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Abstract

Inflammation impacts basal ganglia motor circuitry in association with psychomotor retardation, a
key symptom of major depression (MD). We previously reported associations between circulating
protein inflammatory biomarkers and psychomotor slowing as measured by neuropsychological
tests probing psychomotor speed in patients with MD. To discover novel transcriptional signatures
in peripheral blood immune cells related to psychomotor slowing, microarray data were analyzed
in a primary cohort of 88 medically-stable, unmedicated, ambulatory MD patients. Results

were confirmed and extended in a second cohort of 57 patients with treatment resistant

depression (TRD) before and after anti-inflammatory challenge with the tumor necrosis factor
antagonist infliximab versus placebo. Composite scores reflecting pure motor and cognitive-motor
processing speed were linearly associated with 403 and 266 gene transcripts in each cohort,
respectively (|R/0.30, p<0.01), that were enriched for cytokine signaling and glycolysis-related
pathways (0<0.05). Unsupervised clustering in the primary cohort revealed two psychomotor
slowing-associated gene co-expression modules that were enriched for interferon, interleukin-6,
aerobic glycolysis, and oxidative phosphorylation pathways (p<0.05, g<0.1). Transcripts were
predominantly derived from monocytes, plasmacytoid dendritic cells, and natural killer cells
(0's<0.05). In infliximab-treated TRD patients with high plasma C-reactive protein concentrations
(>5mg/L), two differential co-expression modules enriched for oxidative stress and mitochondrial
degradation were associated with improvements in psychomotor reaction time (p<0.05). These
results indicate that inflammatory signaling and associated metabolic reprogramming in peripheral
blood immune cells are associated with systemic inflammation in depression and may affect
relevant brain circuits to promote psychomotor slowing.
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Introduction

Evidence suggests that inflammation contributes to symptoms of major depression (MD)
that are common to other psychiatric illnesses including psychomotor retardation?: 2.
Markers of inflammation, such as inflammatory cytokines and their soluble receptors,
chemokines, and acute phase reactants like C-reactive protein (CRP), are reliably elevated
in peripheral blood and cerebrospinal fluid of MD patients3-6. Moreover, administration of
inflammatory stimuli (i.e., cytokines like interferon [IFN]-alpha or cytokine inducers like
endotoxin and typhoid vaccination) decreases psychomotor speed in humans and locomotor
activity in laboratory animals’~12. Regarding clinical relevance, both psychomotor slowing
and inflammation have been independently associated with resistance to conventional
antidepressant therapies!3-15,

Psychomotor deficits in MD are thought to involve dopamine-rich regions of the basal
ganglia, including dorsal striatum, which have been shown to be sensitive to the effects

of inflammation. Indeed, administration of inflammatory stimuli alters neural activity and
dopamine metabolism in dorsal striatal regions’- 16-18_ |n addition, we previously found
that MD patients exhibit decreased functional connectivity between dorsal striatum and
ventromedial prefrontal cortex (vmPFC) as well as presupplementary motor area as a
function of increasing plasma CRP concentrations!®. Moreover, decreased connectivity in
these corticostriatal circuits correlated with both reduced psychomotor speed and increased
concentrations of plasma inflammatory cytokines and their soluble receptors, particularly
interleukin 6 (IL-6) and IL-1 receptor antagonist (IL-1RA).

We recently reported associations between plasma inflammatory markers and psychomotor
slowing in a sample of medically-stable, medication-free patients with MDZ2. Patients

were slower on all tasks relative to published normative standards. IL-6 was associated
with increased movement latency on both the simple and choice movement time tasks

from the Cambridge Neuropsychological Test Automated Battery (CANTAB). Monocyte
chemoattractant protein 1 (MCP-1) predicted slower performance on both a pure motor
Finger Tapping Test (FTT) and Digit Symbol Substitution Task (DSST) from the Wechsler
Adult Intelligence Scale that measures psychomotor processing speed. IL-10, an anti-
inflammatory cytokine, was associated with better performance on DSST. Finally, IL-6 was
found to be associated with a psychomotor slowing factor created when all 7 tasks employed
in the study were included in a principal component analysis (PCA).

