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ARTICLE INFO ABSTRACT

Keywords: Inflammation is associated with symptoms of anhedonia, a core feature of major depression (MD). We have
Depression shown that MD patients with high inflammation as measured by plasma C-reactive protein (CRP) and anhedonia
Inflammation

display gene signatures of metabolic reprograming (e.g., shift to glycolysis) necessary to sustain cellular immune

Single ce!l RNA-Sequencing activation. To gain preliminary insight into the immune cell subsets and transcriptomic signatures that underlie
Anhedonia . . . . . - L : .

Monocytes increased inflammation and its relationship with behavior in MD at the single-cell (sc) level, herein we conducted
T cells scRNA-Seq on peripheral blood mononuclear cells from a subset of medically-stable, unmedicated MD out-

Immunometabolism patients. Three MD patients with high CRP (>3 mg/L) before and two weeks after anti-inflammatory challenge
with the tumor necrosis factor antagonist infliximab and three patients with low CRP (<3 mg/L) were studied.
Cell clusters were identified using a Single Cell Wizard pipeline, followed by pathway analysis. CD14" and
CD16" monocytes were more abundant in MD patients with high CRP and were reduced by 29% and 55%
respectively after infliximab treatment. Within CD14" and CD16" monocytes, genes upregulated in high CRP
patients were enriched for inflammatory (phagocytosis, complement, leukocyte migration) and immunometa-
bolic (hypoxia-inducible factor [HIF]-1, aerobic glycolysis) pathways. Shifts in CD4" T cell subsets included
~30% and ~10% lower abundance of CD4" central memory (Tcy) and naive cells and ~50% increase in effector
memory-like (Tgm.like) cells in high versus low CRP patients. Tcy cells of high CRP patients displayed down-
regulation of the oxidative phosphorylation (OXPHOS) pathway, a main energy source in this cell type.
Following infliximab, changes in the number of CD14" monocytes and CD4" Tgypjike cells predicted improve-
ments in anhedonia scores (r = 1.0, p < 0.001). In sum, monocytes and CD4" T cells from MD patients with
increased inflammation exhibited immunometabolic reprograming in association with symptoms of anhedonia.
These findings are the first step toward determining the cellular and molecular immune pathways associated
with inflammatory phenotypes in MD, which may lead to novel immunomodulatory treatments of psychiatric
illnesses with increased inflammation.

1. Introduction (AHM) 1987, 1991). Bruce was an amazing mentor and shared his insights and
his laboratory as a platform for my work to further understand the

My earliest interactions with Dr. Bruce McEwen were focused on the cellular mechanisms of glucocorticoid resistance in the immune system.
resistance of activated innate immune cells to the inhibitory effects of Many of the studies were carried out with my colleagues Dr. Robert
glucocorticoids in patients with major depression (MD) (Miller et al., Spencer in Bruce’s laboratory at Rockefeller and Bob’s graduate student
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Dr. Thaddeus Pace, who later joined me as a postdoctoral fellow at
Emory University. Bob and Tad were two members of the vast McEwen
legacy that span multiple generations of trainees, many of whom have
made seminal contributions to the fields of stress neurobiology, neuro-
science, endocrinology, and immunology. Together, Bob, Tad and I with
help from Drs. Carmine Pariante, Xiaohong Wang and Charles Raison
characterized the differential expression of glucocorticoid receptors
(GRs) in various immune cell subtypes and ultimately delineated the
impact of inflammatory cytokines on GR function (Pace et al., 2007;
Pariante, 2004). In addition, we further instantiated the notion that
chronic stress and MD were associated with glucocorticoid resistance in
part as a result of the inhibitory effects of inflammatory cytokines on the
translocation of the GR from cytoplasm to nucleus and GR binding to its
response elements on DNA (Pace et al., 2007; Pariante, 2004). Gluco-
corticoid resistance in turn was seen as a primary contributor to un-
checked innate immune responses and ultimately inflammation in MD
(Raison and Miller, 2003). These studies could not have been possible
without Bruce, who served as a major proponent of the work and
contributed to many of the resulting scientific insights along the way.
Bruce will always hold a special place in my heart for his guidance and
support throughout my career, even in the last years of his life. More-
over, Bruce set me on a path that is reflected not only in my focus on the
role of the immune system in psychiatric disorders but also in the
cellular immune mechanisms involved, which is the topic of this brief
review and preliminary data describing some of the first single cell RNA
sequencing of peripheral blood mononuclear cells (PBMCs) from
depressed patients.

1.1. Inflammation and depression

A rich literature has revealed that a significant proportion of patients
with MD exhibit evidence of chronic inflammation as reflected by
increased inflammatory markers in the peripheral blood and cerebro-
spinal fluid (CSF) with the peripheral blood cytokines tumor necrosis
factor (TNF) and interleukin (IL)-6 and the acute phase reactant C-
reactive protein (CRP) being some of the most reliably elevated in this
regard (Dowlati et al., 2010; Howren et al., 2009; Miller and Raison,
2016). Reflecting the heterogeneity of depression, this increased
inflammation occurs in ~30% of otherwise medically stable MD pa-
tients, depending on multiple contributing factors including obesity,
metabolic syndrome, aging, and childhood maltreatment, which are also
known risk factors for depression (Miller and Raison, 2016; Miller et al.,
2009; Osimo et al., 2019). In addition, increased inflammation is asso-
ciated with treatment resistance to conventional antidepressants, and
increased inflammatory markers predict response to advanced treat-
ment strategies for depression including ketamine and electroconvulsive
therapy in MD patients (Haroon et al., 2018a; Chamberlain et al., 2019;
Yang et al., 2015; Kruse et al., 2018; Raison et al., 2013a). Supporting
the notion that inflammation may play a cause and effect role in relevant
depressive symptoms, peripheral administration of inflammatory stim-
uli including inflammatory cytokines such as interferon (IFN)-alpha as
well as endotoxin or typhoid vaccination impact the brain to lead to
symptoms of depression involving Research Domain Criteria positive
and negative valence systems including anhedonia and psychomotor
retardation as well as anxiety (Capuron et al., 2002, 2005; Harrison
et al., 2009; Eisenberger et al., 2010). Moreover, blocking inflammation
with anti-cytokine therapies has been shown to reverse these depressive
symptoms in patients with autoimmune and inflammatory disorders and
otherwise healthy depressed individuals with increased inflammation
(Raison et al., 2013b; Kappelmann et al., 2018; Kohler-Forsberg et al.,
2019; McIntyre et al., 2019).

