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ARTICLE OPEN

Network analysis of inflammation and symptoms in recent
onset schizophrenia and the influence of minocycline during a
clinical trial
Sarah E. Herniman 1,2,3✉, Stephen J. Wood1,2,4, Golam Khandaker5,6,7,8,9, Paola Dazzan 10, Carmine M. Pariante 11,
Nicholas M. Barnes12, Carl R. Krynicki4, Naghmeh Nikkheslat11, Rachel C. Vincent12, Alex Roberts12, Annalisa Giordano10,
Andrew Watson13, John Suckling 14,15, Thomas R. E. Barnes 16, Nusrat Husain17,18, Peter B. Jones 14,15, Eileen Joyce 13,
Stephen M. Lawrie 19, Shôn Lewis18, Bill Deakin 18,20,21, Rachel Upthegrove 4,20,21 and the BeneMin Study Team

© The Author(s) 2023

Attempts to delineate an immune subtype of schizophrenia have not yet led to the clear identification of potential treatment
targets. An unbiased informatic approach at the level of individual immune cytokines and symptoms may reveal organisational
structures underlying heterogeneity in schizophrenia, and potential for future therapies. The aim was to determine the network and
relative influence of pro- and anti-inflammatory cytokines on depressive, positive, and negative symptoms. We further aimed to
determine the effect of exposure to minocycline or placebo for 6 months on cytokine-symptom network connectivity and structure.
Network analysis was applied to baseline and 6-month data from the large multi-center BeneMin trial of minocycline (N= 207) in
schizophrenia. Pro-inflammatory cytokines IL-6, TNF-α, and IFN-γ had the greatest influence in the inflammatory network and were
associated with depressive symptoms and suspiciousness at baseline. At 6 months, the placebo group network connectivity was
57% stronger than the minocycline group, due to significantly greater influence of TNF-α, early wakening, and pathological guilt. IL-6
and its downstream impact on TNF-α, and IFN-γ, could offer novel targets for treatment if offered at the relevant phenotypic profile
including those with depression. Future targeted experimental studies of immune-based therapies are now needed.

Translational Psychiatry          (2023) 13:297 ; https://doi.org/10.1038/s41398-023-02570-8

INTRODUCTION
Schizophrenia spectrum disorders (termed schizophrenia here-
after) are among the most burdensome psychiatric illnesses
worldwide [1]. Despite the increased availability of antipsychotic
medications, recovery rates have remained largely unchanged
over the past four decades [2]. To improve outcomes in
schizophrenia, continued research is needed to determine
aetiological mechanisms and biomarkers, and guide targeted,
adjunctive treatment.
Inflammation might contribute to the aetiology of schizophre-

nia [3–16]. Individuals have shown elevated levels of pro-
inflammatory cytokines, and such elevations reduced in line with
antipsychotic and antidepressant medications [4, 8, 17–19]. Pro-
inflammatory cytokines have been associated with greater

negative [9, 20–26], co-occurring depressive [12, 20] and overall
symptoms [27]. Meta-analyses of the numerous, generally small-
scale trials of various anti-inflammatory drugs and drugs with
secondary anti-inflammatory effects have reported an overall
potential benefit in schizophrenia [28–30]. Early studies with the
anti-inflammatory antibiotic, minocycline, produced promising
results and benefits have been reported in MDD [31]. However,
the BeneMin trial, conducted across multiple sites in the UK, the
largest and most robust study of adjunctive minocycline in
schizophrenia, found no support for its efficacy in treating
negative symptoms [32]. Almost none of the trials of anti-
inflammatory agents in schizophrenia have attempted to select
patients with evidence of current inflammation, and there is as yet
no clinical profile robustly associated with inflammation.
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Previous studies have primarily compared the mean levels of
small and different sub-sets of individual cytokines in schizo-
phrenia. However, different cytokines serve different biological
functions, with some playing a more influential role in inflamma-
tion, by enhancing or suppressing the production of other
cytokines (e.g., IL-6/IL-6r (receptor) often termed the “bandmaster”
with functions including regulation of other cytokines, and both
pro and anti-inflammatory actions [33]). Rather than just associa-
tion with a single elevated cytokine (which might or might not be
associated with other cytokines), schizophrenia presentation
might be dependent upon an influential cytokine(s) responsible
for activating a large network of cytokines and their secondary
effects. Treatment targeted to influential cytokine(s) might
represent an important inflammatory biomarker and a key target
for immune-based therapies.
Most studies examining clinical associations of cytokines in

