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Abstract

Background: Psychotic disorders are characterized by a deranged immune system, 
including altered number and function of Natural Killer (NK) and T cells. Psychotic 
disorders arise from an interaction between genetic vulnerability and exposure to 
environmental risk factors. Exposure to social adversity during early life is particularly 
relevant to psychosis risk and is thought to increase reactivity to subsequent minor 
daily social stressors. Virtual reality allows controlled experimental exposure to virtual 
social stressors.

Aim: To investigate the interplay between social adversity during early life, cell 
numbers of NK cells and T helper subsets and social stress reactivity in relation to 
psychosis liability.

Methods: Circulating numbers of Th1, Th2, Th17, T regulator and NK cells were 
determined using flow cytometry in 80 participants with low psychosis liability (46 
healthy controls and 34 siblings) and 53 participants with high psychosis liability 
(14 ultra-high risk (UHR) patients and 39 recent-onset psychosis patients), with and 
without the experience of childhood trauma. We examined if cell numbers predicted 
subjective stress when participants were exposed to social stressors (crowdedness, 
hostility and being part of an ethnic minority) in a virtual reality environment.

Results: There were no significant group differences in Th1, Th2, Th17, T regulator and 
NK cell numbers between groups with a high or low liability for psychosis. However, 
in the high psychosis liability group, childhood trauma was associated with increased 
Th17 cell numbers (p = 0.028). Moreover, in the high psychosis liability group 
increased T regulator and decreased NK cell numbers predicted stress experience 
during exposure to virtual social stressors (p = 0.015 and p = 0.009 for T regulator and 
NK cells, respectively). 

Conclusion: A deranged Th17/T regulator balance and a reduced NK cell number are 
associated intermediate biological factors in the relation childhood trauma, psychosis 
liability and social stress.

Introduction

Psychosis is a multifactorial condition arising from an interaction between genetic 
liability and exposure to environmental risk factors [1]. Early life exposure to social 
stressors is particularly relevant to psychosis risk [1]. The experience of childhood 
maltreatment is associated with a nearly 3-fold increased risk of psychosis [2]. Having 
an ethnic minority status - especially during early childhood - and upbringing in a 
densely-populated, urban environment are both consistently associated with an 
increased risk of psychosis later in life [3,4]. Such exposure to social adversity during 
developmental sensitive periods is thought to cumulatively increase reactivity to 
subsequent social stressors, eventually resulting in psychotic symptoms and distress 
in response to daily, minor hassles – a process known as stress sensitization [5].

Next or in addition to genetic liability and environmental risk factors, evidence is 
accumulating that a deranged immune system is an underlying factor in psychotic 
disorders [6]. There is ample evidence for altered serum cytokine levels as well as 
aberrancies in both numbers and function of circulating cells of the immune system 
when psychosis patients are compared to healthy controls at group level [6]. The 
immune system has been suggested as a final common pathway for environmental 
risk factors to psychotic symptoms [7]. The immune system is dynamic in nature and 
does respond to biological and psychosocial danger signals or stressors. However, 
the exact relation between genetic vulnerability, social stressors, a deranged immune 
response and psychotic symptoms is yet unknown.

Immune dysregulation in psychosis includes in particular alterations in the  
activation state of the inflammatory response system and in numbers and function 
of T cells and Natural Killer (NK) cells [8,9]. Total T cell numbers (CD3+ cells) are 
decreased in psychosis patients, with an increased ratio of T helper (CD4+) cells 
to cytotoxic (CD8+) T cells [9]. Up until one decade ago two T helper cell subsets 
were distinguished; T helper 1 (Th1) cells producing IFN-y and T helper 2 (Th2) 
cells producing IL-4 [10]. An imbalance between these two cell populations was 
long suggested in psychosis. However, the experimental evidence for this idea is 
inconsistent [11]. Later, other T helper cell subsets were discovered [12], including 
the pro-inflammatory IL-17 secreting Th17 cells [13] and the anti-inflammatory 
T regulator cells [14]. The latter express the transcription factor FoxP3+ and are 
capable of dampening (auto-)immune responses through several mechanisms.  
Both Th17 and T regulator blood cell counts have been found increased in recent-
onset psychosis patients [15]. The ability of Th17 and T regulator cells to cross  
and alter the blood-brain barrier and the important role of the Th17/T regulator  
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cell balance in other inflammatory (brain) diseases render them particular interesting 
candidates in the pathogenesis of psychosis [16].

The aim of our study was therefore to study the interplay between childhood trauma, 
number of T helper cells, T regulator cells and NK cells and response to social stress in 
psychosis. We used virtual reality to allow controlled experimental exposure to virtual social 
stressors relevant to psychosis, namely crowdedness, being part of an ethnic minority and 
hostility. Participants with higher liability for psychosis report more stress and have more 
paranoid thoughts about the virtual humans (avatars) when they are exposed to these 
virtual social stressors than lower psychosis liability controls [17]. In this cohort, childhood 
trauma is associated with increased reactivity to an increasing number of virtual social 
stressors, especially in individuals with high psychosis liability [18].

In this study, we used flow cytometry (FACS) to determine the relative size of the Th1, 
Th2, Th17, T regulator and NK cell subsets in the previously mentioned cohort which 
was divided in a group with either a high liability for psychosis (recent-onset psychosis 
patients and patients at ultra-high risk for psychotic disorder) or a low liability for 
psychosis (siblings of psychosis patients and healthy controls). We first examined if 
the T and NK cell counts differed between the high and low psychosis liability groups 
and whether childhood trauma predicted cell counts in these two groups. Next, we 
examined if cell counts predicted the experience of stress when participants were 
exposed to virtual reality social stressors.