Regarding the mechanisms by which inflammation affects the brain,
much attention has been paid to the impact of inflammation on neuro-
transmitter systems and neurocircuits that regulate motivation and
motor activity as well as anxiety, arousal, and alarm. Neuroimaging
studies examining the impact of inflammation on neurocircuits have
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largely focused on subjects administered inflammatory stimuli (Harrison
et al., 2009, 2015, 2016; Eisenberger et al., 2010; Capuron et al., 2005,
2012), but increasing data from our group and others have demon-
strated that endogenous inflammation in MD (often indexed by blood
concentrations of CRP) is also associated with alterations in activity of
and functional connectivity (FC) within reward and motor circuits as
well as circuits involving threat sensitivity that are in turn related to
symptoms of anhedonia, psychomotor retardation and anxiety (Burrows
et al., 2021; Felger et al., 2016; Mehta et al., 2018; Rengasamy et al.,
2021; Savitz et al., 2013; Yin et al., 2019; Costi et al., 2021). A wealth of
evidence from clinical and laboratory animal studies supports the idea
that relationships between elevated inflammatory markers and deficits
in these neurocircuits are driven by the impact of circulating inflam-
matory cytokines and peripheral blood immune cells on the brain to
reduce availability and release of monoamines, notably dopamine, and
increase synaptic and extrasynaptic glutamate in the anterior cingulate
cortex and basal ganglia nuclei (Felger and Treadway, 2017; Felger
et al., 2013a, 2013b, 2015; Yohn et al., 2016; Kitagami et al., 2003;
Haroon et al., 2014, 2016, 2018b; Walker et al., 2013; Dantzer and
Walker, 2014). Nevertheless, despite the vast database on the clinical
and neurobiological effects of inflammation on the brain and behavior,
there remain substantial gaps in our knowledge regarding the specific
immune cell subtypes and their intracellular pathways that sustain in-
flammatory responses and/or support peripheral blood immune cell
access to the brain that modulate CNS function and contribute to
depressive symptoms.

1.2. Cellular immune mechanisms of inflammation in depression

Most studies examining the effects of endogenous inflammation on
the brain in depression and other psychiatric disorders have utilized
relatively non-specific inflammatory markers such as CRP to index
inflammation. Though markers like CRP or circulating cytokines may be
excellent proxies for inflammation, they give little information about the
cellular and molecular pathways that comprise the inflammatory
response and can ultimately serve as specific targets for biomarkers and
therapeutic intervention. Of relevance in this regard, a recent study
demonstrated that MD patients with increased CRP included two sub-
groups, one with an overrepresentation of peripheral blood myeloid
cells and another with an overrepresentation of lymphoid cells (Lynall
et al., 2020). These data suggest that increased inflammation in MD and
ostensibly other psychiatric disorders is not a monolithic process and
likely involves multiple cell subtypes and molecular pathways, each of
which may have specific and potentially interacting effects and longi-
tudinal trajectories that influence the brain and behavior (Felger and
Miller, 2020). Given that nuanced immunologic changes and mediators
are associated with various inflammatory states, it is not surprising that
current anti-inflammatory therapies that have been tested in MD are
largely non-specific and poorly targeted with modest effects at best
(Kohler-Forsberg et al., 2019; Husain et al., 2020).

Recent data instantiating the relevance of peripheral blood immune
cells to the CNS effects of inflammation reinforce the paramount need to
identify cellular and molecular mechanisms of increased peripheral
inflammation in depression. For example, studies in laboratory animals
demonstrate that CD14™ peripheral blood monocytes expressing C—C
Motif Chemokine Receptor 2 (CCR2) traffic to perivascular spaces in the
brain and lead to the production of inflammatory cytokines that are
essential for the development of stress-induced behavioral changes
(McKim et al., 2018; Weber et al., 2017). Increased perivascular mon-
ocytes/macrophages have also been identified in postmortem brain
samples of depressed patients who committed suicide (Torres-Platas
et al., 2014). In addition, vulnerability to stress-induced depressive-like
behavior in laboratory animals can be transferred from stress-vulnerable
to stress-resilient animals through the transplant of bone
marrow-derived immune cells, which reside in the peripheral blood and
are distinct from yolk-sac derived microglia, the resident immune cells
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of the brain (Hodes et al., 2014). Moreover, in the context of stress and
inflammation, cytokines produced by peripheral blood immune cells can
access specific regions of the brain via disruption in the blood brain
barrier (BBB) including notably the nucleus accumbens, a brain region
that is a reliable target of inflammation in neuroimaging studies and
plays a pivotal role in reward processing (Menard et al., 2017).
Furthermore, inhibition of peripheral blood cytokines using
anti-cytokine treatments that do not cross the BBB have been shown to
block depressive-like behavior in rodents (Bayramgurler et al., 2013;
O’Connor et al., 2009), while also reducing depressive symptoms
including reward deficits, psychomotor slowing and anxiety in patients
with autoimmune and inflammatory disorders as well as otherwise
healthy depressed patients with increased inflammation (Raison et al.,
2013b; Kappelmann et al., 2018; McIntyre et al., 2019; Salvadore et al.,
2018; Davies et al., 2021). Finally, increasing data has characterized the
circulation of peripheral blood immune cells, including both lympho-
cytes and monocytes, through perivascular spaces and the meninges,
where they play a pivotal role in immunosurveillance of the brain under
steady-state conditions and can modulate CNS function through release
of inflammatory mediators during stress and disease (Rustenhoven and
Kipnis, 2019; Louveau et al., 2015). Taken together, these data indicate
that peripheral blood immune cells and their molecular pathways that
drive inflammation and its effects on the brain represent a rich array of
therapeutic targets and biomarkers for developing novel immunomod-
ulatory approaches to treating psychiatric disorders.