schizophrenia have focused on total and subscale scores of
symptom ratings rather than on individual symptoms. If inflam-
mation is associated with a subset(s) of specific symptoms in
schizophrenia, the use of sum scores in previous research may
have obscured associations and reduced the power to detect
them [34]. In addition, since inflammation occurs in MDD
[8, 17, 34–42] and co-occurring depression in schizophrenia is
common [43], previous associations between cytokines and
negative [9, 20–26] and overall symptoms [27] in schizophrenia
may have been influenced by unmeasured co-occurring depres-
sion [20]. Thus, research also needs to determine the associations
between influential cytokine(s) and individual symptoms in
schizophrenia, while controlling for the influence of each other.
Using data from the BeneMin trial, our primary aims were to

determine: (1) the network and relative influence of a large set of
both pro- and anti-inflammatory cytokines; and (2) the associa-
tions between influential cytokine(s) and individual symptoms,
while controlling for the influence of other symptoms. As a
secondary aim, while minocycline medication had no evidence of
overall beneficial effect on symptoms, we also investigated
whether it potentially weakened cytokine networks that relate
to specific symptoms over 6 months [32].

METHODS
Participants
This study involved analysis of baseline and 6-month data from our BeneMin
Study [32, 44]. The eligibility criteria for BeneMin has been described in detail
elsewhere [32]. In brief, participants were experiencing a recent-onset
schizophrenia spectrum disorder including schizophrenia, schizophreniform,
and schizoaffective disorder (<5 years) with active psychotic symptoms
(defined ≥3 on positive symptom subscale [PANSSP] of the interviewer-rated
Positive and Negative Syndrome Scale [45]: ‘delusions’, ‘conceptual
disorganisation’, ‘hallucinatory behaviour’, or ‘suspiciousness/persecution’).
Diagnoses were based on Diagnostic and Statistical Manual of Mental
Disorders—Fourth Edition [DSM-IV; 48] and confirmed using the Mini-
International Neuropsychiatric Interview [MINI; [46]].
For the current purposes, participants with baseline CRP ≥ 10mg/L were

excluded to avoid potential biases related to acute inflammatory infection
[34].

Procedure
All participants provided oral and written informed consent and all
procedures were conducted in accordance with protocols approved by
The North West Manchester Research Ethics Committee [refer to [32, 44]].

Measures
Inflammatory cytokines. Plasma samples were collected, prepared, and
frozen. Cytokines were analysed using Meso Scale Discovery sandwich
immunoassays. V-PLEX Plus Proinflammatory Panel 1 Human Kit was used
to detect the levels of the following pro-inflammatory cytokines hsCRP, IL-
1beta [IL-1β], IL-2, IL-6, IL-8, IL-12, TNF-α, interferon-gamma [IFN-γ], and anti-
inflammatory cytokines including IL-4 and IL-10. Plates read on an MSD

QuickPlex SQ 120, as previously conducted [47, 48]. The results were
analysed using MSD DISCOVERY WORKBENCH analysis software. IL-1RA
were measured using R&D ELISA kit. Assays were performed at King’s
College London.

Symptomatology
Positive and Negative Syndrome Scale: The PANSSP and PANSS
negative symptom subscale (PANSSN) were used to measure positive and
negative symptoms. The PANSSP and PANSSN comprise 7 items rated on a
7-point Likert scale, ranging from 1 (absent) to 7 (extremely severe).
PANSSN items include: ‘blunted affect’, ‘emotional withdrawal’, ‘poor
rapport’, ‘passive/apathetic social withdrawal’, ‘difficulty in abstract
thinking’, ‘lack of spontaneity and flow of conversation’, and ‘stereotyped
thinking’. PANSSP items include: ‘delusions’, ‘conceptual disorganisation’,
‘hallucinatory behaviour’, ‘excitement’, ‘grandiosity’, ‘suspiciousness/perse-
cution’, and ‘hostility’ [49]. Scores on both the PANSSP and PANSSN range
from 1 to 49, with higher scores indicating more severe symptomatology.

