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1. Abstract

Background: Inflammation has been associated with major depressive disorder (MDD). Meta-
analytic evidence has shown increased levels of circulating pro-inflammatory cytokines in
groups of patients with MDD. However, little is known about the cellular source of these
inflammatory signals. Recent studies have suggested that innate and adaptive immunity may be
differentially affected in MDD. Neuroendocrine pathways tightly regulate cellular inflammation
via glucocorticoids, such as cortisol. While some studies have found neuroendocrine
disturbances in MDD, it has remained unclear whether impairments in glucocorticoid signalling
are cell-specific. Therefore, we interrogated phenotype and glucocorticoid signalling of key
innate (monocytes) and adaptive (T cells) immune cell populations in patients with MDD and
healthy controls (HC).

Methods: 35 well-characterized antidepressant-free patients with MDD and HC individually
matched for age, sex, smoking status and body mass index were enrolled. All participants were
free of immunomodulatory medications or significant medical illness and non-pregnant.
Immunophenotyping was performed by flow cytometry following established guidelines. Cell-
specific steroid signalling was determined by mRNA expression of pre-receptor regulation (11p-
hydroxysteroid dehydrogenase type 1 [/15-HSD1]), receptor expression (glucocorticoid [GR]
and mineralocorticoid receptor [MR]), and its main downstream target (glucocorticoid-induced
leucine-zipper [GILZ]). Salivary cortisol (collected on two consecutive days at 8 a.m. and 10

p.m.) and serum levels of IL-6, IL-13 and TNF-o were analysed with ELISA.

Paired-samples t-tests were used for continuous variables and McNemar’s Test for dichotomous
variables. Repeated-measures ANOVA was used for cortisol values. Effects sizes were

calculated as Hedges’ g.

Results: In patients with MDD, we observed a shift in monocyte repertoire towards elevated
frequencies of non-classical monocytes (p < 0.01; Hedges’g = 0.88). In contrast, frequency and
phenotype of major lymphocyte subsets were similar (ps > 0.05). Furthermore, monocytes but
not T cells from patients with MDD showed lower expression of GR (p = 0.018; Hedges’g =
0.21) and GILZ (p = 0.045; Hedges’g = 0.39), indicative of steroid resistance. Finally, altered
monocyte phenotype and steroid gene expression occurred against the backdrop of unchanged

salivary cortisol (p = 0.32) and serum cytokine levels (ps > 0.05).

Conclusion: Our results suggest that in MDD regulatory mechanisms of inflammation are

affected in a cell-specific manner. More specifically, we found a shift towards a pro-
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inflammatory phenotype and gene expression consistent with steroid resistance that was
restricted to monocytes and occurred without neuroendocrine alterations. Our results could

outline avenues for tailored cell-specific treatments to target aberrant inflammation in MDD.



2. Abstract (German)

Hintergrund: Entziindliche Prozesse stehen mit der Pathophysiologie von Depression (MDD) in
Verbindung. Meta-Analysen deuten auf erhdhte Spiegel von zirkulierenden pro-
inflammatorischen Zytokinen in Patientengruppen hin. Bisher ist nur wenig tiber den zellularen
Ursprung dieser entziindlichen Signale bekannt. Jiingere Untersuchungen konnten zeigen, dass
adaptive und angeborene Immunitét bei MDD differentiell beeintrachtigt sein konnte.
Glukokortikoide wie Cortisol sind potente neuroendokrine Regulatoren von Inflammation. Eine
verénderte neuroendokrine Regulation ist bei Patienten mit MDD beschrieben worden, allerdings
ist unklar, ob diese neuroendokrinen VVeranderungen zell-spezifisch auftreten. Das Ziel dieser
Arbeit ist es, Phanotyp sowie Steroidregulation von Monozyten und T-Zellen, den wichtigsten
Zellpopulationen von angeborenem und erworbenem Immunsystem, bei Patienten mit MDD und

gesunden Kontrollen (GK) zu untersuchen.

Methoden: 35 Antidepressiva-unmedizierte Patienten mit MDD und 35 GK (individuell
parallelisiert nach Alter, Geschlecht, Raucherstatus und Body-Mass-Index) wurden fir die
Studie rekrutiert. Alle Probanden waren frei von immunmodulatorischer Medikation, ohne

signifikante medizinische Begleiterkrankungen und nicht-schwanger.

Immunophéanotypisierung wurde mithilfe von Durchflusszytometrie geméaR etablierter Standards
durchgefuhrt. Zell-spezifische Steroidregulation wurde anhand der mRNA-EXxpression auf Ebene
von pra-Rezeptor- (11p-hydroxysteroid dehydrogenase type 1 [115-HSD1]), Rezeptor-
(Glukokortikoid- [GR] und Mineralokortikoidrezeptor [MR]) sowie post-Rezeptor-Ebene
(glucocorticoid-induced leucine-zipper [GILZ]) bestimmt. Speichel-Cortisol zweier konsekutiver
Tage (8:00 und 22:00 Uhr) sowie IL-6, IL-18 und TNF-a-Serum-Spiegel wurden mittels ELISA
analysiert. Kontinuierliche Variablen wurden mittels des t-Tests flr verbundene Stichproben,
dichotome Variablen mit McNemar’s Test und Speichel-Cortisol mit einer messwiederholten
Varianzanalyse ausgewertet. Hedges’ g wurde als Mal3 der Effektstérke berechnet.

Ergebnisse: Bei Patienten mit MDD zeigte sich eine signifikante Verschiebung des Monozyten-
Repertoire hin zu einer erhdhten Frequenz von nicht-klassischen Monozyten (p < 0.01; Hedges’
g = 0.88). Dem gegeniiber gab es keine Gruppenunterschiede in Frequenz oder Phénotyp
wichtiger Lymphozyten-Populationen (ps > 0.05). In Einklang hiermit zeigten nur Monozyten,
nicht aber T-Zellen, von Patienten mit MDD geringere mRNA-Level von GR (p = 0.018;
Hedges’ g = 0.21) und GILZ (p = 0.045; Hedges’ g = 0.39) als Monozyten von Kontrollen, was



auf Steroidresistenz hindeutet. Diese Veranderungen waren unabhangig von Speichel-Cortisol-
(p = 0.32) und Serum-Zytokin-Spiegeln (ps > 0.05).

Conclusio: Unsere Ergebnisse deuten darauf hin, dass die Regulation von Inflammation bei
Patienten mit MDD auf zell-spezifische Weise beeintrachtigt ist. Es zeigte sich eine
Verschiebung hin zu einem pro-inflammatorischen Phanotypen gekoppelt mit einer Monozyten-
spezifischen Genexpression, die mit Steroidresistenz konsistent ist. Diese Veranderungen traten
bei depressiven Patienten ohne Erhéhung der Speichel-Cortisol-Spiegel auf. Diese Ergebnisse
kdnnten Hinweise flr zukunftige zell-spezifische Behandlung von entzindlichen Prozessen im

Rahmen von MDD liefern.



3. Major depressive disorder, the immune system and stress hormones

3.1 Background

Major depressive disorder (MDD) is a highly prevalent mental illness that is associated
with severe mortality and morbidity (1). Several hypotheses about its pathobiology have been
put forward, including alterations in (monoaminergic) neurotransmission (2,3), physiological
stress systems such as the hypothalamus-pituitary-adrenal (HPA) axis (4) or neurotrophic factors
(5). More recently, links between MDD and aberrant immune processes have been suggested (6).
For example, observational studies found that infectious illnesses increase the risk of developing
MDD (7). Reversely, an MDD diagnosis is a risk factor for major somatic illnesses and
infections (8-10). Animal studies and preclinical work has lent further support to the role of
immune deregulation in depression. Inflammatory stimuli, such as typhoid vaccines, reliably
evoke symptoms reminiscent of MDD, including fatigue, anhedonia and sleep disturbances, in
healthy volunteers (11). Termed “sickness behaviour”, these effects are likely mediated by the
actions of pro-inflammatory molecules on central nervous system pathways that strongly overlap
with MDD-associated networks (12).

Meta-analyses have strengthened earlier reports that levels of circulating pro-inflammatory
cytokines, such as interleukin-6 (IL-6) or tumour necrosis factor a (TNF-a), are raised in a
subgroup of patients with MDD (13,14). However, little is known about their specificity and
cellular origin. In fact, a wide range of immune-competent cells secrete inflammatory cytokines,
including T cells, monocytes, macrophages and natural killer (NK) cells. As it is now
increasingly recognised that these cells may play different roles in the aetiology of MDD, their
inflammatory signals are likely to underpin different biological functions. To illustrate this point
further, MDD does not seem to be underlined by uniform immune (de)activation, but more
subtle disturbances in adaptive and innate immunity (15,16). For example, evidence in support of
innate immune activation in MDD has accrued, including upregulated expression of pro-
inflammatory genes by monocytes (17,18), elevated levels of circulating pro-inflammatory
cytokines (13,14) and a link with allelic variations for pro-inflammatory cytokine genes (19).

Conversely, adaptive immunity and especially T cells function seems to be impaired (16,20-22).

Thus, not all immune branches may be impaired equally. One pathway that could explain this
specificity is the HPA axis. Glucocorticoids (GCs), such as cortisol, are potent regulators of
inflammation. They exert anti-inflammatory effects primarily by binding to glucocorticoid

receptors (GR) on leukocytes. When liganded, the GR translocates from the cytoplasm to the
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nucleus of the target cell, where it regulates transcription of several inflammation-related genes.
For example, GCs modulate T cell trafficking, apoptosis, proliferation and cytokine production
(23) and favour differentiation of monocytes with anti-inflammatory features (24). Interestingly,
there is some evidence of blunted responsiveness to GCs in T cells from patients with MDD (25—
28). These deficits have mostly been interpreted as blunted GR functioning. Likewise, initial
evidence suggests that monocytes and peripheral blood mononuclear cells (PBMCs, a cell
population that contains lymphocytes, monocytes and a small fraction of dendritic cells) show
similar alterations (17,18,29,30). Thus, cell-specific GC dysfunction provides an attractive

framework that integrates deregulations in certain immune compartments and the HPA axis.

Previous studies have largely focused on GR function, disregarding other levels of regulations
that individually or collectively may bear relevance to MDD. In fact, GC signals in lymphocytes
and monocytes are transmitted along a cascade of pre-receptor, receptor and post-receptor
regulation. For example, on a pre-receptor level, immunocompetent cells regulate the conversion
of biologically inactive cortisone to cortisol via 11-hydroxysteroid dehydrogenase type 1 (11R3-
HSD1) (31). Genetic ablation of 11R8-HSD1 was linked with an antidepressant-like phenotype in
an animal model of depression (32), supporting its possible relevance. Cortisol’s main biological
signals are transmitted via stimulation of the GR and mineralocorticoid receptor (MR), two
nuclear receptors that reside in cytoplasm. Upon ligand binding, they translocate to the cell
nucleus and suppress or enhance the transcription of target genes. As mentioned above, liganded
GR induces a breadth of anti-inflammatory effects via the suppression of pro-inflammatory (e.g.,
interleukin-1) (33) and the stimulation of anti-inflammatory gene expression (e.g., interleukin-
10) (34). A host of preclinical and clinical studies also supports the immunomodulatory role of
MR stimulation (35) and there is evidence to suggest that MR function may be impaired in MDD
(36). Finally, most of the anti-inflammatory signals of GCs are mediated by the glucocorticoid-
induced leucine zipper (GILZ), a protein induced upon GR stimulation (37). Interestingly,
several observations (38,39) have independently linked GILZ to MDD, although not yet in a

cell-specific manner.

