 PL3 NEV1 NEV2

X p X p X p X p X p

Model effects  df

Time 6.86 0.08 1.35 0.72 39.77 <0.01 16.85 <0.01 380 0.28
Treatment 0.03 0.86 0.56 045 2432 <001 136 024 002 0.88
Biotype 43712 <0.01 4888 <0.01 044 0.80 9.62 <0.01 350 0.17

4.88 0.18 1.20 075 1481 <0.01 0.85 084 426 0.24
2233 <001 1222 006 1379 0.03 1348 0.04 568 0.46
3.02 0.22 2.23 0.33 0.40 0.82 1.32 052 016 0.92
17.02 <0.01 3.73 071 1074 010 1821 <0.01 657 0.36

Time x Treatment
Time x Biotype

Treatment x Biotype

oo N OO W NP W

Time x Treatment x Biotype

Abbreviations: df: degree of freedom; NEV: neuronal origin-enriched extracellular vesicle factor; SHAPS: Snaith-Hamilton Pleasure Scale; PL:
plasma cytokine factor; ASHAPS: (SHAPS\Week 6 or 12 — SHAPS\Week 0)/SHAPS\Week 0
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