Calgary Depression Scale for Schizophrenia: The Calgary Depression
Scale for Schizophrenia [CDSS; [50]] was used to measure depressive
symptoms. The CDSS has the greatest psychometric properties to measure
depressive symptoms in schizophrenia [51], and is used most frequently
for such purposes [43]. It was therefore used in the current study instead of
depression items on the PANSS. It is an interviewer-rated scale comprising
9 items rated on a 4-point Likert response scale, ranging from 0 (absent) to
3 (severe). Items include: ‘depression’, ‘hopelessness’, ‘self-deprecation’,
‘guilty ideas of reference’, ‘pathological guilt’, ‘morning depression’, ‘early
wakening’, ‘suicide’, and ‘observed depression’. Scores range from 0 to 27,
with higher scores indicating more severe symptomatology.

Covariates. In addition to controlling for the influence of all other
symptoms, age, sex, and body mass index (BMI) were also entered as
covariates in the networks, described below.

Statistical analyses
All statistical analyses were conducted in R (Version 4.0.3). Data and
assumption screening were undertaken and descriptive statistics and
frequency counts were obtained for demographic and clinical character-
ization [52, 53].

Network estimation and accuracy and stability testing. In accordance with
recommendations [54, 55], regularized, partial association (here, Spear-
man’s correlation [r] was used because of positively skewed variables)
networks using the Least Absolute Shrinkage and Selection Operator
[LASSO; [56]] in combination with the Extended Bayesian Information
Criterion [EBIC [57]] were estimated. While r ranges between −1.00 and
1.00, the EBIC LASSO procedure maximizes specificity of such associations
or edge weights (i.e., aims to include as few false positives as possible) by
shrinking them towards zero and setting trivially small and therefore
spurious associations to exactly zero. This results in a sparse graphical
model comprising only the strongest associations. Given this, the strength
of non-zero, regularized partial associations (r hereafter) are not equivalent
to Cohen’s criteria. Rather, all r are considered sufficiently strong and
meaningful [54, 55]. The EBIC tuning hyperparameter λ was set to 0 to
maximize discovery of such non-zero, regularized associations (rather than
λ= 0, which maximizes caution, even after regularization).
The networks presented illustrate r among variables, and this is depicted

by nodes (circles representing cytokines or symptoms) and edges (lines
representing r). Thicker edges denote stronger associations among
cytokines or symptoms. To plot networks, the circle layout was used for
ease of interpretation and to allow for comparison across networks.
The accuracy and stability of the resulting edge weights were

examined using nonparametric and case-dropping subset bootstrapping
procedures [54, 55]. In relation to nonparametric procedures, we
specifically report how often each edge-weight of interest (e.g., r
between an influential cytokine(s) and symptom) was estimated as >0 in
the 1000 nonparametric bootstrapped samples. Edge weights that are
present in at least 50% of the 1000 nonparametric bootstrap samples are
considered reliably present, and vice-versa. In relation to case-dropping
procedures, the correlation stability co-coefficient (CS-coefficient) was
calculated, which refers to the proportion of cases that can be dropped
while still maintaining (with 95% certainty) a correlation of at least 0.70
with observed network coefficients. Here, the CS-coefficient should not
be below 0.25, and ideally above 0.5 [54, 55].
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This approach to network estimation, accuracy, and stability testing
was applied across all four networks, discussed in detail below (Table 1).
The first and second networks (Network 1 & 2) correspond to the primary
aims of the current study, and were derived from baseline data.
Networks 3 and 4 correspond to the secondary aims, and were derived
from 6-month data.

Network 1: Cytokine network and relative influence of cytokines at
baseline: We first estimated the cytokine network and relative influence
of a large set of pro-inflammatory cytokines, including hsCRP, IL-1β, IL-2, IL-
6, IL-8, IL-12, IL-13, TNF-α, IFN-γ and anti-inflammatory cytokines, including
IL-1RA, IL-4, IL-10. To determine the relative influence of each, strength
centrality was calculated, which is the sum of the strength of associations
between a cytokine and all other cytokines to which it is associated [54,
55]. Here, we follow recent recommendations and convention in network
analysis, selecting and interpreting the top scoring cytokines as most
meaningful, based on z-transformed, distributional tendencies in combina-
tion with disciplinary expertise [58, 59].

Network 2: Influential cytokines and associations with subgroups
of specific symptoms at baseline: Network 2 estimated associations
between influential cytokine(s), derived by Network 1, and subgroups of
specific symptoms (items CDSS, PANSSP, PANSSN) and covariates (age, BMI,
sex) at baseline. To determine subgroups of symptoms, community
analysis (an empirically driven technique to determine clusters of
symptoms) was conducted using the well-established spinglass algorithm
[60]. The algorithm was conducted 1000 times, and the median number of
communities was obtained. A seed was then found that produced this
median number of communities, and consequently set to allow for
replicability [60]. Here, we explicitly report all non-zero r between cytokines
and subgroups of specific symptoms.