1.3. Molecular pathways activated in peripheral blood immune cells from
depressed patients

Previous studies have evaluated gene expression profiles in periph-
eral blood immune cells of MD patients versus healthy controls. Studies
focusing on candidate gene expression have revealed activation of ca-
nonical inflammatory signaling pathways including toll-like receptors
(TLRs) (Hung et al., 2014, 2017; Chen et al., 2017; Hajebrahimi et al.,
2014; Keri et al., 2014), nuclear factor kappa B (NF-kB) (Weber et al.,
2017; Keri et al., 2014; Guardado et al., 2016; Miklowitz et al., 2016),
the NOD- LRR- and pyrin domain-containing protein (NLRP3) inflam-
masome complex, which via caspase-1 cleaves pro-interleukin
(IL)-1beta into its mature form (Hasegawa et al., 2009; Momeni et al.,
2016; Alcocer-Gomez et al., 2014), markers of oxidative stress
(including reactive oxygen and nitrogen species [ROS, RNS]) (Galecki
et al., 2012; Lukic et al., 2014) and the inflammatory cytokines them-
selves including TNF, IL-1beta, IL-6 and IFN-gamma (Tsao et al., 2006;
Bekhbat et al., 2018). Of note, increased mRNA expression of TNF and
IL-1beta have both been associated with antidepressant treatment
non-response (Cattaneo et al., 2013, 2016; Belzeaux et al., 2012).
Finally, studies in peripheral blood T cells have indicated that depressed
patients exhibit an increased frequency of T regulatory cells expressing
FOXP3 (Patas et al., 2018; Suzuki et al., 2017), although there are
contradictory results, with at least one study indicating a decrease in T
regulatory cells and an increased frequency of Th17 cells in depressed
patients accompanied by higher mRNA levels of retinoic acid-related
orphan receptor-yt, the specific transcription factor of Th17 cells
(Chen et al., 2011).

Studies have also examined whole genome expression including bulk
RNA sequencing (RNAseq), which like whole genome expression in
PBMCs or whole blood provides transcriptome profiling across immune
cell types without sufficient power to detect cell-type specific expression
differences. Results indicate that peripheral blood immune cells from
MD patients exhibit increased activation of signaling pathways related
to inflammation and innate immune responses including pathways
enriched for IL-6, Type I IFN, and the TNF receptor gene as well as
accelerated aging (Spijker et al., 2010; Yi et al., 2012; Mostafavi et al.,
2014; Guilloux et al., 2015; Jansen et al., 2016; Hori et al., 2016; Leday
etal., 2018; Le et al., 2018; Cole et al., 2021). Moreover, consistent with
the impact of inflammation on neurocircuits involving subcortical
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nuclei, gene networks interconnecting TNF and NF-kB have been linked
with the morphology of the caudate (Savitz et al., 2013). Finally, a study
in women with postpartum depression identified gene pathways in
depressed subjects associated with bioenergetics including glyco-
lysis/gluconeogenesis and lipid metabolism in conjunction with path-
ways related to TLR signaling and cytokine/cytokine receptor
interactions (Pan et al., 2018). These latter two findings are consistent
with our previous results in bulk PBMCs in MD patients indicating that
canonical inflammatory signaling pathways including TNF, TLRs and
NF-kB as well as metabolic pathways involving insulin signaling,
glycolysis and lipid metabolism are associated with anhedonia and
psychomotor slowing, as well as both fMRI FC between both ventral and
dorsal striatum (respectively) and ventromedial prefrontal cortex
(vinPFC) and the behavioral response to the TNF antagonist infliximab
(Raison et al., 2013b; Mehta et al., 2013; Bekhbat et al., 2020, 2021;
Goldsmith et al., 2020). For example, Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways related to insulin signaling, insulin resis-
tance, hypoxia-inducible factor 1-alpha (HIF-1 alpha) signaling and the
phosphoinositide 3-kinase (PI3K)/protein kinase B (also referred to as
Akt) signaling pathway were significantly associated with anhedonia as
well as psychomotor slowing in MD patients with high inflammation
(Bekhbat et al., 2020, 2021). Taken together, these data indicate that, in
addition to canonical activation of inflammatory signaling pathways,
there is molecular activation of pathways associated with metabolism
involving insulin signaling, glycolysis and lipid metabolism under aer-
obic conditions that reflect the immunometabolic shifts that have been
shown to occur in activated immune cells and represent a “Warburg”
effect (O’ Neill et al., 2016). Although evolutionarily designed to address
energy demands of a robust protective response against perceived or
actual external or internal threats, this shift in metabolism is highly
energy inefficient and may contribute to a shift in behavioral priorities
away from energy expenditure and towards energy conservation as re-
flected by reduced motivation and motor activity (Miller and Raison,
2016; Wang et al., 2019; Treadway et al., 2019). However, the rela-
tionship between immunometabolic shifts in specific immune cell sub-
types and behavioral measures of motivation has not been examined.
Finally, despite many studies using flow cytometric analyses to
enumerate peripheral blood immune cells in MD, there is a dearth of
studies characterizing immune cells subsets using gene expression ana-
lyses as represented by single cell RNA sequencing (scRNA-Seq).

