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Evidence of innate immune dysfunction Giikia

in first-episode psychosis patients
with accompanying mood disorder

Heather K. Hughes'? Houa Yang'? Tyler A. Lesh?, Cameron S. Carter® and Paul Ashwood '

Abstract

Background: Inflammation and increases in inflammatory cytokines are common findings in psychiatric disorders
such as schizophrenia (SCZ), bipolar disorder (BD), and major depressive disorder (MDD). Meta-analyses of studies that
measured circulating cytokines have provided evidence of innate inflammation across all three disorders, with some
overlap of inflammatory cytokines such as IL.-6 and TNF-a. However, differences across disorders were also identified,
including increased IL-4 in BD that suggest different immune mechanisms may be involved depending on the type of
disorder present.

Methods: We sought to identify if the presence or absence of an affective disorder in first-episode psychotic (FEP)
patients was associated with variations in cytokine production after stimulation of peripheral blood mononuclear
cells (PBMC). 98 participants were recruited and grouped into healthy controls (n =45) and first-episode psychosis
patients (n=>53). Psychosis patients were further grouped by presence (AFF; n=22) or lack (NON; n=31) of an affec-
tive disorder. We cultured isolated PBMC from all participants for 48 h at 37 °C under four separate conditions; (1)
culture media alone for baseline, or the following three stimulatory conditions: (2) 25 ng/mL lipopolysaccharide (LPS),
(3) 10 ng/mL phytohemagglutinin (PHA), and (4) 125 ng/ml a-CD3 plus 250 ng/ml a-CD28. Supernatants collected

at 48 h were analyzed using multiplex Luminex assay to identify differences in cytokine and chemokine production.
Results from these assays were then correlated to patient clinical assessments for positive and negative symptoms
common to psychotic disorders.

Results: We found that PBMC from affective FEP patients produced higher concentrations of cytokines associated
with both innate and adaptive immunity after stimulation than non-affective FEP patients and healthy controls.
More specifically, the AFF PBMC produced increased tumor necrosis fctor (TNF)-q, interleukin (IL)-14, IL.-6, and oth-
ers associated with innate inflammation. PBMC from AFF also produced increased IL-4, IL-17, interferon (IFN)y, and
other cytokines associated with adaptive immune activation, depending on stimulation. Additionally, inflammatory
cytokines that differed at rest and after LPS stimulation correlated with Scale for the Assessment of Negative Symp-
toms (SANS) scores.

Conclusions: Our findings suggest that immune dysfunction in affective psychosis may differ from that of primary
psychotic disorders, and inflammation may be associated with increased negative symptoms. These findings could be
helpful in determining clinical diagnosis after first psychotic episode.
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Background

Affective and psychotic disorders such as schizophre-
nia (SCZ), bipolar disorder (BD), and major depres-
sive disorder (MDD) are psychiatric disorders that are
responsible for significant morbidity and make a sub-
stantial contribution to disease burden [1-3]. The etiol-
ogy of these disorders is complex and elusive; however,
there is accumulating evidence that immune dysfunction
may be contributing to the pathogenesis of these disor-
ders [4]. Maternal infection, familial autoimmunity, and
immune-mediated diseases such as asthma are risk fac-
tors for affective and psychotic disorders [5-8]. Severe
infections, especially those requiring hospitalization and
those treated with antibiotics, are also risk factors for
these disorders, which could suggest these disorders are
being mediated by inflammatory responses or changes in
the microbiota [9, 10].

A role for the immune system in individuals with these
disorders has been proposed for decades, with an empha-
sis on inflammatory cytokine production associated with
chronically activated macrophages and T cells mediating
symptoms of psychosis [11, 12]. Elevated blood cytokine
levels associated with innate immunity have been identi-
fied repeatedly in SCZ, BD, and MDD [13-18], including
a recent meta-analysis that showed overlap of inflam-
matory cytokines across all three disorders [19]. Con-
sistently elevated cytokines included pro-inflammatory
interleukin (IL)-6 and tumor necrosis factor (TNF)-q,
both of which are associated with classical innate
immune activation and play a critical role in acute phase
response during early infection [20, 21]. IL-1pB, soluble
IL-2 receptor (sIL-2R), IL-17, soluble TNF receptor type
1 (STNF-R1), and IL-1RA are among other frequently ele-
vated cytokines reported in meta-analyses of these disor-
ders [14-17, 19, 22, 23]. Although circulating cytokines
provide some information about the inflammatory sta-
tus of an individual at the time they are enrolled in the
study, results are often heterogenous and do not provide
evidence as to which immune cells are dysfunctional or
aberrantly respond to stimulation.

Cellular studies that identify differences in cell popu-
lations and cellular activity have provided more insight
into the immune dysfunction present in these disorders.
Increases in circulating monocytes and T cells have been
noted in these disorders [24—28], often with increases in
inflammatory gene and protein expression (29-32). In
BD, increased production of TNF-a and IL-6 in manic
patients was seen after phytohemagglutinin (PHA)

stimulation of whole blood, while IL-4 was decreased
compared to controls [33]. Impaired T cell and NK cell
subsets were also identified in MDD, with regulatory T
cell deficiencies in older MDD patients associated with
inflammatory activation of monocytes [34]. Findings of
elevated IL-1p, IL-6, and IL-8 in cerebrospinal fluid sug-
gest that the increased inflammation in these disorders is
not only peripheral but may include neuroinflammation
[35]. Evidence of inflammation within the brain has also
been noted through post-mortem and positron emis-
sion tomography (PET) studies, within increased radio-
ligand binding to mitochondrial translocator protein
18 kDa, a marker of microglial activation. However, data
are conflicting in these studies and some studies point
to reduced microglia activation in these disorders [36].
Although these findings are varied and no consensus has
been reached due to these inconsistencies, inflammation
was often present based on state of disease (reviewed in
[37]). For example, major affective episodes have been
associated with neuroinflammation, including evidence
of microglia activation in suicidal patients [38—41]. Para-
noid episodes of SCZ have also been linked to neuroin-
flammation and microglia activation [42].