Network 3: Treatment effects on the cytokine-symptom network
at 6-month follow-up: At 6-month follow-up, to identify its action,
minocycline was added as a node (placebo[1]/minocycline[2]) in a network
of influential cytokines and relevant symptoms while controlling for
covariates. Only relevant symptoms were included due to sample size
limitations that precluded simultaneous network estimation of all
symptoms by treatment subgroups [54, 55]. Relevant symptoms were
defined as those belonging to a community that was associated with an
influential cytokine(s), as derived in Network 2. As done in previous studies
[61], we controlled for baseline overall symptom severity by including
PANSS total score as a node in the network. Comparison between
treatment groups with different overall severity or differences in
unassessed latent constructs might result in different connectivity between
symptoms solely due to differences in variances [62]. Here, a direct
association between treatment and a cytokine or symptom indicates a
direct cytokine- or symptom-specific effect of treatment, independent of
the effects on other cytokines or symptoms [63]. If treatment has a direct
cytokine- but not symptom-specific effect, and cytokines have a direct
symptom-specific effect, it can be interpreted that treatment is associated
with symptoms of schizophrenia via cytokines [63].

Network 4: Differences in the connectivity and structure of the
cytokine-symptom network between treatment groups at

6-month follow-up: Finally, the Network Comparison Test (NCT [61])
was conducted to compare the connectivity (or global strength, the sum of
all absolute edge weights) and structure (or network invariance,
distributions of edge weights) of cytokine-symptom networks between
treatment groups (placebo versus minocycline) while controlling for
covariates. We first tested the necessary (split-half) reliability assumption
that networks were similar in terms of global strength and network
invariance between groups at baseline, before testing this within groups
(baseline versus 6-month follow-up) and between groups at 6-month
follow-up. The NCT is a two-tailed permutation test, where differences
between treatment groups were calculated 1000 times for randomly
regrouped individuals. The resulting distribution was then used to test the
observed differences between treatment groups [61]. The test of global
strength produces the S statistic, denoting the difference in global strength
between networks. The network invariance test produces the M statistic,
which is the maximum difference in any of the edge weights. In the case of
statistical significance, tests for differences in strength centrality and edge
invariance are, respectively, recommended [61].

RESULTS
Participant flow
Of the 207 BeneMin participants, 6.3% (n= 13) were excluded at
baseline due to CRP ≥ 10mg/L. The final baseline sample
comprised 194 individuals with recent-onset schizophrenia and
CRP < 10mg/L. Excluded participants did not differ from the
analytic sample in terms of depressive (respectively, CDSS
Mean= 6.46 & M= 5.36; t(13.32)=−0.75, p= 0.466), positive
(PANSSP M= 17.46 & =16.79; t(13.33)=−0.45, p= 0.661), or
negative symptoms (PANSSN M= 17.08 & M= 17.25;
t(13.84)= 0.11, p= 0.915).

Sample characteristics
Table 2 presents demographic and clinical characteristics of the
current cohort. The average age of participants was 25.58 years
(SD= 5.19) and most were male (74.2%, n= 144).

Networks
Network 1: Cytokine network and relative influence of cytokines at
baseline. Figure 1 presents the network of pro- (hsCRP, IL-1β, IL-2,
IL-6, IL-8, IL-12, IL-13, TNF-α, IFN-γ) and anti-inflammatory cytokines
(IL-1RA, IL-4, IL-10; Fig. 1A, left panel) as well as strength centrality
(z-scores) for each cytokine (Fig. 1B, right panel). In Fig. 1A, blue
edges represent positive r and red edges negative r, with thicker
edges representing stronger associations. IL-6, IFN-γ and TNF-α
had the greatest strength centrality of 1.23, 1.2, and 1.15,
respectively. Strength centrality for all other cytokines was
substantially lower, <0.63. This indicates that the influence of IL-
6, IFN-γ, and TNF-α in the inflammatory network is ≥1.15 standard
deviations than the average of all other pro- and anti-
inflammatory cytokines in schizophrenia, and is consistent with
previous research indicating that such cytokines have a central
role in inflammation in schizophrenia [64–66]. IL-6, IFN-γ and TNF-α

Table 1. Overview of network models.