High-throughput analysis of mMRNA gene expression has been used to reveal a more
nuanced picture of immune signaling pathways in MD that are difficult to measure at

the protein level20: 21, and which may serve as clinically-relevant biomarkers for response
to antidepressants or for patients who may benefit from anti-inflammatory therapies22-25,
Indeed, we previously reported that inflammatory gene signatures were associated with
symptoms of depression and fatigue in patients administered IFN-alpha for chronic
hepatitis C virus2” and in cancer patients undergoing treatment28. Moreover, we found
that antidepressant response to the tumor necrosis factor (TNF) antagonist infliximab
was predicted by peripheral blood gene transcripts related not only to inflammation

but also glucose and lipid metabolism in patients with treatment resistant depression
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(TRD)?2. These findings are consistent with the change in utilization of energy sources
(e.g., shifts away from oxidative phosphorylation [OXPHQOS] toward glycolysis) that
sustains activation of immune cells, as well as with evidence of insulin resistance that

is associated with inflammation2® 30, Accordingly, we recently reported transcriptomic
signatures in peripheral blood immune cells reflecting altered glucose metabolism (e.g.,
insulin signaling and resistance, PI3K/AKT signaling), glycolysis (hypoxia-inducible factor
[HIF]-1, pentose phosphate metabolism), and low tyrosine metabolism selectively in MD
patients with both higher levels of CRP and significant anhedonia3!. We also observed

that both inflammatory (e.g., TNF, NF-kB signaling) and metabolic (e.g. insulin, AKT)
gene expression signatures in peripheral blood immune cells correlated with low functional
connectivity in corticostriatal circuitry in MD, including circuits involving dorsal striatum,
which have been associated with psychomotor processing speed32,

Nevertheless, cellular inflammatory and associated metabolic pathways in peripheral blood
immune cells that may contribute to psychomotor slowing and lead to novel targets for
therapeutic intervention have yet to be examined. To this end, we analyzed microarray data
from a primary cohort of 88 medically stable, unmedicated MD patients?. Findings from the
MD cohort were confirmed and extended by examining functional pathways before and after
anti-inflammatory challenge with infliximab in an independent cohort of 57 TRD patients
who exhibited high or low inflammation (as defined by plasma CRP >5 versus <5mg/L)%2.

Primary MD cohort: We enrolled 88 participants with MD (ClinicalTrials.gov
NCT01426997) excluded for medical conditions that might confound study interpretation
and free of anti-inflammatory and psychotropic medications (see Supplementary
Information [SI]). Psychomotor speed and protein inflammatory markers in these patients
have been described previously?.

Secondary TRD cohort: Fifty-seven medically-stable, variably medicated participants with
TRD were recruited from a study testing the efficacy of infliximab (Clinical Trials.gov
NCTO00463580, see SI). Gene and protein signatures predicting antidepressant response

to infliximab in these patients have been described?2 33. Patients received an infusion of
infliximab (5 mg/kg) or placebo on three occasions (baseline, 2 weeks, and 6 weeks). Gene
expression data were available at baseline (prior to infusion) as well as 6 hours, 24 hours,
and 2 weeks following the first infusion of infliximab or placebo. Given that the Week 2
time point reflects both sustained anti-inflammatory effects of infliximab as well as its early
antidepressant effects that were progressive over time and sustained for weeks after each
infusion?2: 33, change in gene expression from Baseline to Week 2 was examined herein as a
predictor of subsequent change in psychomotor outcomes.

All procedures were approved a priori by the Institutional Review Board of Emory
University. All participants provided written informed consent.
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Psychomotor Assessments and Composite Factor

Psychomotor slowing was assessed on the same day of blood sampling between 3:00pm
and 6:00pm using objective standardized measures of psychomotor speed that have been
well-established by our group and others®: 10: 34-36 jncluding: 1) Reaction and Movement
Time Tasks of the CANTAB; 2) FTT; 3) DSST; and 4) Trail Making Test Part A (Trails
A). See SI. Outliers in task data (<1 per variable) were determined by Grubbs test3” and
removed.

In the primary cohort, 88 of 93 subjects had outlier-free psychomotor data which were

used for the composite psychomotor factor scores as a measure of psychomotor speed?.
Ln-transformed scores on all tasks were entered into PCA (see SI). A single resulting
Bartlett factor score reflecting contributions from all tasks was used to examine associations
with gene expression38: 39,

In the TRD cohort, 57 of 58 subjects had outlier-free baseline data to create a composite
psychomotor factor. Additionally, 50 subjects had complete psychomotor data at baseline
and Week 8, along with gene expression data at baseline and Week 2. Change in
psychomotor variables were calculated as Week 8 minus baseline measurements.

Blood Collection

Microarray

Blood was collected at 9 am (1 hour) on the morning of neurocognitive testing. Whole
blood for gene expression was collected in Tempus Tubes (Applied Biosystems, Carlsbad,
CA), then stored at —20 °C until RNA extraction by the Emory Cancer Genomics Core
for microarray analysis. Additional blood was collected to measure plasma IL-6 and high
sensitivity (hs)-CRP, which have been found to correlate with the composite psychomotor
factor, to be elevated in MD patients® 40, and/or to moderate antidepressant responses to
infliximab?: 33 (see SI).