Methods

Participants
Four groups of individuals aged 18-35 were included: (1) 39 patients with a first 
diagnosis of any psychotic disorder - except for substance-induced psychotic disorder 
and psychotic disorder due to a medical condition - established within the last five years, 
(2) 14 Patients at Ultra-High Risk (UHR) for psychosis, according to the Comprehensive 
Assessment of At-Risk Mental States (CAARMS) criteria [19], (3) 34 unaffected siblings 
of patients diagnosed with a psychotic disorder and (4) 46 healthy controls with a 
negative (first-degree family) history of any psychotic disorders. UHR and psychosis 
patients were classified as having high psychosis liability and siblings and controls 
as low psychosis liability, based on (a) phenotype of (subsyndromal) psychotic 
symptoms, present in UHR and psychosis patients and uncommon in siblings and 
controls and (b) life time risk for psychosis, by definition 100% in psychosis patients, 
approximately 36% in UHR patients [20], 10% in siblings and 3% in controls from the 

general population [21]. Patients and siblings were recruited from five psychiatric 
institutions in the Netherlands. The large majority of siblings were unrelated to the 
psychosis patients in the sample. Controls were recruited from the same communities 
through flyers in public facilities, including schools for vocational education and 
dentistry practices. Exclusion criteria were poor command of the Dutch language, 
an IQ lower than 75 and a history of epilepsy or autoimmune disorder. For healthy 
controls, use of psychotropic medication was an additional exclusion criterion. The 
study was approved by the medical ethical committee of Leiden University Medical 
Center. Written informed consent was obtained from all participants.

Virtual reality experiments
The virtual reality experiments are described in detail elsewhere [17]. In short, the 
virtual environment was a bar with an indoor and outdoor area, built by CleVR (Delft, 
the Netherlands) using Vizard software (Worldviz, Santa Barbara, CA, USA). Virtual 
humans (avatars) were sitting or standing at a table, chatting and having drinks. 
The number of avatars, their ethnic appearance (white European vs. mainly North-
African, own vs. other ethnicity) and their reactions towards the participant (neutral 
vs. hostile) were manipulated to created five conditions with no stressors (a quiet bar 
with friendly avatars mostly of the same ethnicity as the participant), one stressor 
(crowdedness), two stressors (crowdedness and other ethnicity or crowdedness and 
hostility) or three stressors (crowdedness, hostility and other ethnicity). All subjects 
were exposed to all five conditions for four minutes each. The order of this cross-over 
design was random, except that the last experiment always had at least two stressors. 
Immediately after each experiment, participants were asked to rate their maximum 
momentary subjective distress during the experiment (SUD) in units on an analogue 
scale, with range 0-100.

All experiments took place in the morning. Participants were asked to refrain 
from the use of alcohol and illicit drugs 48 hours before the experiment. After a 
short introduction to the procedure and before virtual reality experiments, blood 
samples were taken and electronic self-report questionnaires were administrated to 
obtain information about medical history, height, weight, use of psychotropic and 
other (including over-the-counter) medication, substance use (smoking, alcohol, 
cannabis/THC and illicit drugs) and sociodemographic characteristics including sex, 
age, ethnicity and education level. Symptom levels were assessed by self-report 
questionnaires; paranoia was assessed with the Green Paranoid Thoughts Scale 
(GPTS) [22], social anxiety with the Social Interaction Anxiety Scale (SIAS) [23] and 
minor positive, negative and depressive symptoms with the Community Assessment 
of Psychic Experiences (CAPE) [24]. Childhood trauma was assessed retrospectively 
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with the Childhood Trauma Questionnaire Short Form (CTQ-SF), a well validated 25-
item self-report questionnaire including five subscales: emotional abuse, emotional 
neglect, physical abuse, physical neglect and sexual abuse [25]. Childhood trauma 
was defined as present if any subscale scores were classified as moderate or severe 
according to published norm scores [26].

Blood collection and preparation
Blood was collected in sodium-heparin tubes (30 ml) in the morning and transported 
to the laboratory at room temperature. Peripheral blood mononuclear cell (PBMC) 
suspensions were isolated using low-density gradient centrifugation by Ficoll (GE 
Healthcare, Uppsala, Sweden) within 8 hours. PBMCs were counted and frozen in 
medium (RPMI-1640 containing 25mM Hepes and UltraGlutamine (Lonza, Verviers, 
Belgium), with the addition of 10% fetal calf serum (Lonza), 10% dimethylsulfoxide 
(Merck, Hohenbrunn, Germany) and 1% Penicillin/Streptomycin) and stored in liquid 
nitrogen to enable testing patient and control immune cells in the same experiment.

Flow cytometric analysis
PBMCs were defrosted and washed once with medium. Average recovery of cells after 
thawing was 82% and viability 98%, as determined by Trypan blue staining. Differences 
between different groups were not observed.

Staining A
To determine percentages of T helper lymphocytes, T cytotoxic lymphocytes, natural 
killer cells, B cells and monocytes, 50,000 PBMCs were stained for 15 min at room 
temperature in tube A containing staining buffer (PBS, containing 0.2% BSA, 0.1 % 
sodium-azide, pH 7.8) with CD45-Pacific Orange (Invitrogen, Carlsbad, CA, USA) 
1:80, CD3-PercP-Cy5.5 (BD Biosciences, San Jose, CA, USA) 1:16, CD4-Pacific Blue (BD 
Biosciences) 1:200, CD8-PC7 (Beckman Coulter, Brea, CA, USA) 1:80, CD19-APC (BD 
Biosciences) 1:80, CD14-APC-H7 (BD Biosciences) 1:16, CD56-PE (Cytognos, Salamanca, 
Spain) 1:40 and CD15-FITC (BD Biosciences) 1:400.