Network Description Sample Variables

Baseline

1 Cytokine network and relative influence of
cytokines

All, N= 194 All cytokines

2 Influential cytokines and associations with
subgroups of specific symptoms

All Influential cytokine(s); all symptoms; covariates

Six-month follow-up

3 Treatment specific effects on the cytokine-
symptom network

All Treatment allocation (placebo/minocycline);
influential cytokine(s); relevant symptom(s);
covariates

4 Differences in the connectivity of the cytokine-
symptom network between treatment groups

Placebo versus
minocycline

Influential cytokine(s); relevant symptom(s);
covariates
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were associated with more than half of all other cytokines in the
network (63.6%, 7 of a possible 11 associations). Thus, IL-6, IFN-γ
and TNF-α were interpreted as the most influential cytokines, and
included in remaining analyses.

Network 2: Influential cytokines and associations with subgroups of
specific symptoms at baseline. Figure 2 presents the network of
associations among influential cytokines and items of the CDSS,
PANSSP and PANSSN (panel A, left) while controlling for covariates
(age, BMI, sex). Six subgroups of cytokines or symptoms were
identified and interpreted as: (1) pro-inflammatory cytokines; (2)
depression and suspiciousness; (3) positive symptoms; (4) mania and
disorganisation; (5) negative symptoms; and (6) sex. Age and BMI
were identified as belonging to the pro-inflammatory cytokines
community, and sex as belonging to its own. However, for ease of
visual interpretation, all covariates were plotted to comprise their
own community sitting next to pro-inflammatory cytokines (this
does not impact associations between cytokines and symptoms).

IL-6 was associated with self-deprecation (r= 0.06), IFN-γ with
hopelessness (r= 0.02) and TNF-α with suspiciousness (r= 0.03). All
three non-zero, cytokine-symptom associations were reliable. The
IL-6—self-depreciation edge-weight was estimated to be above
zero in 81% of the 1000 nonparametric bootstrapped procedures,
IFN-γ—hopelessness in 64%, and TNF-α—suspiciousness in 63%. No
other cytokine-symptom associations emerged (all r= 0.00). Self-
deprecation, hopelessness and suspiciousness together with other
CDSS items formed a distinct community, hereafter termed
‘depression and suspiciousness’. Thus, in addition to influential
cytokines, symptoms of the depression and suspiciousness
community were included in the networks at 6-month follow-up.

Network 3: Treatment specific effects on the cytokine-symptom
network at 6-month follow-up. As seen in Fig. 3, minocycline
interacted with the network exclusively through a positive
association with TNF-α (r= 0.17) and negative association with
early wakening (r=−0.04). These associations were reliable. The
treatment–TNF-α association was estimated to be above zero in
96% of the 1000 nonparametric bootstrapped procedures, and
treatment–early wakening in 60%. No other direct
treatment–cytokine or treatment-symptom associations emerged
(all r= 0.00).

Network 4: Differences in the connectivity and structure of the
cytokine-symptom network between treatment groups. Figure 4
presents the network of influential pro-inflammatory cytokines
and symptoms of the depression and suspiciousness community
at baseline and 6 months (baseline, top rows: Fig. 4A, B; 6 months,
bottom rows: Fig. 4C, D) in the placebo (left column, Fig. 4A, C)
and minocycline (right column, Fig. 4B, D) groups. At baseline,
there was no significant differences between the networks, in
terms of global strength (placebo= 5.79, minocycline= 4.48),
S= 1.31, p= 0.329, and structure, M= 0.31, p= 0.139. This
indicates that networks were similar between groups at baseline,
indicating split-half reliability. Given this, we did not test for
specific differences in strength centrality or edge weights [61].
In the placebo group (Fig. 4A, C), the cytokine-symptom

network at baseline appeared similar to the 6-month network,
with the exception of greater strength of associations among
cytokines and symptoms (depicted by thicker edges, Fig. 4C). TNF-
α remained connected to symptoms and other influential
cytokines, and this finding was reliable; the TNF-α–IL-6 association
was estimated to be above zero in 98% of the 1000 nonparametric
bootstrapped procedures, and TNF-α–IFN-γ in 97%. From baseline
to 6 months, the global strength of the network increased by 6.3%
(5.79 to 6.16), S= 0.37; however, this within-group difference was
statistically non-significant, p= 0.750. There were no significant
differences in network invariance between baseline and 6-month
follow-up, M= 0.33, p= 0.217.
In the minocycline group (Fig. 4B, D) at 6 months, there was a