RNA was extracted using Ambion Tempus RNA Spin kit (Thermo Fisher, Asheville, NC,
USA) and RNA concentrations, A260/280 ratio and sample quality (Agilent Bioanalyzer
2100 RNA Nano assay, Agilent, Santa Clara, CA, USA) were determined. Samples were
linearly amplified by TotalPrep-96 RNA Amplification Kit for Array Analysis (Illumina,
San Diego CA, USA). After hybridization to lllumina Human HT-12 Expression BeadChips
using the Whole-Genome Gene Expression Direct Hybridization Assay (Illumina),
BeadChips were scanned on the Illumina HiScan to determine raw probe fluorescence
intensity.

Gene-Psychomotor Linear Associations and Pathway Analyses

Raw expression data were exported from Illumina’s GenomeStudio and pre-processed in

R. Following model-based background correction?!, average signal intensity data were
log,-transformed and robust spline normalized using lumi“2, and technical batch effects

of BeadChip barcode were corrected. 16,969 (MD) and 16,951 (TRD) probes passed filter
criteria of lllumina probe detection p-value <0.01 in at least 10% of samples. Raw data

are available as Gene Expression Omnibus series GSE135524 (MD) and GSE45468 (TRD).
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In both the MD cohort and the TRD cohort at baseline, gene probes associated with the
composite psychomotor factor were identified based on a threshold of |Rpartiai|>0.30 (after
controlling for age, sex, race, body mass index [BMI], and education in general linear
regression models*3; power >0.80 to detect pre-specified effect size at a=0.05 with n=88)
consistent with a biologically relevant, medium effect size*4-49, combined with nominal
<0.05%8-50 which together has been shown to be more reliable across pathway analyses
than use of false discovery rate (FDR) alone?’: 50. 51,

Functional annotation of resulting transcripts within curated pathways was assessed

using WikiPathways and KEGG (Kyoto Encyclopedia Gene and Genome) databases as
implemented in clusterProfiler®2. An FDR significance threshold of q<0.1%3 was used herein
for pathway analysis to ensure biologically meaningful pathway results?l: 34-59, Nominal
significance threshold was p<0.05.

Weighted Gene Co-Expression Network Analysis (WGCNA)

WGCNA®0, an unsupervised hierarchical clustering method, was used to construct a gene
co-expression network and identify clusters (i.e., “modules™) of highly inter-correlated genes
associated with psychomotor slowing in patients with depression. Each gene co-expression
module was summarized by its first principal component (called “module eigengene”

[ME]), which was subsequently tested for association with phenotypic variables. Functional
characterization of genes comprising modules of interest was made via pathway analysis

as described above. Intra-modular connectivity analysis was conducted to identify the most
highly-connected “hub” genes within a module (see SI; R code available upon request).

In the cross-sectional MD cohort, the gene co-expression module’s ME scores were
correlated with the composite psychomotor factor and plasma IL-6. In the longitudinal

TRD cohort, findings from the primary cohort were extended by testing the association
between early gene expression change following a single infusion of infliximab or placebo
(Week 2 post-infusion - baseline) and subsequent change in psychomotor variables (Week

8 - baseline) separately in patients with high and low inflammation (CRP >5mg/L and
<5mg/L, respectively). A CRP cut-off of 5Smg/L was used to index high inflammation
because previous results in this TRD sample demonstrated that changes in depression scores
(baseline to week 12) favored infliximab-treated versus placebo-treated patients at a baseline
CRP concentration >5 mg/L33,

Transcript Origin Analysis

To identify the cellular source of differentially expressed genes, transcript origin analysis
was conducted as previously published?2: 27. 61 (see SI).

Statistical analysis

Demographic and clinical variables were characterized using descriptive statistics.
Normality was assessed using the Shapiro test. Chi-square tests, linear models and Kruskal-
Wallis rank tests were used to compare categorical, normal and non-normal/heteroskedastic
continuous variables, respectively, between cohorts (see Sl details). Analyses were
conducted in R and IBM SPSS Statistics 27.0 (New York, NY, USA).
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Patient characteristics and psychomotor variables

Demographic, clinical, and psychomotor variables are shown in Table 1. The two cohorts
were similar with regards to age, sex, BMI, plasma IL-6 concentrations, and depression
severity per the Hamilton Depression Rating Scale (p’s>0.052). Of note, the TRD cohort
had greater percentage of white race (X2(1,145):16.286, 0<0.001), college-educated subjects
(X2(1,145):11.22, <0.001), and higher concentrations of plasma hs-CRP (H(y)=7.644,
p<0.006) consistent with previous reports'® 62, One patient in the MD and nine in the

TRD cohort were taking diabetes medication. Sensitivity analyses accounting for diabetes
medication yielded consistent results as the primary analyses (see Sl).