Staining B
To determine T cell subsets (Th1, Th2, Th17, T regulator cells), 1 x 106 PBMCs were 
cultured for 4 hours at 37 ̊ C in the RPMI-1640 culture medium (as was used for freezing 
the cells down, see before) with 50 ng/ml phorbol 12-myristrate 13-acetate (PMA; 
Sigma Aldrich, St. Louis, MO, USA) and 1.0 μg/ml ionomycin (Sigma) in the presence 
of Golgistop (BD Biosciences). Cells were harvested and stained for membrane 
markers with CD45-RO-FITC (Dako, Glostrup, Denmark) 1:10, CD3-APC-H7 (BD 
Biosciences) 1:40, and CD25-APC (BD Biosciences) 1:20 antibodies for 20 min at room 

temperature. After washing with PBS, cells were fixed and permeabilized according to 
the manufacturer’s instructions (eBioscience, San Diego, CA, USA) for 45 min at 4 ˚C. 
Cells were washed twice and stained with CD4-PercP-Cy5.5 (BD Bioscience) 1:30 and 
intracellular IFN-γ-Horizon V500 (BD Biosciences) 1:60, IL-4-PE-Cy7 (eBioscience) 1:240, 
IL-17A-BV421 (BioLegend, San Diego, CA, USA) 1:40 and Fox-P3-PE (BD bioscience) 
1:10 in permeabilization buffer (eBioscience) for 45 min at 4 ˚C. 

All specific staining antibodies used are routinely tested for effectiveness by the 
manufacturer and titrated for optimal concentrations in our laboratory. Specificity of 
the staining antibodies was controlled using five isotype controls provided by the 
manufacturer (BD) and background positivity was negligible (between 0.2% and 1% 
of the specific staining depending on the isotype control, both in patient samples and 
controls).

Stained samples were analysed by 8-color flow cytometry on a FACS Canto II (BD 
biosciences) and analysed by FlowJo software (Tree Star, Ashland, OR, USA). Gating 
strategy is given in Figures S5.1 and S5.2. T cell subsets of staining B were expressed 
as percentages of total lymphocytes, which could be reliably detected as a clear 
population in forward sideward scatter after the 4-hr culture. Also, when expressed as 
a percentage of total lymphocytes as found in staining A (the non-cultured sample), 
the outcomes did not alter (in fact percentages of total lymphocytes in staining A and 
B hardly differed (data not shown).

In total for 9 of the 133 participants either staining A or B (or part thereof ) technically 
failed while material for retesting was not available. In these instances, only the 
successful stainings were used. For five participants (two healthy controls, one sibling, 
one UHR and one psychosis patient), staining A failed in total, for one participant (a 
sibling), CD19-staining failed and for three participants (two healthy controls and one 
psychosis patient) the CD4-staining failed (marker expressions too weak).

Data exploration of flow cytometry data also revealed one outlier patient (with 
psychosis) who had extremely low lymphocyte and high monocyte counts. We decided 
to exclude all data of this patient from further analysis including sociodemographic 
characteristics (this patient most likely has a T cell deficiency syndrome, for example 
the partial DiGeorge syndrome).

Statistics
All analyses were conducted with IBM SPSS version 23. Significance was assumed at  
α < 0.05 (two-tailed). Continuous variables were inspected for normal distribution and 
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log transformed (ln) to achieve a normal distribution if necessary. Group differences 
on continuous sociodemographic variables and immune cell populations were tested 
using one-way ANOVAs with three hypothesis-based planned contrasts (high vs. low 
liability, psychosis vs. UHR and siblings vs. controls) and post-hoc Dunnett’s pairwise 
t-tests for explorative analysis. Differences in categorical sociodemographic variables 
were tested using X2 tests.

Linear regression models were used to test the main and interaction effects of 
psychosis liability and childhood trauma on NK cells and T helper cell populations. 
The basic model included age, sex, ethnicity (native Dutch vs. others), education level 
and smoking status as covariates and population size of NK cells or T helper subsets 
as an outcome variable. For each cell subset, this model was elaborated in three steps 
by adding (1) the main effect of psychosis liability (high vs. low) (2) the main effect 
of childhood trauma and (3) the interaction effect of psychosis liability x childhood 
trauma, based on a multiplicative model.

To asses if cells subsets predict subjective stress in the virtual reality environments 
and interacted with number of social stressors on subjective stress, multilevel 
random intercept regression models were used, taking into account the repeated 
measurements structure of the data and allowing for missing data. The basic model 
included subjective stress as dependent variable, psychosis liability and number of 
virtual stressors as predictors and age, sex, ethnicity, education level and smoking 
status as covariates. For each cell subset, this model was elaborated in three steps 
by adding (1) flow cytometry cell counts (2) the interaction effect of cell counts x 
psychosis liability and (3) the interaction effect of cell counts x number of virtual 
stressors. Both interaction effects were based on a multiplicative model. The difference 
in – 2 log likelihood was tested against a X2 distribution with one degree of freedom.

To examine possible confounding by psychotropic medication use and examine its 
effect on immune cell populations and stress experience, psychotropic medication 
use was added as an additional parameter in both the linear regression models 
predicting cell counts as well as the multilevel random intercept regression models 
predicting subjective stress in virtual reality environment in a final fourth step.

Results

Sociodemographic characteristics
Flow cytometry data was available for 80 participants with low psychosis liability 
(46 healthy controls and 34 siblings) and 52 participants with high psychosis 
liability (14 ultra-high risk (UHR) patients and 38 recent onset psychosis patients). 
Sociodemographic characteristics of low and high liability groups are displayed in 
Table 5.1, data on subgroups is available in Table S5.1. Psychosis liability groups differed 
statistically significantly on sex, smoking and education level. Participants from the 
high psychosis liability group were significantly more likely to be male, to smoke and 
had on average finished significantly lower levels of education than participants from 
the low psychosis liability group.