In the context of MDD, GR function has mainly been assessed in single cell populations (mostly
lymphocytes), lacking appropriate comparator populations. This means that whether differences
in GR function occur in a cell-specific manner has not been conclusively investigated. Given
accruing evidence that MDD is underpinned by subtler imbalances between immune
compartments, however, this might have overlooked cell-specific differences. Finally, MDD is a

highly heterogeneous illness that is associated with a width of comorbid diseases, unfavourable
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demographical characteristics and behaviours (1). As many of these characteristics affect
immune function, they need to be carefully considered in participant selection. As a case in
point, smoking (40) and body mass index (41) affect a diffuse set of immune parameters and, on
average, patients with MDD have a higher prevalence of smoking (42) and higher body mass

indices (1) than the general population.

To sum up, several strains of evidence suggest that in MDD impaired regulation of inflammation
may be limited to certain immune branches. This divergence could be mediated by cellular
alterations in GC function. However, a rigorous examination of this hypothesis is still missing.
The aim of this thesis was to characterise the phenotype and GC-related gene expression of
monocytes and T cells, key mediators of innate and adaptive immunity.

3.2 Participants and methods
3.2.1 Participants and study assessment

Patients with MDD were recruited either from on-site psychiatrist referral, Charité
Campus Benjamin Franklin Clinic for Psychiatry and Psychotherapy inpatient ward or via online
advertisements. Healthy controls were exclusively recruited via online advertisements. Main
exclusion criteria for both groups were significant medical illness (e.g., diabetes, autoimmune or
infectious illnesses), current immunomodulatory treatment or pregnancy. MDD patients
unanimously had a psychiatrist-confirmed MDD diagnosis, no antidepressant treatment for at
least two weeks and no other psychiatric disorders except milder anxiety disorders (cf. Table 1).
Healthy controls were free of any psychiatric illness (including subclinical depressive symptom)
and were not permitted to have a first-degree relative with any affective disorder. A total of 35
patients with MDD and healthy controls satisfied all criteria and were enrolled in the study.

All participants completed several self-report questionnaires including Beck Anxiety Inventory
(BAI) (43), Beck Depression Inventory Il (BDI-II) (44) and Childhood Trauma Questionnaire
(CTQ) (45). A psychiatric interview (Mini-International Neuropsychiatric Interview) (46) was
then conducted before participants’ depression severity was rated using the Montgomery Asberg
Depression Rating Scale (MADRS) (47). these steps were all performed by a single trained rater
(the author of this thesis). Sample characteristics including routine blood works performed by an
affiliated diagnostic lab (Labor Berlin—Charité Vivantes GmbH, Germany) are elaborated in

Table 1. An individual overview over all study participants is given on pages 58-60.

For biological analyses, patients with MDD and healthy controls were matched on age, BMI, sex

and smoking status to create “twin pairs” that minimize the impact of confounding variables.
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MDD HC p
Demographic  Age 31.7+11.2years  31.7 +10.2 years >0.99
parameters BMI 23.9 + 3.6 kg/m? 23.5 + 3.2 kg/m? > 0.05
Females 25 (71.4 %) 25 (71.4 %) >0.99
Smokers 12 (34.3 %) 12 (34.3 %) > 0.99
Clinical MADRS 249+53 1.2+1.38 <0.01f
parameters BDI-II 299+6.5 29+34 <0.01f
BAI 20.7+12.4 3.8+29 <0.01f
CTQ* 40.9 +15.9 329+98 0.03f
Comorbid anxiety disorder 10 (28.6 %) - -
Inpatients 18 (51.4 %) - -
Recurrent disease course 28 (80 %) - -
Previous episodes 3.8+17 - -
Blood count Lymphocytes 1.9+0.7 /nl 1.9+0.5/nl 0.56
Monocytes 0.5+0.2/nl 0.5+£0.2/nl 0.67
Eosinophils 0.2+0.2/nl 0.2£0.2/nl 0.66
Basophiles 0.04 £ 0.03 /nl 0.05 £ 0.03 /nl 0.14
Neutrophils 3.3+15/nl 3.6+1.8/nl 0.42
CRP 1.6+ 1.7 mg/dl 1.4 + 1.5 mg/di 0.54

Table 1. Demographic, clinical and blood count parameters for patients with MDD (n=35) and healthy controls

(n=35)

BAI: Beck Anxiety Inventory, BDI-I1: Beck Depression Inventory I, BMI: body mass index, CTQ: Childhood

Trauma Questionnaire, HC: healthy control, MADRS: Montgomery Asberg Depression Rating Scale, MDD:
patients with major depressive disorder

Values represent mean =+ standard deviation for continuous variables and n (%) for dichotomous variables. Blood
count is shown in cells / nl or mg / dl. Paired-samples t-test was used for continuous and McNemar’s test for
dichotomous variables. * CTQ total score Tsignificant at p < 0.05

3.2.2 Sample collection and handling

For biological analyses, all participants provided 70ml of venous blood that was collected
in heparinized tubes for immune cell-specific analyses and serum separator tubes for cytokine
assessment. A strict 12h fasting regiment prior to sampling was required for all participants and
all samples were drawn between 8.00 a.m. and 9:30 a.m. to minimize circadian confounding.
Participants also provided diurnal saliva samples from two days chosen to resemble typical
weekdays (i.e., excluding with extraordinary events such as exam or stressful medical
interventions). Handling and analysis of all biological material followed protocols optimized in
our lab for the specific readouts of this study. Detailed explanation of all steps including cell
isolation, sample handling and storage is provided on pages 48-50). Finally, all experimental and

study parameters were equalized between groups to achieve maximum internal validity.
3.2.3 Flow cytometry

Samples were prepared for flow cytometry analyses using a pre-tested, optimized

protocol that is described together with all antibody panels and clones on pages 49 and 57,
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respectively. Identification of leukocyte subpopulations followed state-of-the-art
recommendations for general immunophenotyping in humans (48). Briefly, we identified
lymphocytes by forward and sideward scatter properties, followed by exclusion of doublets and
dead cells. Next, we selected T cells based on CD3 positivity and non-T cells based on CD3
negativity. T cells were further subdivided into CD4" T helper and CD8" cytotoxic T cells.
Finally, among CD4" T cells, we used the expression of the CD25 and CD127 to define
regulatory T cells as CD4*CD25"CD127 (49). Among non-T cells, B cells were identified using
CD20, a common pan-B cell marker. Next, among CD20- cells, pan-natural killers cells were
defined as CD56 positive and CD14 negative. Lastly, among natural killer (NK) cells, we
defined cytotoxic NK cells (NKc) as CD56"CD16" and NK cells with a putatively regulatory
phenotype (NKreg) as CD56"CD16%™- as suggested by (48).

While there is a certain consensus regarding gating strategies for lymphocytes, accurate
monocyte subtype identification can be more challenging (50). Therefore, we used an optimized
monocyte identification approach for reliable detection of classical, non-classical and

intermediate monocytes (Figure 1).

PBMCs Monocytes Single Cells Live Cells
; Identification Exclusion of ] Exclusion of
of monocytes doublets E dead cells
from PBMCs 3 g f
w
1 f———
L FSA Live/Dead
. Non-B/
Live Cells Non-T cells Non- Nk cells HLA-DR*/CD14*-
Exclusion of Exclusion of ] Exclusion of
T cells NK and B vl contaminating

cells cells

HLA-DR
" i

CcD20

CD14

Figure 1. Identification of classical, intermediate and non-classical monocytes

Monocytes were identified by forward (FSC) and sideward scatter (SSC), followed by exclusion of doublets, dead
cells, remaining T cells, B cells (CD20%) and natural killer (NK) cells (CD56%) as well as CD147/HLA-DR" cells
(e.g., neutrophils). Monocytes were classified as either non-classical (A: CD14*CD16*"), intermediate (B:
CD14**CD16") or classical (C: CD14**CD16") following established guidelines (51).

Manual gating is subject to significant inter-individual and inter-lab variability (48). To the

author’s knowledge, this thesis is among the first to employ automated analysis to flow

cytometry data in the context of MDD. More specifically, CITRUS (cluster identification,

characterization, and regression) offers an automated, data-driven method for highly reliable cell

subsets identification in flow cytometry (52). Briefly, CITRUS first identifies clusters of cells
12



that are phenotypically similar in an unsupervised manner by using hierarchical clustering. Next,
it extracts biologically relevant features of each cluster on a per-sample basis and feeds them into

a regularized regression model for predictive or correlative purposes.

Visualization of t-distributed stochastic neighbor embedding (ViSNE) is an algorithm that
provides a two-dimensional categorized map representation of multi-parameter single cell data.
There are several parameters that allow further fine-tuning of viSNE maps, including perplexity,
theta and number of iterations. Perplexity refers to the degree of spatial separation of events on
the ViISNE map and was set to 50 to provide a distinct distribution of cell populations. Theta is a
measure of balance between and accuracy in the vViSNE map and was set to 0.5. Number of
iterations was set to 5000 to provide adequate resolution of the cellular populations on the two-
dimensional ViSNE map. We used equal sampling with 10* events per sample. The input
population (either CD3" T cells and/or CD3  non-T cells) as well as the selection of clustering
channels depended on the flow cytometry panel that was analysed. For non-T cells, cell
populations were pre-gated to exclude debris, doublets, dead cells as well as CD3" T cells.
CD14, CD16, HLA-DR, CD45RA and CD20 were selected as clustering channels.

Next, a cluster identification, characterization, and regression (CITRUS) analysis was conducted
using the same input populations. In the case of non-T cells, minimum cluster-size threshold
(MCST, i.e. the minimum frequency of total input events that the smallest clusters must contain)
was set to 1.5% to ensure that all populations identified via manual gating were included in the
analysis. The false discovery rate (FDR) was generally set to 1%. To determine stratifying
features between the study groups, we decided to run a correlative association model
(significance analysis of microarrays = SAM), which created a list of clusters whose abundance

is associated with the experimental (MDD) group.
3.2.4 T Cell and monocyte purification and RT-gPCR

To study cell-specific gene expression, live T cells and monocytes were purified from
PBMCs using magnetic activated cell sorting (MACS) with CD3 and CD14 MicroBeads
(Miltenyi Biotec GmbH, Bergisch Gladbach, Germany). Briefly, MicroBeads are antibody-
coated magnetic nanoparticles that bind to specific cell surface markers that can be either
expressed on the cell population of interest (positive selection) or unwanted cells (negative
selection). After incubation with the MicroBeads, the cell suspension is applied to a separator
column on a magnet, allowing the unlabelled cell populations to pass through while the
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population of interest is retained in the column. With our protocol, we achieved a mean cell
purity (£ SD) of 96.5% (+1.2%) for T cells and 92.3% (+1.7%) for CD14* monocytes (n=5).

RNA was isolated from purified T cells and monocytes using the Qiagen RNeasy Plus Mini Kit
(Qiagen GmbH, Hilden, Germany) following manufacturer’s instruction. In line with established
guidelines, only samples with adequate purity were transcribed to complementary DNA (cDNA).
cDNA was synthesised from RNA without intermittent freezing using random hexamer primers
and the RevertAid H Minus First Strand cDNA Synthesis Kit (ThermoFisher Scientific,
Germany). cDNA was then used as a template to study the expression of key genes along the GC
signalling cascade with a TagMan Gene Expression Assay (ThermoFisher Scientific, Darmstadt,
Germany). Target genes included the glucocorticoid receptor (GR; Hs00353740_m1),
mineralocorticoid receptor (MR; Hs01031809_m1), glucocorticoid-induced leucine zipper
(GILZ; Hs00608272_m1) and 11B-hydroxysteroid dehydrogenase type 1 (118HSD-1;
Hs01547870_m1). Real-time reverse transcription-polymerase chain reaction (RT-qPCR) was
used to quantify messenger (m)RNA levels. Gene expression was referenced to two internal
controls, importin 8 (IPO8; Hs00183533_m1) and TATA Box Binding Protein (TBP;
Hs00427620_m1), that are invariantly expressed in both T cells (53) and monocytes (54)s.