In each cohort, PCA revealed one component comprising all seven psychomotor variables
with individual loadings ranging from —0.60 to 0.79 in consistent directions (positive
loadings for simple and choice reaction time [SRT, CRT], simple and choice movement

time [SMT, CMT], Trails A; negative loadings for DSST and FTT). Higher composite scores
indicated psychomotor slowing. All psychomotor variables, including the composite motor
factor, were similar between cohorts (p’s>0.13).

Transcripts associated with psychomotor slowing enriched inflammatory and glucose
metabolism pathways

In the primary cohort, 403 probes associated with the composite psychomotor factor.
Functional annotation of genes revealed significant enrichment of 19 WikiPathways,
including TNF-related weak inducer of apoptosis (TWEAK), IL-1, and the insulin signaling
pathway (p<0.05 and ¢<0.1)(Fig 1A). Nineteen significant KEGG results included three
viral infection pathways (p<0.05 and ¢<0.1). Other nominally-enriched KEGG pathways
were related to immune response (TNF, NOD-like receptor signaling) and metabolism
(sphingolipid, mammalian target of rapamycin [MTOR] signaling)(p s<0.05). Confirmatory
analysis in the secondary (TRD) cohort at baseline revealed 266 psychomotor factor-
associated genes which nominally enriched WikiPathways’ Glycolysis and gluconeogenesis,
KEGG’s HIF-1 signaling, and viral protein-cytokine interaction pathways (p’s<0.05)(Fig
1B). See Tables S1 and S2 for gene lists and pathway results from MD and TRD cohorts,
respectively.

Co-expression analysis revealed inflammatory and metabolic shifts in peripheral blood
immune cells in association with psychomotor slowing

In the MD cohort, covariate-adjusted gene expression data clustered into 13 co-expression
modules, each arbitrarily assigned a color name (Fig 2A and Fig S1-2) and ranging in

size from 38 to 4882 genes. Modules Red and Green (“MEred”, “MEgreen”) were of
primary interest based on their positive association with psychomotor slowing (r=0.28,
p=0.008 and r=0.23, p=0.032, respectively)(Fig 2A). Module Red comprised 254 highly
intercorrelated gene probes which significantly enriched 24 WikiPathways and 19 KEGG
pathways including Type I, 11, 111 interferon, IL-6, NOD-like receptor, RIG-I-like receptor,
Leptin signaling, Antigen processing and presentation, and Natural killer cell-mediated
cytotoxicity (p<0.05 and ¢<0.1)(Fig 2B and Table S3). Consistent with the pathway results
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and previously demonstrated relationship between the composite psychomotor factor and
IL-6 in this cohort?, MEred positively associated with plasma IL-6. Top 20 hub genes of
Module Red were visualized as a two-dimensional network topology in Cytoscape v3.8.0
(Fig 2C), whereby 14 were involved in interferon signaling (shown in boxes). Genes
comprising Module Red were estimated to be predominantly expressed by monocytes
(2=6.45, p=5.72E-11), plasmacytoid dendritic cells (pDCs; z=3.28, p=0.0005), and natural
killer cells (NKs; z=1.86, p=0.031).

Module Green comprised 1382 gene probes which significantly enriched 11 WikiPathways
and 54 KEGG pathways (Fig 2D). Top WikiPathways included Aerobic glycolysis, Electron
transport chain (OXPHOS system in mitochondria), Fatty acid beta oxidation, and TYROBP
causal network (0<0.05 and ¢<0.1). Nominally-significant results included dopamine
metabolism (p<0.05). Significant KEGG results included Glycolysis/gluconeogenesis,
Antigen processing and presentation, Citrate cycle (TCA cycle), and mTOR signaling
(p<0.05 and ¢<0.1; Table S4). Top hub genes of Module Green included genes related

to mitochondrial respiration and electron transport chain (ETC)(Fig 2E, in boxes). Similar to
Module Red, genes comprising Module Green were predominantly derived from monocytes
(z=15.52, p<1E-12), pDCs (2=11.98, p<1E-12), and NK cells (z=6.48, p=4.68E-11).

Gene modules co-regulated at Week 2 post-infliximab in association with improved
reaction speed at Week 8 involved oxidative and mitochondrial stress pathways in patients
with high inflammation

Separate WGCNA networks were constructed in TRD patients with high (CRP>5mg/L)

and low (CRP<5mg/L) inflammation who showed differential antidepressant response

to infliximab33. Early change in post-infliximab or placebo gene expression (Week 2 -
baseline) was covariate-adjusted and clustered into co-expression modules (representing
genes co-regulated by treatment). Resulting MEs were tested for association with subsequent
change (Week 8 - baseline) in SRT and CRT, which were found to be improved by
infliximab selectively in patients with high inflammation (see SI).