Thus, significant knowledge gaps in the literature include: 1) few
studies have characterized immune pathways and mechanisms in indi-
vidual cell subsets in MD patients with increased inflammation; 2) no
study to our knowledge has taken advantage of the technological ad-
vances in immunology including scRNA-Seq to allow identification of
relevant signaling pathways within specific immune cell subtypes; 3) no
studies have mapped gene expression pathways in specific immune cell
subtypes to behavior; and 4) virtually all studies have compared MD
patients to HC, which presupposes that MD is a solitary disorder, with
limited appreciation for the heterogeneity of the disease as it relates to
inflammation or otherwise (wherein lies the opportunity for subgroup-
ing and precision medicine).

To gain preliminary insight into these knowledge gaps and reveal the
immune cell subsets as reflected by their transcriptomic signatures that
underlie increased inflammation and its relationship with behavior in
MD at the single-cell level, herein we conducted scRNA-Seq on a subset
of previously collected, cryopreserved PBMC samples from a small but
well-characterized sample of medically-stable, unmedicated MD
outpatients.

2. Methods
2.1. Participants

Samples were analyzed from MD patients with low (<3 mg/L; n = 3)
and high plasma CRP (>3 mg/L; n = 3). Samples from patients with high
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CRP were obtained both before and after anti-inflammatory challenge
with infliximab (two weeks after a single infusion of 5 mg/kg) (Raison
et al., 2013b; Mehta et al., 2013), for a total of 9 samples. To limit de-
mographic differences, patients in the low and high CRP groups were
selected to be female and from one racial and ethnic background (Af-
rican American, non-Hispanic). Age and BMI also did not differ between
groups (p = 0.2-0.5) and were within 1 standard deviation of the means
of MD patients in our previous studies (Felger et al., 2016, 2020; Mehta
et al., 2013; Bekhbat et al., 2020).

Subjects were recruited from a community sample of MD patients
through social media campaigns, and subjects signed written informed
consent before study participation. All studies were a priori approved by
the Emory Institutional Review Board. Screening included: 1) Past
psychiatric history and current symptom severity using Structured
Clinical Interview for DSM-V (SCID-V) (First et al., 1997), 17-item
HAM-D and the 30-item IDS-SR (Hamilton, 1960; Rush et al., 1996),
2) Medical history from patient interview and review of medical records,
3) Complete medical and neurological examination including Mini
Mental State Exam (Folstein et al., 1975), 4) Screening laboratory
evaluation, and 5) hsCRP [obtained twice over a 2-week period as per
AHA/CDC guidelines to establish stability and rule out acute infection
(Pearson et al., 2003)]. No patients were removed from medication for
the purposes of the study. All subjects were off all psychotropic medi-
cations for at least 4 weeks (8 weeks for fluoxetine). Additionally, all
subjects were free of any autoimmune or inflammatory disorders as well
as acute or chronic infectious diseases or acute inflammation and must
have been off all anti-inflammatory drugs and supplements for at least 2
weeks. Patients had a primary diagnosis of MD and did not have a
co-morbid diagnosis of obsessive compulsive disorder, an eating disor-
der or antisocial personality disorder. Patients with an active suicidal
plan or intent as determined by a score >3 on item #3 of the HAM-D
were excluded, and suicide status was monitored throughout the study
using the Columbia Suicide Severity Rating Scale (Posner et al., 2007).

2.2. Study procedures

Following screening, subjects underwent baseline fasting blood
sampling and clinical assessment of anhedonia using the Snaith-
Hamilton Pleasure Scale-Clinician rated (SHAPS-C) (Snaith et al.,
1995; Ameli et al., 2014). For subjects who received infliximab or pla-
cebo, study drug was dispensed according to a computer-generated
randomization list provided by the research pharmacist. A safety visit
was conducted at week 1 to evaluate psychiatric and medical status, and
at week 2, subjects underwent the same procedures as indicated for the
baseline visit.

2.3. Collection of PBMCs and plasma

Fasting whole blood samples were obtained between 8 and 10 a.m.
after 30 min of rest (to avoid circadian influences and effects of stress)
into chilled EDTA tubes using standard sterile techniques. Plasma was
obtained from whole blood by centrifugation at 4 °C, aliquoted and
stored at —80 °C until batched assay of CRP. PBMCs were isolated from
EDTA whole blood on Histopaque-1077. After washing, cells were
counted, and 3-5 million cells were resuspended in sterile freezing
media (90% FBS and 10% DMSO). Cells were slowly frozen in an
isopropanol-containing cryopreservation vessel at —80 °C for 24 h then
stored in liquid nitrogen.