FEP patients typically receive a diagnosis of schizo-
phrenia-spectrum psychosis or an affective disorder
with psychotic features. Differentiating between these
can be challenging in the early diagnostic process, as
FEP patients are subject to fluctuating symptoms that
may lead to future changes in diagnosis [43]. Additional
exploration of immune differences between affective
and non-affective psychotic disorders could identify risk
factors and biomarkers that might be helpful in accu-
rate diagnosis at presentation with the first episode. For
example, analysis of a large Danish cohort found that
familial autoimmune disorders are a risk factor for SCZ
with non-affective psychosis but not bipolar disorder,
providing some evidence of separate immune-associated
risks in these disorders [44]. A previous study identi-
fied increases in serum cytokines associated with innate
immune activation in FEP when compared to healthy
controls; however, TNF-a and IL-4 were elevated fur-
ther in FEP patients with depression compared to those
without depression [45]. We recently compared plasma
cytokines in FEP patients diagnosed with SCZ or BD.
Elevated inflammatory cytokines were seen in plasma of
SCZ patients, while analysis of plasma from BD patients
revealed increased IL-10 [18]. We later found dampened
macrophage activity after inflammatory stimulation in
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non-affective psychosis patients compared to those with
affective disorder and healthy controls. However, affec-
tive psychosis patients exhibited increased production of
pro-inflammatory cytokines after alternative activation
of macrophages [46]. Taken together, these findings sug-
gest there might be differences in the immune status of
FEP patients based on presence or absence of an affective
disorder. With this in mind, we sought to determine if
cytokine production of stimulated peripheral blood mon-
onuclear cells (PBMC) varies significantly in affective
compared to non-affective psychosis patients and healthy
controls to help further delineate immune dysfunction
across these disorders.

Methods and materials

Study participants

We recruited 98 participants to our study, including 45
healthy controls and 53 first-episode psychosis patients
who were further categorized based on presence or
absence of an affective disorder which included bipolar
disorder and major depressive disorder with psychotic
features (AFF group), or schizophrenia-spectrum diag-
nosis (NON group). Participants were between the ages
of 13 and 37 years and were clinically assessed using the
Structured Clinical Interview for the DSM-IV-TR SCID-
I/P (demographic information in Table 1). Clinical rat-
ings were collected in the patient sample using the Scale
for the Assessment of Negative Symptoms (SANS; [47]),
Scale for the Assessment of Positive Symptoms (SAPS;
[48]), and Global Assessment of Functioning (GAF;
[49]). The majority of patients were taking antipsychotic
medications, which were converted to chlorpromazine
(CPZ) equivalent dose to assess relative antipsychotic

Table 1 Demographic characteristics and clinical scores
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potencies. Participants were excluded for positive urine
toxicology at the time of testing, alcohol or drug abuse/
dependence within three months of assessment, and/or
a Wechsler Abbreviated Scale of Intelligence (WASI) 1Q
score that was below 70. In addition, HC were excluded
for presence of any Axis I or Axis II disorder or psychotic
disorder within first-degree family members. Diagnoses
were later confirmed at a 12-month assessment. The Uni-
versity of California, Davis Institutional Review Board
approved this study.

Cell isolation

Peripheral blood was collected from each participant
in an acid—citrate—dextrose Vacutainer tube (BD Bio-
sciences, San Jose, California) and processed within
12 h of collection. The blood was centrifuged for 10 min
at 2100 rpm, then plasma was removed. The remaining
blood was diluted 1:2 with Hanks Balanced Salt Solution
(HBSS; Gibco, Gaithersburg, MD) then carefully layered
over a Ficoll-Paque gradient (Pharmacia Biotech, Pis-
cataway, NJ) and centrifuged at 1700 rpm for 30 min at
room temperature. Peripheral blood mononuclear cells
(PBMC) were collected from the interface layer and
washed twice with HBSS. Cell viability was determined
by trypan blue exclusion. The cells were resuspended at
a final concentration of 3 x 10° cells/mL in a solution of
0.2% T-Stim (BD Biosciences) in X-Vivo media (Cam-
brex, Walkersville, MD).

Cell stimulation

Freshly collected PBMC were plated in X-Vivo media
at 3 x 10° cells/well and cultured at 37 °C with 5% CO,.
The cells were either stimulated alone (no treatment), or

HC (n=45) AFF (n=22) NON (n=31) P values
HC vs AFF AFF vs NON HC vs NON

Age: median 20.7 220 21.1 03141 >0.9999 >0.9999
Range [minimum, maximum] [13.7,37.0] [13.2,29.6] [13.3,26.8]
IQR 18.3-22.7 19.4-26.1 19.6-22.8
Gender (%male/female) 62/38 71/29 84/16 0.4280 04933 0.0702
Subject education: median (IQR) 14 (12-15) 12.5(12-14.8) 12(11-13.3) >0.9999 0.7141 0.0638
Parental education: median (IQR) 15 (13-16) 14 (12-17) 15 (12.3-16) >0.9999 >0.9999 >0.9999
SANS: median (IQR) - 7 (3-8) 10 (6.3-12) - 0.0191
SAPS: median (IQR) - 2(1-4.8) 6 (3-8) - 0.0311 -
WASI: median (IQR) 117 (110-120) 109 (89-116) 99 (89.5-106) 0.003 >0.9999 <0.0001
GAF: median (IQR) 88 (80-90) 48 (40-68) 435 (37.8-54.5) <0.0001 0.9874 <0.0001
Antipsychotic dose: CPZ mg median (range) - 200 200 - 0.2879 -

(67-1000) (50-909)

CTL control, AFF affective, NON non-affective, IQR interquartile range, SANS Scale for the Assessment of Negative Symptoms, SAPS Scale for the Assessment of Positive
Symptoms, WASI Wechler Abbreviated Scale of Intelligence, GAF Global Assessment of Functioning, CPZ chlorpromazine equivalent dose
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with 25 ng/mL lipopolysaccharide (LPS; Sigma-Aldrich;
St. Louis, MO) to activate Toll-like receptor (TLR)-4,
10 ng/mL phytohemagglutinin (PHA; Sigma-Aldrich;
St. Louis, MO) to broadly activate T and B cells (adap-
tive immunity), or 125 ng/mL a-CD3 plus 250 ng/mL
a-CD28 (a-CD3/CD28; Sigma-Aldrich; St. Louis, MO)
to specifically co-stimulate and induce T cell adaptive
immune responses. After 48 h, plates were centrifuged
at 2100 rpm for 10 min, and supernatants were collected
and stored at — 80 °C until analysis.