Among TRD patients with high inflammation (n=20), 33 differential co-expression modules
were detected, two of which (“MEblue” and “MEdarkred”) were associated with both
treatment (infliximab versus placebo) and change in SRT or CRT (Fig 3A). Treatment with
infliximab was associated with decreasing MEblue (r=-0.45, p=0.049). Lower values of
MEDblue corresponded to more negative change in CRT, indicating faster reaction speed

at Week 8 versus baseline (=0.46, p=0.04). Together this suggests that in patients with

high inflammation, infliximab reduced expression of Module Blue genes at Week 2, which
correlated with greater improvement in psychomotor reaction times at Week 8. Pathway
analysis revealed enrichment of pathways related to oxidative stress and mitochondrial
damage (ferroptosis, mitophagy) (p<0.05, g<0.1), immune function and cancer metabolism
(0<0.05)(Fig 3B). Conversely, infliximab treatment positively correlated with MEdarkred
(r=0.44, p=0.05). Larger values of MEdarkred (reflecting higher expression at Week 2) in
turn correlated with more negative change in SRT at Week 8 (hence greater improvement)
(r=—0.55, p=0.01). Genes within Module Darkred enriched broad immune-related pathways
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(p<0.05)(Fig 3C). See Table S5 for full results for Modules Blue and Darkred. Results for
TRD patients with low inflammation (n=30) are provided in SI and Table S6.

Discussion

We identified transcriptomic signatures of psychomotor slowing involving inflammatory
and metabolic reprogramming consistent with activated peripheral blood immune cells in
MD. Moreover, similar gene signatures were modified in association with psychomotor
improvements following anti-inflammatory treatment with infliximab in TRD patients with
high inflammation. Specifically, we uncovered concurrent changes in both inflammatory
(cytokine and pattern recognition receptor signaling) and metabolic (insulin signaling,
glycolysis, and OXPHOS) pathways that are characteristic of metabolic reprogramming
in activated immune cells and particularly monocytes. Moreover, infliximab treatment in
TRD patients with high inflammation led to differential co-expression modules related to
oxidative and mitochondrial stress, inflammation, and energy metabolism at Week 2 in
association with subsequent improvement in reaction speed at Week 8.

Enrichment of innate immune and cytokine signaling pathways has been previously
demonstrated in transcriptomic studies of MD20: 21. 63, Herein, cytokine signaling pathways
including I1L-1 and TNF (TWEAK) were enriched in gene transcripts associated with
psychomotor slowing. IL-1 has consistently been implicated in depression3: & 40, Notably,
we previously found that baseline expression of TWEAK pathway genes predicted
antidepressant response to infliximab in TRD?2, and psychomotor retardation was one of

the most responsive symptoms in patients with increased inflammation33. These results were
augmented via co-expression analysis (e.g., Module Red) which uncovered several cytokine
pathways including Type I, I1, 111 interferon and IL-6 signaling, both of which have been
implicated in MD?21: 40, Moreover, pathways suggestive of immune cell activation, including
retinoic-acid inducible gene-I (RIG-1)-like receptor, antigen processing and presentation, and
NK cell-mediated cytotoxicity were also enriched. While increased circulating markers like
CRP may reflect inflammatory activity in multiple peripheral tissues (immune, adipose,
liver, etc.), as well as interactions with metabolic systems, little is known about the
peripheral blood immune cell contribution to systemic inflammation in depression. It is,
however, thought to involve myeloid cells and particularly monocytes®4. Accordingly, results
herein suggest that transcriptomic signatures related to motor slowing were likely the
product of monocytes as well as pDCs and NKs, powerful producers of Type | and 11 IFNs,
respectively®°.