3.2.5 Enzyme-linked Immunosorbent Assay (ELISA)

ELISA was used to quantify saliva cortisol and serum levels of interleukin-6 (IL-6),
interleukin-1R (IL-1R) and tumour necrosis factor alpha (TNF-a). A competitive enzyme-linked
immunosorbent assay (IBL, Germany) was used for the analysis of saliva cortisol. Serum
cytokines were analysed with high-sensitivity sandwich ELISA (R&D Systems Europe, UK). All
ELISAs were conducted following manufacturer-optimized instructions with matched MDD/HC
pairs on the same microplate. All mean inter- and intra-assay coefficients of variations were

<10%. For detection limits and technical specifications, see page 50.
3.2.6 Statistical analyses

Cell populations identified via flow cytometry were expressed as percentage of a suitable
reference population or, where possible, shown as absolute cell counts. SPSS version 21 (IBM
Inc., USA) and GraphPad Prism version 7 (GraphPad Software Inc., USA) were used for
statistical analyses. FlowJo version 10.1 (Treestar Inc., USA) and Cytobank analysis software

(Cytobank Inc., USA) were used for the analysis of flow cytometry data.

Because of the close matching of patients with MDD and healthy controls (Table 1), paired-

samples t-test was used for the analysis of continuous and McNemar’s test for the analysis of
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dichotomous variables statistics (55). A repeated-measures analysis of variance (ANOVA) was
run to assess differences in cortisol between groups (two levels, MDD vs. HC) and time (four
levels, day 1 8:00 am vs. day 1 10:00 pm vs. day 2 8:00 am vs. day 2 10:00 pm). Hedges’ g was
calculated a measure of effect size for t-tests and partial eta2 (np2) for ANOVA, respectively. To
assess linear relationships between variables of interest, we used Spearman's correlation
coefficient to account for non-normal data distribution (for brevity, results from correlation

analyses are depicted on pages 61-62).
3.3 Results and discussion — A role for monocytes in MDD?
3.3.1 Patients with MDD show a shift towards non-classical monocytes

Patients with MDD showed a significantly higher relative frequency of non-classical
(p < 0.0001) and intermediate (p = 0.02) monocytes and a down-regulation of classical
monocytes (p < 0.0001). This shift in monocyte subset composition was present in 82% of
patient control pairs. When referenced to absolute monocyte counts, it became evident that this
shift was driven by an expansion of non-classical (p < 0.01) and intermediate monocytes (p =
0.02). Reversely, there were no changes in major T cell or natural killer (NK) cell subpopulation
(all p values > 0.05; Table 2). The same pattern was reproduced using an unsupervised clustering
algorithm (CITRUS), which showed group differences in the abundance of only those clusters
that were consistent with intermediate and non-classical monocytes expressing CD16 (Figure 2).

MDD HC p* g
Monocytes Classical
Relative frequency ~ 83.3+7.9% 88.8+4.4% <0.01" 0.79
Absolute cell count  0.42 +0.16 /nl 0.42 +0.14 /nl 0.89 0.03
Intermediate
Relative frequency 5.8+3.4% 42+1.7% 0.021 0.58
Absolute cell count 0.03 £ 0.02/nl 0.02 +£0.01 /nl 0.027 0.66
Non-classical
Relative frequency 109+ 6.4 % 70+34% <0.01" 0.81
Absolute cell count 0.05 + 0.03 /nl 0.03 +£0.02 /nl <0.01" 0.87
Lymphocytes  CD4* T cells 61.8+10.5% 63.7+11.3% 0.45 0.17
CD8* T cells 30+£7.9% 29.3+8.9% 0.69 0.09
TRegs 6.6+1.7% 6.7+15% 0.65 0.09
NKc cells 13.9+9.1% 10.9+£55% 0.13 0.4
NKReg cells 0.8+ 0.6 % 08+0.3% 0.84 0.05
B cells 74+29% 6.9+29% 0.57 0.17

Table 2. Frequencies of monocyte and lymphocyte subpopulations (mean + standard deviation)

HC: healthy controls; MDD: patients with major depressive disorder; NKc cells: cytotoxic natural Killer cells;
NKReg cells: regulatory natural killer cells; TRegs: Regulatory T cells. Relative frequency was determined using
flow cytometry as described in 3.2.3. Absolute cell count was only available for monocytes.

* calculated using paired-samples t-test ¥ Hedges’g significant at p < 0.05
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Human monocytes are generally short-lived and transition from classical (CD14""CD16) via
intermediate (CD14"*CD16") to mature non-classical (CD14"CD16"") monocytes. Monocyte
subtypes are characterised by significant functional heterogeneity. While classical monocytes are
mostly phagocytic (expressing high levels of the scavenger receptors CD36 and CD163) and
devoid of inflammatory features, non-classical monocytes are highly pro-inflammatory (50). For
example, they are potent producers of pro-inflammatory cytokines and underlie a wide range of
conditions characterised by chronic inflammation, including obesity (56), cardiovascular illness

(57,58), neuromyelitis optica spectrum disorder (59) and arteriosclerosis (60).
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Figure 2. Identification of monocyte subtypes using CITRUS (A) and comparison of abundance of clusters
representing monocytes expressing CD16 (B)

A: CITRUS hierarchical clustering of cellular populations based on phenotypical similarity. CD3~ cells were used
as input population (after removal of debris, doublets and dead cells) and HLA-DR, CD56, CD20, CD14 and CD16
were chosen as clustering channels to identify monocyte subpopulations (10* events sampled per file, minimum
cluster size threshold of 1.5%.). Clusters likely representing classical (CD14**/CD16°), intermediate
(CD14**/CD16") and non-classical monocytes (CD14*/CD16**) are highlighted in red.

B: Abundance of clusters 1, 2 and 3, previously identified as being consistent with monocytes expressing CD16 (A)
per sample. Values shown as mean + standard error of the mean. Group differences were evaluated using paired-
samples t-tests and were all significant at p < 0.01. No group difference in any other cluster reached statistical
significance (p < 0.05: results not shown).

This study is the first to directly demonstrate a role of non-classical monocytes in the
pathophysiology of MDD. This assumption receives support from several converging lines of
research. First, convincing evidence suggests that they underlie conditions of persistent low-
grade inflammation (see above) and a chronically inflamed milieu has also been observed in
MDD patients (11). Interestingly, several of these conditions show a high comorbidity with
MDD, suggesting inflammation may a common disease pathway (1). Second, non-classical

monocytes are the main source of monocytic TNF-a, pro-inflammatory cytokine associated
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with MDD (13), also independently of medical illness (61). Third, both MDD as well as pro-
inflammatory monocytes have been associated with chronic stress (62,63). Fourth, a similar
expansion in non-classical monocytes was recently observed in paediatric obsessive-compulsive
disorder (64), a condition whose neurobiology strongly overlaps with MDD (65). What is more,
among patients, those treated with an antidepressant had intermediate levels of non-classical
monocytes between untreated patients and healthy controls. Fifth, non-classical monocytes have
been associated with mood disturbances in women with HIV infection (66). Thus, there are good

grounds to assume that monocyte subsets play a role in MDD.

This thesis is in contrast to earlier investigations (67—69). In one of the first studies, Schlatter and
colleagues (67) found similar frequencies of CD14" and CD16" cells among individuals with
MDD, dysthymia and healthy controls. Monocytes are highly heterogeneous and accurate
monocyte subtype identification can be challenging as CD16 (the constituent marker of
intermediate and non-classical monocytes) is also expressed on other cells, including neutrophils
and Nk cells. CD14" and CD16" are thus insufficient for reliable characterisation of monocyte
subtypes. What is more, the study by (67) had a relatively small sample size and was likely not
matched on several important parameters of immune function, including BMI (70) and smoking
(40).

There are good grounds for assuming that the significant clinical heterogeneity of MDD is
mirrored in its underlying pathobiology. The results by Duggal and colleagues (68) are likely to
provide an example of this. More specifically, they found that elderly hip fracture patients
(minimum enrolment age was 60 years) who developed mild symptoms of depression following
surgery did not have an altered monocyte subset distribution compared to controls. Besides the
differences in age, it should be noted that the patients had generally low, sub-clinical levels of
depression and had not received a formal diagnosis (in fact, lifetime diagnosis of MDD was

exclusion criteria). For these reasons, a direct comparison to our findings is challenging.

Finally, Suzuki and colleagues (69) reported similar levels of classical and non-classical
monocytes accompanied by changes in lymphocyte populations in patients with MDD and
healthy controls. While their design was similar, several explanations could account for the
differences to our results. First, our participants met stricter inclusion criteria and were free of
significant medical illness, recent vaccinations or medications with known immunomodulatory
effects (including non-steroidal anti-inflammatory drugs). Second, and in a similar vein, the
patients with MDD studied by Suzuki and colleagues had a significantly higher BMI compared

to the control group. In fact, with 29.6 kg/m? the average BMI in the MDD group was close to
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the established obesity cut-off. This may be important because differences in BMI are associated
with significant variation on immune parameters, including major lymphocyte (41) and
monocyte populations (70). Given the complexity of the immune system, statistically controlling
for these using linear procedures (e.g., analysis of covariance) may be inadequate. Finally, more
than half of MDD patients in their study were either mildly depressed (n=11) or in partial
remission (n=18). Conversely, the cohort studied in this thesis consisted of well-characterised
individuals (mild episode: n=7; moderate episode: n= 27; severe episode: n=1) who were largely

inpatients (n=18) with a recurrent disease course (n=28).

Taken together, the results of this thesis are the first to suggest that non-classical and
intermediate monocytes may be a prominent factor in MDD. While our results are among the
first to support such a link, our rigid methodology and the high effect sizes strengthen the
relevance of studying CD16 expressing monocytes in MDD. Considering the results by (69),
they may be particularly relevant for more severe forms of MDD in otherwise relatively healthy
individuals. In these cases, contributions from other immune cells, such as lymphocytes, may be
secondary (see below). This is consistent with accumulating evidence that, in MDD, cellular
immunity can be differentially affected and that this is likely to vary across patient

characteristics (15).

Unlike monocytes, the distribution of major lymphocyte subsets (Nk cells, CD4", CD8" and
regulatory T cells) was similar in patients with MDD and healthy controls. CD4" T cells can be
divided into regulatory T (Treg) cells and conventional T cells. Tregs are crucial in limiting
adaptive immunity and maintaining self-tolerance (71). Decreased Treg percentages have been
linked with subgrade chronic inflammation in stress-related conditions, such as post-traumatic
stress disorder (72). Interestingly, the role of Tregs in MDD has remained poorly understood as
both decreases (73,74) and increases (69) in Treg frequencies have been reported. Possibly
important for subclinical forms of MDD, a study with older participants found that higher Treg
frequency was associated with more depressive symptoms and lower mental health (75). What is
more, antidepressant treatment has been shown to increase circulating Treg percentages,

although it has remained unclear if this important for mediating antidepressant effects (74,76).

Both increases and decreases in Tregs fit with various findings for MDD. For example, given
their immunosuppressive role, a reduced Treg frequency would be consistent with the chronic
low-grade inflammation observed in some patients with MDD (20). Reversely, because Treg
percentages increase with age (77), excessive frequencies would also be consistent with accounts

of accelerated cellular aging found in MDD (78). Conceptually integrating these findings is thus
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challenging. Together with the results of this thesis, it could be argued that enumerative changes
in Tregs may underlie only some patients with MDD. In fact, it has long been recognised that
immune suppression, activation or a mix thereof is present in only a proportion of patients.
Future studies stratifying for important clinical and demographical variables will need to

investigate whether there is a homogenous patient group characterised by Treg alterations.

In line with similar Treg percentages, there were no differences in the frequencies of
conventional (CD4" and CD8") T cells between patients with MDD and healthy controls. Little
is known about the role of these cell subtypes in the pathophysiology of MDD. The results of
this thesis are consistent with some (69,74,79), but not all previous studies (80). Interestingly, a
higher CD8" T cells count was associated with non-response to antidepressants in one study (74)
and several studies have linked CD8" T cells with comorbid depression among patients with
medical illnesses, such as HIV (81), multiple sclerosis (82) or liver cirrhosis (83). Together,
these findings suggest that CD8" T cells may be more closely associated with MDD in the
context of underlying medical illnesses or antidepressant response which we did not study.