As expected, the high psychosis liability group reported significantly higher levels 
of symptoms compared to the low psychosis liability group and UHR and psychosis 
patients used psychotropic medication significantly more frequently than healthy 
controls and siblings. Among UHR patients, nine reported the use of an antidepressant, 
two of a mood stabiliser, two of stimulant medication and two of benzodiazepines. 
Among psychosis patients, twenty-four patients reported the use of antipsychotic 
medication (nine flupentixol, four haloperidol, four risperidone, three aripiprazole, 
three quetiapine, one olanzapine and one clozapine), five the use of an antidepressant, 
one of a mood stabiliser, one of stimulant medication and nine of benzodiazepines. 
The one participant in the low liability group using psychotropic medication was a 
sibling reporting intermittent use of a very low dose of lamotrigine for depressive 
symptoms.

Childhood trauma was significantly more often reported in the high psychosis  
liability group, 78.6% of UHR patients and 51.3% of psychosis patients reported 
moderate to severe experience of one or more types of childhood trauma, compared 
to 19.6% of controls and 17.6% of siblings. In the high psychosis liability group, all 
trauma types except for physical neglect were reported significantly more often 
than in the low psychosis liability group (Figure S5.3A, X2 (1) = 16.018, p < 0.001  
for emotional abuse, X2 (1) = 5.855, p = 0.016 for physical abuse, X2 (1) = 5.855, p = 0.016 
for sexual abuse, X2 (1) = 18.307, p < 0.001 for emotional neglect and X2 (1) = 1.554,  
p = 0.213 for physical neglect). Moreover, participants from the high psychosis  
liability group more often reported multiple types of trauma (Figure S5.3B).
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Table 5.1. Sociodemographic characteristics.
Groups of participants

Low psychosis liability High psychosis liability 

n = 80 n = 52 p

Male 39 (48.8) 36 (69.2) 0.020

Age 24.0 (22.0-28.0) 25.0 (22.3-30.0) 0.383

BMI 23.1 (20.7-25.1) 23.1 (20.2-25.9) 0.782

Native Dutch 54 (68.4) 31 (59.6) 0.305

Childhood trauma 15 (18.8) 30 (57.7) <0.001

Education 0.002

   No/primary 0 (0.0) 3 (5.8)

   Vocational 22 (27.8) 24 (44.2)

   Secondary 12 (15.2) 9 (17.3)

   Higher 45 (57.0) 17 (32.7)

Symptomsa

   Paranoid thoughts 34.0 (32.0-37.0) 49.5 (34.5-83.8) <0.001

   Social anxiety 14.0 (7.0-24.0) 31.0 (23.0-45.5) <0.001

   Depressive symptoms 12.0 (11.0-13.0) 16.0 (14.0-18.8) <0.001

   Positive symptoms 23.0 (21.0-25.0) 29.0 (25.0-37.0) <0.001
   Negative symptoms 21.0 (18.0-25.0) 27.0 (24.0-33.0) <0.001

Medication

   Psychotropic 1 (1.3) 36 (69.2) <0.001

   Contraceptiveb 20 (48.8)a 8 (50.0)a 0.934

   Other 6 (7.6) 6 (11.5) 0.444

Smokingc 14 (24.1) 23 (47.9) 0.011

Cannabis used 11 (13.9) 14 (26.9) 0.064

Illicit drugs used 6 (7.6) 3 (5.8) 0.686

Values displayed are median (interquartile range) or N (%). P-values of t-tests (for continuous variables) or X2 tests (for categorical 
variables) are given. BMI = body mass index.  
a  Paranoid thoughts assessed with Green Paranoid Thoughts Scale, social anxiety with Social Interaction Anxiety Scale, other 
symptoms with Community Assessment of Psychic Experiences.

b Percentage of all females within group. 
c Smoking during last 24 hours. 
d Self-reported use during last month.

Immune cell populations
Relative size of immune cell populations in healthy controls, siblings, UHR and 
psychosis patients were explored and are depicted in Figure 5.1. There were no 
statistically significant group differences in immune cell populations. However, a trend 
for a difference in lymphocyte numbers was observed (median [IQR] = 76.7 [71.6-
;79.6], 76.9 [71.4;82.0], 72.4 [69.0;76.9] and 76.9 [73.0;80.7] % of live PBMCs for controls, 
siblings, UHR and psychosis patients, respectively, F(3, 123) = 1.918, p = 0.130, η2= 0.045) 
with decreased lymphocyte counts in UHR patients compared to psychosis patients 
(post-hoc contrast – not corrected for multiple testing - p = 0.037) and controls (post-
hoc Dunnett’s t-test p = 0.121). Furthermore, a trend for group differences in Natural 
Killer (CD56+) cell counts was observed (median [IQR] = 7.3 [5.6;10.3], 9.2 [6.2;13.5], 9.1 
[4.5;11.9] and 9.3 [6.4;12.8] % of live PBMCs for controls, siblings, UHR and psychosis 
patients, respectively, F(3, 123) = 1.799, p = 0.151, η2= 0.042), with increased NK cell 
numbers in in siblings compared to controls (post-hoc contrast, p = 0.069) and in 
psychosis patients compared to controls (post-hoc Dunnett’s t-test, p = 0.145). There 
were no statistically significant differences in the relative size of Th1 (F(3, 125) = 0.517, 
p = 0.672, η2= 0.012), Th2 (F(3, 125) = 0.723, p = 0.540, η2= 0.017), Th17 (F(3, 125) = 
0.120, p = 0.948, η2= 0.003) or T regulator (F(3, 125) = 0.765, p = 0.516, η2= 0.018) cell 
populations between groups.