Consistent with the above, converging evidence from both cohorts indicated that glucose-
related metabolic shifts in peripheral blood immune cells were related to psychomotor
slowing. This included pathways for HIF-1, a transcription factor crucial for glycolysis®;
mTOR, which upregulates glycolytic genes like glucose transporter 166: and insulin
signaling, which has also been implicated in anhedonia symptoms in depression3L. Results
from individual gene-level linear associations appeared consistent with “Warburg effect”
whereby activated immune cells shift from slower, energy-maximizing OXPHOS to faster
but energy-inefficient glycolysis in order to rapidly generate energy?°. Interestingly, co-
expression analysis discovered that psychomotor slowing was associated with enrichment
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of both glycolysis and OXPHQOS pathways, rather than a Warburg-like shift to aerobic
glycolysis at the expense of mitochondrial respiration. Recent data indicate that metabolic
requirements of immune cells vary substantially depending upon the activation stimulus and
signaling cascade. When considering results from both pathway analyses and TOA on genes
associated with motor slowing, IFN production from pDCs involves glycolysis and mTOR
when pDCs are activated through toll-like receptors®’, but relies upon OXPHOS during
RIG-1-like receptor-mediated antiviral responses®8. Furthermore, NK cell cytotoxicity and
IFN-7 release5% 70, as well as monocytes activated by non-LPS stimuli’, depend on both
increased OXPHOS and glycolysis. These results suggest that transcriptomic signatures of
psychomotor slowing involve nuanced metabolic changes that reflect peripheral immune cell
type and activation status. Together with our previous findings of transcriptomic alterations
in glucose-related pathways (insulin, glycolysis) in MD patients with high inflammation and
high anhedonia3l, these results also suggest that bioenergetic shifts reflecting interactions
between inflammation and metabolic disturbances may broadly associate with symptoms

of depression relevant to energy expenditure, including both psychomotor slowing and
anhedonia’?.

While mitochondrial respiration deficits have been described in depression’3 74, the
directionality of association between psychomotor slowing and mitochondrial respiration
and OXPHOS observed herein is consistent with reports of upregulation of related genes
and proteins in peripheral immune cells and brains of patients with depression and bipolar
disorder’>-78. The functional relevance of metabolism- and mitochondria-related gene
modules to psychomotor slowing was uncovered using infliximab in our TRD cohort.

In TRD patients with high baseline inflammation, infliximab improved reaction speed

in association with early decreases in a co-expression module related to ferroptosis,
reflecting oxidative stress-driven cell death, and mitophagy, a mitochondrial degradation
process that promotes shifts to glycolysis in macrophages’®. Consistently, normalization

of mitochondrial antioxidant defense and mitochondrial respiration have been shown to
associate with antidepressant response to ketamine8%: 81 and lithium82, Infliximab also
nominally impacted cancer metabolism pathways, which may reflect reversal of Warburg-
like shifts in specific immune cell subsets. These results complement our previous

findings indicating that genes related to cytokine signaling and metabolic reprograming
were associated with antidepressant response to infliximab, including improvements in
psychomotor slowing. Whereas genes associated with psychomotor slowing in the MD
cohort reflected both metabolic as well as numerous inflammatory cytokine and viral
signaling pathways, genes associated with psychomotor slowing in the higher inflammation
TRD cohort predominantly reflected metabolic shifts toward glycolysis. Together with the
above-mentioned effects of infliximab among TRD patients with CRP>5mg/L, these results
suggest that immunometabolic gene expression signatures of psychomotor slowing are more
specific to patients with higher inflammation.

Strengths of this study include medically-stable patients, who were free of psychotropic and
anti-inflammatory medications in the primary cohort. In addition, psychomotor slowing
was defined by a composite factor of extensively validated neurocognitive tasks that

probed a range of aspects of psychomotor speed, previously established to be associated
with plasma inflammatory markers in our MD cohort. Furthermore, to our knowledge,
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this is the first study to examine transcriptomic markers involved in the impact of an
anti-inflammatory treatment on psychomotor symptoms in depression. While gene and
psychomotor data were not available from the same post-infliximab timepoint in the TRD
cohort, we were able to examine whether early transcriptomic changes predicted later
psychomotor improvements. Moreover, although both cohorts were on average obese, BMI
was controlled for in all transcriptomic analyses, suggesting that immunometabolic shifts
in circulating inflammatory cells that characterize psychomotor slowing are relevant to
patients with depression independent of BMI. Regarding limitations, no control group was
included. Nevertheless, the study benefitted from published normative data for all tasks?,
and MD/TRD subjects exhibited impaired performance83. A more lenient threshold of FDR
<0.1 was used for pathway analysis to ensure biologically meaningful pathway results,
consistent with similar analytic strategies in other bioinformatics studies including those

in depression?l: 54-59, However, converging pathway results from both linear associations
at the individual gene-level and co-expression modules formed by unsupervised clustering
suggest that the reported findings are robust. Finally, it should be noted that while TOA
provides estimated cellular origins, single-cell profiling is required for a more refined insight
into peripheral immune cell transcriptomic shifts underlying psychomotor symptoms.