Cytokine and chemokine analysis

To assess PBMC response to stimulation, superna-
tants from PBMC cultures were quantified via multi-
plex analysis using a high sensitivity Luminex bead set
(Millipore, Saint Charles, MO) for innate inflammatory
cytokines IL-1a, IL-1B, IL-6, IL-15 TNF-a,TNF-f, and
interferon (IFN)-a2, inflammatory chemokines Eotaxin,
IL-8, IFNy inducible protein (IP-10/CXCL10), monocyte
chemoattractant protein-1 (MCP-1/CCL2), and mac-
rophage inflammatory protein 1-beta (MIP-13/CCL4),
T helper cell 1 (T 1)-associated cytokines IFNy, IL-2,
IL-12(p40), and IL-12(p70), Ty2-associated cytokines
IL-4, IL-5 and IL-13, the Ty17 associated cytokine
IL-17, anti-inflammatory/regulatory cytokines IL-10 and
TGE-p. Granulocyte colony-stimulating factor (G-CSF),
Granulocyte—macrophage colony-stimulating factor
(GM-CSF) and IL-7 were measured to identify produc-
tion of growth mediators. Cellular supernatants were
incubated with antibody-coupled fluorescent beads for
2 h, then plates were washed. Biotinylated detection
antibodies were then added to each well and incubated
at room temperature for 1 h, followed by streptavidin—
phycoerythrin and an additional 30-min incubation. The
samples were analyzed using a flow-based Luminex
100 suspension array system (Bio-Plex 200; Bio-Rad
Laboratories, Inc.). Unknown sample cytokine concen-
trations were calculated by Bio-Plex Manager software
using a standard curve derived from the known refer-
ence cytokine standards provided in each kit. The sen-
sitivity of this assay allowed the detection of cytokine
concentrations with the following limits of detection:
Eotaxin 4.0 pg/mL, G-CSF 1.8 pg/mL, GM-CSF 7.5 pg/
mL, IFNa2 2.9 pg/mL, IFNy 0.8 pg/mL, IL-1a 9.4 pg/
mL, IL-1p 0.8 pg/mL, IL-2 1.0 pg/mL, IL-4 4.5 pg/mL,
IL-5 0.5 pm/mL, IL-6 0.2 pg/mL, IL-7 1.4 pg/mL, IL-8
0.4 pg/mL, IL-10 0.48 pg/mL, IL-12p40 7.4 pg/mL, IL-
12p70 0.6 pg/mL, IL-13 1.3 pg/mL, IL-15 1.2 pg/mL,
IL-17 0.7 pg/mL, IP-10 8.6 pg/mL, MCP-1 1.9 pg/mL,
MIP-1B 3.0 pg/mL, TGF-B pg/mL 12.0 pg/mL, TNF-a
0.7 pg/mL, and TNF-B 1.5 pg/mL. Values below the limit
of detection (LOD) were replaced with one half the LOD.
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Statistical analysis

Shapiro—Wilk tests determined that the majority of the
cytokine data were not normally distributed. Outliers
were removed using ROUT with a coefficient Q set to
1%. Kruskal-Wallis tests were used to analyze differences
across the three groups and Mann—Whitney U tests were
then used for pairwise analyses, with the Holm-Sidak
method used to correct for multiple comparisons. A
two-tailed alpha of p<0.05 was considered statistically
significant. Behavioral correlations were calculated using
Spearman’s Rho. Statistical analyses were carried out
using analyses software GraphPad Prism v9.3e (Graph-
Pad Software, San Diego, CA) and SPSS Statistics Version
28 (IBM, Armonk, NY, United States).

Results

Demographic and clinical characteristics

Participant demographics and clinical measures are sum-
marized in Table 1. Participants ranged in age from 13 to
30 years old, and there were no differences in age between
groups. There were more males in the NON group com-
pared to the HC group; however, this did not reach sta-
tistical significance (Fisher’s exact test p =0.0702). There
were no significant differences in parent level of educa-
tion across groups; however, among the participants the
NON group level of education trended lower than HC
(»p=0.0638). SANS (p=0.0191) and SAPS (p=0.0311)
scores were both lower in the AFF group compared to
the NON group. WASI scores were significantly lower
in both the AFF group (p=0.003) and the NON group
(p<0.0001) compared to the HC group. The HC group
scored higher on GAF compared to both the AFF group
(»<0.0001) and the NON group (p<0.0001). No sig-
nificant differences were seen in dose of antipsychotic
medication using chlorpromazine equivalent doses for
estimation in AFF compared to NON.