Effects of psychosis liability and childhood trauma on NK cells 
and T cell subsets
Using linear regression models, the main and interaction effects of psychosis liability 
and childhood trauma on population size of NK cells, Th1, Th2, Th17 and T regulator 
cells were examined. Parameter coefficients corrected for age, sex, ethnicity, education 
level and smoking status are given in Table 5.2. There was no significant main or 
interaction effect of psychosis liability or childhood trauma on Th1, Th2, T regulator 
or NK cells. For Th17 cells, there was a significant interaction effect of psychosis 
liability x childhood trauma on cell numbers. In the high psychosis liability group, the 
experience of childhood trauma was associated with increased Th17 cell numbers 
(Figure 5.2). Inclusion of psychotropic medication use as an additional covariate did 
not alter the direction or significance of results (Table S5.2).
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Figure 5.1. Immune cell population sizes in controls, siblings, ultra-high risk and psychosis patients.
Population size as determined by flow cytometry of A) monocytes and lymphocytes in % of live PBMCs, B) T cells (all, CD4+ 
and CD8+), B cells and NK cells in % of live PBMCs, and C) T helper 1, T helper 2, T helper 17 and T regulator cells in % of 
live lymphocytes. Means with standard errors of the mean are shown.

Table 5.2. Effects of psychosis liability and childhood trauma on NK cells and T cell subsets.
Psychosis liability Childhood trauma Psychosis liability x 

Childhood trauma
B (SE) p B (SE) p B (SE) p

NK cells 0.030 (0.147) 0.836 0.066 (0.181) 0.718 -0.119 (0.237) 0.615

Th1 cells -0.053 (0.159) 0.738 0.090 (0.193) 0.640 -0.177 (0.251) 0.483

Th2 cells -0.230 (0.190) 0.228 0.004 (0.231) 0.987 0.314 (0.300) 0.297

Th17 cells -0.206 (0.145) 0.157 -0.274 (0.176) 0.123 0.494 (0.229) 0.034

Treg cells 0.051 (0.091) 0.578 0.032 (0.111) 0.776 0.005 (0.144) 0.972

Parameter estimates for linear regression models predicting Ln(cell counts) of NK cells and T cell subsets. Models are corrected for 
age, sex, ethnicity, education level and smoking status.
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Figure 5.2. Immune cell population size in psychosis liability groups with and without childhood 
trauma.
Population size as determined by flow cytometry of A) NK, B) Th1, C) Th2 D) Th17 and E) T regulator cell populations for 
groups with high and low psychosis liability with or without experience of childhood trauma. Individual data points with 
mean population sizes (% of PBMCs or live lymphocytes) and standard errors of the mean are shown.

Table 5.3. Corrected models.
Psychosis liability Ln(cell counts) Psychosis liability x 

Ln(cell counts)
B [CI] p B [CI] p B [CI] p

NK cells 71.10 [35.81;106.39] <0.001 -2.83 [-14.52;8.85] 0.631 -23.90 [-40.19;-7.60] 0.004

Th1 cells 12.00 [-13.13;37.13] 0.346 -8.18 [-20.89;4.52] 0.204 7.05 [-10.30;24.39] 0.422

Th2 cells 24.80 [8.17;41.43] 0.004 -5.53 [-16.19;5.13] 0.306 3.51 [-11.14;18.15] 0.636

Th17 cells 27.73 [1.26;54.20] 0.040 -3.73 [-16.54;9.07] 0.564 4.55 [-14.31;23.42] 0.633

Treg cells -3.76 [-27.24;19.71] 0.751 -7.59 [-25.44;10.44] 0.409 36.42 [5.79;67.06] 0.020

Parameter estimates and tests for multilevel random intercept models predicting subjective stress during exposure to virtual reality 
social stressors, corrected for age, sex, ethnicity, education level and smoking status.
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Prediction of subjective stress in virtual reality social  
environments
To explore if variation in subjective stress during exposure to virtual social environments 
could be predicted by cell counts of NK cells or T cell subsets, the basic statistical 
model including psychosis liability, number of virtual social stressors and covariates 
age, sex, education level and smoking status was expanded with flow cytometry 
cell counts in the first step for each cell type and an interaction term cell counts x 
psychosis liability in the second step. Parameter estimates for the final model for each 
cell type are shown in Table 5.3.

For each cell type, addition of flow cytometry cell counts significantly improved the 
fit of the model (p < 0.001) as determined by – 2 log likelihood tests. Subsequent 
addition of the interaction term cell counts x psychosis liability significantly improved 
the fit of the model for NK cells (χ2 (1) = 8.136, p = 0.004) and T regulator cells (χ2 (1) = 
5.426, p = 0.020 ), but not Th1 (χ2 (1) = 0.647, p = 0.421), Th2 (χ2 (1) = 0.225, p = 0.635) or 
Th17 cells (χ2 (1) =0.229, p = 0.632).

As shown in Table 5.3, parameter tests of the main effect of relative population size 
on subjective stress were not significant for any of the cell subsets. For NK cells and 
T regulator cells, there was a significant interaction effect of psychosis liability x cell 
counts on subjective stress in virtual reality. Thus, the effect of these cell counts 
on subjective stress was significantly different for low vs. high psychosis liability 
groups (Figure 5.3). Low NK cell counts predicted increased subjective stress for high 
psychosis liability groups, whereas NK cell population size had little to no effect on 
subjective stress for low liability groups. Increased cell counts of T regulator cells 
predicted increased subjective stress only in high psychosis liability groups. Inclusion 
of psychotropic medication use as an additional covariate did not alter direction or 
significance of the results (Table S5.3).

The main effect of the number of social stressors on subjective stress remained 
significant in the final model (data not shown). Addition of an interaction term 
between cell counts and the number of virtual social stressors on subjective stress 
experience in virtual reality environments did not improve the fit of the model further 
for any of the immune cell populations (χ2 (1) = 1.105, p = 0.293 for NK cells, χ2 (1) 
= 1.060, p = 0.303 for Th1 cells, (χ2 (1) = 0.319, p = 0.572 for Th2 cells, χ2 (1) = 0.725,  
p = 0.395) for Th17 cells and χ2 (1) =2.009, p = 0.156 for T regulator cells). Thus, participants 
reported increased subjective stress when the virtual environment included more 
social stressors and this effect was independent of immune cell population size.
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Figure 5.3. Interaction between immune cell population size and psychosis liability on subjective 
distress.
Subjective stress (SUD) during most stressful virtual reality experiment (containing three virtual social stressors) for groups 
with low and high psychosis liability depending on cell counts of A) NK, B) Th1, C) Th2, D) Th17 and E) T regulator cell 
populations. Observed values are depicted as dots. Lines represent predicted SUD values by multilevel random intercept 
model regression models. Models include peak subjective distress as outcome variable and psychosis liability, number of 
virtual social stressors, cell counts and cell counts x psychosis liability as independent variables.
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Discussion