In sum, these findings are consistent with the notion that activation of inflammatory
(cytokine, antiviral) and metabolic pathways in peripheral blood immune cells contribute

to elevated circulating inflammatory markers which are related to altered neurotransmitters
and neurocircuits that drive motor deficits in psychiatric disorders like depression. Future
work will determine precise immune cells and gene signatures that may serve as promising
treatment targets for symptoms like psychomotor retardation in depressed patients with high
inflammation or metabolic alterations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Pathways associated with psychomotor speed in the TRD cohort
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Fig 1. Gene transcripts associated with psychomotor slowing are enriched for immune and

metabolic pathways.

Composite psychomotor factor scores as calculated by Goldsmith, Haroon? were used

as the primary metric of psychomotor slowing in both the primary cohort of medically-
stable, unmedicated patients with major depression (MD) (A) and a secondary cohort of
medically-stable patients with treatment resistant depression (TRD) (B). The composite

psychomotor factor reflects performance on 1) Finger Tapping Test, 2) Reaction Time

Task from the Cambridge Neuropsychological Test Automated Battery (including simple
and choice reaction and movement latency measurements), 3) Digit Symbol Substitution
Task, and 4) Trail Making Test, with higher factor scores indicating increasing severity of
psychomotor slowing. Association between composite psychomotor factor scores and whole

blood gene expression was assessed in linear models adjusting for covariates. Pathway

enrichment analysis using the WikiPathways and KEGG databases revealed that N=403 gene
probes associated with the composite psychomotor factor in the MD cohort (n=88 patients)
enriched immune (e.g. Tumor necrosis factor [TNF], TNF-related weak inducer of apoptosis
[TWEAK], interleukin-1, toll-like and NOD-like receptor signaling) and metabolic (e.g.

insulin, sphingolipid, mTOR signaling) pathways (all p<0.05). (A). Similarly, N=266

gene probes associated with the composite psychomotor factor in the TRD cohort (n=57
patients) enriched pathways related to inflammation (viral protein interaction with cytokine
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and cytokine receptor) and glucose metabolism (glycolysis and gluconeogenesis, hypoxia-
inducible factor [HIF]-1 signaling) (all p<0.05) (B). WP, WikiPathways; KEGG, Kyoto
Encyclopedia Gene and Genome; TNF, Tumor necrosis factor; IL-1, interleukin-1; NOD,
Nucleotide-binding, oligomerization domain; mTOR, mammalian target of rapamycin;
HIF-1, hypoxia-inducible factor-1. *pathways are significantly enriched at p<0.05 and

¢<0.1.
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Fig 2. Gene co-expression modules associated with psychomotor slowing in major depression
(MD) are enriched for biological pathways related to immune response and metabolism.

Using Weighted Gene Co-Expression Network Analysis (WGCNA), gene expression in

the primary MD cohort (n=88 patients) was clustered into 13 co-expressed gene modules,
each labeled by a distinct color name as shown (A). For each gene module, its constituent
genes were summarized by the first principal component, referred to as “module eigengene”
(ME). Analysis relating the MEs to phenotypic traits revealed that Modules Red and Green
positively correlated with the composite psychomotor factor (/=0.28, p=0.008 and r=0.23,
p=0.032, respectively) (A). Functional annotation of the gene transcripts in Module Red
(n=254) within WikiPathways (WP) and KEGG databases revealed significant enrichment
of immune pathways (interferon, IL-6, leptin, NOD-like receptor, RIG-I-like receptor
signaling, antigen presentation, and natural killer cell-mediated toxicity) (all p<0.05) (B). To
better visualize the gene co-expression patterns, we constructed a two-dimensional network
topology in Cytoscape v3.8.0. Intramodular connectivity analysis revealed that the top 20
most connected “hub” genes within Module Red were primarily involved in interferon
signaling (C, in boxes). Genes comprising Module Green (n=1382) significantly enriched
WikiPathways and KEGG ontologies related to immune cell function (antigen processing
and presentation, TYROBP causal network), glucose and lipid metabolism (glycolysis and
gluconeogenesis, oxidative phosphorylation [OXPHQS], fatty acid beta oxidation, the citric
acid [TCA] cycle, mammalian target of rapamycin (mTOR) signaling), and amino acid
metabolism (dopamine metabolism pathway) (all p<0.05) (D). Several of the top 20 hub
genes within Module Green were involved in mitochondrial respiration (E, in boxes). ME,
module eigengene; IL-6, interleukin-6; WP, WikiPathways; KEGG, Kyoto Encyclopedia
Gene and Genome; IFN, interferon; TYROBP, Transmembrane Immune Signaling Adaptor;
NOD, Nucleotide-binding, oligomerization domain; RIG-I, retinoic-acid inducible gene;
OXPHOS, oxidative phosphorylation; TCA, the citric acid. *pathways are significantly
enriched at p<0.05 and ¢<0.1.
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Fig 3. Gene modules co-regulated by infliximab and associated with subsequent improvementsin
psychomotor speed in treatment resistant depression (TRD) are enriched for pathwaysrelated to
oxidative stress, mitochondrial degradation, inflammation, and cancer metabolism.