2.4. Inflammatory marker measurement

High sensitivity (hs) CRP was assayed using an immunoturbido-
metric assay with a Beckman AU480 chemistry analyzer and Ultra WR
CRP kit (Sekisui Diagnostics) (Raison et al., 2013b; Felger et al., 2016).
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2.5. scRNA sequencing and analyses

Carefully thawed samples exhibited >70% viability, and dead cells
were removed to ensure consistency across samples. Viable cells were
processed on a 10x Chromium Controller using the 3' GEX v3.1 platform
(10x Genomics). Single cell gene expression library was prepared per
manufacturer’s instructions and sequenced on Illumina HiSeq (Illumina,
California, USA). scRNA-Seq reads for gene quantification were
analyzed using Seurat 3.1.5 (Stuart et al., 2019) after quality control
filtering, alignment to reference genome and normalization to perform
unsupervised and supervised analysis (Tran et al., 2016; Raof et al.,
2016) (see SI for details). Cells were partitioned into clusters based on
transcriptome profiles, and batch correction was conducted using Har-
mony (Korsunsky et al., 2019). Nonlinear dimensional reduction of the
sc-transcriptomes was performed with the uniform manifold approxi-
mation and projection (UMAP) technique (LJPvd Hinton, 2008). Data
were visualized via two-dimensional UMAP plots. Cell type identities of
each cluster were determined using automated annotation via SingleR
(Aran et al., 2019), and refined using cell-type specific canonical
markers (see SI, Figs. S1A-B). Differential expression analyses were
conducted in Seurat followed by functional enrichment analysis using
WikiPathways and KEGG (Kyoto Encyclopedia Gene and Genome) da-
tabases as implemented in clusterProfiler (Yu et al., 2012) as well as
GeneGo MetaCore (St. Joseph, MI, USA) (see SI). An FDR significance
threshold of q < 0.1 (Storey and Tibshirani, 2003) was used herein for
pathway analysis to ensure biologically meaningful pathway results
(Mostafavi et al., 2014; Jansen et al., 2016; Hulsegge et al., 2009; Yang
et al., 2008, 2014; de Kluiver et al., 2019; Zhou et al., 2018).

2.6. Statistical analysis

Demographic and clinical variables were characterized using
descriptive statistics. Associations between cell clusters and clinical
variables were tested using Spearman correlations. Analyses were con-
ducted in IBM SPSS Statistics 27.0 (New York, NY, USA).

3. Results

Demographic and clinical variables of the study sample are shown in
Table 1. PBMC samples from MD patients with low and high CRP (before
and after infliximab) comprised a total of 33,833 cells in 20 unique
clusters (Fig. 1, Table S1A). Of these, 10,311 cells were from three pa-
tients with low CRP, 12,167 from three patients with high CRP at
baseline, and 11,355 from the same three patients with high CRP two
weeks after infliximab. In the UMAP plots, clusters were assigned unique
colors according to the unsupervised clustering in Seurat and labeled
according to their cell subtypes. Five clusters were identified as T cells
(CD3D), two as NKs (KLRB1, NKG7) (Wang et al., 2021; Pizzolato et al.,
2019), three as monocytes (CD68, LYZ, S100A9, CD14 or FCGR3A

Table 1
Demographic and clinical variables of the study sample.

Low CRP (<3 mg/L) High CRP (>3 mg/L) n = 3;
n=3 Baseline
Age Median 38 (0.5) 43 (6.5)
(IQR)
BMI Mean (SD) 32.2(5.1) 35.5(5.8)
hsCRP (mg/ Median 0.6 (0.7) 4.8 (6.8)
L) (IQR)
HAM-D Mean (SD) 24 (2) 22 (3)
IDS-SR Mean (SD) 33.3(9.8) 26 (8)
SHAPS-C Mean (SD) 32.3(9.6) 35.7 (7.8)