loss of connectivity between the three cytokines; TNF-α as well as
IFN-γ were completely disconnected from the network and one
another (all r= 0.00, Fig. 4D). These disconnections were reliable;
the TNF-α–IL-6 association was estimated to be above zero in less
than 50% (49%) of the 1000 nonparametric bootstrapped
procedures, TNF-α–IFN-γ in 28%, and IFN-γ–IL-6 in 41%. Only one
cytokine-symptom connection remained, IL-6—observed depres-
sion (r= 0.01); and this was reliable (appearing in 56% of
bootstrapped procedures). From baseline to 6 months, the global
strength of the network decreased by 61.0% (4.48 to 2.76),
S= 1.73; however, this was statistically non-significant, p= 0.265.
There were no significant differences in network structure
between baseline and 6-month follow-up, M= 0.26, p= 0.432.
When directly comparing treatment groups at 6-month follow-

up, the networks were significantly different from one another in
terms of connectivity (57.6% greater in the placebo [6.16]
compared to minocycline group [2.76]), S= 3.41, p= 0.049, and

Table 2. Baseline demographic and clinical characteristics and
inflammatory biomarkers (N= 194).

Variable M (SD)

Demographic characteristics

Age 25.58 (5.19)

Sex (female) 25.8% (n= 50)

BMI 27.35 (6.53)

Inflammatory biomarkers

hsCRP (mg/L) 2.52 (2.35)

IL-1RA 407.49 (437.60)

IL-1β (pg/L) 0.07 (0.26)

IL-2 0.23 (0.26)

IL-4 0.02 (0.02)

IL-6 0.70 (0.50)

IL-8 4.51 (2.95)

IL-10 0.44 (0.89)

IL-12 0.14 (0.16)

IL-13 0.49 (0.48)

TNF-α 2.50 (0.64)

IFN-γ 4.80 (5.93)

Clinical characteristics

PANSSP total score 16.79 (4.72)

Placebo group (n= 95) 17.22 (5.29)

Minocycline group (n= 99) 16.37 (4.09)

PANSSN total score 17.25 (5.71)

Placebo group 16.76 (5.42)

Minocycline group 17.72 (5.97)

CDSS total score 5.36 (4.62)

Placebo group 5.44 (4.99)

Minocycline group 5.21 (4.99)

GAF total score 56.03 (10.10)

Placebo group 56.86 (10.94)

Minocycline group 55.34 (9.23)

BMI body mass index, hsCRP high sensitivity C-reactive protein, IL
interleukin, IL-1RA interleukin-receptor antagonist, IL-1β interleukin-beta,
TNF-α tumor necrosis factor alpha, IFN-γ interferon gramma, PANSS Positive
and Negative Syndrome Scale, PANSSN negative subscale of the PANSS,
PANSSP positive subscale of the PANSS, CDSS Calgary Depression Scale for
Schizophrenia, GAF Global Assessment of Functioning.
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structure, M=−0.44, p= 0.032. Given this, we tested for
differences in strength centrality and edge invariance [61].
Strength centrality of TNF-α, early wakening, and pathological guilt
was significantly greater in the placebo (0.26, −0.08, 0.74) than
minocycline group (−0.86, −0.62, −0.58; p < 0.001, p= 0.044,
p= 0.026, respectively). TNF-α had a significantly stronger
association with IL-6 in the placebo (r= 0.26) than minocycline
group (r= 0.00), p= 0.014. Morning depression had a significantly
greater association with early wakening (placebo r= 0.18 versus
minocycline r= 0.00, p= 0.029) and self-depreciation (placebo
r= 0.27 versus minocycline r= 0.00, p= 0.012), and pathological
guilt with guilty reference (placebo r= 0.44 versus minocycline
r= 0.00, p= 0.014).
As a comparison, we also completed between group analyses for

networks comprising our identified influential pro-inflammatory
cytokines and positive symptoms. Details and results are reported in
Supplementary. In summary, there was no disconnection of
networks in either minocycline or placebo groups.

Accuracy and stability analyses
In addition to the reliable edge weights of interest (reported
above), accuracy and stability analyses also revealed adequate CS-
coefficients, ranging between 0.36 and 0.67 (See Supplementary).