Among TRD patients with high inflammation (n=20 patients), change in gene expression
following a single infusion of infliximab or placebo (Week 2 post-infusion - baseline)
clustered into 33 differential gene co-expression modules, labeled by distinct color names,
and constituent genes summarized by a module eigengene (ME). Of these, MEs of two gene
modules, blue and darkred, were associated with both infliximab treatment and subsequent
change in simple or choice reaction time (SRT and CRT) at Week 8 (A). Treatment with
infliximab was associated with decreasing MEblue (r=-0.45, p=0.049), and lower values
of MEDblue corresponded to more negative values of change in CRT (indicating faster
reaction speed at Week 8 relative to baseline) (/=0.46, p=0.04). Conversely, infliximab
positively correlated with MEdarkred (r=0.44, p=0.05), and larger values of MEdarkred in
turn correlated with more negative values of change in SRT (hence greater improvement)
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(r=—0.55, p=0.01). Functional annotation of the gene transcripts in Module Blue (n=1440)
within WikiPathways and KEGG databases revealed significant enrichment of pathways
related to oxidative stress and mitochondrial degradation (ferroptosis and mitophagy), as
well as immune function (interleukin-1-induced activation of NF-kappa-B) and cancer
metabolism (metabolic reprogramming in colon cancer, central carbon metabolism in
cancer) (all p<0.05) (B). Gene transcripts within Module darkred (n=150) enriched immune
pathways including microglia pathogen phagocytosis and a Fas ligand pathway (all p<0.05)
(C). ME, module eigengene; SRT, simple reaction time; CRT, choice reaction time; WP,
WikiPathways; KEGG, Kyoto Encyclopedia Gene and Genome; IL-1, interleukin-1; NFxB,
nuclear factor kappa-B; mTOR, mammalian target of rapamycin. *pathways are significantly
enriched at p<0.05 and ¢<0.1.
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Table 1.
Demographic and clinical variables, and measures of psychomotor speed in the MD (N=88) and TRD cohorts
(N=57).

Pr'?/lml:;r(;/\l :gli'?())rt Se;—oﬁ(?agzllzc?)?ort p-value

Age Mean (SD) 39.9 (11.6) 42.8(9.1) 01167

Sex N (%) Female 60 (68.2%) 38 (66.7%) 0.849%

Race N (%) White 38 (43.2%) 44 (77.2%) <0001%

BMI Mean (SD) 30.9 (7.4) 31.7 (7.6) 0.4927

hsCRP (mg/L)  Median (IQR) 15(3.) 2.4 (6.1) 0.006°

IL-6 (pg/ml)  Median (IQR) 12(1) 1.8 (1.4) 00522

HAMD Median (IQR) 23 (5) 23 (5) 0.167°

Education N (%) with college degree 40 (45,5%) 42 (73.7%) <0001%

T™MT Mean (SD) 32.4(13.4) 32.4(12.2) 09757
Factor loading 0.60 0.52

DSST Mean (SD) 53.5 (10.9) 52.6 (10.1) 05977
Factor loading -0.60 -0.54

FTT Mean (SD) 40.8 (9.4) 41.0 (9.4) 0.943%
Factor loading -0.47 -0.45

SRT Mean (SD) 364.3 (72.5) 368.4 (87.1) 07557
Factor loading 0.75 0.83

SMT Mean (SD) 557.3 (189.2) 513.7 (130.5) 01317
Factor loading 0.59 0.77

CRT Mean (SD) 383.4 (67.5) 375.9 (66.0) 05127
Factor loading 0.75 0.79

cMT Mean (SD) 525.8 (130.7) 501.3 (131.9) 02757
Factor loading 0.69 0.79

'ZLinear Model ANOVA,

ZPearson's Chi-squared test,

3KruskaI-WaIIis rank sum test. SD: standard deviation; BMI: body mass index; HAMD: Total score on 17-item Hamilton Depression Rating

Scale; hsCRP: high-sensitivity C-reactive protein (mg/L); IQR: interquartile range; TMT: Trail making test A (s); DSST: Digit Symbol Substitution
Task (# of filled boxes correct); FTT: Finger Tapping Task (mean # of taps by dominant hand); SRT: Simple Choice Reaction Time (ms); SMT:
Simple Choice Movement Time (ms); CRT: Five Choice Reaction Time (ms); CMT: Five Choice Movement Time (ms). Adapted from Goldsmith,

HaroonZ.
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