In this study, we did not find significant group differences in immune cell population 
sizes when comparing the relative sizes of the Th1, Th2, Th17, T regulator and NK cell 
populations at baseline between groups with different liability for psychosis. We did 
however find an interaction between Th17 and childhood trauma, and between T 
regulator and NK cell abnormalities and stress experience in individuals prone to 
psychosis. We found in the high psychosis liability group, that:

a) childhood trauma was associated with increased Th17 cell numbers, while

b)  increased cell numbers of T regulator cells and decreased cell numbers of NK cells 
predicted increased subjective stress to the virtual social stressors.

In the low psychosis liability group, Th17, T regulator and NK cell counts were not 
associated with childhood trauma or stress experience.

It is difficult to fit these outcomes into a simple model on the role of Th17, T regulator 
and NK cells in psychosis, childhood trauma and social stress responsiveness. Even more 
so, since both pro-inflammatory/neurotoxic and anti-inflammatory/neuroprotective 
effects have been described for Th17, T regulator and NK cells.

The general concept in immunology is that Th17 are pro-inflammatory neurotoxic 
cells, while T regulator cells are anti-inflammatory neuro-protective cells (Park and 
Pan, 2015, Diller et al, 2016). In accord with this concept, we previously described 
increased numbers of Th17 in recent-onset psychosis patients [15]. Blood cell counts 
of T regulator cells were also increased and correlated favourably with clinical severity 
scores at discharge, suggesting a beneficial effect of the T regulator cells on the disease 
course. The increase in Th17 cell numbers in psychosis was confirmed in another study 
[27] on medication-naive non-obese recent-onset patients. In that study, increases 
in Th17 cells were associated with increased symptom severity, while cell numbers 
reduced after 4 weeks of risperidone treatment, suggesting a detrimental effect 
of Th17 cells on disease course. We assume that the reason for finding Th17 and T 
regulator cell increases in overtly psychotic patients in the previous studies, and not 
in psychosis liability individuals in this study is due to the difference in severity and 
acuteness of disease, and perhaps also in differences in treatment.

The balance between Th17 and T regulator cells is, however, also important in “steady 
state”, non-inflammatory conditions. The balance then plays a role in the formation of 

brain structures and their function. Recent neuroscience literature shows that under 
non-inflammatory conditions Th17 cells are not brain destructive, but essential for 
hippocampal growth, myelin-related frontal-hippocampal connectivity, stress coping 
and beneficial mood regulation [28–32]. Following the concept that Th17 cells have 
a direct positive influence on counteracting stress responses, we might consider an 
increased Th17 cell number as found in psychosis liability patients with childhood 
trauma not as a sign of early neuro-destruction, but as an adaptive response to the 
adverse circumstances, promoting neurogenesis and white matter integrity to dampen 
excessive stress responses in the individuals prone to psychosis. In favour of this last 
view is that Th17 cell numbers were not associated in this study with heightened 
experience of stress in virtual risk environments. This in contrast to the T regulator cell 
counts, which are able to counteract Th17 cells. Our finding that increased T regulator 
cell numbers correlated to increased stress in high psychosis liability subjects may 
therefore reflect that a high Th17/T regulator cell balance is neuro-protective and 
beneficial in dampening stress responses in individuals prone to psychosis.

With regard to NK cells in psychosis patients, we did not find abnormal NK cell counts 
in the psychosis liability groups. Others have found increased [33,34], normal [35,36] 
and decreased [37] circulating numbers of NK cells in overtly psychotic patients. The 
classical immune function of NK cells is to combat viral infections. Therefore, these 
alterations have been interpreted as reflecting the involvement of viral infections in 
psychosis. However, NK cells can also act as immune regulatory cells and are able to 
migrate to the brain under inflammatory conditions. In the inflamed brain, they are 
capable of dampening down microglial inflammatory activity [38] and act as a kind of 
brain-specific “suppressor” cells.

Interestingly, NK cells increase after acute stress due to a rise in catecholamines [39,40] 
triggering the β2-adrenergic receptors on NK cells [41]. In first episode psychosis, this 
NK cell response to catecholamines is defective [42], which suggests the possibility 
that high NK cell numbers are beneficial and protect the brain from stress induced 
psychotic reactions perhaps by dampening the psychosis-related high inflammatory 
activity of microglia [43]. In line with such a view, this study showed decreased NK 
cell counts as predicting increased feelings of stress to the virtual reality stressor in 
individuals prone to psychosis.

Strengths and limitations
The main strength of this paper was the use of virtual reality to facilitate experimental 
exposure to social stressors, enabling the study between the interactions of immune 
cell populations and symptoms in social environments in a controlled manner. As 



5

Chapter 5

103102

both social behaviour and appraisal of social cues can be affected in patients with 
psychotic symptoms, it is extremely difficult to ensure social stressors are the same 
for different individuals with different liability for psychosis. Virtual reality allows us 
to do so, using daily minor social stressors especially relevant to psychosis [44]. We 
have previously shown that the social stressors used in our virtual reality environment 
were able to elicit both a psychological and autonomic stress response in participants 
[17,45–47].

In this paper, we reported on subjective stress appraisal only and we included a single 
measure of immune cell populations, taken before exposure to virtual social stress. 
While virtual stressors were experimentally controlled, we cannot rule out that other 
aspects of the procedure, e.g. coming to the laboratory or contact with the research 
assistant could have been differentially stressful between the groups and have affected 
e.g. immune cell trafficking. For future directions, the collection of data on different 
aspects of the stress response – psychological, physiological and neuroendocrine – 
and the inclusion of different time points before, during and after virtual social stress 
exposure could improve our understanding of response to social stress in psychosis. 
This would be particularly interesting as there are clues that the relation between 
different aspects of stress response may be altered in psychosis.