NK cells can be divided into cytotoxic (NKc; CD56"CD16%) and putatively immunoregulatory
(NKReg; CD56*CD16%™") subtype. NKc cells are the main NK population and mediate early
innate responses against a host of different pathogens. Impaired NK cytotoxicity has been
advanced as one reason why patients with MDD show poorer prognosis for cancer and infectious
diseases (8,84). Reversely, NKReg cells produce a wide range of immunoregulatory molecules
to maintain cellular homeostasis (85,86), making them functionally similar to Tregs (87). From
this perspective, unchanged regulatory NK cell frequencies in this thesis are consistent with the
fact that patients with MDD and healthy controls showed comparable Treg percentages.

The results from this thesis do not support a universal role for NKC cells in the pathobiology of
MDD. Reduced NK cytotoxicity is one of the most commonly reported findings in MDD (88),
although later studies have tended to be more heterogeneous (15). Possibly reconciling these
inconsistencies, the NK system is closely linked with variations on demographical and lifestyle
factors that tend to be overrepresented in patients with MDD (89), including female sex (90),
larger BMI (91), smoking (92) and psychiatric comorbidity, such as alcohol dependence (93,94).
The results of this thesis integrate previous inconsistencies by highlighting the role of
moderating factors in the involvement of the lymphocyte system in MDD. Together with other
research, this suggests that in “pure” forms of MDD (i.e., without significant medical illness or
psychiatric comorbidity), enumerative and functional changes in the lymphocyte system might
not be prominent disease pathways. This theory does not necessarily argue against alterations in
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other aspects of immunity (in fact, decreased NK cytotoxicity can co-occur with increased
inflammation in individuals with MDD (95)), but will need to be evaluated by future studies.

Finally, while patients with MDD showed higher level of (pro-inflammatory) non-classical
monocytes, levels of serum cytokines commonly secreted (50) by those cells (i.e., IL-6, IL-1R
and TNF-qa; all p values > 0.05; page 53) were not elevated. This is not surprising considering
that these cytokines are produced by several different cell populations. Considering that non-
classical monocytes constitute <10% of monocytes (which make up 10-30% of human PBMCs),
significantly larger samples would be needed to detect such an effect. Such a mechanism would
be highly consistent with the fact that patients with MDD showed strikingly increased
frequencies of non-classical monocytes, a monocyte subtype that secretes high levels of pro-

inflammatory molecules when activated.
3.3.2 Altered gene expression in monocytes from patients with MDD

The second finding of this thesis is that altered gene expression indicative of GC
resistance occurred in a cell-specific manner (Table 3). More specifically, monocytes from
patients with MDD showed significantly lower mRNA levels of GR (p = 0.018) and GILZ
(p = 0.045) compared to healthy controls. Consistent with the results obtained by flow
cytometry, this was not found in T cells (all p values > 0.05). Importantly, this occurred against
the backdrop of similar circadian cortisol profiles in both groups, a common index of HPA axis

functioning (group x time: F:g2y=1.19, p = 0.32, np? = 0.04; page 66).

T cells (CD3%) Monocytes (CD14%)

MDD HC p* g MDD HC p* g"
GR 3.7+1.6 36+13 043 005 41+19 46+21 002 0.21
MR 09+0.3 1.0+04 016 025 10.1+01 01+01 051 0.09
GlLz 139+82 155+84 029 019 125+57 148+59 0.04° 0.39
118-HSD1  0.1+£0.2 0.1+0.2 034 004 27+43 24+39 0.35 0.06

Table 3. Cell-specific expression of steroid-related genes in purified T cells and monocytes

11R-HSD1: 11R-hydroxysteroid dehydrogenase type 1; GILZ; glucocorticoid-induced leucine zipper; GR:
glucocorticoid receptor; HC: healthy controls; MDD: patients with major depressive disorder; MR;
mineralocorticoid receptor.

Gene expression (MRNA) is indicated as fold change relative to TBP and IPO8 (housekeeping genes). Values are
shown as mean * standard deviation.

* calculated using paired-samples t-test * Hedges’g fsignificant at p < 0.05

Chronic stress (including stress caused by mental illness) has long been known to affect gene
expression and behaviour of various immune cells, including monocytes (63,96,97). In
depression, accumulating evidence has pointed to a reduction in monocyte GR expression as

clinically relevant (17,18). The results of this thesis expand our understanding of the GC system
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in monocytes from MDD patients in several significant ways. First, we included a suitable
reference population (T cells) that allowed us to investigate whether impairments occurred in a
cell-specific manner rather than systemically. This is particularly relevant considering that cell-
mediated immunity does not seem to be uniformly affected in MDD (15). Second, mirroring the
biological complexity of GC signalling, the scope of this thesis included key steps in the cellular
steroid signalling cascade beyond receptor expression. This allowed us to consider reduced GR
expression in a broader context. In this vein, probing HPA axis functioning further increased the

specificity of our findings by discounting higher cortisol exposure as a possible explanation.

Taken together, this thesis suggests that rather than a consequence of MR dysfunction, altered
conversion of cortisol (by 11R3-HSD1) or hyperactive HPA axis, impaired cell-specific GC
regulation is likely attributable to GR dysfunction. This highlights pathways beyond classic HPA
signalling, such as direct effects of inflammatory molecules, as contributing factors to cellular
GR resistance. In fact, some pro-inflammatory cytokines have been shown to modulate GR
phosphorylation, translocation, binding to promoter DNA, and stimulate expression of the
inactive GRR isoform (98). Conceptually, these pathways together may bear relevance for a more

complete understanding of monocyte behaviour and its contribution to MDD (see below).

Monocytes from patients with MDD showed reduced mRNA levels of GILZ, a GR-inducible
protein that exerts most GR-mediated anti-inflammatory effects. Little is known about the role of
GILZ in the pathophysiology of MDD. However, its relevance is supported by several
independent strains of evidence. First, reduced expression of GILZ in whole blood was
associated with smaller hippocampal volumes among patients with MDD in one study (38). This
is consistent with links between GC signalling, immune deregulation and selective brain atrophy
in MDD (99). Second, microglia from chronically stressed mice (an animal model of MDD)
showed a link between down-regulated GILZ expression and up-regulation of inflammatory
markers (39). Third, GILZ inhibits key inflammatory pathways, including NF-kB, p38 MAPK
and JNK, that have been implicated in MDD (89,100-102). Fourth, reduced GR and GILZ
MRNA levels have been found in PBMCs from fibromyalgia patients, a condition that has a high
comorbidity of depression (103). Together with the results from this thesis, mounting evidence
implicates GILZ in the pathophysiology of MDD. As discussed below (3.5), together with future

mechanistic studies, this knowledge may prove relevant to treatment.

The results of this thesis suggest that, in MDD, GR function is more prominently affected in

monocytes than T cells. This may shed new light on older reports of blunted GR sensitivity in

lymphocytes from patients with MDD. For the most part, these relied on proliferation assays that
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measured how GC administration affected cell proliferation by PBMCs or whole blood in
response to mitogens, such as lipopolysaccharides (LPS). Rather than using purified T cells, it
was assumed that since only T cells proliferate, the extent to which GCs modulated proliferation
reflected their GR function. However, such an assumption ignores several key observations. For
example, this thesis agrees with other investigations in showing that evidence for reduced GR
expression in peripheral immune cells in MDD is heterogeneous (104). In addition, and
consistent with our gene expression findings in monocytes, indirect effects from other immune
cells contained in PBMCs or whole blood warrant consideration. T cell proliferation occurs in
the context of other cells, including monocytes. As a case in point, upon stimulation by agents
commonly used in proliferation assays (e.g., LPS), monocytes secrete a host of different
cytokines that steer T cell responses (105), including proliferation (106). It therefore remains to
be tested if functional GC insensitivity in patients with MDD can be replicated with purified T
cells and whether there are contributing influences from molecular alterations beyond the major
components of the steroid cascade (113-HSD-1, GR, MR, GILZ).

3.3.3 Integration of results

GR signalling is an important regulator of cellular inflammation whose role in MDD has
been the subject of intense study. This thesis has found that patients with MDD showed a shift
towards a pro-inflammatory monocyte phenotype, reduced GR and GILZ gene expression
specific to monocytes and no HPA axis hyperactivity or increases in serum levels of commonly
measured pro-inflammatory cytokines (IL-6, IL-1B8, TNF-a). Together with other research, these
findings imply that in MDD GCs such as cortisol exert impaired control over monocyte
differentiation because of diminished GR availability. A key consequence of this is blunted
transcription of pleiotropic anti-inflammatory factors, such as GILZ, removing the “brakes” on
inflammation. This is likely to go hand in hand with an expansion of pro-inflammatory cells,
such as non-classical monocytes (24,107), whose actions further blunt monocyte GR function
(98). While a scarcity of samples prevented us from studying this possibility, it could be
speculated that these cells show a particularly high degree of steroid resistance and pro-
inflammatory activity in patients with MDD. Tantalisingly, this scenario receives preliminary
support from animal and human studies on chronic stress (62,63,108). In the long term, these
pathways are likely to become increasingly independent of physiological feedback mechanisms,
such as the HPA axis. Ultimately, perturbed immune-neuroendocrine interactions might extend
to other parts of the body, such as the central nervous system (CNS). Already there are studies
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showing that (non-classical) monocytes can be recruited from the periphery to the CNS during
stress (109), where they are likely to exacerbate neuroinflammatory signalling (110).

The aim of this study was to provide a first glimpse into cell-specific steroid gene expression in
MDD and to inform future studies with a broadened research arsenal. As such, this thesis has
highlighted, in the medium to long term, mechanistic targets for future interventions as well as
preclinical and clinical research (see below).

3.4 Possible clinical and translational implications

A significant number of patients with MDD does not satisfactorily benefit from
conventional pharmacological treatments (111,112). This underlines the need for a broader and
possibly more individually tailored treatment arsenal. Mounting evidence has highlighted the
relevance of neuroendocrine and immunological targets in this context (113). As a case in point,
several attempts have been made to use available immunomodulatory agents, such as non-
steroidal anti-inflammatory drugs or cytokine inhibitors, in the treatment of MDD (114). While
initial results have been promising, there is significant demand for more customised mechanism-
based approaches. This thesis highlights the role of cell-specific alterations in monocyte
phenotype and GR pathways in MDD, reiterating earlier calls for studies into agents that boost
monocyte GR function (62). Taking this one step further, this thesis outlines GILZ as a possible
intermediate target for further investigation in the context of MDD.

GILZ mediates the majority of anti-inflammatory effects associated with GR stimulation (101)
and was recently shown to be a feasible target for treating inflammatory illness. More
specifically, Srinivasan and colleagues (115) synthesised a GILZ mimetic (GILZ-P) that binds
the p65 subunit of NF-kB and exerts anti-inflammatory effects in vivo. Excitingly, GILZ-P
suppressed many of the clinical symptoms in experimental autoimmune encephalomyelitis, an
animal model of multiple sclerosis. Considering preliminary evidence for a role of GILZ hypo-
expression in MDD (38,39,100,103), future studies should evaluate the potential of GILZ-P in
animal models of depression, especially those involving inflammatory pathways.

Preclinical research has identified several other possibilities of modulating GILZ signalling, for
example modifying transcription factors activity (116). In-depth analyses (e.g., using structure-
function analyses) of interaction targets are likely to unravel further “druggable” mechanisms.
As demonstrated by GILZ-P, this could broaden the clinical scope for mimetic agents (115).
Promising targets in this vein are the NF-kB and phosphatidylinositol 3-kinase/protein kinase B
(P13K/Akt) signalling pathways that have both been implicated in MDD (117,118).
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Other studies have examined compounds that modify GR function. Such agents include partial
GR agonists and selective GR modulators, which have been developed to separate “beneficial”
immunoregulatory effects of GCs from their unwanted side effects (119,120). What is more, a
host of studies has linked cAMP/protein kinase A (PKA) pathways with GR function (reviewed
by (113)). Interestingly, stimulation of PKA has been shown to inhibit NF-kB signalling by
binding to the p65 subunit in a manner similar to GILZ-P (121). This means that c-AMP/PKA
pathways converge on simultaneous boosting of GR function and inhibition of inflammation,
making them particularly attractive pharmacological options (122). However, until confirmed by

future trials, their therapeutic utility remains theoretical.