Baseline cytokine and chemokine production (media
alone)

To assess baseline production of cytokines, chemokines
and growth factors from PBMC, we first analyzed super-
natant after 48 h of culture in media alone. Kruskal-Wal-
lis tests showed significant differences in IL-1p (p <0.01),
IL-6 (p<0.01), TNF-a (p<0.05), eotaxin (p<0.05), IFNy
(p<0.05), and IL-4 (p<0.05) across the three groups. For
pairwise comparisons, Mann—Whitney U tests revealed
increased IL-1B (p=0.0024), IL-6 (p=0.0030), IFNy
(p=0.0217), and IL-4 (»p=0.0241) in the AFF group
compared to HC after statistical correction for multi-
ple testing. Cell cultures from AFF participants also had
increased IL-1f (p=0.0329) and TNF-a (p=0.0158)
compared to the NON group (Table 2, Fig. 1).
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Table 2 Concentration of cytokines/chemokines at baseline (media only)
HC AFF NON
Median (IQR) Median (IQR) Median (IQR)
Growth factors G-CSF 6.3 (2.22-12.92) 13.95 (5.255-29.02) 1043 (2.603-13.95)
GM-CSF 16.96 (8.22-21.53) 19.46 (9.02-30.77) 18.5 (12.65-32.69)
IL-7 12.81 (4.23-21) 19.04 (8415-28.79) 18.04 (6.81-23.61)
Innate inflammatory cytokines TNF-a 11.9 (5.65-17.79) 29.41%#* (9.778-82.13) 10.89 (5.28-26.76)
TNF-B 1.14 (0.75-4.14) 3.050 (0.85-4.9) 2455 (0.9-4.77)
IL-1a 6.065 (4.7-22.28) 11.24 (4.85-20.54) 9.03 (3.89-22.65)
I-1B8 5.03 (1.74-8.22) 14.12%# (4.798-30.63) 533 (2.86-14.89)
IL-6 4595 (23.6-94.35) 102.7# (55.69-632.4) 63.51 (31.24-135.2)
IL-15 BLD (=) BLD (=) BLD )
IFNa2 2647 (11.53-35.5) 19.7 (13.93-35.25) 26.51 (13.09-37.02)
Innate inflammatory chemokines Eotaxin 43.02 (20.95-76.44) 70.46 (34.75-116) 56.27 (38.81-87.79)
IL-8 10,401 (3718-16,599) 14,272 (9378-18,994) 10,897 (8047-18,622)
IP-10 41.11 (13.06-77.82) 43.54 (14.26-62.98) 2847 (1858 111.9)
MCP-1 10,124 (3185-13,321) 10,813 (9638-13,560) 9747 (3991-13,005)
MIP-1 69.72 (27.37-156.7) 100.5 (39.2-206.5) 88.83 (23.71-219.2)
Ty1 cytokines IFNy 10.16 (6.87-16. 02) 25.64* (9.373-45.39) 11.86 (7.65-26.45)
IL-2 052 (0.5-5.1 1.71 (0.725-3.185) 1325 (0.5-3.19)
IL-12p40 6.57 (3.95- 1493) 1212 (8.155-35.08) 113 (5.388-17.32)
I-12p70 219 (0.78-3.81) 398 (1.333-7.93) 2.19 (0.685-5.965)
T2 cytokines IL-4 2.62# (2.25-5.923) 5.3* (3.33-15.13) 4955 (2.598-7.585)
IL-5 BLD (-) BLD (-) BLD (-)
IL-13 24 (0.6675-5.015) 3.04 (1.885-5.4) 367 (1.03-5.97)
Ty17 cytokine IL-17 1615 (0.425-5.158) 3.865 (1.47-6.898) 2.78 (1.505-5. 975)
Regulatory cytokines IL-10 6.77 (3.755-15.51) 2113 (4.94-32.73) 6.77 (5.235-11.47)
TGF-3 1732 (1040-2594) 2235 (1123-3029) 2059 (1304- 2611)

BLD below the limit of detection

#p value <0.05 when comparing AFF with HC
*p value <0.05 when comparing AFF with NON
T p value <0.05 when comparing NON with HC

Cytokine and chemokine production after LPS stimulation
To stimulate primarily innate immune responses, cell
cultures were activated with LPS and supernatants
assessed for cytokine production following LPS stimu-
lation. Kruskal-Wallis tests revealed significant differ-
ences in eotaxin (p<0.05), GM-CSF (p<0.05), IL-15
(»<0.05), IL-17 (p<0.05) and IFNa2 (p<0.01), with
trending differences in IFNy, TNF-a and TNE-f across
the three groups following LPS stimulation. After sta-
tistical correction for multiple comparisons, Mann—
Whitney U tests showed significantly increased levels
of GM-CSF (p=0.0288) and IL-17 (p =0.0446) in the
AFF group compared to HC. Eotaxin (p =0.0446) and
TNF-a (p=0.0435) were also significantly increased
in the AFF group compared to the NON group, IL-15
was increased uniquely in the NON group compared

to both HC (p =0.0344) and AFF (p =0.0468) (Table 3,
Fig. 2).

Cytokine and chemokine production after PHA stimulation
After stimulating with PHA to generate general immune
activation, Kruskal-Wallis tests showed significant dif-
ferences in eotaxin (p < 0.01), IFNy (p <0.05), and TNF-a
(p<0.05) across the three groups. After statistical cor-
rection for multiple comparisons, Mann—Whitney U
tests showed that there was significantly decreased
production of IFNy (p=0.0063) in the NON group
compared to the AFF group. Eotaxin (p=0.0084) was
increased in the AFF group compared to HC (Table 4,
Fig. 3). In addition, there was a trend for increased
TNF-a in the AFF group compared both HC and NON
groups; however, this did not reach significance after
correction for multiple comparisons.