Psychosis is increasingly seen as the expression of a psychosis phenotype along a 
continuum [48,49]. Clinical stages range from first-degree relatives who do not 
experience any symptoms to individuals with moderate, subthreshold symptoms 
and functional decline, people who have a single psychotic episode and chronically 
psychotic people [48]. In this study, we investigated four groups along this psychosis 
continuum: patients with recent-onset psychotic disorder, patients with moderate, 
subthreshold psychotic symptoms (so-called ultra-high risk for psychosis), unaffected 
siblings of patients with psychotic disorder and healthy controls. We explored 
differences in immune cell populations between all four subgroups. However, for 
our main analysis concerning the interaction effect of psychosis liability x childhood 
trauma, statistical power was too low to perform analyses with four subgroups. The 
prevalence of healthy controls and siblings with childhood trauma was low, and 
the total number of UHR individuals was small. We combined UHR individuals and 
recent-onset psychotic disorder individuals into a “higher psychosis liability” group, 
and healthy controls and siblings into a “lower psychosis liability” group. The life time 
risk for psychosis is much higher (approximately 36%) in UHR patients [20] and (by 
definition 100%) in psychosis patients compared to 10% in siblings and 3% in controls 
from the general population [21]. Furthermore, the former two groups experience 
psychotic symptoms with impact on functioning, and the latter two groups do not. We 

checked this assumption by comparing self-reported level of psychotic symptoms in 
the four groups (Community Assessment of Psychic Experiences and Green Paranoid 
Thoughts Scale). Indeed, levels of psychotic symptoms and paranoia were higher in 
the “higher psychosis liability” group compared to the “lower psychosis liability” group, 
and similar in the subgroups within these categories.

We restricted the potential confounders to age, sex, ethnicity, smoking and education 
levels. We did not correct for genetic relatedness in our sample. As the vast majority 
of siblings were unrelated to the patients in this study, this is unlikely to have affected 
our results significantly. The patients in our study were treated naturalistically and 
this included the use of psychotropic medication. None of the UHR patients used 
antipsychotic medication and a subset of psychosis patients did not use any 
psychotropic medication. Inclusion of use of psychotropic medication as an additional 
covariate in our analyses did not alter direction or significance of results. Thus, it is 
unlikely that our results are due to use of psychotropic medication.

Another limitation of our study is that only relative size of various subsets were 
determined and no absolute cell numbers.

Conclusion
In individuals with high liability for psychosis, childhood trauma is associated 
with increased Th17 cell numbers. Increased cell numbers of T regulator cells and 
decreased cell numbers of NK cells predicts increased subjective stress in a virtual 
reality environment with minor, daily social stressors relevant to psychosis. A deranged 
Th17/T regulator balance and a reduced NK cell number cell are thus associated 
intermediate biological factors in the relation childhood trauma, psychosis liability 
and social stress reactivity.
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Supporting Information

< Figure S5.1. Definition of PBMC subsets and gating strategy.
Examples of gating in flow cytometry to detect the different PBMC subsets in a patient.
A) Selection of leukocytes. Gating was performed on CD45+ events, excluding platelets, erythrocytes and cell debris.
B)  Selection of lymphocytes and monocytes within the CD45+ leukocyte gate. Lymphocytes (lower gate) and monocytes 

(upper gate) could be distinguished on the basis of forward scatter (FSC: proportional to cell size) and side scatter (SSC: 
proportional to cellular granularity).

C) Selection of CD14+ monocytes within the monocyte gate. Cells positive for CD14 were selected.
D) Selection of natural killer cells within the lymphocyte gate. CD3-CD56+ cells were selected.
E)  Selection of T and B cells within the lymphocyte gate. T cells (CD3+ events, lower right gate) could be distinguished from 

B cells (CD19+ events, upper left gate).
F)  Selection of helper T cells and cytotoxic T cells within the T cell gate. CD8+ cytotoxic T cells (upper left gate) could be 

distinguished from CD4+ helper T cells (lower right gate).

> Figure S5.2. Definition of T cell subsets by intracellular staining and gating strategy.
Examples of gating in flow cytometry to detect the different T cell subsets in a patient. First, single cell events were selected 
by gating out cell aggregates on the basis of event area versus event height (data not shown). Within the single cells, further 
analysis was performed. 
A)  Selection of lymphocytes by forward scatter (FSC: proportional to cell size) and side scatter (SSC: proportional to cellular 

granularity). 
B)  Selection of T helper cells within the lymphocyte gate. CD3+CD4+ cells were selected. 
C)  Selection of FoxP3+CD25high regulatory T cells (Treg) within the T helper gate (see B). Within the helper T cells, CD25high 

cells were selected and in this subset FOXP3+ were designated regulatory T cells. 
D)  Selection of T helper 1 (Th1) and T helper 17 (Th17) cells within the T helper cells (see B). Cells expressing intracellular 

IFNg (upper left gate) represent Th1 cells, cells expressing IL-17A (lower right gate) represent Th17 cells. 
E)  Selection of T helper 2 (Th2) cells within the T helper gate (see B). The gated IL4+IFNg- cells represent Th2 cells.
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Figure S5.3. Childhood trauma reported by groups with high and low psychosis liability.
A) Percentage of participants that reported moderate or severe childhood trauma on each subscale.
B) Percentage of participants that reported no, single or multiple types of childhood trauma.
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Table S5.1. Description and clinical characteristics of the study sample.
Groups of participants