Via inhibition of major inflammatory pathways such as NF-kB, GILZ modulates monocyte
differentiation and phenotype (123,124). This suggest that GILZ could help to normalise the
phenotypical shift among monocytes in patients with MDD that were observed in this thesis.
This is supported by preliminary evidence that GCs induce an anti-inflammatory monocyte
phenotype (24) in vitro and may even selectively deplete non-classical monocytes in vivo
(107,125). Although not specifically tested, considering its inhibition of major pathways of
inflammation, it seems plausible that a substantial part of this effect is mediated by GILZ (101).

In this context, it would be exciting to study if antidepressant treatment reverses the monocyte-
specific alterations described in this thesis. In fact, several classes of antidepressants including
the commonly prescribed selective serotonin reuptake inhibitors modulate immune (126,127)
and GR function (128). To the author’s knowledge, the extent to which their effects are mediated
by monocytes is not known. Interestingly, a study with paediatric obsessive-compulsive disorder
(OCD) patients found that antidepressant treatment was associated with a monocyte subset
distribution more similar to healthy controls than unmedicated OCD patients (i.e., lower
frequency of non-classical and intermediate monocytes) (64). In this context, the robust
biological signatures that we found underline the potential for biomarker research (30,129). This
may be conducive to the identification of more homogenous patient groups and, ultimately,
treatment choice (74,130). Given that a significant share of non-responders to conventional

treatments show immune disturbances (131,132), such improved biomarkers are direly needed.

Finally, the question of how to specifically modulate GR function in monocytes is likely

complex and will require substantial additional research. Interestingly, while the anti-

inflammatory features of vitamin D are well-known (133), recent evidence suggests that a key

mechanism behind this may be boosted monocytic GR function (134). Highlighting its potential

clinical relevance, this effect was also found in patients with steroid insensitivity (135). Some
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studies have found lower vitamin D levels in patients with psychiatric disorders, including MDD
(136), and given the low costs and risks associated with adjuvant vitamin D treatment, it would
be an interesting first step to explore. Ideally, this would be linked with assessment of monocyte

subtype distribution and GR function.

An improved understanding of the molecular pathways underlying impaired regulation of
inflammation and neuroendocrine stress regulation in patients with MDD will propel future
research and, ultimately, personalised treatments. With GILZ, this thesis has highlighted one
possible mechanism-informed approach that might prove relevant to future investigations.
Preclinical studies and clinical trials will need to establish how the theoretical attractiveness of

GILZ-related pathways can translate into practical benefits for patients with MDD.

3.5 Future research and outlook

This thesis has examined major monocyte and lymphocyte populations based on strong a-
priori hypotheses. However, a plethora of other immune-competent cells also bear relevance for
MDD. High-throughput experimental techniques (e.g., mass cytometry) allow a more filigree
immunophenotyping and will broaden our understanding of the biological heterogeneity behind
MDD. Such investigations should also reach beyond traditional markers of functionality (i.e.,
cytokine production) and examine cell-specific expression of markers related to exhaustion (e.g.,
PD-1), senescence (e.g., CD57) or antigen-specific responses (e.g., to EBV) (137). Together with
fully automated data analysis techniques, such as CITRUS, mass-scale immunophenotyping is
set to induce a long overdue “knowledge spill-over” into other determinants of immune cell
function (e.g., T receptor function). Together, this will help us unravel the myriad links between
MDD and immunity likely integrate other findings into a coherent picture.

Peripheral inflammatory signals can reach the brain in several ways where they modulate diffuse
mood circuitries (113), suggesting that resolving peripheral inflammation could also ameliorate
CNS pathology. Monocytes can be recruited from the periphery to the CNS where they augment
inflammatory signals (109) during periods of stress. Microglia are CNS-resident cells that share
many characteristics with monocytes and whose role in MDD is just starting to be understood
(138,139). Based on the findings of this thesis, excessive infiltration of pro-inflammatory
peripheral monocytes may be one reason for the particularly pronounced CNS inflammation and
adverse microglia behaviour seen in neuropsychiatric illnesses such as MDD (110). This view is
tentatively supported by an animal study (140) that found that microglia from mice suffering
repeated social defeat actively recruited pro-inflammatory monocytes to the brain. There, they

showed enhanced production of IL-13 (a cytokine also prominently produced by human non-
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classical monocytes (50)) which has been linked with inducing anxiety. Such links between
peripheral monocyte subtype and CNS cells provides and interesting perspective that will need to

be evaluated in future studies.

This thesis has examined key steps in cellular steroid signalling — yet a plethora of other factors
modulate the translation of cortisol signals and remain to be fully elucidated. Next steps may
include cell-specific investigation of chaperones and co-chaperones of the cytosolic GR
multiprotein complex (e.g., FKBP5), transcriptional regulation via factors such as AP-1 and
post-translational modifications, such as altered GR phosphorylation or impaired ability of the
GR complex to interact with its transcriptional targets (such as the GILZ promoter).
Interestingly, evidence (62,63,96,97) suggests that chronic stress leaves a transcriptional
signature on human monocytes that is consistent with acquired GR insensitivity. Given that early
adversity is a risk factor for MDD, similar patterns seem probable. Such hypotheses could be
investigated using in-depth interrogation of cell-specific transcription signatures, for example
RNA sequencing (141). In a similar vein, cell-specific epigenetic alterations, such as methylation
in the GR gene (NR3C1), are likely to provide further clues on the molecular link between life
adversity, inflammation and the development of depression (142,143). In fact, similar alterations

were recently described in T cells from patients with post-traumatic stress disorder (144).

It has been recognised that metabolism is a crucial determinant of immune cell phenotype and
function (145,146). For example, T cells and monocytes show a pronounced switch from
oxidative phosphorylation to glycolysis when activated. Several lines of evidence have
converged on the relevance of metabolic changes in MDD. For example, metabolic illness is
highly prevalent in this population (1), earlier theories have linked mitochondrial dysfunction to
MDD (147) and unfavourable peripheral lipid ratios in MDD patients have been reported (148).
Finally, impaired energy metabolism has been found in PBMCs (149) and thrombocytes (150)
from depressed individuals. These studies can now be extended with sophisticated instruments

such (e.g., Seahorse XF®96) that allow measurement of metabolic changes in live cells.
3.6 Conclusion

This thesis highlights the importance of cell-specific immune deregulations in MDD.
More specifically, we showed that changes in phenotype and gene expression were restricted to
monocytes and did not occur in lymphocytes. As discussed above, these findings could provide
the starting point for further research into cell-specific therapeutics and, ultimately, will bring us

one step closer to the goal of individually tailored treatments.
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Soveral lines of evidence have sirongly implicated inflammatory processes in the
pathobiclegy of major depressive disorder (MDOD). Howewver, the celular orgin of
inflammatory signals and their specificity remain unclear. We examined the phenotype
and glucocoriicoid signaling in key call populations of the innate immune system
[monocytes) vs. adaptive immunity (T cells) in a sample of 35 well-charactarized,
antideprazsant-frea patiants with MDD and 35 healthy controls individually matched for
age, sax, smoking status and body mass indax. Monocyte and T cell phenctype was
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characterized by higher frequency and higher absclute numbars of non-classical
monocytes. Mo group differences weare cbsanved in major T cell subset frequancies and
phanctype. Comaspondingly, gene expression indicative of stercid resistanca (iLe., lowear
expression of GR and GILZ) in patients with MDD was specific to monocytes and not
observed in T cells. Monocyte phanotypa and sterod recaptor axpression was not related
to cortisol levets or samum leveds of IL-G, IL-18, or TMF-z. Our resulfts thus suggest that
in MDD, cellz of the innate and adapiive immune system are difierantially affected with
shiftz in monocyte subsats and lower expression of steroid signaling related genes.
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INTRODUCTION

Several independent lines of evidence have implicated the
immune system in the pathobiology of mood disorders,
particularly major depressive disorder (MDD (1-3). Numerous
studies and several meta-analyses have demonstrated higher
levels of ciroulating cytokines, such as interleukin & (TIL-6) and
tumor necrosis factor a (TNF-a), in MDD (4, 5). However, serum
levels of cytokines reveal litfle about the specific canse of immune
dysfunction and the cellular source of inflammation in MDD
remains poorly understood.

Importantly, it is now becoming increasingly chear that MDD
iz not simply a state of general immune activation but that
innate and adaptive immune responses might be differentially
affected (). Considerable evidence points toward activation of
monocytes in MDD (7, 8). In contrast, recent studies have
suggested that adaptive immunity, specifically T cell function,
might be impaired in MDD (9-11).

This implies that immune activation and impaired regulation
of inflammation in MDD might be limited to certain components
of the immune system. Glucocorticoids (GCs) are among the
maost potent endogenous regulators of inflammation, and cell-
specific alterations in sterodd signaling are thus promising
candidates in this respect. Several studies have suggested that
leukocyte responsiveness to(5Cs is blunted in patients with MDD
(7. B, 12-15). If regulatory pathways of inflammation (such as
glucocorticoid signaling) were indeed affected in a cell-specific
fashion in MDD, this might have implications for developing
tailored pharmacological approaches in the future.

In the owrent study, we therefore aimed to explore the
interplay between inflammation and stress hormone signaling by
contrasting the phenotype and glioocortionid signaling of key
cell populations in the innate immune system {monocytes) vs.
adaptive immunity (T cells) in a sample of well-characterized,
antidepressant-free patients with MDD and closely matched
healthy controls (HC). In addition, we explored the association
of these putative immune signatures with serum cytokines,
clinical characteristics of MDD and important risk factors such
a5 childhood tranmea.

MATERIALS AND METHODS

Participants and Clinical Assessments

The study was approved by the bocal ethics committes
(EA1/6/15). The authors assert that all procedures contributing
to this work comply with the ethical standards of the
relevant national and institutional committees on human
experimentation and with the Helsinki Declaration of 1975,
as revised in 2008. All participants provided written informed
consent and received financial reimbursement for their time and
effort.

Patients with MDD between 18 and 60 years of age were
recruited from our inpatient wards. via onsite psychiatrist
referral, or online advertisements. Healthy controls were
recruited from online advertisements. Patients and controls were
matched pairwise on sex, smokdng status, age, and body mass
index { BMI) prior to running any biokogical analyses.

All participants were free of significant medical illness
(e, diabetes, autoimmune or infections illnesses),
immunomodulatory  treatment [eg. non-steroidal anfi-
inflammatory drugs (MSAIDs), glucocorticoids or antibiotics],
pregnancy, and recent (<3 months) vaccinations Inchusion
criteria specific to MDD patients were a dinician-confirmed
diagnosis of MDD, a minimum antidepressant-free period
of 2 weeks and absence of comorbid psychiatric disorders
{eg., substance abuse in the past 12 months) except for mikd-
to-moderate anxiety disorders. Indusion criteria specific to
healthy controls were absence of any form of psychiatric illness,
a Montgomery Asberg Depression Rating Scale (MADES)
score <7 and no dinically confirmed diagnosis of any affective
disorder in a first-degree relative.

Diagnosis of MDD was confirmed by expenenced
psychiatrists (DF, C0). In addition, during the study wvisit,
the Mini-International Meuropsychiatric Interview (16) and
the MADRS (17) was conducted by a trained clinical rater
(HH). Self-report guestionnaires were obtained to quantify
levels of anxiety (Beck Anxiety Inventory, BAI) (18], depression
severity (Beck Depression Inventory 11, BDI-I1) (19) and adverse
childhood experience (Childhood Trauma Questionnaire, CT0)
(20).