IQR, interquartile range; SD, standard deviation; BMI, body mass index; hsCRP,
high-sensitivity C-reactive protein; HAM-D, Hamilton Depression Rating Scale;
IDS-SR, Inventory of Depressive Symptomology-Self Report; SHAPS-C, Clinician-
rated Snaith-Hamilton Pleasure Scale.
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Fig. 1. Single-cell RNA-seq analysis of peripheral blood mononuclear cell (PBMC) samples from MD patients. Two-dimensional uniform manifold approximation and
projection (UMAP) plots were derived from the single-cell transcriptomes of 10,311 cells from three patients with low CRP, 12,167 cells from three patients with High
CRP before infliximab, and 11,355 cells from the same three patients with high CRP two weeks after infliximab. Each dot represents a single cell. Clusters were
colored according to the unsupervised clustering in Seurat and annotated using canonical marker genes for cell types enriched in each cluster. CRP, C-reactive
protein; EM, effector memory; CM, central memory; DC, dendritic cell; pDC, plasmacytoid DC; mDC, myeloid DC; NK, natural killer.
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Fig. 2. CD14" and CD16™ monocyte subsets were increased in MD with high vs. low inflammation and reduced by infliximab. Whereas CD14" monocytes were only
present in high vs. low CRP (>3 versus <3 mg/L) and were moderately reduced by infliximab (29%), CD16™ monocytes were both increased by 74% in high CRP and
reduced by 55% post-infliximab (N = 3 per group). Orange and purple arrows indicate direction of changes in cell abundance as % of PBMCs in high vs low CRP and
high CRP baseline vs post-infliximab comparisons (A). Dot plot depicting the average expression level and % of cells expressing activation- and chemotaxis-related
markers across CD14" and CD16" monocytes (B). The number of differentially expressed genes in high CRP baseline and post-infliximab conditions, and repre-
sentative enriched pathways for both CD14™ (C) and CD16™ (D) monocyte subsets. Red and blue circles indicate genes upregulated in high CRP patients at baseline or
uniquely upregulated post-infliximab, respectively, and enrich pathways corresponding to their colors. CRP, C-reactive protein; UMAP, uniform manifold approx-
imation and projection; HIF-1, hypoxia-inducible factor-1; NOD-like, nucleotide-binding oligomerization domain-like. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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monocytes, which expressed macrophage activation markers such as
CD68, C5AR1 and MS4A7, were ~74% more abundant in MD patients
with high CRP (t(4) = 1.13, p = 0.32) and reduced by 55% after
infliximab (5.4 vs 2.5% of PBMCs, t(2) = 3.04, p = 0.09). (Fig. 2A).
Interestingly, both monocyte populations expressed molecules and
pathways related to chemotaxis. For example, the CD147CD16 cells
(consistent with classical monocytes) were the only cluster to express
CCR2, which was found in a subset of cells but at a high intensity
(Fig. 2B). Genes upregulated in these CD14" monocytes, which were
unique to MD with high CRP, were significantly enriched for a number
of pathways related to inflammation (Phagosome, Complement system),
immune cell migration (Cell adhesion molecules, IL-17 signaling
pathway (Garza-Reyes et al., 2020)), and immunometabolic shifts
thought to play a role in myeloid-driven inflammation (HIF-1 signaling,
aerobic glycolysis)(all p < 0.05 and q < 0.1; Fig. 2C, Figs. S2-3; see
Table S2 for all pathway results). The CD16" cells expressed C5AR1 and
MS4A7, which are molecules expressed on myeloid cells that traffic to
tissues including brain and are found to contribute to CNS inflammation
in several disease states (Hernandez et al., 2017; Wang et al., 2017;
Jordao et al., 2019; DePaula-Silva et al., 2019; Buckner et al., 2011).
Genes upregulated in CD16" monocytes of high CRP patients were
enriched for pathways including Fc gamma R-mediated phagocytosis,
Antigen processing and presentation, Leukocyte transendothelial
migration, and the Oxidative damage response (all p < 0.05 and q < 0.1;
Fig. 2D). While only 42 genes (and no pathways) in CD14" cells were
differentially expressed post-infliximab, the CD16™ cluster had evidence
of both reduced cell percentage (from 5.4 to 2.5%) post-infliximab
(Fig. 2A) and differential regulation of inflammatory genes
(Tables S2-3). In addition to the 177 genes that were upregulated in
CD16™ monocytes of high CRP patients at baseline, 42 genes were
uniquely up-regulated post-infliximab, and enriched pathways
including Antigen processing and presentation, NOD-like receptor
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signaling pathway, and Natural killer cell mediated cytotoxicity (all p <
0.05 and q < 0.1; Fig. 2D; see Table S3 for full pathway results). Addi-
tionally, exploratory analyses suggested that CD16" monocytes, and to a
lesser extent CD14" monocytes, in MD patients with high versus low
CRP showed indices of glucocorticoid resistance such as lower expres-
sion of the glucocorticoid-inducible anti-inflammatory genes TSC22D3,
DUSP1 and KLF2 in CD16" monocytes and KLF2 in CD14" monocytes
(Fig. S4 and Table S5). (Hasselmann et al., 2018; Menke et al., 2012; Das
et al., 2006).

3.2. CD47 T cells in MD with high CRP and response to anti-
inflammatory challenge

Differences in CD4" T cell subpopulations were revealed between
MD patients with low vs. high CRP, which also differentially responded
to infliximab (Fig. 3A). Shifts in the CD4™ T cell compartment included
~30% and ~10% lower abundance of CD4" central memory T cells
(Tcm), and Thajve cells respectively (t(4) = 3.87, p = 0.018; t(4) = 0.73, p
= 0.51), along with a ~50% increase in a cluster consistent with effector
memory-like (Tgppike) cells (t(4) = 2.63, p = 0.059) in high versus low
CRP patients (Fig. 3A). While T¢y cells are known to rely primarily upon
oxidative phosphorylation (OXPHOS) as a main energy source (Bantug
et al., 2018), CD4" Tcy cells of high CRP patients displayed down-
regulation of 201 genes involved in OXPHOS, electron transport chain,
and VEGFA-VEGFR2 signaling pathways (all p < 0.05 and q < 0.1;
Fig. 3B; see Table S4 for full pathway results). Although infliximab
partially restored the percentage of CD4" Tcy cells, an additional 58
genes were uniquely downregulated in CD4" Ty cells post-infliximab,
and were enriched for Leukocyte transendothelial migration, OXPHOS,
and Platelet activation pathways (all p < 0.05 and q < 0.1; Fig. 3B; see
Table S4). Tem.like @and Thaive cells of high CRP patients displayed few
differentially expressed genes at baseline or following infliximab
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Fig. 3. Cellular and molecular shifts in CD4" T cell clusters in MD with high inflammation and response to infliximab. Shifts in the CD4" T cell compartment
included ~30% and ~10% lower abundance of CD4" central memory T cells (Tcy) and Thaive cells respectively as well as ~50% higher abundance in a cluster
consistent with effector memory-like (Tgp.iike) cells in high CRP patients (N = 3 per group). Orange and purple arrows indicate direction of changes in cell abundance
as % of PBMCs in high vs low CRP and high CRP baseline vs post-infliximab comparisons (A). The numbers of differentially expressed genes in T¢y cells of high CRP
patients at baseline and post-infliximab are shown along with representative pathways enriched by genes downregulated at baseline (red circles) or uniquely
downregulated post-infliximab (blue circle)(B). The numbers of differentially expressed in Tgpm.iike (C) and Tpaive cells (D) of high CRP patients at baseline and post-
infliximab. CRP, C-reactive protein; UMAP, uniform manifold approximation and projection; HIF-1, hypoxia-inducible factor-1; EM, effector memory; CM, central
memory; OXPHOS, oxidative phosphorylation; VEGF, vascular endothelial growth factor A; VEGFR, vascular endothelial growth factor receptor. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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(Fig. 3C-D).