Hughes et al. Journal of Neuroinflammation

(2022) 19:287

Page 6 of 15

IL-1B IL-6 TNFa
80- b Ml 20007 (ML I S 2501 L
2004
60 15001
- 1504
E E 1000 £
5 401 s g 100-
o
204 5001 504
——I;. I | = . é
L EBE== = : o-%i% 0 o\ - ~
& ) & 8 S
&‘o\ &40 o@e g o\@ S & oo& 4@0 (@o
S ¢ &€ e & & v &
\a b & o
o S X
& <
IFNy IL-4 Eotaxin
100 — 40- . 3001 t
. —_
80+ 304
2001
£ E E
E) 5 207 E)
o 404 o o
100
201 | 10+
0 } _l_. r 0 T = I_—l—_l 0 r r
.¢°\ (’(‘\40 °(§° \$°\ y@ 0{)40 \‘O\ és‘o (§‘0
000 & &€ c)o‘\ &@ & &© £°
v x v b v s
\;o‘\ \;o‘\ ‘\o‘\
Fig. 1 Basal cytokine and chemokine production in unstimulated PBMC culture supernatants following 48 h in media alone. Box and whiskers plots
depict median, upper and lower interquartile ranges, *p < 0.05, **p < 0.01, # indicates comparisons that were significant prior to multiple testing
correction. HC n=45, AFF n=22, NON n=31

Cytokine and chemokine production after a-CD3
stimulation

To stimulate primarily T cell responses, PBMC were acti-
vated with a-CD3/CD28. Kruskal-Wallis tests showed
significant differences in IFNy (p <0.05), [L-1a (p <0.05),
IL-1p (»<0.05), and IL-15 (p<0.05) across the three
groups. There was significantly increased production of
IL-15 (»p=0.0223) in the AFF group compared to HC as
assessed in pairwise comparisons with Mann—Whitney U
tests. Moreover, IFNy (p=0.0164) and IL-1a (p =0.0359)
were decreased in the NON group compared to HC.
There was a trend for decreased IL-1p and IL-15 pro-
duction in NON compared to HC, but this did not reach
statistical significance after multiple testing correction.
There was also a non-significant trend for decreased
IL-1a and IL-1P in the NON group compared to the
AFF group (Table 5, Fig. 4) after correcting for multiple
comparisons.

Spearman correlations
After correlation analysis, cytokines that were signifi-
cantly different across groups at baseline were associated

with increased SANS scores (Additional file 1: Table S1).
These include eotaxin, GM-CSE, IFNy, IL-1p, IL-4, IL-6,
IL-12p40 and TNF-a. Correlations to baseline inflam-
matory cytokine production were stronger in males.
Additionally, production of IL-1p and IL-17 after LPS
stimulation was also correlated with SANS scores; how-

ever, this was only seen in males (Additional file 1:
Table S1).

Discussion

To better understand functional differences of periph-
eral immune cells in psychotic and affective disorders, we
analyzed PBMC cytokine production after cellular activa-
tion with a variety of stimuli that either triggered innate,
adaptive, or general immune responses. We found differ-
ential cellular responses in the FEP patients depending
on the presence or absence of an affective disorder, and
when compared to controls. Specifically, we found the
PBMC from AFF patients were consistently more acti-
vated under baseline and all stimulatory conditions com-
pared to cell cultures from both the HC and NON groups
(Fig. 5). Furthermore, much of this activation was asso-
ciated with the innate immune response. These data are
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Table 3 Concentration of cytokines/chemokines after LPS stimulation
HC AFF NON
Median (IQR) Median (IQR) Median (IQR)
Growth factors G-CSF 7004 (3616-10,607) 5839 (3855-11,409) 7026 (3560-10,522)
GM-CSF 951.5 (411.9-1662) 2076% (863.6-2998) 1157 (7584-2120)
-7 147.1 (97.3-220.9) 1304 (91.93-253.3) 149.5 (81.36-219)
Innate inflammatory cytokines TNF-a 667.3 (307.1-1665) 1081* (475-2501) 549.8 (265.9-1206)
TNF-3 10.07 (7.21-18.99) 18430 (1046-30.52) 13.73 (7.79-20.32)
IL-1a 676.5 (417.6-931.3) 979.1 (375.7-1274) 621.2 (423.4-1001)
IL-18 8723 (478.3-1708) 1884 (499.7-2849) 9324 (499.4-1326)
IL-6 24,378 (17,727-34,327) 25,326 (18,675-28,548) 22,498 (9904-28,025)
IL-15 2.045 (0.6-6.293) 2.365 (0.6-5.453) 5.39%F (2.958-13.53)
IFNa2 65.52 (44.42-89.09) 93.99 (42.76-168.3) 91.281 (65-139.3)
Innate inflammatory chemokines Eotaxin 232.7 (172-388.3) 325.6% (227.8-657.8) 226.6 (179.4-312.5)
IL-8 28,706 (22,063-42,134) 32,535 (29,256-42,602) 29,426 (22,479-38,281)
IP-10 123.6 (94.64-163.4) 1737 (103.4-299.4) 1172 (92.26-178.3)
MCP-1 21,723 (12,959-28,732) 20,693 (16,627-23,984) 18,618 (8496-22,436)
MIP-13 2863 (351.6-5706) 3781 (1342-7966) 2291 (1241-5973)
Ty1 cytokines IFNy 163.1 (116.5-273.6) 251.3 (178.3-424.4) 166.7 (133.8-283.5)
IL-2 9.75 (4.65-14.7) 1.7 (5.085-26.12) 10.82 (6.228-26.73)
IL-12p40 2293 (151.9-287.5) 292.5 (92.7-501) 249.6 (176.4-328.5)
IL-12p70 106.9 (48.68-126) 1105 (48.35-208) 97.32 (61.34-130.6)
T2 cytokines IL-4 14.66 (7.29-27.71) 19.59 (7.705-57.5) 20.34 (12.96-45.41)
IL-5 33 (0.25-5.36) 297 (0.25-4.52) 342 (0.465-5.375)
IL-13 29 (14.2-46.44) 33.33 (16.71-86.75) 26.02 (19.9-42.24)
Ty17 cytokine IL-17 17.04 (8.29-20.41) 2091* (10.73-53.02) 14.53 (9.393-21.33)
Regulatory cytokines IL-10 1321 (654-2257) 1071 (302.4-1709) 1228 (594.4-1654)
TGF-3 2063 (1213-3724) 1893 (911.4-3610) 2728 (1763-3831)

# p value <0.05 when comparing AFF with HC
* p value <0.05 when comparing AFF with NON
1 p value <0.05 when comparing NON with HC

consistent with differences associated with inflammatory
monocytes previously identified in psychotic and affec-
tive disorders [29, 30, 50]. The only cytokine elevated
uniquely in the NON group after stimulation was IL-15,
a cytokine produced by monocytes and associated with
mucosal immunity. These data support functional differ-
ences in immune cells from FEP patients compared to
healthy controls, as well as differences in inflammatory
status of affective versus non-affective psychosis patients.
These findings also support the possibility of treating
affective disorders using anti-TNF-a compounds, which
have shown promise in reducing depressive symptoms
(reviewed in [51]).