Blood and Saliva Collection

A sample of 70 ml of venous blood was collected in heparinized
tubes (BD), Germany). To control for circadian rhythms
and other potential confounds, samples were obtained
between 8.00am. and 9:30am. after 12h overnight fasting
Peripheral blood mononuclear cells (PBMCs) were immediately
isolated and cryopreserved untll assayed (see below for
details).

Serum was collected in serum separator tubes (BD, Germany)
and allowed to clot for 30min at room temperature in the
dark. Wext, samples were centrifuged for Smin, after which
serum was aliguoted and stored at —20°C until analysis. Saliva
samples were collected on 2 consecutive days at 8:M am. and
10000 pom using Sarstedt salivettes (Sarstedt, Germany) at home
by the participants (within a week of their clinical visit) and
shipped back to the lab in pre-stamped envelopes provided by
the study team. All samples arrived within 7 days and were
immediately processed and stored until assayed (see below for
details).

Isolation of Peripheral Blood Mononuclear
Cells (PEMCs)

All blood samples were processed within 1h of collection.
PEMCs were isolated from heparin venous blood samples
via density gradient centrifugation. In brief, samples were
carefully layered on top of density medium | Biocoll, Binchrome,
Germany). After centrifugation, PEMCs were harvested from
the interphase, washed twice in phosphate-buffered saline {PBS)
and taken up in RPMI-1640 4 GlutaMax medium {Gibco,
ThermoFisher Scentific, Germany) supplemented with 25%
heat-inactivated fecal calf serum (FCS) (Biochrome, Germany)
and 105 dimethylsulfoxide (Applichem GmbH, Germany) for
cryopreservation. Cells were frozen at a concentration of 10F
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cells’'ml at —80°C in a pre-cooled freezing container. After 24-
48 h, cells were transferred to liguid nitrogen and stored at
—196°C until analysis.

For thawing. the oyo vials were transferred to a water
hath pre-warmed o 37°C. After Smin, 107 cells were
transferred into 10ml of thawing medium (REPMI-1640 +
GlutaMax containing 10% FCS at 37°C). Cellk were then
washed in medium, counted and prepared for phenotyping by
flow cytometry or magnetic-activated cell separation (MACS
Microbead Technology, Miltenyi Biotec, Germany) as described
bebow.

Flow Cytometry

Antibody panels used for this study are presented in Table 51 {all
Biolegend, UK). All monockonal antibodies were pretested and
titrated to optimal concentrations using PEMCs from healthy
donors. All steps were conducted at room temperature unless
otherwise specified.

First, PEMCs were incubated with a live'dead marker
(Lombie NIR Fixable Viability Kit, Biolegend, UE) and the
CCR7 antibody in PBES for 15min MNext, anfibody premixes
were added in staining buffer (PBS + 0.5% bovine serum
albumin Miltenyi Biotec, Germany + (U02% sodium aride Sigma-
Aldrich, Germany) and incubated for an additional 15 min.
Cells were then washed and resuspended in staining buffer
and immediately analyzed on a FACSCanto [1 (BD, Germany).
Matched HC/MDDY pairs were analyzed in the same mn on
the same day to avoid any systematic variation due to technical
variahility.

The gating strategies to identify PBMC subpopulations
are depicted in detail in Figares 51,5 Briefly, leokocyte
identification  followed recommendations for general
immunophenotyping in humans (21, 22).

Results from manual analysis of flow cytometric data were
further validated by means of an unsopervised clustering
algorithm (CITRUS, as implemented in the cloud-based
Cytobank software, Cytobank Inc USA). This approach
accounts for the continuous nature of immune subsets (e,
monaocyte subpopulations) and has been shown to better reflect
pathophysiologic conditions than gating-based, threshold-driven
manual analysis of distinct subtypes (13). Briefly, CITRUS
performs hierarchical chustering of cellular populations based on
phenotypical similarity and automatically identifies stratifying
features between groups (24). In our analysis, we defined
CD3 pon-T cells as input population after removing debris,
doublets and dead cells. CITRUS was run with CDN4, CIME,
CDM, CD56, and HLA-DR as clustering channels on 107
events sampled per file with a minimum cluster size threshold
of 1.5%. The correlative model SAM was used to detect
associations between the relative cluster abundance of each
sample and the study groups (HC or MDD). Using a false
discovery rate of 1%, significant clusters were exported as FC5
files, concatenated for the whole study cohort and projected
on viSNE maps of the total non-T cell population. The
viSNE algorthm reduces multi-dimensional flow cytometry
data to two dimensions (tSNE1 and tSNE2 = t-Distributed

Stochastic Neighbor Embedding) while retaining the single-cell
representation of the data (25).

Cell Sorting, RNA |solation, cDNA
Synthesis, and Real-Time Reverse
Transcription-Polymerase Chain Reaction
(RT-gPCR)

For analysis of cell-specific gene expression, T cells and CD4%
monocytes after thawing were purified from PEMCs following
manufacturers instructions using magnetic-activated cell sorting
(CD3 and CD14 MicroBeads, Miltenryl Biotec, Germany). Briefly,
107 were resuspended in 80 pL MACS buffer {PBS, 0L5% BSA,
and 2mM EDTA) and 20 pl of CD3 or CD14 MicroBeads,
respectively, and incubated for 15min at 4°C in the dark.
After washing with 2 mL MACS buffer per 107 cells, cells were
resuspended in 500 pL MACS buffer before proceeding to
magnetic separation on MACS LS columns. Cell purity was
checked using flow cytometry. In our hands, this yields a purity
of 96.5 £ 1.2% for T cells and 92.3 & 1.7% for CD14+ monocytes.
ENA was isolated from purified cells using Qdagen RMeasy
Plus Mini Kit (Qdagen, Germany) following manufacturer’s
instruction. Purity and concentration were determined using a
NanoDrop spectrophotometer (ManoDirop 2000c, ThermoFisher
Scientific, Germany). Average BNA yiedd was similar across
groups for T cells [MDD: 581.1 + 480 ng HC: 6319 +
383 ng Tpg = 06l p = 0.55] and monocytes [MDD:
B15 + 1358 mg HOC: 685 £ 56 mg Ty = 067 p =
0.51] All steps were conducted at room temperature. Isolated
RMNA was directly transcribed to complementary DMNA (cDNA)
without intermittent freezing using the RevertAld H Minus
First Strand cDMA Synthesis Kit (ThermoFisher Scientific,
Germany) according to manufacturer’s instructions and stored
at —80°C until anabysis. cDMNA was amplified on a StepOne
Rieal-Time PCR system (Applied Bioscdence, Germany) using
TagMan Gene Expression Assays (ThermoFisher Scientific,
Germany) for GR (HsD0353740_ml), MR (Hs0031809_ml),
GILE (Hs00608272_ml), 1IE-HSDM (Hs01547870_ml). Gene
expression was normalived using two housekeeping genes:
Importin 8 (TPO8; Hs00183533_m1) and TATA Box Binding
Protein (TRP; He(427620_m1). All ET-qPCRs reactions were
performed in triplicates with a patient and matching control
sample on the same plate. Gene transcript levels were assessed
relative to IPOE and TRF using the A ACT method.

Analysis of Salivary Cortisol

Circadian peak and nadir measures of hypothalamus-pituitary
adrenal (HPA) axis activity were estimated by salivary cortisol
levels at B:00am. and 10:00 p.m. collected on 2 consecutive
days. After collection, saliva tubes were centrifuged for 5 min and
aliguots stored at — 30°C until analysis. Samples were analyzed
in duplicates using an enzyme-linked immunosorbent assay
{ELISA) (IBL, Germany) following manufacturer’s instructions.
Matched HC/MDD pairs were measured on the same microplate.
Standard curves were fitted using 4-parameter logistice. This
method has a detection sensitivity of 0.135 nmol/L and intra- and
inter-assay coefficients of variation < 10%.
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Analysis of Serum Cytokines

Serum interleukin-6 (IL-6), interleukin 1 beta (IL-18) and tumar
niecrosis factor alpha (THF-u) levels were analyzed in duplicates
using commercially available high sensitivity ELISA kits (R&D
Systems Europe, UK) following manufacturers instructions.
Matched HC/IM DD pairs were measured on the same microplate.
Optical density was determined on a CLARIOStar microplate
reader (BMG Labtech, Germany). Standard curves were fitted
using 4-parameter logistics. Caloulated cytokine concentrations
= 0.5 x limit of guantification (LOQ, ie lowest standard
concentration) were set to 0.5 x LOC). The mean limit of detection
for IL-&, IL-1f, and THF- o as provided by the manufacturer is
0031, 0.033, and (022 pg'mL, respectively. Intra- and inter-assay
coefficients of variation were < 10%.

Routine Blood Tests

Serum  CHRP  analysis by particle-enhanced turbidimetric
immunoassay (PETIA) and a differential blood cell count to
enumerate circulating lenkocyte subsets were conducted by a
clinically licensed diagnostic lab (Labor Berlin—Charité Vivantes
GmbH, Germany).

Statistics

Cell population specific parameters were expressed as either
absolute cell counis or percentages normalized to suitable
reference populations. Continuous variables were analyzed with
paired-sample {-tests due to the close matching based on four
variables (age, sex, smoking, BMI, see Table 52) between patients
and healthy controls (26). Dichotomous variables were analyzed
with McMemars test. Assocations with clinical variables and
immune markers were explored using Spearman’s cormrelation
coefficients. A two (group = MDD vs. HC) x= four (time =
day 1 moming vs. day 1 evening vs. day 2 momming vs. day 2
evening) repeated-measures analysis of variance (ANOWVA) was
run to investigate group differences in saliva cortisol kevels. Effect
sizes were caloulated as Hedges g for f-tests and partial eta’
(mp®) for ANOWVAS (I7). Statistical analyses were conducted in
SP35 wersion 21 (IBM Inc., USA) and GraphPad Prism version
7 (GraphPad Software Inc., USA) Flow cyiometry data were
analyzed wsing Flow]o version 101 (Treestar Inc., USA) and
Cytobank analysis software [ Cytobank Inc., USA).

RESULTS

Demographic and clinical characteristics of patients and controls
are displayed in Table 1. The majority of MDD patients were
inpatients (1 =18) and had a recurrent disease course (n = 28)
with & mean of 3.75 previous episodes (range: 1-7, standard
deviation 1.7 episodes). Mean MADRS scores indicated moderate
As pxpected, the MDD group showed higher kevels of andety
and childhood trauma. There were no differences in any of the
mieasured demographic or lifestyle variables ( Table 52).

Immune Phenotype

When examining the phenotype of cell subsets in the innate and
adaptive immune system, we observed a significantly reduced
relative frequency of classical monocytes [Tzg = 481 p =

TABLE 1 | Sampla charactonstios.

MDD jn =35 HCjn =35 Toststotisto pwolug®

Ao, ymers MIMT  HTHDZ  Toesq=0 -009
M, kpyim® OEE  23EED  Tag=127 0
% Formekos MARE  TIARR  xgy=0 -0W
ﬁwm WIHZ  MIET aq=0 -000
MADRE MOBER  1ZMB  Tpag=263 <0M
a0HI HOEEH  ZORM Tgeag=2066 <00
an MNTHZY  ABED  Tpag=TA 0N
CT0 Total Scor MO[ER  IZOEH Tasy=22 003
% Comobid ity P0E[10) - - -
dincrdor

MDD mbypo i GO - - -
% Molarechoe T - - -

% Atypical ) 5TE - - -

B4l Book Arsdely Invanion; BN Book Dopression meorfony I S0, body mass
e, T, Chilhond Tewme Cuesionnateg HC, ety oontm? MADRS, Monigomay
Astry Daprossion Ruting S MO0, Moo cepmass dsomr

L sncaice cibonwiss, velios myrasent maen (St devaion]
'mmmj.wwmmmmumm

0.0001; Hedges' ¢ = 0.88] and, conversely, elevated levels of
“non-classical” monocytes [Ty = 4.33; p= 0000 Hedges' ¢
= [0.80] in MDD patients compared to controls (Figare 53B).
When expressed as absolute cell counts, significantly higher
numbers in MDD were only detected for non-classical and
intermediate monocytes (Figare 1A). There were no statistically
significant differences in croulating numbers of leukocyte
subsets (Figore 53A) or relative frequencies of major lymphocyte
populations (Figares $3C. D) between the groups.