3.3. Relationships between monocytes and CD4" T cells and severity of
anhedonia and the response to anti-inflammatory challenge

Baseline numbers of CD16" monocytes negatively correlated with
CD4 ™" Tpaive cells in all patients (rs = 1.0, p < 0.001)(Fig. 4A). MD pa-
tients for the current study were selected to minimize variability in sex,
age, race, ethnicity, and BMI (see 2.1 above). Interestingly, the subjects
with high CRP varied with respect to their anhedonia response to
infliximab, which allowed for a preliminary assessment of relationships
between immune cell subsets and response to infliximab. Change in the
number of CD14" monocytes (rs = 1.0, p < 0.001), but not the CD16™"
cluster (rs = —0.5, p > 0.05), predicted change in anhedonia scores as
measured by SHAPS-C (Fig. 4B). Similarly, change in the number of
CD4" Tgypke cells predicted change in anhedonia scores (Fig. 4C).
Interestingly, infliximab-induced change in hsCRP was significantly
associated with change in the number of both CD14" monocytes and
CD4" Tgpiike cells (rs = 1.0, p < 0.001 each)(Fig. 4D).

4. Discussion

The preliminary data reported herein indicate that both myeloid and
lymphoid cells including CD14" and CD16" monocyte as well as CD4* T
effector memory-like (Tgp.ike) populations were enriched in MD pa-
tients with increased inflammation (as reflected by a CRP >3 mg/L).
Moreover, the data indicated that enriched monocyte subsets expressed
signaling pathways involving inflammatory networks and/or metabolic
reprograming (e.g., HIF-1 signaling, aerobic glycolysis). Improvement in
anhedonia in response to infliximab in patients with high inflammation
was associated with reduction in the CD14" monocyte cell population as
well as the Tgp.jike cell population. These findings are the first step to-
ward determining the cellular and molecular immune pathways and
networks associated with high inflammation in MD, as well as those that
are impacted by inhibition of TNF by infliximab in relation to brain and
behavioral responses. Future analyses in a larger sample may lead to
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identification of new immunomodulatory targets and biomarkers for
treatments that may have greater specificity and efficacy (and therefore
safety) than available anti-inflammatory therapies including cytokine
antagonists that carry a high risk of infection, exacerbation of demye-
linating conditions and the possibility of cancer.

Relevant to the extant literature, these data are the first evidence
from humans that cells with a similar phenotype as the Ly6C"CCR2+
monocytes frequently reported in the rodent literature to traffic to the
brain and mediate the inflammatory effects of stress on anxiety and
depressive-like behavior (consistent with CD147CD16 negative clas-
sical monocytes that express high CCR2) (Weber et al., 2017; Wohleb
et al., 2014a, 2014b) are selectively increased in MD patients that have
high inflammation. Of note, consistent with these data, an increase in
classical monocytes in the peripheral blood of depressed patients with
increased inflammation has been previously described, however CCR2
was not measured in this study (Lynall et al., 2020). Additionally, a
second population of CD16™ monocytes with increased expression of
markers characteristic of activated macrophages, was both higher in MD
with high CRP and transcriptionally impacted by anti-TNF challenge
with infliximab in association with a 55% reduction in cell percentage.
Interestingly, these cells expressed markers found on monocytes that
infiltrate the brain or perivascular associated-monocytes (Hernandez
et al., 2017; Wang et al., 2017; Jordao et al., 2019; DePaula-Silva et al.,
2019; Buckner et al., 2011). Of note, the CD147CD16cluster was only
moderately impacted by infliximab in terms of cell percentage and
transcriptomics, suggesting that TNF inhibition resolved only a part of
the immunologic and transcriptomic landscape associated with high
CRP in MD, possibly contributing to the limited overall responsiveness
of depressive symptoms to infliximab in treatment resistant MD subjects.

The evidence of shifts in CD4" T cell subsets in favor of the more
activated Tgplike (e.8. Thl and Th17 cell populations) and a decline in
naive and central memory T subsets in MD patients with high inflam-
mation as revealed by scRNA-Seq is important in that it highlights the
strength of sc-transcriptomic approaches to identify subsets of larger cell
populations and their metabolic profiles that might otherwise be missed
by techniques such as flow cytometry. These preliminary data also
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Fig. 4. Monocyte and CD4" T cell clusters at baseline and post-infliximab: relationships with changes in CRP and anhedonia. At baseline, the number of CD16™
monocytes negatively correlated with CD4" Tpaive cells (rs = 1.0, p < 0.001)(A). Change in the number of CD14" monocytes (B) and CD4" Tgpjike cells (C) predicted
change in anhedonia scores as measured by SHAPS-C (rs = 1.0, p < 0.001 each). Infliximab-induced decrease in hsCRP was also associated with change in the number
of both CD14" monocytes and CD4" Tgypike cells (rs = 1.0, p < 0.001 each)(D). hsCRP, high sensitivity C-reactive protein; EM, effector memory; SHAPS-C, Clinician-