Cytokine profiles produced by PBMC cultures without
stimulation in the AFF group showed evidence of acti-
vation that may reflect responses of different cell types,
including monocytes, CD4" T cells, and potentially NK
cells when compared to HC. More increases in cytokines
related to the innate inflammatory response were seen

when AFF was compared to both HC and NON cell cul-
ture baseline supernatants. These included elevated levels
of IL-1B, IL-6, and TNF-a, the hallmark cytokines pro-
duced by innate immune cells in the early inflammatory
immune response [52]. Eotaxin, a chemokine produced
by monocytes, macrophages, and eosinophils under
inflammatory conditions, was also increased in baseline
conditions by AFF cells. Production of innate cytokines
and chemokines can have downstream consequences on
adaptive immune cell activation. Evidence of CD4™ T cell
activation was also seen in AFF, with elevations in IFNy
and IL-4 after baseline cell culture; however, it is possi-
ble that other immune cell populations within PBMC are
driving this production. IFNy is an activator of classical
inflammatory macrophages and is typically associated
with Tyl effector cells; however, its production could
also be a consequence of NK cell activation [53].

As expected, we saw evidence of innate immune activa-
tion after LPS stimulation across all groups. LPS activates
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NON n=31

TLR4 on innate immune cells such as monocytes [54]. adaptive and innate cells that are all capable of producing
After LPS stimulation, induced-cytokine production the various cytokines, so it is possible these innate and
from cell cultures in the AFF group showed increased adaptive responses are coming from mixed populations.
innate cytokines and chemokines compared to both  Elevations in CD4" T cell cytokines may be due to LPS
AFF and HC groups. These data suggest that an increase  activating innate cells leading to downstream responses,
in activation of innate monocytes in the AFF group is  especially given the 48-h cell culture. NK cells can also
likely. There was also elevation of CD4" T cell-associated  be directly activated by LPS to produce IFNy; however,
cytokines IFNy and IL-17 in the AFF group compared these cells are typically associated with an antiviral or
to HC after LPS stimulation; however, it is important antitumor response [55]. Elevated IL-17 has previously
to note that the PBMC fraction contains a variety of been associated with MDD [56, 57] and suicidal behavior
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Table 4 Concentration of cytokines/chemokines after PHA stimulation
HC AFF NON
Median (IQR) Median (IQR) Median (IQR)
Growth factors G-CSF 1073 (176.2-5540) 1742 (507.6-3131) 1568 (502.1-3992)
GM-CSF 2052 (1068-4299) 2688 (1174-7231) 2144 (1210-4119)
IL-7 2308 (155.2-356.2) 2126 (174.7-364.8) 207.8 (153.6-376.2)
Innate inflammatory cytokines TNF-a 1788 (660-3352) 2935 (1398-5679) 1439 (744.5-3003)
TNF-B 1324 (45.81-249.9) 90.850 (60.01-225.2) 9432 (52.81-259.4)
IL-1a 2551 (119.7-483.3) 260.3 (142.4-490.1) 147 (71.45-383.6)
I-18 397 (163.2-701.5) 4358 (294.9-924.8) 4231 (185.2-666.8)
IL-6 12,379 (4432-32,676) 14,652 (10,115-38,533) 14,463 (8887-29,259)
IL-15 BLD (-) BLD (-) BLD (-)
IFNa2 1435 (107.3-255.6) 169.3 (105.9-271.6) 2339 (94.19-308.3)
Innate inflammatory chemokines Eotaxin 4371 (332.3-5384) 579.6% (427.6-1159) 4915 (390.6-721.6)
IL-8 58,839 (45,963-72,654) 72,251 (60,626-79,861) 62,381 (46,572-73,048)
IP-10 1636 (737.4-2676) 674.7 (507.4-1881) 1110 (346.7-2251)
MCP-1 45,328 (32,987-56,223) 46,623 (40,973-53,608) 42272 (36,682-55,723)
MIP-13 8413 (3240-14,641) 9661 (4050-17,779) 6455 (2483-11,844)
Ty1 cytokines IFNy 1173 (561.6-8849) 43471 (1063-11,102) 8516 (450.8-1678)
IL-2 3867 (19.71-88.13) 4355 (21.72-94.29) 34.23 (22.01-85.62)
IL-12p40 469.1 (279.1-550.6) 463.9 (314.4-679.1) 416.5 (317.4-586.8)
IL-12p70 233.7 (122.4-339.8) 257.7 (126.7-344.4) 2126 (117.7-255. 6)
T2 cytokines IL-4 54.87 (25.72-83.06) 95.57 (37.74-124.6) 64.69 (34.19-111.5)
IL-5 31.31 (5.283-55.71) 37.21 (12.36-66.15) 29.31 (5.013- 7001)
IL-13 547 (189.5-1356) 920.7 (273.3-2179) 845.5 (232.2-1494)
Ty17 cytokine IL-17 171.8 (109.4-261.1) 2252 (114.4-336.9) 198.8 (113-415.3)
Regulatory cytokines IL-10 634.2 (267.4-1287) 5344 (306.3-918.8) 5476 (233-1017)
TGF-3 2460 (1253-3338) 2056 (1233-4097) 2530 (1506-3467)

BLD below the limit of detection

# p value <0.05 when comparing AFF with HC
* p value <0.05 when comparing AFF with NON
1 p value <0.05 when comparing NON with HC

in BD [58]; however, findings in SCZ and non-affective
psychosis are inconsistent [59-61].