To vwalidate monocyte subset resulis, we applied an
unsupervised cdustering algorithm  (CITRUS), which
automatically identifies differentially abundant cell dusters
between groups. This analysis yielded one major cluster with
two subclusters (A, B, C) corresponding to the non-classical and
intermediate monocyte cell populations (Figares 1B,C). Further
confirming the results from the manoal gating, no additional
group differences were detected by this algorithm (Figare 1B).

Cell-Specific Expression of
Steroid-Signaling-Related Genes

In 3 next step, we explored cell-spedfic alterations in
glucocorticoid signaling in monocytes and T cells. Purified
CD14* monocytes from MDD patients expressed significantly
lower mBMA levels of GR [Ty = 2.49; p = 0L018; Hedges ¢
= 0.21] as well as its downstream target GILE [Ty = 208,
p = 0.045% Hedges' y = 0.39] (Figare 2A). In contrast, no
group differences in monocyte expression of ME or 118-H5D-1
were observed (all p-values > 0.05). There were also no groap
differences in T cell expression levels of any of the genes
examined (GE, GILE ME, or 118-HED-1} (Figare 2B).

HPA Axis Activity

Saliva samples were available from n = 30 patient/control pairs.
Analysis of cortisol levels revealed no group x time interaction or
main effect of group [group = time: Fiz.aq =119, p= 032, np
= 0.04; group: Fyy.ag < 001, p =083, l]P‘ =0.01]. As expected,
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there was a main effect of time [Fiz g = 36.8, p = 0.01; Th] =
.57 across groups, showing the typical circadian rfrythm of HPA
axis activity with higher cortisol levels after awakening compared
tor evening levels in both groups (Figare 54).

Serum Immune Markers

Mo significant group differences were observed for high
sensitivity CRF levels (MDD: 167 £ 1.7 mg/l; HC: 146 £
1.5mgf/L). Moreover, MDD patients and controls did not differ in
serum bevels of the cytokines IL-6, IL-1f, or TNF-o (Figure 3).
There were also mo significant associations between serum
coytokine levels and monocyte subset counts (see Figare 3).

Clinical Correlates

To examine the relationship of steroid-related gene expression
and immune phenotype with clinical variables, we ran correlation
analyses. Out of 64 correlation coefficients computed, only two
reached statistical significance, which is well within the range of
chance findings (all p-values = 0.05; Table 5§3).

DISCUSSION

Cur study has three main results. First, patients with MDD
showed a shift toward non-classical monocytes with no group
differences in major T cell subset frequencies and phenotype,
B cells or NE cells. Second, expression of key steroid-signaling
genes &R and GILE was lower in monocytes obtained from MDD
patients with no group differences observed in T cells. Third,
monacyte phenotype and sterodd receptor expression was nod
related to circulating levels of cortisol or droulating levels of the
cytokines 1L-6, IL-1§, or THF-a.

Human monocytes can be divided into classical, intermediate
and non-classical subsets that are functionally heterogeneous.
Increasing evidence suggests that a higher frequency of the non-
classical monacyte subtype is conducive tochronic inflammation,
as seen in various illnesses (28-30). Here, we observed a
significant shift among monocytes in patients with MDD,
Intrigningly, non-classical monocytes are also associated with
several somatic conditions that commonly co-ooour in MDD
patients (31}, induding coronary artery disease (121). Simce
patients in our MDD cohort were free of overt comorbid
cardiovascular or metabolic disorders, our data suggest that
monocyte subset shifis in MDD are not necessarily the
consequence of comorbid somatic disorders but might ooour
independently or at least prior to such comorbidities in
MDD. In confrast to our results, earlier studies in depressed
patients did not find a link between depression and monocyte
frequencies or phenotype (33) (34), although direct comparisons
are hampered by differences in methodology (eg. insuficient
monocyte characterization) and study populations (eg., elderty
patients). Using an approach similar to owrs, Suzoki et al. (35)
recently reported no group differences in classical and non-
classical monocytes between patients with MDD and healthy
controls. In the study by Suzukd et al (35) patients with MDD
had a significantly higher BMI (dose to obesity) compared
to the control group. This s important becanse BMI can
hawe a profound effect on immune responses, induding major
lymphocyte (36) and monocyte populations (37). Moreover,
more than half of MDD patients in the study by Suruki
were only mildly depressed or in partial remission, while our
sample consisted of patients with a well-described episcde of
at least moderate severity and many of our patients were
currently hospitalized due to MDD, Thus, the exact relationship
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between comaorbidities, demographic variables, clinical severity,
and monocyte subsets should be explored in detail in the future
to determine the dynamics of immune alterations over the course
of MDD

Onr second main result was that lower expression of steroid
signaling related genes (iLe, GR and GILYE) was restricted to
monecytes and not observed in T cells. Thus, our findings both
replicate and expand previous studies {7, &). More specifically,
they suggest that monocytes in MDD are characterized by a
reduction of GR expression (and more downstream, GILE) rather
than changes in ME or cortisol bioconversion.

Previous findings of functional steroid resistance as obfained
by mitogen-stimulated profiferation assays (13) have often been
attributed to reduced GR expression, however, evidence fior this
in peripheral immune cells is mized (38). To our knowledge, nio
study to date has assessed GR expression or other GC-related
genes in T cells specifically. Studies examining functional steroid

resistance have typically used proliferation assays or cytokine
production in whole blood (13, 39) or PEMC culiure systems
{38, 40, 41). Our findings of unaltered GR and GILZ expression in
T cells would suggest that functional steroid resistance in T cells
as indicated by profiferation assays is unlikely to be explained by
reduced sternid receptor expression in T cells but may either be
due to alterations in other components of the signaling cascade or
mediated indirectly via other cell populations such as monocytes.

Finally, healthy controls and the MDD group showed similar
circadian HPA axis activity, CRP levels, and circulating levels of
IL-&, IL-1p, or TNF-z, which did not correlate with monocyte
phenotype. A similar pattern of reduced GR expression and
sensitivity in PEMCs without HPA axis hyperactivity was
found in coronary heart disease patients with depressiom (41).
Interestingly, evidence from studies with chronically stressed
caregivers also suggests that blunted steroid signaling and
altered inflammatory gene expression in monocyies can oCour
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independently of HPA axis output (43, 44). Taken together, this
suggests that MDD-associated changes in monocyte phenotype
and steroid signaling gene expression do not reguire the presence
of detectable differences in cortisol or cytokines such as IL-5,
IL-1p, or THF-a.

Strengths of our study include careful matching of patients
and confrols, in-depth manual as well as algorithm-based
characterization of lymphocytes and monocytes and cell-specific
imvestigation of steroid-related gene expression. Yet, seweral
limitations need to be acknowledged For example, we did
not include cell-specific functional readouts, such as cytokine
production. Our study adds relevant new information by
providing direct evidence for specifidty of steroid-signaling
gene expression within the immune system of MDD patients.
However, we acknowladge that our analysis of gene expression
in pan-monocytes (CD14%) and pan-T cels (CD3+) still
includes heterogensous cell populations within each lineage.
Some limitations also concern the clinical characteristics of our
sample. Our main concern here was to control for somatic
comaorbities, antidepressant medication, age, sex and BMI. This is
important to limit the impact of such confounds on the variables
of inferest in case-control studies. However, this approach also
limits generalizability to the MDD population at large. Similarly,
we were likely underpowered in the exploratory analyses of
clinical correlates and the non-significant results in this area
should be interpreted with caution. Lastly, we did not measure
several lifestyle factors such as physical activity, diet, sleep (45),
that may affect cell-mediated immunity. However, given the dose
matching for BMI, at least major metabolic effects due to group
differences in physical activity or diet appear unlikely.

In summary, our results suggest that im MDD, shifts in
monocyte phenotype and altered expression of genes involved
in steroid signaling, can oocur in the absence of HPA axis
hyperactivity or elevated levels of circulating cytokines such as
IL-6, IL-18, or TMF-o. This provides evidence for a possible
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TABLE 51 | Antibody Panels.

TABLE 52 | List of patients with MDD and healthy controls matched for age, sex, body mass index,
and current smoking status.

TABLE 53 | Correlations between steroid signaling-related gene expression, PBMC phenotype and
clinical variables in patients with MDD,

FIGURE 51 | Flow cytometry gating strategy for identification of lymphocyte phenotype.

FIGURE 52 | Flow cytometry gating strategy for identification of classical (CD14" CD167),
intermediate (CD14"CD16%) and non-classical (CO14"CD16™) monooytes and exemplary staining fora
patient-control pair.

FIGURE 53 | Routine laboratory blood cell counts of drculating leukocytes and proportions of
monocyte and T cells subsets, as well as B cells and Nk cells as measured by flow oytometry.

FIGURE 54 | Salivary cortisol levels in patients with MDD and matched healthy controls.
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TABLE 51 | Antibody Panels.

T t,f_-ll plhenut\rpe and Treg Mon-T cells
activation

HLA-DR [LM3) HLA-DR HLA-DR

CCR7 (GD43HT) CD25 (M-A251) CD56 (HCDS5E)
CD4 (RPA-TH) 04 CcD4

CDA5RA [HILO00) CD45-RA CD20 (2H7)
CD38 (HB-7) CD127 (AD15D5) CD16 (3GE)
Zombie NIR Zombie NIR Zombie NIR
CD3 [OKT3) - CD14 (HCD14)
CDB (5K1) 03 cD3

Three different antibody panels were applied to each sample to analyze PEMC subsets: Naive, Memory and
Effector T cells as well as activated T cells T cell phenotype and activation panel), regulatory T cells (Treg) or non-
T cell peripheral blood mononuclear cells including monocytes, natural killer cells and B cells [Non-T cells).
Antibody clones are indicated in brackets.
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TABLE 52 | List of patients with MDD and healthy controls matched for age, sex, body mass index and
current smoking status. Depression severity (MADRS), psychiatric comorbidity as well as depression
subtype according to DSMS are given where applicable.