rated Snaith-Hamilton Pleasure Scale.
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suggest that the mechanism of inflammation in MD goes beyond myeloid
lineage cells to include the T cell compartment, and that inflammatory
shifts toward Tgp.jke and away from Tgy may be modified by TNF
blockade. Interestingly, myeloid and lymphoid cell lineages may
interact as higher numbers of CD14-CD16™ monocytes were associated
with fewer CD4" naive T cells, consistent with reports showing that
CD16" monocytes promote pro-inflammatory responses in co-cultured
CD4" naive T cells such as increased IFN-y and IL-17 expression,
while suppressing T regulatory cell proliferation (Roberts et al., 2015).
Our findings of bioenergetic transcriptomic shifts in relation to anhe-
donia are consistent with the role of immune-metabolic interactions in
reward deficits (Bekhbat et al., 2020; Goldsmith et al., 2020, 2021;
Nettis et al., 2019), and suggest that MD with high inflammation may
involve a sustained activation of immune cells (trained immunity) that
impact the brain to drive symptoms. While the specific immune cells
that are driving these effects remain unclear, our preliminary data
herein indicate that they predominantly occur in CD14"CD16 mono-
cytes as well as CD4" Tgyike cells. Of note, the data presented also
revealed that the patient with the largest decrease in both
CD14"CD16 monocytes and CD4" Tgyke cells had the greatest
improvement in anhedonia in response to infliximab, and that the pa-
tient who had no change in CD147CD16 monocytes had no change in
anhedonia. Despite these differential responses, all patients exhibited
infliximab-induced decreases in CRP. Although it remains possible that
infliximab-related changes in anhedonia mediated the changes in im-
mune cell subsets, these data support the notion that variability in the
cellular response to anti-inflammatory treatments within sub-
populations of immune cells may serve as a more accurate biomarker of
whether the immune system has been sufficiently engaged to effect a
behavioral change, compared to more non-specific markers of inflam-
mation such as CRP.

There are several strengths and limitations of the data presented. The
sample represents a homogenous group of subjects who were medically
stable and without inflammatory conditions or treatment with psycho-
tropic drugs. Moreover, subjects were studied under controlled condi-
tions, and patients with high inflammation were assessed both before
and after administration of a highly specific biologic antagonist of TNF.
Nevertheless, the sample size was very small and was limited to a
discrete population of Black females. Thus, despite the relatively large
effect sizes and correlations with behavior, there may be variability as a
function of sex and race. In addition, no protein markers were obtained
so that the identification of specific cell subsets was based on bio-
informatic analysis of gene expression data only. Studies combining
proteomics and transcriptomics (e.g., by using Cellular Indexing of
Transcriptomes and Epitopes by Sequencing [CITE-Seq]) would be an
important complement to future work. Nevertheless, given the limited
repertoire of protein markers currently available for flow cytometry and
barcodes for CITE-Seq, advanced analytic strategies combining both
bulk and single cell sequencing data (Sun et al., 2021) represent a
powerful alternative to identify cell subpopulations driving a behavioral
phenotype at the single cell level while leveraging greater statistical
power afforded by bulk sequencing and phenotypic data.

Taken together, our data and the review of the literature indicate
that multiple immune cell types and pathways appear to participate in
the chronic inflammatory response as well as behavioral changes found
in MD patients. Many of these pathways and cells can be uniquely tar-
geted by existing drugs (see Table 2). (Kubo et al., 2018; Palsson-Mc-
Dermott and O’Neill, 2020) Moreover, evolving immunotherapies are
becoming increasingly specific, including for example drugs that target
cytokines that activate specific immune cell subpopulations (e.g. IL-12
and IL-23 activation of Th1 and Th17 cells, respectively)(Iwakura and
Ishigame, 2006) as well as drugs that target the specific cells (e.g.
nanotechnology to target macrophages)(Hu et al., 2019) and molecular
pathways involved in inflammation. Finally, treatments targeting
immunometabolism are also rapidly evolving, and many are available
including for example rapamycin, which blocks mammalian target of
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Table 2
Relevant pathways and cells that can be targeted by existing drugs.

Drug Target Immune Cells Affected

Dimethyl Keap1/Nrf2, NF-kB, T and B cells, NK cells, DC,

Fumarate IRAK4 macrophages, neutrophils
Metformin AMP kinase T and B cells, macrophages
Methotrexate Dihydrofolate T and B cells, neutrophils,

reductase macrophages
Rapamycin mTORC1 T cells, macrophages, NK cells
TEPP-46 Pyruvate kinase M2 CD4" T cells, B cells, NK cells,
macrophages
Baricitinib JAK1/JAK2 T and B cells, DC

Abbreviations: Keapl, Kelch Like ECH Associated Protein 1; Nrf2, Nuclear
factor-erythroid factor 2-related factor 2; NF-kB, Nuclear Factor kappa-light-
chain-enhancer of activated B cells; IRAK4, interleukin-1 receptor-associated
kinase 4; AMP kinase, AMP-activated protein kinase; mTORC1, mammalian
target of rapamycin complex 1; TEPP-46, a small molecular agonist of pyruvate
kinase M2; JAK, Janus Kinase; NK, natural killer; DC, dendritic cells.

rapamycin (mTOR) pathways and has been shown to augment the an-
tidepressant response to ketamine (Abdallah et al., 2020), as well as
dimethyl fumarate, which blocks glycolysis (Kornberg et al., 2018).
Nevertheless, to take full advantage of these advances in
anti-inflammatory therapeutics, a more nuanced understanding of the
cellular and molecular immunologic processes that drive inflammation
in depression and other psychiatric disorders is required. Such an un-
derstanding will allow the development of better, more precise bio-
markers and treatments, while also providing informed target
engagement strategies to monitor treatment efficacy of novel agents at
the immune level.
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