IFNa2 was increased in the NON group compared to
HC after LPS stimulation and trended higher in the AFF
group. IFNa2 is a type I interferon secreted by virally
infected cells. Type I interferons act to inhibit viral infec-
tion of other cells through altered expression of IFN-
regulated genes within the infected cells, inducing an
“anti-viral state” [62]. Monocytes do not typically pro-
duce IFNa2 after LPS stimulation unless they are primed
with GM-CSF and IFNy [63], both of which were ele-
vated after LPS in the AFF group only. We previously saw
increases in innate plasma cytokines in NON patients
when compared to HC. In this current study, IL-15 was
the only cytokine uniquely increased in the NON group
compared to both AFF and HC, and this unique increase
was only seen after LPS stimulation. Elevated IL-15 has
been shown previously in first-episode SCZ patients,

naive to antipsychotics [64], as well as adolescents with
MDD [65]; however, very few studies have included
IL-15. Produced by monocytes and macrophages, IL-15
plays a role in homeostasis of NK cells and memory
CDS™T cells, and overexpression is associated with gas-
trointestinal (GI) autoimmune and inflammatory dis-
orders [66-68]. Intestinal IL-15 has been implicated in
promoting gut dysbiosis in mice and humans [69] and
may be involved in predisposing individuals to celiac dis-
ease [67]. Celiac disease has been associated with SCZ for
decades; however, links to mood disorders are not con-
clusive [70]. More research is needed here to determine if
this cytokine is consistently different in NON versus AFF
disorders and if there might be a link to GI dysfunction.
The observation that there were increased cytokine
responses in the AFF group continued with stimulations
with either PHA or a-CD3/a-CD28. Increased eotaxin
was seen in the AFF group after PHA. This chemokine
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had also been increased in the AFF group after LPS stim-
ulation. Eotaxin is an eosinophil-specific chemoattractant
that induces the migration of eosinophils. Its production

is induced by TNF-a [71], which was also elevated in the
AFF group. Eotaxin is associated with asthma and aller-
gic inflammation, and is elevated in neuropsychiatric

Table 5 Concentration of cytokines/chemokines after a-CD3/a-CD28 stimulation

HC AFF NON
Median (IQR) Median (IQR) Median (IQR)
Growth factors G-CSF 51.58 (32.84-1483) 1229 (32.68-253.6) 59.57 (39.84-169.6)
GM-CSF 3340 (1913-4759) 3576 (2269-6177) 3863 (2176-6296)
IL-7 1025 (75.29-144.5) 101.2 (71.69-168.7) 9273 (65.81-134.1)
Innate inflammatory cytokines TNF-a 4789 (2849-7405) 5777 (3372-9193) 3418 (2538-6753)
TNF-B 5137 (276.4-797.2) 616.000 (400.9-909) 303 (231.2-651.1)
IL-1a 9814 (485-1416) 1304 (412-2565) 4819t (297.1-753.8)
IL-13 2252 (135.6-377.5) 301.7 (138.7-633.7) 150.8 (101.2-242.2)
IL-6 2223 (1286-11,887) 1429 (878.2-2792) 1943 (966.2-4068)
IL-15 278 (0.78-3.665) 4.34% (1.83-13.45) 3.835 (1.6-9.143)
IFNa2 50.17 (35.4-71.4) 48.33 (32.23-92.72) 45.64 (34.12-71.77)
Innate inflammatory chemokines Eotaxin 1395 (104.8-223.7) 1786 (143-336.2) 1494 (127.7-233.4)
IL-8 14,590 (11,646-19,854) 18,971 (14,800-20,266) 15,339 (12,828-19,943)
IP-10 1207 (418.2-2672) 8439 (392.4-1652) 623.2 (199.4-1962)
MCP-1 11,567 (9328-13,727) 12,029 (10,433-13,986) 11,523 (9074-13,589)
MIP-13 3369 (1613-7961) 3387 (1466-6958) 1792 (1114-5822)
Ty1 cytokines IFNy 13,121 (4883-26,333) 13,157 (3595-27,204) 5084t (2472-11,965)
IL-2 101.3 (31.31-289.6) 96.61 (49.06-224.5) 57.24 (24.56-174.4)
IL-12p40 150.2 (112.2-233.9) 150.2 (84.96-275.9) 1413 (97.14-192.8)
IL-12p70 73.66 (49.81-118.2) 9427 (34.4-157.8) 67.83 (4571 116.1)
T2 cytokines IL-4 102.8 (52.07-150) 83.22 (56.47-204.2) 7558 (44.41-117.8)
IL-5 84.22 (44.73-174.1) 127.5 (31.31-1984) 86.28 (3456 202.5)
IL-13 1651 (1053-2626) 2080 (1109-3263) 1504 (859.3-3230)
Ty17 cytokine IL-17 1275 (73.49-239.1) 167.1 (123.5-423.7) 148.6 (53.14-224.7)
Regulatory cytokines IL-10 781.2 (480.6-1224) 588.3 (296.2-1056) 465.9 (277.5-914.1)
TGF-3 2152 (1190-3307) 2040 (1110-3158) 2301 (1266-2874)

# p value <0.05 when comparing AFF with HC
* p value <0.05 when comparing AFF with NON
1 p value <0.05 when comparing NON with HC



Hughes et al. Journal of Neuroinflammation (2022) 19:287

Page 11 of 15

IL1a
+
—
6000+ = =
4000+
-l
E
(=2
Q.
2000+ l
0 - —— !
AN < <
O<§$° ,{&’S\ ‘{@O‘S\
© v x
&
IL-15
—
20- t

1 T

pg/mL

Fig. 4 Cytokine production after stimulation with a-CD3/a-CD28: box and whiskers plots depict median, upper and lower interquartile ranges,
*p<0.05. HC n=45, # indicates comparisons that were significant prior to multiple testing correction. HC n =45, AFF n=22, NON n=31