DISCUSSION
Cytokine network in schizophrenia, and associations with
subgroups of specific symptoms (baseline)
We found that pro-inflammatory cytokines IL-6, TNF-α and IFN-γ
had the greatest influence (relative to other cytokines) in a
network involving a large set of both pro- and anti-cytokines in
schizophrenia. IL-6, TNF-α and IFN-γ were associated with
depression and suspiciousness, but not to other positive or
negative symptoms, while controlling for all other symptoms in
the network.
The finding that pro-inflammatory cytokines IL-6, TNF-α and IFN-

γ had the greatest influence in the network is consistent with
previous research that has demonstrated elevated mean levels of
pro-inflammatory cytokines in individuals with schizophrenia

[3–16, 19]. The current findings also corroborate basic mechanistic
work, indicating that IL-6 is a central activator in the immune
pathway, with previous research suggesting a causal pathway with
schizophrenia and depression; in mendelian randomization
studies, Khandaker et al. report that the functional variant of IL-
6R gene is associated with decreased risk of severe depression and
psychosis [66]. Two other Mendelian randomisation studies also
report potentially causal role for IL-6 in schizophrenia [64, 65].
Results in the present study reflect this evidence, since IL-6 exerts
a downstream effect on TNF-α and IFN-γ, therefore playing an
influential role in a non-resolving pro-inflammatory state in
schizophrenia [67]. This adds further to the suggestion that
targeting IL-6 may weaken a pro-inflammatory state and
influential pro-inflammatory cytokines IL-6, TNF-α and IFN-γ might
represent important biomarkers, and key targets for immune-
based therapies in schizophrenia.
The finding that influential pro-inflammatory cytokines IL-6,

TNF-α, or IFN-γ were associated with symptoms of depression (self-
depreciation and hopelessness) and suspiciousness, but not to
hallucinations, delusions, or negative symptoms, is also consistent
with finding that inflammatory markers were associated with
depressive symptoms in schizophrenia [12, 20]. However, previous
studies also report that cytokines were associated with negative
[9, 20–26] and overall symptoms [27]. These inconsistent findings
could be attributable to methodological differences between the
current multivariate analysis and previous smaller studies. When
examining cytokine-symptom associations, previous studies also
did not control for the influence of co-occurring depressive
symptoms, or a number of confounds, whereas the current study
did. It is therefore possible that previous associations were
indicative of secondary negative symptoms (i.e., secondary to
depression) or severity of overall symptoms [20]. Indeed, results in
this study suggest that pro-inflammatory cytokines were directly
associated with depression and suspiciousness, and, in turn, with
positive and negative symptoms in schizophrenia.
These findings provide some support for a model of affective

dysfunction in early stages of non-affective psychoses, such as
schizophrenia [68]. The affective pathway to non-affective psychosis
hypothesises that stressful life events can lead to psychotic

Fig. 1 Cytokine network and relative influence of cytokines at baseline. A Baseline network displaying associations among pro- and anti-
inflammatory cytokines in recent-onset schizophrenia spectrum disorders. Blue edges represent positive partial correlations (conditional
dependence associations), and red edges represent negative partial correlations. Thicker edges represent stronger correlations. B The
strength centrality indices (z-scores) for each cytokine.
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symptoms via affective disturbances including depression. The
current findings also extend such hypotheses, by suggesting that
inflammation might be involved in this process. Inflammation has
been associated with increased risk for MDD [69], and MDD with
increased risk for transition to psychotic disorder [70, 71]. Thus, the
presence of co-occurring depression might represent an inflamma-
tory endophenotype of schizophrenia.
Given that influential pro-inflammatory cytokines IL-6, TNF-α and

IFN-γ might represent important inflammatory biomarkers, and co-
occurring depression might represent an inflammatory endopheno-
type of schizophrenia, immune-based therapies could target such
biomedical profile in precisionmedicine studies. It would be expected
that immunotherapeutic treatment would result in weaker connect-
edness or disintegration of the inflammatory–depressive-symptom
network over time. Our secondary analysis of the BeneMin study
tested this hypothesis, providing initial evidence of the potential for
such an approach: we examined the effects of minocycline on the
inflammatory–depressive network, and differences in network
connectivity and structure between treatment groups (minocycline
versus placebo) at 6-month follow-up [61].