Age Sex BMI Currently MADRS Psychiatric  Subtype
Smoking Score Comorbidity (DSM5)

MDDO1 47 F 198 Mo 23 3P -
HO 42 F 19.0 No 0
MDD02 36 M 273 Mo 24 - -
HOO2 &) | 4] 275 Mo 0
MDDO3 22 F 212 No 27 sp -
HCO3 25 F 195 Mo 2
MDDO4 30 F 277 Mo 28 PD
HCO4 25 F 237 Mo 2
MDDO5 33 F 244 Mo 25 - melanchalic
HCO5 28 F 224 No 0
MDDOG 20 F 26.6 Mo 30 - melanchalic
HCDG 24 F 222 Mo 0
MDDO7 26 4] 222 Mo 21 - atypical
HOO7 28 M 222 Mo 0
MDDO0E 30 ] 265 Yes 28 3P melanchalic
HCOE 30 M 231 Yes 1
MDD9 33 F 19.7 Mo 29 - melanchalic
HC09 33 F 231 No 0
MDD10 32 F 237 Mo 26 PD melanchalic
HC10 28 F 235 No 1
MDD11 24 F 261 Yes 25 - melanchalic
HC11 30 F 58 Yes 1
MDD12 32 ] 243 Mo 19 PD melanchalic
HC12 28 4] 250 Mo 0
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TABLE 52 | continued

Ape Sex BMI Currently  MADRS Psychiatric  Subtype
Smoking Score Comorbidity (DSMS)

MDD13 35 F 1.7 Yes 22 - melancholic
HC13 30 F 191 Yes ]

MDD14 26 M 250 Yes 17 - -

HC14 24 M 217 Yes ]

MDD15 53 F 269 No 28 - -

HC15 55 F 254 No 1

MDD16 59 M 254 Mo 25 - melancholic
HC16 57 M 216 No 1

MDD17 32 M 276 Yes 17 - -

HC17 27 M 253 Yes 0

MDD18 39 F 20.3 No 28 - -

HC13 41 F 231 No i

MDD19 50 F 28.7 Mo 27 - melanchalic
HC19 44 F 285 No i

MDD20 19 F 216 Yes 13 - -

HC20 22 F 19.7 Yes 4

MDD21 45 F 219 Yes 25 - mielancholic
HC21 52 F 225 Yes 1

MDD22 il F 232 Yes 25 - -

HC22 19 F 216 Yes ]

MDD23 31 M 205 Mo 29 - melancholic
HC23 30 M 224 No 3]

MDD24 18 M 16.8 Yes 23 - melancholic
HC24 23 M 17.7 Yes 5

MDD25 47 F 19.5 No 27 GAD melancholic
HC25 49 F 2232 No 3]
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TABLE 52 | continued

Age Sex BMI Currently MADRS Psychiatric Subtype
Smoking Score Comorbidity (DSMS)

MDD26 26 M 183 Yes 32 - mielancholic
HC26 24 M 19.4 Yes 1
MDD27 24 F 287 Mo 25 - melancholic
HC27 28 F 26.6 Mo 0
MOD28 18 F 304 Mo 15 SP -
HC28 i | F 321 Mo 2
MDD23 24 M 253 Mo 12 - -
HC29 30 M 230 Mo 0
MDD30 29 F 219 Mo 35 - melancholic
HE30 26 F 248 Mo 5
MODD31 25 F 21.0 Mo 3 PTSD atypical
HC31 30 F 241 Mo 0
MDD32 55 F 322 Mo 24 - melancholic
HC32 45 F 319 Mo 0
MODD33 27 F 253 Yes 3 5P & GAD -
HE33 36 F 26 Yes 1
MOD34 20 F 23.7 Mo 13 - -
HC34 A F 251 Mo 2
MDD35 ra | F 229 Mo 32 - melancholic
HC35 22 F 219 Mo 1

GAD: generalized anxiety disorder, PD: panic disorder, PTSD: post-traumatic stress disorder, 5P: sodial phobia
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TABLE 53 | Correlations between steroid signaling-related gene expression, PEMC phenotype and
clinical variables in patients with MDD,

BAI BDI-I MADRS cTa
steroid-related Gene Expression
Teells
GR -0.10 -0.297 -0.18 -0.154
0.96 0.0B 0.3 038
MR 0.012 01 0.088 0224
095 0.57 0.62 019
GiLZ 0.322 0.025 0.089 0316
0.06 0.29 0.61 0.06
118-H5D1 0.137 40.313 -0.14 -0.041
044 0.07 043 0.82
Monocoytes
GR -0.186 40.232 -0.283 -0.007
0.28 0.18 01 0se7
MR 0.129 0.128 0.236 -0.207
0.48 0.47 017 0.23
GiLz 0.228 0.307 0.163 -0.169
019 0.07 0.35 033
118-H501 0137 0.168 0.219 0278
0.46 0.37 0.24 013
PEMC Phenotype
Monocytes
Classicol Monocytes % -0.047 -0.018 -0.014 -0.205
0.79 092 0.94 0.25
Intermediate Monocytes % 0.221 0.033 -0.133 0.258
0.22 0.86 046 015
Non-classical Monocytes % -0.046 0.061 0.023 0.166
0.96 0.74 09 0.36
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TABLE 53 | continued

BAI BOI-I MADRS (W]
Lymphocytes
CD4* T Cells -0.009 0.203 0.035 0.286
0.96 0.26 0.85 0.11
CD8* T Cells 0.043 0161 -0.112 0.383
0.81 0.37 0.54 0.03
Regulatory T Cells -0.083 0.228 -0.332 0.13
0.67 0.24 0.08 05
Cytotoxic Natural Killer Ceils 0.215 -0.102 -0.023 0.034
0.23 0.57 0.9 0.85
Regulatory Natural Killer Cells ~ -0.075 0.02 -0.371 0.324
0.68 091 0.03 0.07
B cells -0.147 -0.282 -0.212 0.03
0.41 0.11 0.24 0.86

BAl: Beck Anxiety Inventory, BDI-Il: Beck Depression Inwentory I, CTQ: Childhood Trauma Questionnaire,
MADRS: Montgomery Asberg Depression Rating Scale. all correlation coefficients denote Spearman’s rho with
respective p values [two-tailed) indicated below.
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FIGURE S1 | Flow cytometry gating strategy for identification of classical (CD14** CD16°), intermediate
(CD14*'CD16') and non-classical (CD14'CD16") monocytes and exemplary staining for a patient-
control pair. (@) Monocytes were identified by forward (FSC) and sideward scatter (SSC) properties.
Next, doublets and dead cells were excluded as were remaining CD3' T cells, B cells (CD20"), natural
killer cells (CD56') and CD14"/HLA-DR" cells. Classification of monocytes based on surface expression
of CD14 and CD16 followed established guidelines (21). (b) Exemplary monocyte staining in a
representative patient-control pair.
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FIGURE 52 | Flow cytometry gating strategy for identification of lymphocyte phenotype. (a) First,
Ilymphocytes were identified by forward (F5C) and sideward scatter (S5C) properties. Next, doublets
and dead cells were excluded. Next, cells were gated for CD3 positivity (T cells) or negativity (Non-T
cells). (b) T cells were further divided into CD4* helper and COB* oytotoxic T cells. Among CD4A* T cells,
regulatory T cells were identified as CO25'CD127". (c) Among non-T cells, CD20* B calls were identified.
Mext, among CO20™ cells NK cells were selected for CD56 positivity and CD14 negativity. Lasthy,
oytotoxic NE cells (Nkc) were defined as CDS6'CD16" and MK cells with a putatively regulatory
phenatype (Nkreg) as CD56°CD16"" as suggested by Maecker et al. 2012,
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FIGURE 53 | (@) Routine laboratory blood cell counts of circulating leukocytes and proportions of
(b) monocyte and () T cells subsets, as well as (d) B cells and Nk cells as measured by flow cytometry
(mean + 5. EML). If not depicted, all p-values > 0.1.
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FIGURE 54 | Salivary cortisol levels in patients with MDD and matched healthy controls (mean £ S_E.M).
Circadian HPA axis activity was estimated by salivary cortisol measures (B:00 a.m. and 22:00 p.m.)
collected on two consecutive days (day 1 n =28, day 2 n=29].

66



8. Curriculum vitae

,,Mein Lebenslauf wird aus datenschutzrechtlichen Griinden in der elektronischen Version meiner
Arbeit nicht veroffentlicht.*

67



9. Publications and scientific contributions

9.1. Publications

Hasselmann H, Gamradt S, Taenzer A, Nowacki J, Zain R, Patas K, Ramien C, Paul F,
Wingenfeld K, Piber D, Gold SM, Otte C (2018). Pro-inflammatory monocyte phenotype and
cell-specific steroid signaling alterations in unmedicated patients with major depressive disorder.
Frontiers Immunology, 9(2693). IF: 5.511
Baqguet L, Hasselmann H, Patra S, Ketels G, Stellmann JP, Vettorazzi E, Engel AK, Rosenkranz
SC, Poettgen J, Gold SM, Schulz KH, Heesen C (2018). Short-term aerobic training does not
improve memory functioning in relapsing remitting multiple sclerosis — a randomized controlled
trial. PeerJ. IF: 2.218
Gold SM, Enck P, Hasselmann H, Friede T, Hegerl U, Mohr D, Otte C (2017). Control
conditions for randomised trials of behavioural interventions in psychiatry: a decision
framework. Lancet Psychiatry, 4(9), 725-732. IF: 11.588
Veauthier C, Hasselmann H, Gold SM, Paul F (2016). The Berlin Treatment Algorithm.
Recommendations for tailored innovative therapeutic strategies for multiple sclerosis-related
fatigue. EPMA 7(25). IF: 0.49
de Kloet ER, Otte C, Kumsta R, Kok L, Hillegers MH, Hasselmann H, Kliegel D, Joels M
(2016). Stress and Depression — a crucial role of the mineralocorticoid receptor. J
Neuroendocrinol 28(8). IF: 3.470
Hasselmann H, Bellmann-Strobl J, Ricken R, Oberwahrenbrock T, Rose M, Otte C, Adli M, Paul
F, Brandt AU, Finke C, Gold SM (2016). Characterizing the phenotype of multiple sclerosis-
associated depression in comparison to idiopathic major depression. Mult Scler, 22(11), 1476-
1481. IF: 4.840
Hasselmann H (2016). Interaction of ketamine and cannabis in bipolar disorder. Biological
Psychiatry, 79(9). IF: 11.412
Hasselmann H (2015). Antidepressant and abuse potential of ketamine. In “The Neuropathology
of Drug Addiction and Substance Misuse Volume 2” (Ed. Victor R. Preedy). Academic Press:
London.
Godlewska, Hasselmann H, Igoumenou A, Norbury R, Cowen PJ (2014). Short-term
escitalopram treatment and hippocampal volume. Psychopharmacology, 231(23), 4579-81.
IF:3.308
Hasselmann H (2014). Scopolamine and Depression: A role for muscarinic antagonism? CNS &
Neurol Disord Drug Targets, 13(4), 673-683. IF: 2.506

68



Hasselmann H (2014). Ketamine as antidepressant? Current state and future perspectives. Curr
Neuropharmacol, 12(1), 57-70. IF: 3.365

9.2. Posters

Hasselmann H, Gamradt S, Taenzer A, Nowacki J, Zain R, Patas K, Ramien C, Paul F,
Wingenfeld K, Piber D, Gold SM, Otte C (2017). Cell-specific immune regulation and metabolic
dysfunction in major depressive disorder. European Congress of Neuropsychopharmacology
(ECNP) 30" Annual Congress, Paris. Poster Award in the Category “Mood Disorders and
Treatment”

Hasselmann H, Bellmann-Strobl J, Ricken R, Oberwahrenbrock T, Rose M, Otte C, Adli M, Paul
F, Brandt AU, Finke C, Gold SM (2015) Characterizing the phenotype of multiple sclerosis-
associated depression in comparison to idiopathic major depression. European Committee of
Treatment and Research in Multiple Sclerosis (ECTRIMS), 31% Congress, Barcelona.

Quested D, Hasselmann H, De Crescenzo F. (2015). Phase shift and bipolar disorder — casting
light on a sometimes overlooked variable? British Association for Psychopharmacology Summer

Meeting, Bristol.

9.3. Talks

Deutscher Kongress flr Psychosomatische Medizin und Psychotherapie 2016: ,,Biologische
Stress-Reaktionssysteme und Krankheitsaktivitit bei MS*

Hanse-Wissenschaftskolleg Delmenhorst 2015: “Relevanz von Fatigue und vegetativen

Symptomen im Kontext MS-assoziierter Depression

69



10. Acknowledgments

I would like to take this opportunity to thank everyone who has supported me throughout my
doctorate. These past years have probably been the most challenging part of my life (yet) and |
am grateful for all the support, kind words and help | have been fortunate to have received from

you.

I am deeply thankful to the supervisors of my doctorate, Prof. Dr. Friedemann Paul, Prof. Dr.
Christian Otte and Prof. Dr. Stefan Gold. Thank you for the opportunity that you have given me
to complete this project in your labs, your persistent support and encouragement and, above all,

your friendly advice.

I am deeply grateful to my colleagues, Sabrina Golde, Aline Ténzer and Dr. Stefanie Gamradt
with whom | have shared most of the past years. Thank you for having been such great

companions and putting up with me for the better of three years!

Finally, a heartfelt thank you to my friends and my family. Your belief in me has been the pillar

of this work. I will never forget this!

70