IL-1g
t
 —
1500 : i |
1000+
-
E
[o2]
o
500+ :I:
0 r r I
<{éo\ 6\\40 6'\‘\4@
[) < <
A
&
IFNy
80000 = !
600001
E ‘
£ 400004
o
20000 !
0 : ! ;
.¢°\ @0 @e
oo(\ ‘{&0 g
03 3
&

disorders, often correlating with severity of disease; how-
ever, distinct differences between affective and psychotic
disorders have not previously been shown until now [72].
After lymphocyte and T cell-specific activation with
a-CD3/a-CD28, significant decreases in IFNy production
were seen in cell cultures from the NON group compared
to either AFF or HC, which may suggest a dampened
CD4" T cell T,1 response in this group. The reason for
this decreased response is unknown; however, it could be
due in part to specific antipsychotics known to decrease
IFNy [73]. Analysis of CPZ equivalents showed no dif-
ferences. In addition, we found no evidence that specific
medications altered the responses (data not shown). This
was similar to our previous findings when investigating
the potential confounding influence of specific medica-
tion on immune responses in FEP [18, 46].

Cytokines and chemokines provide cellular commu-
nication during immune responses and are critical for

recruitment, coordination, and activation of immune
cells. Within the brain, they are particularly important
for neurodevelopment as they are involved in induction
and regulation of neurogenesis [74]. Cytokines such as
IL-1p and TNF-a are constitutively expressed by glial
cells within the central nervous system and play impor-
tant roles in homeostasis, synapse formation, and plastic-
ity. Under inflammatory conditions, when microglia and
astroglia are activated, increased production of inflam-
matory cytokines can inhibit plasticity, such as long-
term potentiation (LTP), and can alter LTP maintenance
[75]. TNF-a upregulates IL-15 and its receptors in brain
endothelial cells, and IL-15 has been found to activate
NEF-kB in these cells, potentially mediating permeabil-
ity of the blood—brain barrier [76]. Although not direct
evidence of neuroinflammation, increases in cytokine
production at baseline may reflect increased steady-
state inflammatory profiles that can lead to activation of
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(blue) cytokines by stimulatory condition, with intensity of color indicating significance

immune cells in the brain and CNS and lead to patho-
logical behavior. Our findings that baseline concentra-
tions of several inflammatory cytokines were associated
with SANS scores highlight this possibility [51]; however,
further research is needed to verify these that increased
baseline activation of immune cells is linked to worsening
behavior in first-episode psychosis.

Dysfunctional immune regulation is an alternative
hypothesis driving aberrant activation of immune cells in
both the periphery and the brain. TGF-p and regulatory
T cells (T,,,) play a crucial role in appropriate immune
responses and immune homeostasis. Although evidence
of T, dysfunction is conflicting in psychotic disorders,

regs
increased T . were found to be associated with better

regs

clinical presentation, and lower T, were associated
with worsening symptoms [77]. Reduced T,,, and asso-
ciated TGE-p are also seen in other neurodevelopmental
disorders, including autism spectrum disorder, in which
immune dysfunction has also been implicated [78].
Altered T, could have implications for neuroinflamma-
tion and might explain the conflicting PET studies show-
ing reduced radioligand binding to TSPO, suggesting
reduced microglial activation. These findings, combined
with increased gene expression associated with activated
astrocytes in the brain, could be driving aberrant activa-
tion of microglia and altering synaptic pruning [36].

Our study had several limitations, including a small
sample size. Patients were assessed and blood was drawn
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as close to the first episode as possible and at most within
a year of diagnosis; however, the blood draws were not
necessarily during the first episode. We found no differ-
ences in the data based on length of time between inclu-
sion in the study and when the blood draw was taken,
suggesting findings are stable across that interval. How-
ever, this could be a potential limitation in this and other
studies. If immune status changes with the state of the
disorder, inflammation may have been missed in some
patients. This study looked at PBMC, which are mixed
cultures of monocytes, dendritic cells, NK cells, and T
and B lymphocytes. As such, it is difficult to determine
the precise source of cytokines, and there is a multi-
directional influence of the individual cell subsets within
the cultures. Activation of cells with different stimulants
helps us overcome some of these limitations by inducing
specific responses and helps tease apart some of the pro-
cesses. However, our data suggest that assays looking at
specific subsets are warranted. In addition, the 48-h time-
point does not provide insight into immediate immune
responses. Another limitation of our study is that antip-
sychotics can influence inflammation and immune func-
tion [64, 79, 80] and have been seen to influence levels
of IFNy and IL-4 in stimulated PBMC from FEP patients
[73]. However, the effects of antipsychotic medication
are not always a consistent phenomenon [81]. We did
not find any differences based on specific medications.
Despite these shortcomings, our study is strengthened
by utilizing stimulated cells for the purpose of identifying
functional differences rather than circulating plasma or
sera cytokines that can be influenced by many different
environmental factors such as time of blood draw, fast-
ing of draw, length of processing time and cross-sectional
plasma/sera results can be highly heterogenous and pro-
vide limited information.

In conclusion, we found evidence of increased acti-
vation of immune cells following stimulation in FEP
patients with affective disorder compared to both healthy
controls and FEP patients without affective disorder.
We also found that increases in baseline activation of
immune cells correlated with SANS scores. Immune
dysfunction is prominent in psychotic and affective dis-
orders; however, few previous studies have attempted
to delineate differences in immune cellular function in
affective versus non-affective psychosis. Our findings
provide potential evidence that immune dysfunction may
be associated with the presence of affective disorder and
that this differs from dysfunction in primary psychotic
disorders. Future work should include isolating and
stimulating individual cell subsets associated with the
differential immune activation seen in AFF versus NON
to identify which cell types are most responsible for the
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differences seen in this study, ideally in antipsychotic
naive FEP patients, to eliminate the confounding drug
issues.
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