Controls Siblings UHR Psychosis

n = 46 n = 34 n = 14 n = 38 p

Male 19 (41.3) 20 (58.8) 6 (42.9) 30 (78.9) 0.004

Age 24.0 (21.8-26.0) 26.0 (22.0-30.0) 23.0 (20.8-26.8) 26.0 (23.0-30.5) 0.069

BMI 23.0 (20.4-25.2) 23.5 (20.7-25.0) 24.0 (18.8-27.5) 23.1 (20.5-24.6) 0.960

Native Dutch 31 (67.4) 23 (69.7) 10 (71.4) 21 (53.3) 0.518

Childhood trauma 9 (19.6) 6 (17.6) 11 (78.6) 19 (50.0) <0.001

Education 0.006

   No/primary 0 (0) 0 (0) 0 (0) 3 (7.9)

   Vocational 12 (26.1) 10 (30.3) 7 (50.0) 16 (42.1)

   Secondary 9 (19.6) 3 (9.1) 2 (14.3) 7 (18.4)

   Higher 25 (54.3) 20 (60.6) 5 (35.7) 12 (31.6)

DSM-IV diagnosis

   Schizophrenia 16 (42.1)

   Schizophreniform disorder 3 (7.9)

   Schizoaffective disorder 1 (2.6)

   Brief psychotic disorder 4 (10.5)

   Psychotic disorder NOS 14 (3.7)

Symptomsa

   Paranoid thoughts 34.0 (32.0-38.0) 34.0 (32.0-37.0) 58.5 (44.0-84.0) 43.5 (34.0-76.0) <0.001

   Social anxiety 14.0 (8.0-25.0) 14.0 (7.0-21.0) 35.0 (23.0-56.0) 30.0 (23.0-42.0) <0.001

   Depressive symptoms 12.0 (11.0-13.0) 12.0 (11.0-13.0) 19.0 (17.0-25.3) 15.0 (13.0-18.0) <0.001

   Positive symptoms 23.0 (21.0-25.3) 23.0 (21.0-26.0) 30.0 (26.0-37.3) 29.0 (24.0-36.5) <0.001

   Negative symptoms 20.0 (17.0-25.0) 22.0 (18.5-23.5) 31.5 (25.8-40.3) 25.0 (24.0-31.5) <0.001

Medication

   Psychotropic 0 (0) 1 (3.3) 10 (71.4) 26 (68.4) <0.001

   Contraceptiveb 16 (59.3)a 4 (30.8)a 6 (75.0)a 2 (25.0)a 0.077

   Other 4 (8.7) 2 (6.1) 1 (7.1) 5 (13.2) 0.775

Smokingc 7 (21.9) 7 (26.9) 9 (64.3) 14 (41.2) 0.029

Cannabis used 8 (17.4) 3 (9.1) 5 (35.7) 9 (23.7) 0.155

Illicit drugsd 3 (6.5) 3 (9.1) 1 (7.1) 2 (5.3) 0.936

Values displayed are median (interquartile range) or N (%). P-values of ANOVA-test (for continuous variables) or X2 tests (for 
categorical variables) are given. BMI = body mass index. a Paranoid thoughts assessed with Green Paranoid Thoughts Scale, social 
anxiety with Social Interaction Anxiety Scale, other symptoms with Community Assessment of Psychic Experiences. b Percentage of 
all females within group. c Smoking during last 24 hours. d Self-reported use during last month.

Table S5.2. Parameter estimates for linear regression models predicting Ln(cell counts) of NK cells 
and T cell subsets. Models are corrected for age, sex, ethnicity, education levels and smoking status.

Psychotropic 
medication use

Psychosis liability Childhood trauma Psychosis liability x 
Childhood trauma

B (SE) p B (SE) p B (SE) p B (SE) p

NK cells -0.233 (0.154) 0.133 0.205 (0.186) 0.272 0.064 (0.180) 0.725 -0.157 (0.236) 0.508

Th1 cells -0.257 (0.170) 0.135 0.142 (0.204) 0.488 0.087 (0.192) 0.651 -0.215 (0.251) 0.393

Th2 cells 0.033 (0.206) 0.872 -0.256 (0.247) 0.303 0.004 (0.232) 0.985 0.319 (0.303) 0.295

Th17 cells 0.007 (0.157) 0.963 -0.201 (0.188) 0.289 -0.274 (0.177) 0.125 0.493 (0.232) 0.036

Treg cells -0.065 (0.099) 0.510 0.031 (0.111) 0.397 0.031 (0.111) 0.782 -0.005 (0.145) 0.974

Table S5.3. Parameter estimates and tests for multilevel random intercept models predicting 
subjective stress during exposure to virtual reality social stressors. Estimates corrected for age, sex, 
ethnicity, education levels and smoking status.

Psychotropic 
medication 

Psychosis liability Ln(cell counts) Psychosis liability x 
Ln(cell counts)

B [CI] p B [CI] p B [CI] p B [CI] p

NK cells 9.64 
[-3.15;22.43]

0.138 61.88 
[24.89;98.87]

0.001 -2.50 
[-14.07;9.06]

0.669 -22.41 
[-38.64;-6.17]

0.007

Th1 cells 13.78 
[-0.32;27.87]

0.055 3.27 
[-22.97;29.52]

0.805 -7.10 
[-19.63;5.43]

0.263 6.98 
[-10.05;24.02]

0.418

Th2 cells 14.41 
[-0.41;28.42]

0.044 15.43 
[-3.23;34.09]

0.104 -5.42 
[-15.87;5.03]

0.306 3.48 
[-10.87;17.83]

0.632

Th17 cells 14.28 
[0.08;28.48]

0.049 14.98 
[-13.93;43.89]

0.307 -2.49 
[-15.12;10.14]

0.697 1.86 
[-16.84;20.58]

0.844

Treg cells 17.26 
[3.59;30.93]

0.014 -18.49 
[-44.09;7.12]

0.155 -8.18 
[-25.60;9.24]

0.354 41.40 
[11.41;71.39]

0.007
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