Effects of minocycline on the inflammatory–depressive-
symptom network (6-month follow-up)
In contrast to the placebo group, in the minocycline group IL-6,
TNF-α and INF-γ completely disconnected from one another, and
from nearly all depressive symptoms at 6-month follow-up
(Fig. 4D). Figure 3 suggests that minocycline impacted TNF-α
and early wakening on the network shown in Figs. 3 and 4C to

produce such disconnection in Fig. 4D. Several studies suggest
that minocycline acts to reduce TNF-α expression as part of its
anti-inflammatory actions [72]. In our primary BeneMin trial [32],
minocycline had no overall effect on levels of TNF-α or other
cytokines or symptoms, nevertheless, the present results suggest
that minocycline may modify cytokine function and sleep, and
through this its interaction with other symptoms.
Differences in the connectivity of the inflammatory–depressive

symptom network were not statistically significant within groups over
time but were statistically significant between groups at 6-month
follow-up. In the placebo group, connectedness of the network
increased by 6.3% over time, whereas connectedness of the network
decreased by 61% in the minocycline group. At 6 months, network
connectivity was significantly greater by 57.6% in the placebo
compared to minocycline group, due to significantly greater
influence of TNF-α, early wakening and pathological guilt. While there
were no significant differences in the mean levels of cytokines or
symptoms between groups at 6 months [32], these connectivity
differences are equivalent to those seen in individuals with chronic
versus remitted MDD [61] and could contribute to the antidepressant
effects of minocycline reported in some MDD studies [73].
Two meta-analyses in schizophrenia [74, 75] reported that

minocycline was associated with a reduction, albeit a statistically
non-significant reduction, in levels of co-occurring depressive
symptoms. Thus, findings together indicate that minocycline might
exert effects onto the inflammatory–depressive-symptom network in
schizophrenia, helping to significantly weaken such a network, but
that such weakening does not necessarily translate into significant
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improvement in overall depressive symptoms at the group level.
There are two potential explanations for this. First, since mechanisms
other than inflammation might contribute to depression, improve-
ments in symptoms might only be detectable in subgroups of
individuals selected for immune active symptoms and evidence of
immune activation. Indeed, a recent randomized controlled trials (RCT)
of minocycline in MDD found significant improvement in symptoms
in only those with immune activation (CRP≥ 3mg/L[33]). Second,
while minocycline might weaken a depression symptom network, the
finding that IL-6 remained connected to the network indicates that
minocycline might not supress all immune activation. Since IL-6might
exert downstream effects onto TNF-α and IFN-γ, immune-based
therapies targeting IL-6 might be most beneficial. Furthermore,
depressive symptoms remained connected to one another and this
may indicate that even if there was complete severance of
inflammatory contributions, depressive symptoms might nonetheless
continue to maintain one another [76–79]. Minocycline could be most
beneficial in individuals with depression and immune activation in the
very early stages of illness, at a time before the chronicity of a self-
maintaining symptom network is ‘set’. Indeed, Betz et al. demonstrate
recent evidence consistent with this in a longitudinal network analysis
of symptoms in clinical high risk and very recent-onset psychosis,
highlighting the importance of depression in early stages in path to
positive and negative symptom network strength over time [80].

Limitations
The current study has some important limitations. First, participants
with CRP levels ≥10mg/L were excluded to avoid bias due to potential
acute infection. Such a cut-off does not necessarily exclude all

individuals with minor acute illnesses, which could have influenced
cytokines and symptoms [34, 81]. Secondly, we did not control for
different antipsychoticmedication, as subgroupingwould have created
insufficient statistical power for network estimation [34, 82]. None-
theless, all participants were prescribed antipsychotic medication.
Lastly, the sample size was relatively small for network analyses and
levels of inflammatory cytokines and symptoms were also lower in the
current cohort compared to previous cohorts [20, 29] (with L-1β and
IL-4 being close to the lower limit of detection). Given the possibility of
a biological gradient regarding cytokine-symptom associations in
schizophrenia, the current findings might not have captured the full
extent and strength of cytokine-symptom associations [15].

Conclusions
We report that IL-6, TNF-α and IFN-γ had the greatest influence in a
network of cytokines in individuals with schizophrenia. Such pro-
inflammatory cytokines were connected to depressive symptoms
and suspiciousness, rather than positive or negative symptoms.
Networks at 6 months contained fewer cytokine and symptoms
connections in those exposed to minocycline compared to the
placebo group. Thus, IL-6, TNF-α and IFN-γ might represent
important biomarkers for targeted treatments in schizophrenia
and depression might represent an inflammatory endophenotype
of schizophrenia with potential responsiveness to immune-based
therapies. Targeted experimental approaches and precision
medicine studies focused on IL-6 and related cytokines within
subjects with a depressive phenotypic profile are now required to
test whether these are clinically meaningful effects. However,
given the paucity of novel treatments for schizophrenia and
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enduring poor outcomes, this approach offers considerable
potential for advancement in the field.
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